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CHEMICAL EXCHANGE SATURATION TRANSFER (CEST)

MAGNETIC RESONANCE IMAGING USING
AN ASEF OR AROSE SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

This patent application claims the priority benefit under 35 U.S.C. § 119(¢e)
of U.S. Provisional Application No. 63/234,464, filed on August 18, 2021, the contents of

which are herein incorporated by reference.

GOVERNMENT CONTRACT

This invention was made with government support under grant #
NS100703 awarded by the National Institutes of Health. The government has certain

rights in the tnvention,

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to systerns and methods for chemical
exchange saturation transfer (CEST) magnetic resonance imaging (MRI), particularly, to
a systern and method for CEST MRI using an average saturation efficiency filter (ASEF),
or a system: and method for CEST MRI using an adjustment of rotation and saturation

etfects (AROSE) system.

2. Description of the Related Ast

Magnetic resonance imaging (MRI} is a noninvasive, diagnostic imaging
technique that uses a magnetic field and computer-generated radio waves to produce
detailed images of internal structures (e.g., organs, bones, muscles, biood vessels, etc) of
a subject (e.g., a human). When the subject lies inside an MR scanner {(generally in
cylindrical shape), the magnetic field temporarily realigns water molecules in the
subject’s body, and the radio waves cause these aligned atoms to generate faint signals
used to create MRIimages. There are ditferent types of MRI approaches, e g, functional
MRI (fMRT} for detecting a change of blood flow to certain areas of the subject’s brain in
conjunction with function, magnetic resonance angiography (MRA) for evaluating blood

flow through arteries, etc. When using contrast agents in MR the contrast of interest
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should be generated using the lowest possible concentration of the agent in order not to
disturb the physiological environment and to minimize toxicity. However, MRI suffers
from inherent limitations in sensitivity, and thus may often require higher concentrations
of contrast agents. Further, most of the paramagnetic metals uytilized to enhance
relaxation are toxic if not chelated or coated. Moreover, MRI generally relies on the
excitation of hydrogen ('H} nuclei in water molecules but assessing the presence of
molecules other than water in, e.g., body tissues may be helpful in probing chemical
compounds and metabolites refated to the body’s physiological function and pathological
states. In order to detect directly the non~water molecules, multinuclear imaging systerms
with possible enrichment can also be helpful but are costly and technically difficult in
application due to comparatively low concentrations of other nuclet in comparison {0
hydrogen creating a disconnect between useful molecular information and structural
information. As such, while MRI offers a non-invasive diagnostic tool, there is a need to
resolve the problems with contrast agents and their toxicity and improve on its impact on
diagnoses at a molecular fevel.

Chemical Exchange Saturation Transfer ({CEST) was introduced in 2000,
suggesting the use of exchangeable protons (e.g., labile protons} of target molecules for
MRI contrast, thereby extending the range of possible MR agents to include many
biomelecules with exchangeable protons. CEST has been explored by many scholars and
medical practitioners over the past two decades and has become an emerging molecular
tmaging technique capable of probing target biomolecules that have labile protons (e.g.,
mobile proteins and/or peptides, glucose, glycogen, amino acids, creatine,
phosphocreatine, etc.}, as well as environmental factors such as tissue pH or temperature.
In CEST, a long RF irradiation for a predefined period (e g., a few seconds) is usually
applied to the target molecules at the Larmor frequency of a labile proton {e.g., amide {-
NH}, amine {-NHz), or hydroxyl (-OH) proton) in order to provide a magunetic label or a
state of no net magnetization. The state of no net magnetization is referred 1o as
saturation. The saturation is then passed (i e, transferred) to the bulk water around the
target molecules by chemical exchange of the labile protons with free water protous in the
bulk water. For such transfer to occur, the target molecules need be capable of
exchanging their hydrogen (\H) protons with the 'H protons of the water. As such, the
saturation is transferred from the target molecules to water molecules by chemical

exchange processes exchanging the saturated exchangeable protons of the target
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molecules with the free water protons. The exchanged free water protons become
saturated, and then become exchanged with non-saturated free water protous since the
bulk water ts much larger than the exchangeabie proton pool of the target molecules. The
non-saturated free water proton, atter being exchanged to the target molecule, again
5 become saturated and become exchanged back with remaining non-saturated free water
protons, and this chemical exchange processes repeat during the long predefined period
{e.g., afew seconds), resulting in a substantial saturation effect eventually reaching an
equilibrium between saturation, exchange, and relaxation of saturated protons. The
saturation transfer reduces or attenuates MR signal of the bulk water, and such atienuation
10 of the water MR signal is then imaged by an MRI device (e.g., an MRI scanner} as an
indirect measurements of the biomolecule or environmental factor of interest. Such
indirect measurement of the important biomolecules has led to a plethora of recent studies
applying CEST in diagnosing and treating various diseases, ¢.g., tumor, stroke,

Alzheimer’s, muscle and kidney diseases.
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However, CEST 1s still an emerging imaging technigue and faces some
tssues 1o be resolved. First, while the indirect measurement through water often offers a
sensitivity enhancement of 1-3 orders of magnitude than a direct measurement, s
intrinsic disadvantage is a reduction in specificity. Second, CEST MRI suffers from
contaminations from other labile protons due to the fact that the linewidth of CEST
20 signals s tghtly related to the chernical exchange rate. Generally, endogenous labile
protons have relatively close Larmor frequencies {e.g., between approximately 0.51t0 4
ppm from the water frequency), but the exchaoge rate of these labile protons covers a
wide range, from ~30 s for amide to greater than 5000 s” for some hydroxyls and
amines. Since the linewidth of the CEST signal 15 closely related to the chemical

exchange rate (i.e, 2510 5" corresponds to 1 ppm at 9.4 Tand 3.1 ppm at 3 T), the

N2
(]

overlap in the CEST signals from different labile protons (including, e g, unwanted labile
protons} with distinct Larmor frequencies is often not negligible. As such, the CEST
signal from a molecule of interest 1s often contaminated by fast exchange species at close
resonance frequencies due to their broad linewidths. For example, the exchange rate of
30 amines and some hydroxy!l groups can be approximately 5000s™ or higher, which results
ina lmewidth of at feast 2 ppw at 94 T and 6.3 ppmoat 3 T, Third, CEST MRI sutfers

non-chemical exchange effects, such as contamination from magnetization transfer

contrast (MTC) effects. For example, the MTC effect from semisolid macromolecules in
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in vivo experiments is often an order of magnitude larger than CEST signals and covers a
broad range of frequencies reaching greater than 50 ppm. In order to minimize the MTC
contamination, an asymmetry analysis or fitting of CEST spectra to theoretical models
have been utilized. However, the asymmetry analysis suffers inaccuracies due to the fact
that MTC is not symmetric about the water frequency, and the fitting of CEST spectra
suffers from long scan times due to the need to cover a broad range of RF offsets.
Further, because the MTC signal is very broad and many data points covering a wide
offset range need to be acquired to fit the CEST signal and remove the MTC there is a
concern that the theoretical models used for the fitting may not be accurate. As such,
CEST suffers from, e.g., low exchange-rate specificity, contamination of MTC effect, low
Larmor frequency selectivity, occurrence of nuciear Overhauser enhancement (NOE)
effects, direct water saturation, etc.

Therefore, for accurate analysis and quantification of the chemical
exchange process, it is important to improve the spectficity of the CEST signal of interest
and remove or minimize the contaminations from, e g., other labile protons with different
chemical exchange rates, MTC, etc. Aside from the commonly-used asymmetry analysis
{which cannot minimize MTC due to intrinsic MTC asymimetry}, several approaches have
recently been proposed in the prior art to mitigate these issues by differentiating the
responses of different labile protons and semisolid macromolecule pools under the
tradiation of various pulse trains to improve the specificity of CEST siguals. Sore of
these methods can remove the MTC effect and provide an exchange rate filter that
suppresses the chemical exchange (CE) signal from fast exchanging processes, however,
they remain unable to filter slow exchange rates, and often incur a significant loss of CE
sensitivity because the saturation transter is minimuzed or removed. These methods can
also be highly sensitive to Bi-inhomogeneity. Other exchange rate filters utilize highly
different total saturation duration and time-averaged saturation power to tune CEST
sensitivity to different exchange rates because a higher power and shorter saturation is
more sensitive to faster exchange whereas a lower power and longer saturation 18 more
sensitive to slower exchange. However, such a large difference in the delay can lead to
significant mismatch of the MTC, unless a small number of pulses is used, resulting in
reduced sensitivity. Thus, each of these approaches suffers from its own shortcomings
and limitations in broader applications.

There 15 a room for improvement in CEST imaging techniques.

4
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SUMMARY OF THE INVENTION

Accordingly, it is an object of the present disclosure to provide a novel
syster and method for improving the specificity of CEST signal without a significant
loss of sensitivity by using average saturation efficiency filter (ASEF}) and adjusting
rotation and saturations effects (AROSE) in order to achieve a filtering effect and
mininize various contanunations while retaining a high sensitivity and allowing imaging
to be performed within chinically relevaot scan times. ASEF and AROSE use at least two
scans that may have saturation schemes that have similar contamination from non-
specific effects and vet are disparate in their dependence on a target of interest. A
combination of these scans may remove non-specific effects with limited loss in the
sensitivity of the biomolecule of interest. Further, with ASEF and AROSE many of the
hurdles for current CEST applications may be resolved. For example, mobile proteins
and/or peptides can be measured more accurately for Alzheimer’s disease, low
concentrations targets like phosphocreatine can be imaged in a clinically reasonable scan
time, and exogenous targets such as pH sensitive CEST agents can be detected with low
infusion concentrations. Thus, the ASEF and AROSE improve the viability of CEST
MRI in a wide range of disease applications, e.g., assaying creatine phosphoryiation
dynamics in the muscle, glycogen in the liver, the pH in cancer and stroke, mobile protein
and/or peptides in Alzheimer’s disease, etc. Both ASEF and AROSE utilize two scans
that bave saturation schemes with the same average power but highly different duty
cycles. These saturation schemes have similar time-averaged saturation efficiency for
fast chemical exchange species and the semisolid macromolecules, but drastically
different averaged saturation efficiency for slow exchange species. Because CEST signal
is proportional to the average saturation cfficiency, their difterence becomes a low-pass
exchange rate filter which can minimize the MT effect and fast exchange species, while
retaining sensitivity to slow chemical exchange species. The difference between ASEF
and AROSE lies in the scan with the low duty cyele saturation scheme. ASEF utilizes a
biphasic pulse which minirnizes the influence of rotation effects to be removed, which is
signiticant for slower exchanges, while AROSE uses pulses where the flip angle of these
pulse trains can be modulated to maximize or minimize the effect of rotation to be
removed. This means that while ASEF only filters out non-specific saturation transfer
etfects on the faster exchange spectrum, and cannot filter slow exchange rates, AROSE

may filter slow exchange regime as well by modulating the rotation effect being filtered,
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expanding possibilities from a simple low pass fiiter to a band pass filter that may be used
to tune to wotermediate exchange rates.

These objects are achieved according to an embodiment of the present
disclosure by providing a method for chemical exchange saturation transter (CEST)
magnetic resonance imaging (MR} of a target structure using an average saturation
etficiency filter (ASEF} executable on an MR device. The method includes: First,
applying a first radio frequency (RF) pulse train with a high duty cycle (DCh) and a furst
average irradiation power {81 4¢), where 1). the target structure comprises the target
molecules jucluding exchangeable protons and a water pool including free water protons
and semi-solid macromolecules, the first RF pulse train being applied at a resonant
frequency of the exchangeable protons of the target molecules for a first predefined
periad, ii). the exchangeable protons in the target molecules are saturated based on the
application of the first RF pulse train, 1i1). a first saturation transfer of the target
molecules to the water pool based on chemical exchange processes exchanging the
saturated exchangeable protons with a set of the free water protons 18 made, and the first
RY pulse train also causes direct water saturation and MTC between the semi-solid
macromolecules and another set of the free water protons; and v} an MR signal of the
water pool exhibits a first attenuation based at least in part on the first saturation transfer,
the MTC and direct water saturation; discontinuing the application of the first RF pulse
train upon a lapse of the first predefived period; acquiring a first water MR sigual of the
water pool from the MR device, the first water MR signal representing the first
attenuation, the target roolecules and the water pool returning to thermal equilibrium after
the acquisition of the first water MR signal and the discontinuance; Second, applying, to
the target molecules for a second predefined period, a second RF pulse train with a low
duty cycle (DO} and a second average irradiation power, the second RF pulse train
comprising a plurality of pairs of bipolar or composite pulses having a pulse duration (#»),
separated by a period of wait (¢4}, where 1). the second RF puise train is applied at the
same resonant frequency as the first RF pulse train; 11). the second saturation of the target
molecules 1s transferred to the water pool based on the chemical exchange processes
affected by the low duty cycle of the second RF puise train, and causes direct water
saturation and MTC, 11}, the MR signal of the water pool exhubits a second attenuation
based at least in part on a second saturation transter, the MTC, and the direct water

saturation; discontinuing the application of the second RF pulse train upon a lapse of the
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second predefined period; acquiring a second water MR signal of the water pool from the
MR device, the second water MR signal representing the second attenuation; and Third,
generating an ASEF signal representing a difference between the first water MR signal
and the second water MR signal

In some examples, the difference between the first water MR signal and

the second water MR signal taken by the ASEF signal is:

il

op o o2 3 Dy bty
ASEF = pk T18;,,.0%

(0 +DCpid, ot +pepid,)

where p is the relative population of

the exchangeable protons, &ex 1s the chemical exchange rate, 77 1s a longitudinal
relaxation time, Siae I8 & baseline signal of the target structure, and 1 is the saturation

frequency. In some examples, the first RF pulse train and the second RF pulse train have

. ~ ¥ . B
the same average saturation frequency 3. In some examples, the ASEF sigoal shows

that the ASEF filters fast chenical exchange processes including a chemical exchange

— T —
rate kex satisfying BC; - k2, > w? as follows: ASEF (;{-;w) ~ § where @? is the

ex
average saturation frequency. In some examples, the ASEF is a low-pass filter where
specificity of slow exchange processes and intermediate exchange processes of the
chemical exchange processes are improved by suppressing the fast exchange processes
with a minimal loss of sensitivity of the former. In some examples, this high duty cycle
refers to when the first RF pulse train s a continuous wave or the highest duty cycle that
the MRI device is capable of generating. Among these the continuous wave provides the
highest sensitivity of the CEST imaging of the target molecules. In some examples, this
high duty cycle refers to when the peak to average power ratio (Crest factor) of the first
RF pulse train is minimized to approach a Crest factor of a continuous wave. In some
examples, a number of RF pulses of the second RF pulse train, and the period of wait 7
between the RF pulses, and a peak power of the RF pulses are determined such that the
second average urradiation power of the second RF pulse train 15 the same as the first
average trradiation power. In some examples, the ASEF minimizes a mismaich between
the first MTC and the second MTC based at least in part on having the same average
irradiation power for the second RF pulse train as the first average irradiation power of
the first RF train. In some examples, a fudge factor is added to the first or second RF
pulse train {0 minimize a nusmatch between the first MTC and the second MTC, the

fudge factor including a percentage increase or decrease in one or more of the first or
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second average irradiation power B me. In some examples, the fudge factor is
determined such that execution of the pulse program at a specific frequency independent
of the resonant frequency of the exchangeable protons results in the second attenuation at
the specific frequency being equal to the first attenuation at the specific frequency. In
some examples, the bipolar or composite pulses cancel out rotation effect and reduce 55-
inhomogeneity. In some exaraples, the target molecules are endogenous or exogenous
molecules. Tu some examples, the endogenous or exogenous molecules are mobile
molecules.

Agnother ernbodiment tn accordance with present disclosure provide a
device for CEST MRI of a target structure. The device includes: an input apparatus
configured to receive a user input including at least the target structure and information
associated with generating a RF pulse train and a second RF pulse train for the CEST
MRT; a control system coupled to the input apparatus, including a processor, a memory
including an ASEF that is executable on an MR device, the ASEF configured to: (1)
apply a first radio frequency (RF) pulse train with a high duty cyele (D) and a first
average trradiation power {8 ¢}, wherein the target structure comprises the target
molecules including exchangeable protons and a water pool including free water protons
and semi-solid macromolecules, the first RF pulse train being applied at a resonant
frequency of the exchangeable protons for a first predefined period, the exchangeable
protons in the target molecules are saturated based on the application of the first R¥ pulse
train, a first saturation transfer of the target molecules to the water pool based on
chemical exchange processes exchanging the saturated exchangeable protons with a set of
the free water protons is made, and the first RF pulse train also causes direct water
saturation and a MTC between the semi-solid macromolecules and another set of the free
water protons; and an MR signal of the water pool exhibits a first attenuation based at
least in part on the first saturation transfer, the MTC and direct water saturation; (it}
discontinue the application of the first RF pulse train upon a lapse of the first predefined
period; (111} acquire a first water MR signal of the water pool from the MR device, the
first water MR signal representing the first attevuation, the target molecules and the water
pool returning to thermal equilibrium upon the discontinuance; (v} apply, to the target
molecules for a second predefined period, a second RF pulse train with a low duty cycle
(D)) and a second average irradiation power, the second RF pulse train comprising a

plurality of pairs of bipolar or composite pulses having a pulse duration (¢p}), separated by
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a period of wait (¢}, wherein the second RF pulse train is applied at the same resonant
frequency as the first RF pulse train; a second saturation transfer of the target molecules
to the water pool based on the chemical exchange processes affected by the low duty
cycle of the second RF pulse train 1s made, and the second RF pulse trains causes direct
water saturation and MTC, the MR signal of the water pool exhibits a second attesuation
based at least in part on a second saturation transter, the MTC, and the direct water
saturation; {v) discoutinue the application of the second RF pulse train upon a lapse of the
second predefined period; (vi) acquire a second water MR signal of the water pool from
the MR device, the second water MR signal representing the second atiermation; and (vil)
generate an ASEF signal representing a difference between the first water MR signal and
the second water MR signal; and an output apparatus including a display and coupled to
the ASEF system; and the output apparatus configured to output at east the ASEF signal,
the first water MR signal, and the second water MR signal on the display.

Another emmbodiment in accordance with the present disclosure provides a
method of CEST MR1I using an AROSE executable on an MR device. The method
includes: applying a first radio frequency (R¥) pulse train with a high duty cycle (D), a
first average irradiation power (81, mg), and a first flip angle @,, where i), the target
structure comprises the target molecules including exchangeable protons and a water pool
including free water protons and semi-solid macromolecules, the first R¥ pulse train
being applied at a resonant frequency of exchangeable protons of the target molecules for
a first predefined period, 1t). the application of the first RF pulse train changes a
magnetization of the target molecules by at least one of a first rotation effect or a first
saturation effect, 1), the first rotation effect comprises rotating a spin system of the target
molecules based on the application of the first R¥F pulse train with a first flip angle @,
making a first rotation transfer to the water pool via chemical exchange processes, and
affecting the spin system of the water pool based on a first rotation trausfer, iv). the first
saturation effect comprises a first saturation of the target molecules in which
exchangeable protons upon the application of the first RF pulse train, and a first
saturation transfer to the water pool via the chemical exchange processes comprising
exchanging the saturated exchangeable protons with a set of the tree water protons, the
application of the first RF pulse train causing contamination comprising direct water

satyration and a MTC between the semi-solid molecules and another set of the free water
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protons, and v} an MR signal of the water pool exhibits a first attenuation based at least
in part on the first rotation transfer and the first saturation transfer, the first MTC and the
direct water saturation; discontinuing the application of the first RF pulse train upon a
lapse of the first predefined period; acquiring a first water MR signal of the water pool
from the MR device, the first water MR signal representing the first attenuation, after
which the target molecules and the water pool return to thermal equilibrium upon the
previous discontinuance; applying, to the target molecules for a second predefined period,
a second RF pulse train with a low duty cycle (D)), a second average irradiation power
and a second flip angle @, the second RF pulse train comprising a plurality of RF pulses
having a pulse duration {#r) and a period of wait (72) between each pulse, where 1}). the
second RF pulse train changes the magnetization of the target molecuies by a second
rotation effect and a second saturation effect based upon the application of the second RF
pulse train, it). the second rotation effect comprises rotating the spin system of the target
molecules, making a second rotation traunsfer to the water pool, and affectiog the spin
system of the water pool based on the second rotation transfer, 1ii). the second saturation
etfect comprises the saturation of the target molecules based on exchangeable protons
upon the application of the second RF pulse train, the saturation is transferred to the water
pool via chemical exchange processes exchanging the saturated exchangeable protons
with the set of the free water protons, the second RF pulse tratn also causes contamination
comprising the direct water saturation and a MTC between the semi-solid molecules and
another set of the free water protons, and 1v). the MR signal of the water pool exhibiis a
second attenuation based at feast in part on the second rotation transfer, the second
saturation transfer, the MTC and the direct water saturation; discontinuing the application
of the second RF pulse train upon a lapse of the second predefined period; acquiring a
second water MR signal of the water pool, the second water MR signal representing the
second attenuation; and generating an AROSE signal representing a difference between
the first water MR signal and the second water MR signal.

in some examples, the first RF pulse train is a continuous wave or the
highest duty cycle that the MRI device 1s capable of generating. In some examples, the
ARQOSE signal shows the difference as follows: AROSE (g, ¢,) = S(DC, p,) —
S(BCy, @, ) where § is asignal. In some exarples, peak to average power ratio {Crest

factor) of the first RF pulse train is minimized to approach a Crest factor of a continuous

10



i

16

N2
(]

36

WO 2023/022778 PCT/US2022/032317

wave. In some examples, the first RF pulse train is the continuous wave providing a full
saturation transfer effect and the highest sensitivity of the CEST tmaging of the target
molecules. In some examples, the first RF pulse train is a continuous wave which has no
rotation effect and thus no associated tip angle, and the AROSE signal shows the
difference as follows: AROSE, = §{DC;, @ — S{CW) where i3 the flip angle for the
RF pulses of the second RF pulse train. o some examples, @ is adjusted to increase
specificity of the CEST imaging based at least in part on the chemical exchange processes
associated with the target molecule. In some examples, the AROSE system 1s an
exchange rate filter for chemical exchange processes with both a slow exchange rate and
a fast exchange rate where @ includes n (AROSE;}. In some examples, the ARQOSE
system fiiters a fast exchange rate of the chemical exchange process where ¢ includes 2n
{AROSE;). In some exarmples, at least one of the first RF pulse train and the second RF
pulse train tncludes frequency-selective excitation RF pulses applied at the Larmor
frequency of the nuclei in the target molecules.

In some examples, a nurnber of RF pulses, the period of wait 5 between
the RF pulses, and a peak power of the RF pulses of the second RF pulse train are
determined such that the second average irradiation power of the second RF pulse train is
the same as the first average irradiation power of the first R¥ pulse train. In some
examples, the number of RF pulses, the period of wait ¢z between the RF pulses, and the
peak power of the RF pulses of the second RF pulse train are determined such thata
mismatch between the first MTC and the second MTC i3 minimized. In some examples,
the AROSE systeny minimizes a mismatch between the first MTC and the second MTC
based at least in part on having the same average irradiation power for the second RF
pulse train as the first average irradiation power. In some examples, the AROSE system
reduces the mismatch between the first MTC and the second MTC by using a shorter #7p
for the second RF pulse train, a smaller duty cycle difference between the high duty cycle
Dy and the low duty cycle D), and a lower average irradiation power 57 np. In some
examples, a fudge factor 1s added to one of the first or second RF pulse train to minimize
a mismatch between the first MTC and the second MTC, the fudge factor including a
percentage increase or decrease in one of the tirst or second average irradiation power 5
ag. In some examples, a number of RY pulses, the period of wait 7 between the RF
pulses, and a peak power of the RF pulses of the second RF pulse train are determined

such that a mismatch between the MTC of the first acquisition and the MTC of the second
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acquisition is minimized. In some examples, a mamber of R¥ pulses, the period of wait

7 between the R¥ pulses, and a peak power of the RF pulses of the second RF pulse train
are determined such that execution of the AROSE pulse program at a specific frequency
independent of the resonant frequency of the exchangeable protons results in the second
attenuation at the specific frequency being equal to the first attenuation at the specific
frequency.

In some examples, the RF frequency of the first and the second pulse train
is the resonant frequency of the muclet of the target molecules. In some examples, the
target molecules are endogenous ot exogenous molecules. In some examples, the
endogencus or exogenous molecules are mobile molecules.

In some examples, the method further includes applying a third RF pulse
train to the target molecules for a third predefined period, a third RF puise train with a
low duty cycle (DC7), a third average tiradiation power and a third flip angle @,,, the third
RF pulse train including a plurality of RF pulses having a pulse duration (#¢) and a period
of wait {(#s) between each pair of bipolar pulses, where the third RF pulse train the
magnetization of the target molecules by the rotation effect and the saturation ettect based
upon the application of the third RF pulse train, the rotation and saturation of the target
molecules are transferred to the water pool via the chemical exchange processes, the third
RF pulse train also causes contamination including the direct water saturation and a
second MTC between the semi-solid molecules and another set of the free water protons,
and the MR signal of the water pool exhibits a third attenuation based at least in part on
the rotation transfer, the saturation transfer , the third MTC and the direct water
saturation; discontimuing the application of the third RF pulse train upon a lapse of the
third predefined period; and acquiring a third water MR signal of the water pool, the third
water MR signal representing the third attenuation. In some examples, the generating the
AROSE signal includes generating the AROSE signal representing differences among the
first water MR signal, the second water MR signal and the third water signal. In some
examples, a number of RF pulses, the period of wait 77 between the RF pulses, and a peak
power of the RF pulses of the third RF pulse train are determined such that mismatches
among the first MTC, the second MTC and the third MTC are minimized.

Another embodiment provides a device tor CEST MR1I of a target
structure. The device wncludes: an input apparatus configured to receive a user tnput
including at least the target structure and information associated with generating a first
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radiofrequency (RF) pulse train and a second RF pulse train for the CEST MRE a control
system coupled to the input apparatus for recetving the user input, comprising a
processor, a memoty containing a puise progran implementing adjustment of rotation and
saturation effects (AROSE) executable on an MR device, the AROSE program
configured to: (i) apply a first radic frequency (RF) pulse train with a high duty cycle
{(DCh), a first average irradiation power (51 ), and a first flip angle g, , wherein the
target structure comprises the target molecules including exchangeable protons and a
water pool including free water protons and semi-solid macromolecules, the first RF
pulse train being applied at a resonant frequency of the exchangeable protons for a first
predefined period, the application of the first RF pulse train changes a magnetization of
the target molecules by at least one of a first rotation effect or a first saturation effect, the
rotation effect comprises rotating a spin system of the target molecules based on the
application of the first RF pulse train with a first flip angle @, , making a fivst rotation
transfer to the water pool via chemical exchange processes, and affecting the spin system
of the water pool based on the first rotation transfer, the first saturation effect comprises a
first saturation of the target molecules in which exchangeable protons upon the
application of the first RF pulse train, and a first saturation transfer to the water pool via
the chemical exchange processes comprising exchanging the saturated exchangeable
protons with a set of the free water protons, the application of the first RF pulse train
causing contamination comprising direct water saturation and a MTC between the semi-
solid molecules and another set of the tfree water protons, and an MR signal of the water
pool exhibits a first attenuation based at least in part on the first rotation transfer and the
first saturation transfer, the first MTC and the direct water saturation; (i1} discontinue the
apphication of the first RF pulse train upon a lapse of the first predefined period; (1t1)
acquire a first water MR signal of the water pool from the MR device, the first water MR
signal representing the first attenuation, the target molecules and the water pool returning
to thermal equilibrium after the acquisition of the first water MR signal and the
discontinuance; (iv) apply, to the target molecules for a second predefined period, a
second RF pulse train with a low duty cycle {(D()), a second average irradiation power
and a second flip angle ¢,, the second R¥ pulse train comprising a plurality of RF pulses
having a pulse duration {¢p) and a period of wait (#7) between each pulse, wherein the

second RF pulse train changes the magnetization of the target molecules by a second
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rotation effect and a second saturation effect, the second rotation effect comprises rotating

the spin system of the target molecules, transferring the rotation to the water pool, and
affecting the spin system of the water pool based on a second rotation transfer, and the
second saturation effect corprises a second saturation of the target molecules based on
exchangeable protons upon the application of the second RF pulse train, and a second
saturation transfer to the water pool via chemical exchange processes exchanging the
saturated exchangeable protous with the set of the free water protons, the second RF pulse
train causing contamination comprising the direct water saturation and a MTC between
the semi-solid molecules and another set of the free water protons, and the MR signal of
the water pool exhibits a second attenuation based at least in part on the second rotation
transter, the second saturation transfer, the MTC and the direct water saturation; (v}
discontinue the application of the second RF pulse train upon a lapse of the second
predefined period; {(vi) acquire a second water MR signal of the water pool, the second
water MR signal representing the second attenuation; and (vii) generate an AROSE signal
representing a difference between the first water MR signal and the second water MR
signal; and an output apparatus including a display and coupled to the AROSE system,
the output apparatus configured to output at least the AROSE signal, the first water MR
signal, and the second water MR signal on the display.

These and other objects, features, and characteristics of the present
invention, as well as the methods of operation and functions of the related elements of
structure and the combination of parts and economies of manufacture, will become more
apparent upon consideration of the following description and the appended clairos with
reference to the accompanying drawings, all of which form a part of this specification,
wherein like reference numerals designate corresponding parts in the various figures. Itis
to be expressly understood, however, that the drawings are for the purpose of iflustration

and description only and are not intended as a definition of the limits of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates a block diagram of a device for CEST MRI using an

average saturation filter (ASEFYadjustment of rotation and saturation effects (AROSE)

()]

system according to one particular, non-hinuting exemplary embodiment of the disclosed

concept;

FIG. 1B illustrates a magnetic resonance imaging system for CEST MRI
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

10 FIG. 2 is a flow chart of a method of CEST MR using an ASEF system
couplable to a magnetic resonance (MR device according to one particular, non-limiting
exemplary embodiment of the disclosed concept;

FIG. 3A illustrates pulse diagrams used for the saturation preparation
using ASEF according to one particular, non-limiting exemplary embodiment of the

15 disclosed concept;

FIG. 3B illustrates Gaussian with a kurtosis of 4 used for pulse train
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

FIGS. 4A-B llustrate suimulated baselive magnetization travsfer (MT)

20 signals as a function of pulse period Ty, with varied duty cycles and average irradiation

power By according to one particular, non-limiting exemplary embodument of the

disclosed concept;

FIGS. 4C-D illustrate example baseline ASEFR {(ASEFRwmy) signals as a

function of fur according to one particular, non-limiting exemplary embodiment of the

25 disclosed concept;

FIGS. SA-D illustrate chemical exchange (CE) contrasts as a function of
chemical exchange rate (k) per second (571) simulated for CW and pulsed train saturation
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

30 FIGS. 6A-E llustrate stimulated baseline Z-spectra of continuous wave

(CW) and low duty cycle (DC)) pulse-pair demonstrating fudge factor corrections for
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improving ASEF accuracy according to one particular, non-limiting exemplary
embodiment of the disclosed concept;

FIGS. 7TA-D dlustrate CW and ASEF-CEST resulis of creatine in agar
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

FIGS. 8A-H show CW and ASEF-CEST results of creatine in heat-
denatured BSA according to one particular, non-hmiting exemplary embodiment of the
disclosed concept;

FIG. 9 is a flow chart of a method 300 of improving CEST signal using an
adjustment of rotation and saturation effects (AROSE) system couplable to a magnetic
resolution (MR) device according to one particular, non-limiting exemplary embodiment
of the disclosed concept;

FIGS. 10A-C illustrate comparisons of the saturation fransfer and rotation
transfer effects for a slow exchange rate of 100 s-1 and an intermediate rate of 1000 s-1
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

FIGS. 11A-C illustrate the contrasts of CW 1105 and AROSE 1140
according to one particular, non-limiting exemplary embodiment of the disclosed
concept;

FIGS. 12A-C show pulse traiu irradiation, a change of the exchange rate
filtering effect, and the ratio of the FWHM (k. of ARUSE according to one particular,
non-liniting exemplary embodiment of the disclosed concept,

FIGS. 13A-13 show changes of CE contrast magnitudes and shifts of the
respective peaks according to one particular, non-limiting exemplary embodiment of the
disclosed concept;

FIGS. 14A-D llustrate simulations of the Larmor frequency-specificity of
AROSE signal according to one particular, non-limiting exemplary embodiment of the
disclosed concept;

FIGS. 1SA-D illustrate comparison of the simulated Z-spectra under CW
and pulse-train saturation presenting possible error due to direct rotation according to one
particular, non-limiting exemplary embodiment of the disclosed concept,

FIGS. 16A-C illustrate using creatine phantoms with varied pH according

to one particular, non-limiting exemplary embodiment of the disclosed concept;
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FIGS. 17A-D illustrate frequency-specificity of creatine phantoms of
varied pH measured with Byayvg of 0.94 4T and DC = 10% according to one particular,
non-limiting exemplary embodiment of the disclosed concept;

FIGS. 18A-D illustrate comparisons of the Z-spectra of a 12% heated

5 BSA phantom according to one particular, non-limiting exemplary embodiment of the
disclosed concept;

FIGS. 19A-B illustrate fudge factor matchings according to oue particular,
non-limiting exemplary embodiment of the disclosed concept;

FIGS. 20A-D ilustrate Z-spectra and ASEFR spectra of MCAQ entities in
10 vivo according to one particular, non-limiting exemplary embodiment of the disclosed
concept;
FIG. 21 illustrates comparisons of APT and ASEFR in the MCAQ entities
according to one particular, non-limiting exemplary embodiment of the disclosed

concept; and

Ju—
[ 3}

FIG. 22 illustrates comparisons of APT and ASEFR in the MCAO entities

according to one particular, non-limiting exemplary embodiment of the disclosed concept.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

As used herein, the singular forra of “a”, “an”, and “the” include plural
20 references unless the context clearly dictates otherwise.
As used herein, the statement that two or more parts or components are
“coupled” shall mean that the parts are joined or operate together either directly or
indirectly, 1.¢., through one or more intermediate parts or components, so long as a link

QCCUrs.

3]
L% 3]

As used herein, “directly coupled” means that two elements are directly in
contact with each other.

As used herein, the term “mumber” shall mean one or an integer greater
than one (i.e., a plurality).

Directional phrases used herein, such as, for example and without
30 linutation, top, bottor, feft, right, upper, lower, front, back, and denivatives thereof, relate
to the orientation of the elements shown in the drawings and are not limiting upon the

claims unless expressly recited therein.
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The disclosed concept will now be described, for purposes of explanation,
in connection with nurerous specific details 1o order to provide a thorough voderstanding
of the subject innovation. It will be evident, however, that the disclosed concept can be
practiced without these specific details without departing from the spirit and scope of this
innovation.

FIG. 1A illustrates a block diagram of a device 100 for CEST MRI using
an average saturation filter (ASEF) system 120 and/or an adjustment of rotation and
saturation effects (AROSE) system 120 according to one particular, non-limiting
exemplary embodiment of the disclosed concept. As seen to FIG. 1, the exemplary
device 100 is a PC or laptop computer and includes an input apparatus 105 {which in the
tHlustrated erobodiment i3 a keyboard), an output apparatus 110 including a display
(which in the tllustrated embodiment is an LCD), and a control system 115, A user is
able to provide input into the control systern 115 using the input apparatus 105, and the
control system 115 provides output signals to display 110 to enable the display 110 to
display real time information to the operator, such as, without limnttation, at least an ASEF
signal, a first water MR signal, and a second water MR signal on the display 110.

Control system 115 includes a processor and a memory. The processor
may be, for exampie and without limitation, a microprocessor {(uP}, a microcontroller, or
some other suitable processing device, that interfaces with the memory. The memory can
be any one or more of a variety of types of internal and/or external storage media such as,
without limitation, RAM, ROM, EPROM(s}, EEPROM(s), FLASH, and the like that
provide a storage register, 1.¢., a machine readable medium, for data storage such as 1n the
fashion of an internal storage area of a computer and can be volatile memory or
nonvolatile memory. The memory has stored herein a nurnber of routines, instructions, or
codes that are executable by the processor. One or more of the routines implement (by
way of computer/processor executable instructions} at least one embodiment of the
method discussed 1n detat! herein for the ASEF and/or AROSE.

The control system 115 also includes an ASEF/AROSE system 120, An
ASEF/AROSE systern 120 may be a software application, a fitroware, or codes via the
processor to perform various ASEF/AROSE functions described herein. The
ASEF/ARQOSE system 120 performs ASEF functionalities and s configured to: (i) apply
a first radio frequency (R¥) pulse train with a high duty cycle (D) and a first average

irradiation power (57 ay), where the target structure includes the target molecules
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including exchangeable protons and a water pool including free water protons and semi-
solid macromolecules, the first RF pulse train being applied at a resonant frequency of the
exchangeable protons for a first predefined period, the exchangeable protons in the target
molecules are saturated based on the application of the first RF pulse train, a first
saturation transfer to the water pool based on chemtecal exchange processes exchanging
the saturated exchangeable protons with a set of the free water protons 1s made, and the
first R¥ pulse tratn also causes direct water saturation and a MTC between the semi~solid
macromolecules and another set of the free water protons; and an MR signal of the water
pool exhibits a first attenuation based at least in part on the first saturation transfer, the
MTC and direct water saturation; (i1} discontinue the application of the first R¥ pulse
train upon a lapse of the first predefined period; (111) acquire a first water MR signal of the
water pool from the MR device, the first water MR signal representing the first
attenuation, the target molecules and the water pool returning to thermal equilibrium after
the acquisition of the first water MR signal and the discontinuance; (iv} apply, to the
target molecules for a second predefined period, a second RF pulse train with a low duty
cyele (DC)) and a second average trradiation power, the second R¥ pulse train comprising
a plurality of pairs of bipolar pulses having a pulse duration (¥p}, separated by a pericd of
wait {77}, wherein the second RF pulse train is applied at the same resonant frequency as
the first RF pulse train; a2 second saturation transfer to the water pool based on the
chemical exchange processes affected by the low duty cycle is made, the second RF pulse
train causes direct water saturation and MTC, the MR signal of the water pool exhibits a
second attenuation based at least in part on a second saturation transfer, the MTC, and the
direct water saturation, (v} acquire a second water MR signal of the water pool from the
MR device, the second water MR signal representing the second attenuation; and {(vi)
generate an ASEF signal representing a difference between the first water MR signal and
the second water MR signal; and an output apparatus including a display and coupled to
the ASEF system.

The ASEF/AROSE system 120 also performs the AROSE functionalities
and 13 further configured to: (i) apply a first radio frequency (RF) pulse trato with a high
duty cycle (DCh), a first average irradiation power (87, ag), and a first flip angle g, ,
wherein the target structure comprises the target molecules including exchangeable
protons and a water pool including free water protons and semi-solid macromolecules, the
first RF pulse train being applied at a resonant frequency of the exchangeable protons for
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a first predetined period, the application of the first RF pulse frain changes a
magnetization of the target molecules by at least one of a fivst rotation effect or a first
saturation effect, the first rotation effect comprises rotating a spin system of the target
molecules based on the application of the first RF pulse train with a first flip angle ¢,
making a first rotation transfer to the water pool via chemical exchange processes, and
affecting the spin system of the water pool based on the first rotation transfer, the first
saturation effect comprises a first saturation of the target molecules in which
exchangeable protons upon the application of the first RF pulse train, the first saturation
is transferred to the water pool via the chemical exchange processes comprising
exchanging the saturated exchangeable protons with a set of the free water protons, the
application of the first RF pulse train also causes contamination comprising direct water
saturation and an MTC between the semi~-solid molecules and another set of the free
water protons, and an MR signal of the water pool exhibits a first attenuation based at
least in part on the first rotation transfer and the first saturation transfer, the first MTC
and the direct water saturation; (i1} discontinue the application of the first R¥ pulse train
upon a lapse of the first predefined period; (1) acquire a first water MR signal of the
water pool from the MR device, the first water MR signal representing the first
attenuation, the target molecules and the water pool return to thermal equilibrium after the
acquisition of the first water MR stgnal and the discontinuance; {iv) apply, to the
exchangeable protons of the target molecules for a second predefined period, a second RF
pulse train with a low duty cycle (DC), a second average irradiation power and a second
flip angle @,, the second RF pulse train including a plurality of R¥ pulses having a pulse
duration (#p) and a period of wait (77) between each pulse, where the second R¥ pulse train
changes the magnetization of the target molecules by a second rotation effect and a
second saturation effect based upon the application of the second RF pulse train, the
second rotation effect comprises rotating the spin systemn of the target molecules, making
a second rotation transter to the water pool, and affecting the spin systen of the water
pool based ou a second rotation transter, and the second saturation effect comprises a first
saturation of the target molecules based on exchangeable protons upon the application of
the second RF pulse train, and a first saturation transfer to the water pool via chemucal
exchange processes exchanging the saturated exchangeable protons with the set of the

free water protons, the second RF pulse train also causes contamination comprising the
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direct water saturation and MTC between the semi-solid molecules and another set of the
free water protouns, and the MR sigoal of the water pool exhibits a secound attenuation
based at least in part on the second rotation transfer, the second saturation transfer, the
MTC and the direct water saturation; (v} acquire a second water MR signal of the water
pool, the second water MR signal representing the second attenuation; and {vi} generate
an AROSE signal representing a difference between the first water MR signal and the
second water MR signal; and an output apparatus including a display and coupled to the
AROSE system, the ocutput apparatus configured to cutput at least the AROSE signal, the
first water MR signal, and the second water MR signal on the display.

The present disclosure provides an average saturation efficiency filter
{ASEF) and adjustment of rotation and saturation effects (AROSE) to improve, among

others, the specificity of CEST signals.

Chemical Exchange Satwration fransfer (CRST)

In CEST imaging, a frequency-selective radiofrequency (RF) saturation
pulse is applied at resonance frequency of the exchangeable [abile protons of a solute pool
(2.2, target endogenous or exogenous molecules), thereby equalizing the number of spins
aligned against the magnetic field to the number of spins aligned with the magnetic field.
The equalization resuits in saturation, a state in which there is no net magnetization (i.e,,
zero MR signal). Such saturated exchangeable protons with the net-zero magnetization
from the solute pool then exchanges with unsaturated protons from a solvent pool {(water),
reducing the water signal by the amount of concentration of the solute pool.
Simultaneously, longitudinal relaxation processes return the saturated proton spins to
their thermal equilibrium state until the pools reach steady state or the saturation pulse is
turned off. The reduction in the water signal is then imaged.

In biclogical tissues (i.¢e., 71 vivo), the saturation of solute pools also causes
magnetization transfer (MT) between water molecules bound to larger macromolecules in
solid or semisolid phases and free water protons, and the MT contrast (MTC) effect
attenuates the water signal. Examples parameters to be considered 1o analyzing the CEST
effect include concentration of the solute, the proton exchange rate, the number of
exchangeable protons, the pH of the local environment, Th (time for a magnetic vector to
return to its relaxation state), Tr (time for an axial spin to return to its resting state), the

power and duration {T,) of the saturation pulse, and the saturation efficiency. Saturation
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etficiency determines how effectively a labile proton can be saturated by the RF pulse.
The saturation efficiency s dependent on the chemical exchange rate and the saturation
pulse power. For example, because a labile proton with a faster exchange rate has a
shorter resident time, 1ts magnetization needs higher RF power to be saturated. These
parameters and other parameters of CEST are described with respect to a CEST
experiment below.

Io a CEST experiment, the signal is usually guantified by a ratio of two
signal intensities with and without saturation (J and /) because the CEST effect is
always measured indirectly through the bulk water. CEST is often measured by a long
continuous wave (CW) saturation because of the CW's high sensitivity and simplicity in
theoretical modeling. The steady state signal with a long CW saturation can be writien as
the ratio between longitudinal relaxation rate in the laboratory and rotating frames:

?CW _dsar leszfi
Spase — A = Bap T

Hquation [ 1}
where & is the angle between the effective B field and the Bo field. Assuming the CEST
effect is small and cos’8 ~ 1, the measured CEST ratio or CESTR between two states with
and without the chemical exchange (CE) effect can be expressed as

CESTRYW =80V 8 =7, 82 o Rex ... Equation [2]

base

where the exchange-mediated relaxation rate R,y = pko o @ = 51 is the saturation

efficiency, p s the relative population of the labile proton, w1 18 the saturation frequency
(= vB1) and ke 15 the chemical exchange rate. Rex may be also referred to as ARip.

While the CW saturation experiment represents the highest efficiency, due
to concerns with machine limitations and/or power deposition, it is common to use a frain
of pulses in clinical setting. A train of block pulses where the RF in each repeating unit
has a pulse with duration % followed by a delay of 74 (FIG. 3A). While a pair of bipolar
pulses was used to reduce Br-inhomogeneity, for simplicity it 1s assumed to have the
same polanty in the calculation here. It should be understood that this pair of bipolar
pulses can also be replaced by other composite pulses that achieve the same means of
reducing Bi-inhomogeneity and elirmninating rotation such as pulses that achieve phase

¢ , .
£ and the signal under pulse train
atlp

cyching The duty cycle can be defined as BC = ;

saturation may be
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(1-e Fiig). B1 {1-.oR10tp \E
Spu!:;ed . Rip \ /
base Hlpto Rty

................................... Equation [3]

When Ry, -8, « 1, Ry - £ « 1, and e =~ 1 + x, the equation above can be simplified as

~pulse R - .

&zzg e };Tl; ................................................................ Equation 4]
where the averaged relaxation rate 1s:

Rypy =Ry BOHR-(L-DCy Equation {5]

The difference between the two states with and without CE effect is:

P
| Dy

SERRL e Equation {6}

Boy = phoy w2tz pko @ Equation {7]

where & is the average saturation efficiency. Similar to Eq. {2], the measured CEST ratio
for a pulse train can be expressed as
CESTR =T, 8% o Rox = PRoyT1 " Spee 8 ... Equation [8]

Thus, CEST signal of a pulse train is proportional to the average saturation efficiency.

Average Sangration Efficiency Filter (ASEE)

ASEF is a method of improving the specificity of CEST signals and
reducing contamination from fast exchanging labile protons and background
magnetization transfer (MT). It measures the difference between CEST signals acquired
with similar average irradiation power but largely different duty cycles (DC), e g, a
continuous wave or a high DC pulse train versus a low DC one. The ASEF utilizes two
saturation schemes (as described with reference to FIG. 3A) which have similar time-
averaged saturation efficiency for fast chemical exchange species and semisolid
macromolecules, but drastically different averaged saturation efficiency for slow
exchange species. The signal properties of ASEF were evaluated by computer simulation
and validated by phantom experiments {as described with reference to FIGS. 4A-8H).

The ASEF signal takes the difference between two measurements with the
same ZE% but a high DC {(DCy) and a low DC (BC), and the ASEF ratio (ASEFR) can be

expressed as:

3
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Ly 2 .
ASEFR = pkoyT18% o0 - BCY—-DC)

{\w{ +By, R,Z,x\, (\w% -:—DC;-A‘%X)

“““““““ Equation [9]

In the present disclosure, ASEF and ASEFR may be used interchangeable. For simplicity,
in one particular embodiment of the present disclosure, CW is used for the high DC
saturation, r.e., DCp= 1. Thus,

2
= 1-0¢;

<w§+k;§x) :(;;%+D('.'g-k§x:)

ASEFR = plo T45%, 02 .. Equation [10]

For very fast ke, satisfying D€y - k2, > w?

£x

ASEFR « (;:1) R Qe Fquation [11]

For very slow k.. satisfying k%, « @
ASEFRoc (A = BC) pkey Hguation {12}
Thus, ASEF may serve as a low-pass filer which minimizes fast exchanging effects.
For the magnetization transfer (MT) etfect of the semisolid pool, the
relaxation rate under a CW saturation can be expressed as:

w? o

z PRy - —
Piur @+ O +hpr Ry yr

Ryr = phyr- Equation [13]

%+ O gy {Ropgr + R oy )
assuming the relaxation can be described as a Lorentzian, where Q is the applied RF
frequency offset from water, vy 18 the MT rate, and Rowr 18 the transverse relaxation of
the semisolid macromolecule proton, which is orders of magnitude larger than kvr. Under
a pulse train saturation, the average MT relaxation rate becomes

DE-w?

Ruyr = PRy ssmsmmssbssssssseses Bouation [ 14
MY p My {ﬂ)%"i'BC‘(Q.Z"i'km'g"R;g’Mj(') 1 E -E

The difference for DO, and DG saturation is:

w _ phkyrDCpew?  phyrDCrof? BCy-DEy
ARyy = ===z T = pkyr7
&I +DCHq Wi +DCrg {

........Equation [ 15}

where g = 0% + Ky - Ry mp, and typically BCy g >» wi. Thus, for DC, = 1, the

mismatch of the M, or the baseline ASEF signal of MT, can be expressed as:

I g
ASEFRyy ~ Ty 52, - Ay “Q-ﬂ @1 ) Fquation {16]

BEy @+l Bo
which is very sensitive to or dependent on saturation parameters and is larger for smaller

DC; and for higher @?.
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As such, several parameters of ASEF should be carefully chosen. For
example, the duty cycles of the pulse trains determine the sensiiivity whereas By avg
determines the range for exchange rate filtering properties {e.g., without limitation, the
exchange rate where the ASEF signal reaches the minimum and maxirourn). As shown in
FIGS. 6A-E, DC, By ave, and tp strongly affect the MT mismatch, and a higher DC,,
smalier By aye and shorter tp will reduce the MT mismatch. These three parameters also
affect the bandwidth of the pulse train and consequently, the direct water saturation.
Finally, although a train of bipolar pairs of pulses helps to minimize rotation transfer
effects, there 1s residual rotation transfer signals for very slow exchange rates which can
be reduced by the selection of .

In order to increase the specificity of the CEST signal of interest,
ASEFRwr should be minimized by adjusting saturation parameters such as By a, DC and
tp, or by applying a fudge factor (/) so that there is a slight mismatch of By ue between the
DCy and DO pulse trains, for example and without limitation, (3B vy for the DC;
pulse train, and B ave for the DCy pulse train. Typically, the choice of By for the study
of CEST is dependent on the exchange rate of the labile proton of interest, which s 0.5-
1uTY for PCrat 2.6 ppm, 0.7 to 2uT for amide protons at 3.6 ppm, and 0.7 to 2uT for the
guanidyl group at approximately 2 ppm. Within these ranges, a lower By ave would be
preferred for ASEF to reduce the MT mismatch, which increases rapidly with By,
Whereas a longer % (€.g., > 20 ms) would be needed at 2 ppm to minimize the
contamination from direct water saturation, a shorter tp can be used for the 3.6 ppm amide
to reduce the MT mismatch. A higher DC; can also reduce the MT mismatch, but a DC
of less than 30% would be preferred to maintain ASEF sensttivity.

When MT mismatch is non-negligible, a small fudge factor {ff) may be
used to minimize the mismatch as shown in FIGS. 8A-H. This factor can be determined
in a pilot experiment with a pre-selected saturation power, DC, and tp, at a reference
offset that ts close to the Larmor frequency of interest but has minimal known CEST
effect, such as 4.5-5 ppm for i vive study.  In some examples, a tudge factor matching
procedure may be employed to mitigate the MT mismaich. During the matching
procedure, a fudge factor {ff) may be determined to adjust the power of the low DC pulse
train so that the MT effects of high DC pulse train {e.g, a CW pulse train) and a low DC
pulse train are matched at a reference frequency (£2..) with minimal CEST effect. The

Ly

tudge factor ff can be determined by: (1) acquiring a CW pulse train signal
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Sar. T(Bl,avg) at the reference frequency at average By (2) acquiring a low DC pulse

train signal Sﬁ?ﬁ‘:ed (B;g_,wg «{(1+f f}‘) at reference frequency at average B adjusted by

puised

(31,0“,9 «{(1+f f}:), Alternatively or additionally, a baseline-correction can be
applied where the baseline ASEF signal of the MT eftect 15 acquired at the reference
offset and subtracted from the ASEF signal at the RF offset of interest. The base line
correction can be used to rectify any residual signal that may result from disparate MT
effects across an ASEFR image. The base line correction to further minimize ASEFRwmr
can be performed by: (1) acquiring a CW pulse train signal SgW{B‘MvQ} at a set of
frequencies including the reference frequency at average By (2) acquiring a low DC pulse
train signal S§ (B‘Mmg #(1+f f'}> at the same frequencies at average By adjusted by a
fudge factor ff, (3) calculate raw ASEFR (ASEFRT™) as: ASEFRYY =

{Spulsed . SLW} 7
4 = / o and correct ASEFR for baseline giving ASFER,, = ASEFRYY —

ASE ERE‘:‘; It has been shown that exchange rate filtering of ASEF is only slightly
affected by a small fudge factor. For example, it has been shown that By ave=1.6uT for
CW saturation whereas B ap= (1Hx1.6uT for the low DC pulse train. Further, because
ASEFRumr 1s strongly Bi~dependent, the baseline correction will also be helpful 10 present
of signiticant B: inhomogeneities when the suppression of ASEFRwmr with a single fudge
factor may be insufficient.

Sumulations of CEST signals (as described with reference to FIGS. 3A-
8H) were made by using Bloch-McConnel Equations which include 3 exchanging pools
of free water protons, labile protons, and bound water protons, and the line shape of the
bound water was modeled by a super-Lorentzian function. A default bound water proton
fraction {fur) of .00, a magnetization transfer rate between bound water and free water
(k) of 10 57, a chernical shift between the labile proton and water of 1.9 ppm, a fraction
of labile proton of 0.001 and a chemical exchange rate varying from 5 57 to 5000 s were
used. The T1 (T3} of water, labile proton, and bound water protons were assumed to be 2
s {60.6 ms), 2 3{66.6 ms), and 2 s {10 us), respectively. A Gaussian with kurtosis of 4
was used because its power distribution 1s more unitorm and closer to a square pulse thao

a regular Gaussian. In other words, compared to the standard Gaussian, a Gaussian with
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kurtosis 4 can be said to have a lower Crest factor. Unless otherwise specitied, a default
DBC=15% and tp= 24 ros was used for the bipolar pair (e, 12 ms for a single puise).

Al MR experiments were performed on a Bruker BioSpec® 94 T
instrument at room temperature. A 4.0-cm ID (inner diameter) volume coil was used for
excitation and reception. The magnetic field homogeneity was optimized by utilizing a
protocol that calculated shim values based on a field map and then subsequently
optimized by localized shimming over the volume of interest in phantorns. The CEST
pulse sequence consists of a 6.4-s saturation preparation module for chemical exchange
contrast followed by an image readout. frmages were acquired by a single slice spin-echo
EPI (echo-planar imaging}) with following parameters: matrix size = 64 x 64, field of
view = 50 % 50 mrn, shice thickness = § mum, TR {repetition time) = 14 s and TE {echo
time} =27 ms. Two sets of creatine phantoms were prepared. The first set consisted of
tour phantoms prepared tn 1 x PBS and 3% weight/volume (w/v) agar. 50 oM creatine
{Cr) was added to three of these phantoms and then titrated to the following pHs: 6.5, 7.0,
7.5, and 7.0 for the agar only phantom. The second set consisted of seven phantoms
prepared in 10% (w/v) Bovine Serum Albumin (BSA) and 1 PBS. 50 mM Cr was then
added to six of these phantoms and they were subsequently titrated to the following pHs:
6.15,6.55,7.04, 744, 7 85, 8.25, and 7.0 for the BSA only phantom. These phantoms
were then transferred into 9-mm LD syringes, heated 1n a water bath at 95°C to denature
the BSA within the phantoms for 20 minutes, and allowed 10 cool before imaging at room
temperature. To evaluate the exchange rate filtering of ASEF signal, the exchange rates
of Cr at these pH values were obtained by a formula kg, = 1088486~ which is an
approximate calibration of Cr exchange rates at 20°C.

Saturation preparation schernes consisied of either a single CW block
pulse or a train of 40 binomial pairs of Gaussian pulses with a kurtosis of 4 {gaussK 4}
The pulse duration was 24 ms for the pair and the pulse interval was 136 ms, vielding a
DC = 15%. The power used for these schemes was an average B1 of 1.0 uT for the first
set of phantoms or 0.8 uT and 1.6 u7T for the second set of phantoms and the precise peak
pulse powers were determined by fudge factor matching. For this matching, saturation
transfer signals were measured in a pilot study at reference frequencies with minimal
CEST effect, ie., -4 ppm for the first experiment of agar phantoms and 6 ppm for the

second experiment of BSA phantoms, using both CW and the binomial pair pulse train.
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So was measured with saturation applied at 300 ppm for normalization. The power of the
binomial pair pulse train was then modulated to achieve equality of the saturated signal
between the two saturation schemes resulting in a peak power of 3.81uT for average By of
1.0 uT (ff of 6.39%) for agar phantoms, and peak powers of 2.93 pT and 6.05 uT for the
BSA phantoms for average By of 0.8 uT and 1.6 uT (le, ffof 2.39% and 5.85%;},
respectively. FIGS. 19A-22 describe another example fudge factor matching in
accordance with the present disclosure.

As mentioned previously, one of the biggest limitations for i vive
endogenous CEST application s its ow specificity, especially due to contamunation from
the MT effect of semisolid macromolecules and fast chemical exchanging species at close
resonance frequencies. CEST signal is proportional to time-averaged saturation
efficiency. The result of these ASEF simulations and phantom experiments show that
ASEF minimizes the MT effect and provides exchange rate filtering for chemical
exchange sensitive tmaging with a relatively small reduction in maximum CEST
sensitivity. For two irradiation schemes with the same average irradiation power but
fargely different duty cycles, the average saturation efficiency is similar for fast chemical
exchange process and the MT pool, but differs greatly at slow exchange processes.
Taking the difference between these two schemes, ASEF can minimize these
contaminations with a relatively small reduction in peak CEST sensitivity for slow to
intermediate exchange species compared to CW irradiation. It can be acquired at as few
as only one frequency offset, 7.e., the Larmor frequency of the labile proton of interest.
Thus, ASEF 1s a ighly useful tool for CEST study in the slow to intermediate exchange
regime.

Further, ASEF in accordance with the present disclosure provides a much
better solutions to contamination issues associated with CEST signals. For example,
ASEF may provide higher sensitivity than other filtering methods and 1s less sensitive to
Bi-inhomogeneity due to the use of a bipolar pair. Furthermore, since ASEF maiches
average power deposition there s nunimal mismatch of the MT. These advantageous
features of ASEF are described with reference to FIGS. 4A-8H. It 153 noted that since the
ASEF approach takes the differences between two irradiations with highly different DCs,
CW was used for the CEST signal simulations and phantom experiments for simphicity
and to achieve the highest sensitivity. However, conventional MR device (e.g., MRI

scanner, MR spectroscopy, etc.) are capable of generating RF pulses with pulse duration
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in the order of tens of milliseconds {ms). As such, in those hardware systems where CW
is not available, the highest possible DC s preferable for maxamizing the ditferential
saturation transfer signal, which will be the general case as described in Eq. [9]. In the
same sense, where CW is not available, pulses should utilize the pulse shapes and flip
angles with the lowest available Crest factors. Another practical issue is the linearity and
the stability of the RF system. ASEF signal relies on two irradiation schemes with either
the same or very close average irradiation power. Because the pulse duration and peak
power should be highly different to ensure high ASEF sensitivity, there may be some
mismatch 1o the actual average power in RF systems where hinearity and temporal
stability are not ideal, and thus, a calibration of the average power (e.g., with a phantom)
may be necessary to minimize the differences between the average powers of the two

irradiation schemes.

Adinstment of Rotation and Saturaiion Fifects (AROSE)

The ARQSE approach measures the difference between CEST signals
acquired with the same average irradiation power but largely different duty cycles, e g, a
continuous wave {CW) or a high duty cycle pulse versus a low duty cycle pulse train with
a flip angle . Simulation and phantom studies were performed to evaluate the
characteristics of AROSE, signal, and their results show that AROSE; is a low-pass
filter which can suppress fast exchanging processes (e.g., >3000 ') whereas AROSE; is
a band-pass filter suppressing both fast and slow exchange {e g, <30 s") rates. For other
@ angles, the sensitivity and the filtering effect of AROSE, fails between AROSE, and
AROSE:;, and the range of filtering can be adjusted with the average irradiation power.
AROSE can also nunimize the magnetization transfer contrast (MTC) and improve the
Larmor frequency selectivity of the CEST signal. The linewidth of AROSE s; spectrum
15 about 60-65% when compared to the CEST spectrum measured by CW. Depending on
the needs of an application, the seusifivity, exchange-rate filiering, and the Larmor
frequency selectivity can be adjusted by varying the flip angle, the duty cycle, and the
average wradiation power,

Under a long CW irradiation, the longitudinal magnetization of the labile
proton 15 saturated and essentially zero. Under a pulse train irradiation, when the dwell
time of a labile proton is comparable to or longer than the pulse duration {e.g., #p < Vkey),
it is necessary to consider that each short irradiation pulse causes the magnetization to flip
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to a certain angle, and thus the longitudinal magnetization may be a value between
positive and vegative Mg, The CEST signal with pulse train 1rradiation contains a
contribution of rotation transfer which can be significant for slow exchanges.
Specifically, a train of w-puise and 2n-pulse may give maximal and minimal rotation
transter effects, respectively. Because both saturation and rotation transfer effects
provide a magnetic label and affect the bulk water signal in general, an AROSE signal
can be obtained from two acquisitions with difterent labelling schemes {e.g., duty cycle
and tlip angle )

AROSE (@, ¢, )= 5(DC, @) — S(DCr,) Hquation [17]
In one particular embodiment of the present disclosure, CW was used tor the high duty
cycle irradiation, thus simplifying to the following,

AROSE,=5(DC, . @y~ S(CW) ... Equation | 18]
As a special case, AROSE:; may be a low-pass filter because a 2w-pulse has minimal
rotation transfer effect. Indeed, ARQOSE,, may be counsidered as a special case of ASEF
where the rotation transfer effect s suppressed by using a pulse train of a bipolar pair.
Simulation of the Bloch-McConneli Equations has shown that the magnitude of rotation
transfer effect from a train of n-pulses approaches that of the saturation effect of a CW
irradiation for slow exchange rates. Thus, AROSE, can be a band-pass filter minimizing
both stow and fast exchange siguals. For other flip angles, the exchange rate-filtering
property may be between AROSE; and AROSE:z,.

CEST signals were simulated by Bloch-MceConnel Equations which include
three exchanging pools of free water protons, labile protons, and bound water protons, and
the line shape of the bound water was modeled by a super-Lorentzian function. A bound
water proton fraction (Bur) to vary from O to 0.09 with a default value of 0.06, the
magnetization transfer rate between bound water and free water (k) of 1557, the
chemical shift between the labile proton and water is 3.5 ppm, the fraction of labile proton
is 0.001 and the chemical exchange rate varies from 5 5™ to 5000 s were used. The T:
{T2) of water, 1abile proton, and bound water protons were assumed to be 2 3 {66.6 ms}, 2
s {06.0 ms), and 2 s (10 us), respectively. Gaussian pulses were used for the pulse train in
the simulation.

All MR experiments {as described with reference to FIGS. 10A-18D) were

performed on a Bruker BioSpec® 9.4 T instrument at room temperature. A 4.0-cm 1D
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volume coil was used for excitation and reception. The magnetic field homogeneity was
optimized by utibizing a protocol that calculated shim values based on a field map and then
subsequently optimized by localized shimming over the volume of interest in phantoms.
The CEST pulse sequence consists of a 6-s saturation preparation module for chemical
exchange contrast followed by an image readout. Images were acquired by a single slice
spin-echo EPI with following parameters: matrix size = 64 » 64, field of view = 50 » 50
mm, slice thickness = S mm, TR = 14 5 and TE = 27 ms. Two sets of phantom experiments
were performed for the study of AROSE effects to study the exchange rate filtering and the
frequency selectivity of an AROSE signal, a set of seven phantoms with 30 mM creatine
{Cr) were dissolved in 1 phosphate butfered saline (PBS} and titrated to pH values 0f 6.0,
6.3,6.7,7.0,73,7.6, and 7.9, These solutions were transferred into syringes and bundled
together for imaging. Z-spectra were acquired for 38 offsets with uneven interval in the
range of -4 ppm to 4 ppm. Either a single CW block pulse or a train of pulses {(p ==x, 1.33
%, 1.5 =, and 2m) with Bt wg of 047 uT or 0.94 uT was applied. The two sets of phantom
experiments were performed also to study the effect of MTC and the direct water rotation
on an AROSE signal, a second set of phantom contains 12% Bovine Serum Albumin (BSA)
with 40 mM Cr or 12% BSA only were dissolved in PBS and titrated to pH = 7.4 and
transferred to syringes. These syringes were then heated in a water bath at 95°C for 20
minutes {0 denature and coagulate BSA. Direct water rotation and AROSE was examined
by acquiring Z-spectra using either a single CW block pulse or atrain of pulses {(p=x, 1.5
7, or 2y with a By ag of 0.7 uT or 1.4 uT applied at 52 offsets between the offset range of
+S ppro. Gaussian pulses with specific average power, flip angle and duty cycle were used
for the pulse trains. For example, the following pulse trains were used for By ae of 0.94
uT Hz and 10% DC. 120 Gaussian x pulses {(pulse width = 3 3 ms, By peac= 531 uT) with
a pulse nterval of 44.7 ms, or 60 Gaussian 2z pulses {pulse width = 10.6 ms, By peax =
531 uT) with a pulse interval of 89 .4 ms. 1t is noted that the actual average power of the
long CW pulse is less than the nominal power because the temporal stability is not ideal in
the RF systern used for the experiments, e.g., there is a ~25% drop of the power over the
long saturation duration of a few seconds. Thus, a power calibration was performed on an
agarose phantom for correction.

The results of the simulation and phantom experiments show that AROSE

minimizes the MTC and 1maproves the exchange rate filtering and the Larmor frequency

31



16

30

WO 2023/022778 PCT/US2022/032317

specificity as discussed further with reference to FIGS. 9A-18D. The ASEF approach in
accordance with the present disclosure improves the CEST signal specificity by
suppressing the MTC effect and fast exchange processes. The ASEF only needs to be
acquired at the Larmor frequency of the labile proton of interest, with a relatively small
reduction in peak CE sensitivity compared to CW irradiation. The AROSE approach in
accordance with the present disclosure has similar effects with the ASEF, but also provides
adjustable filtering for slow exchange process and ijmproves the Larmor frequency
selectivity.

The current invention of ASEF and AROSE relies primanly on a CW or 1o
the very least a pseudo-continuous wave pulse (to the degree of machine and safety limits).
This maximizes cootrast resultant from saturation iranster.  The second acquisttion
resultant from a low duty cycle pulse train is then used as a filter to remove non-specific
effects such as MTC and faster exchange rates. The signal from 2n-pulse train of AROSEx
can be considered as a simntlar case as the binonual pulse train of ASEF which contains
minimal rotation transfer component and exploits the difference in the saturation transfer
effect between CW and low DC pulse train to the highest degree. Since there 15 no rotation
effect subtracted from both ASEF and AROSE ., there is no suppression of the rotation-
susceptible slower exchange rates creating a purely low pass filter that will only filter out
taster exchange contributions. For AROSE, with ¢ # 2n, the rotation transfer effect is not
added to, but is subtracted from the differential saturation transfer signal between CW and
p~pulse train to provide exchange rate filtering for slow chemical exchange rates as well as
some improvement on Larmor frequency-speciticity.

There are several parareters which can be selected and adjusted according
to the need of the application, and thus make the AROSE approach versatile. One
parameter 15 the flip angle ¢ of the pulse train because it affects the FWHM (full-width-
at-half-maximum) of the exchange rate filter and the Larmor frequency selectivity, as
well as the peak CF sensitivity. Specifically, a ¢ with larger rotation transfer effect, such
as 7 and 37, causes a larger loss in peak sensitivity but provides stronger filtering for
slower exchange rates. The dependence of frequency selectivity on ¢ is more complex
and i3 also influenced by the exchange rate: the hinewidth decreases with o until 1 37n-
1.57, but pulses with a smaller @, due to its broader bandwidih, can lead to a sigmficant

undershoot for slow exchange rates which adversely affect frequency selectivity. A
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smalier ¢ also causes a larger direct water rotation effect and makes the application to
tabile protons with Larmor frequency closer to water more difficult. Moreover, a thip
angle around 1.57% may be more sensitive to By inhomogeneity than other angles. As
shown in FIG. 10A, the rotation transfer effect reaches local minimum and maximum at
integer multiples of =, while the slope 1s the largest at around 1.5%. Thus, Bi-correction
may be needed if the By inhomogeneity is significant. On the other hand, a larger v {e.g.,
such as 37} will have a larger mismaich of the MTC effect in the baseline AROSE signal
which requires a fudge factor to correct it In principle, the choice of ¢ should be larger
than .37 unless a very strong suppression of slow exchange rate is necessary, and it is
known that there 15 little contamination to the signals of interest from direct water rotation
and from fabile protons with close Larmor frequencies.

Another important parameter to choose for AROSE 15 the duty cycle, which
strongly affects the sensitivity and the direct water rotation. For example, a higher DC for
the low DC pulse train reduces AROSE sensitivity (e.g., a low pulse train having 0.5 BC
exhibits lower AROSE sensitivity as compared to a low pulse train having 0.3 DC when
combined with the same CW), but it also reduces the direct water rotation, allowing the
study of labile protons with Larmor frequencies closer to water. DC also shightly affects
the FWHM of the exchange rate filtering and frequency specificity.

A third wportant parameter o choose for AROSE i3 By sy which
determines the peak magnitude and the frequency range tor exchange rate filtering (see
FIGS. 12A-D) For example, an increase of By ave from 0.7 uT to 1.4 uT can shift the high-
pass threshold of the exchange rate filtering for AROSE2n, roughly defined as signals below
10% of the peak magnitude, from ~1300 s o0 ~2600 571 By avyp also strongly affects the
direct water rotation, as seen in FIG. 15C. While Gaussian pulse was used for the pulse
train for the simulations and experiments, the pulse shape can also be adjusted and may
have different sensitivity and exchange rate-filtering effect.

The AROSE approach takes the differences between two irradiations with
highly different BCs. W was used here for simplicity and to achieve the highest AROCSE
sensitivity. In hardware systems where CW is not available, the highest possible DC i3
preferable for maximizing the differential saturation transfer signal This high duty cycle
pulse train irradiation can also introduce more degrees of freedom such as the pulse shape

and the flip angle, which can be adjusted for the optimization of CE sensitivity, the
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exchange-rate filtering and the frequency specificity, and needs further investigation.
Another practical issue is the linearity and the stability of the RF system. AROSE sigual
relies on two irradiation schemes with the same or very close average irradiation power.
Because the pulse duration and peak power should be highly different to ensure a high
AROSE sensitivity, there may be some mismatch in the actual average power in R¥F systems
where the linearity and temporal stability are not ideal, and thus, a calibration of the average
power {e.g., with a phantom experiment) may be necessary to minimize the differences
between the average powers of the two irradiation schemes.

Io short, ASEF in accordance with the present disclosure minimizes the MT
effect and provides exchange rate filtering for CE sensitive imaging with a small reduction
in waximum CEST sensitive. That is, ASEF can serve as a low-~pass filer, which minimizes
fast exchanging effects. AROSE in accordance with the present disclosure may be used as
filtering slow, and/or fast exchange rate. That 15, AROSE:, is a low-pass filter which can
suppress fast exchanging processes (e 2., >3000 s') whereas AROSE, is a band-pass filter
suppressing both fast and slow exchange (e.g., <30 s} rates.

FIG. 1B dlusirates a magnetic imaging system 150 for CEST MRI
according to one particular, non-limiting exemplary embodiment of the disclosed concept.
The MRI system 150 inclades a CEST MRI device 100 and an MR device 155 coupled to
the CEST MRI device 100 via wired connection or wireless communications mechanisims
{¢.g., Bluetooth™, Wik, LTE, etc ). As described with reference to FIG. 1A, the CEST
MRI device 100 includes an input apparatus 105, an output apparatus 110 and a control
systemy 115, including an ASEF/AROSE system 120 The ASEF/ARQOSE system 120
may be codes, instructions, or software applications for ASEF/AROSE functionalities as
described herein. A detailed explanation of the input apparatus 105, display 110 and the
control system 115 is provided in connection with FIG 1A

In FIG. 1B the MR device 155 is an MRI scanner in a cylindrical shape,
but the MR device 155 may be any device {e.g., MR spectroscopy) capable of generating
magnetic field and RF waves or pulse trains for MRI The MR device 155 includes a
magnet {not shown) and coils (not shown} and is structured to generate a magnetic field
and computer-generated radic waves to produce detailed images of internal structures
{e.g., organs, bones, muscles, blood vessels, ete.} of a subject (e.g., a patient). When the
subject lies inside an MR device 155, the magnetic field temporarily realigns water

molecules 1n the subject’s body, and the radio waves cause these aligned atoms to
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generate faint signals used to create cross-sectional MR images. Further, the MR device
1SS may generate one or more RF pulse tratos (e.g., a first RF pulse train with a hugh duty
cyele, a second RF pulse train with a low duty cyele, et} based on information received
from the user {e.g., MRI technician, clinician, etc. ) associated with the one or more RF
pulse trains. The information includes, e g., without imitation duty cycles (2Cs),
average trradiation power, RF pulse duration, pertod of wait between the RF puises, flip
angles of the RF pulses, etc. A high duty cycle includes a continuous wave or the highest
duty cycle that the MR device 155 is capable of generating. A low duty cvcle includes a
duty cycle lower than the hugh duty cycle. The exarples of a low duty cycle include,
without Hmitation 10%, 15%, 20%, 40% duty cycle, etc. The DCs are determined based
at least in part on capabilities of the MR device 135, target molecules, or environment of
interest.

The cloud server 160 may be communicatively coupled to the
ASEF/ARQOSE system 120 via a communications module (not shown}, and the
ASEF/AROSE system 120 may obtain, ¢ g., the codes, instructions, or software
applications wirelessly. The cloud server 160 may be also communicatively coupled to a
storage server including public health data relevant to the CEST MRI of the subject.

FIG. 2 15 a flow chart of a method 200 of CEST MRI using an ASEF
system couplable to a magnetic resonance {(MR) device according to one particular, non-
timiting exemplary embodiment of the disclosed concept. The method 200 may be
performed by the ASEF system 120 or any components of the device 100 as described
with reference to FIG. 1.

At 210, the ASEF system applies to a target molecule of a target structure
tor a first predefined period, a first radio frequency (RF) pulse train with a high duty
cycle (BCp) and a first average irradiation power (B1, avg). The target structure includes
the target molecules including exchangeable protons and a water pool including free
water protons and semi-soltd macromolecules. The target molecules reach saturation in
which each exchangeable proton has net-zero magunetization based on the application of
the first RF pulse train. The saturation of the target molecules (s transferred to the water
pool based on chemical exchange processes exchanging the net-zero magnetization
exchangeable protons with a set of the free water protons, and the first RF pulse train also
causes direct water saturation and a first magnetization transter contrast (MTC) between

the semi-solid macromolecules and another set of the free water protons. And an MR
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signal of the water pool exhibits a first attenuation based at least in part on the saturation
transter, the first MTC and direct water saturation. In some exarples, the first predefined
period lasts a few seconds {e.g., without limitation, 2, 3, 4 seconds). In some examples,
the first RF pulse train 13 a continuous wave or the highest duty cycle that the MRI device
is capable of generating. In some examples, the chemical exchange processes include a
chemical exchange rate varying from 5 5 1o 5000 s, In some examples, fast exchange
processes of the chemical exchange process includes a chemical exchange rate greater
than 2000 s, In some examples, slow exchange processes of the chemical exchange
processes includes a chemical exchange rate less than 30 5. However, these are for
ittfustrative purposes only and may vary depending on the target molecules and
environmental property of interest. In some exarples, the continuous wave provides the
highest sensitivity of the CEST imaging of the target molecules. In some examples, peak
to average power ratio {Crest factor) of the first RF pulse train is minimized to approach a
Crest factor of a continuous wave and the Crest factor of the first RF pulse train is lower
than a Crest factor achieved by a series of simple 90 degrees R¥ pulses.

At 220, the ASEF system acquires, from an MR device, a first water MR
signal of a water pool of the target structure a first water MR signal representing the first
attenuation of a water signal of the water pool based at least in part on the saturation
transfer, a first magnetization transfer contrast (MTC}) and direct water saturation
associated with the application of the first RF pulse train.

At 230, the ASEF system discontinues the application of the first RF pulse
train upon a lapse of the first predefined period. The target molecules and the water pool
refurn to a thermal equilibrium upon the discontinuance.

At 240, the ASEF system applies to the target molecules for a second
predefined period, a second RF pulse train with a low duty cycle () and a second
average irradiation power, the second RF pulse train including a plurality of pairs of
bipolar pulses having a pulse duration {¢p}, separated by a period of wait {(#5). The target
molecules reach saturation in which each exchangeable proton has net-zero magnetization
based on the application of the second RF pulse train. The saturation of the target
molecules is transferred to the water pool based on chemical exchange processes
exchanging the net-zero magnetization exchangeable protons with a set of the free water
protons, and the second R¥ pulse train aiso causes direct water saturation and a second

MTC between the semi-solid macromolecules and another set of the free water protons.
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And an MR signal of the water pool exhibits a second attenuation based at least in part on
the saturation transfer, the second MTC and direct water saturation. The second
predefined pertod may be a few seconds (e.g., without limitation, 2, 3, 4 seconds). In
some examples, Te may be, e g., without lirnitation, a few milliseconds (e.g., without
Limitations, 10, 12, 24 milliseconds, etc.}. When power spectrum and Z-spectra for CW
saturation and bipolar pair pulse trains {e.g., having =12 ms and tp=24 ms} were
compared, a shorter tp of 12rus had wider sidebands, indicating that direct water
saturation affects a wider frequency offset than 24 ms. Also, Z-spectra measured with a
CW pulse and pulse trains with 15% and 30% indicate that a larger DC (e g., DT=30%)
reduces the effect of direct water saturation more than that of a smalier DC {e.g.,
DBC=15%). In some examples, a nvumber of RF pulses of the second R¥ pulse train, and
the period of wait 7; between the RF pulses, and a peak power of the RF pulses are
determined such that the second average irradiation power of the second RF pulse train is
the same as the first average irradiation power. In some examples, the ASEF minimizes a
mismatch between the first MTC and the second MTC based at least in part on having the
same average irradiation power for the second RF pulse train as the first average
trradiation power of the first RF train. In some examples, the ASEF minimizes a
mismatch between the first MTC and the second MTC based at least in past on selecting a
short 7p for the second RY pulse train, a small duty cycle difference between the high
duty cyele DCy and the low duty cycle DO, and a low average irradiation power B, aug.
In some examples, a fudge factor is added to the second RF pulse train to minimize a
mismatch between the first MTC and the second MTC, the fudge factor including a
percentage increase or decrease in the second average irradiation power 87 myg. In some
examples, the bipolar pulses cancel out rotation etfect and reduce 5;-inhomogeneity. In
some examples, the target molecules are endogenous or exogenous molecules. In some
examples, the endogenous or exogenous molecules are mobile molecules. In some
examples, at least one of the first RF pulse train or the second RF pulse train includes
(Gaussian shape In some examples, at least one of the first RF pulse train or the second
RF pulse train includes Lorentzian shape.

At 250, the ASEF system acquiring, from the MR device, a second water
MR signal of the water pool, the second water MR signal representing the second
attenuation based at least in part on the saturation transfer, the second MTC, or the direct

water saturation associated with the application of the second RF pulse train.
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At 260, the ASEF system generating an ASEF signal representing a
difference between the first water MR signal and the second water MR signal. The ouiput
apparatus of the ASEF system may display the ASEF signal on a display. In some
examples, the difference between the first water MR signal and the second water MR

signal taken by the ASEF signal is:

-
ASEF = pko,T15% oo e T —< where p i3 the relative population of
(wd+DCy i, )(w?+BCrid, )

the exchangeable protons, &« is the chemical exchange rate, 77 is a longitudinal relaxation
time, Shase 15 @ baseline signal, and o 1s the saturation frequency. In some examples, the
first RF pulse train and the second RF pulse train have the same average saturation
frequency wfi‘ In some examples, the ASEF signal shows that the ASEF is a low-pass filter
that filters fast chemical exchange processes including a chemical exchange rate hex

J—
PR ) ” ~ o 3.
satisfying Dy k2, > w? as follows: ASEF « (;5-) ~ § where @? is the average

\*tex
saturation frequency. In some examples, the ASEF improves specificity of slow exchange
processes and intermediate exchange processes of the chemical exchange processes by
suppressing the fast exchange processes with a minimal loss of sensitivity.

FIG. 3A illustrates pulse diagrams used for the saturation preparation
using ASEF according to one particular, non-limiting exemplary embodiment of the
disclosed concept. A continuous wave (CW) or a high duty cyele (DCy) 305, where CW
is not available (e.g., due to the clinical scanner not having a CW capability, etc ) and a
tow duty cycle (BC)) 310 are used for ASEF of the CEST signal. ASEF compares
tradiation schemes with the same By avg but a hughly different DC. A binomial paw pulse
was used for the low DC trradiation to reduce the effect of Bi-inhomogeneity and
mimmize rotation transfer. FIG. 3B illustrates Gaussian 315 with a kurtosis of 4 used for
pulse train so that the power distribution is more uniform than in a regular Gaussian 320
which has a kurtosis of 2.

FIGS. 4A-B illustrate simulated baseline magnetization transfer (MT)
signals as a function of pulse period t, with varied duty cvcles and average irradiation
power Bj v according to one particular, non-limiting exemplary embodiment of the
disclosed concept. FIGS. 4C-D illustrate example baseline ASEFR (ASEFRMt) signals
as a function of fiur according to ove particular, non-liroiting exemplary embodiment of

the disclosed concept. FIG. 4A shows that the baseline MT signal is dependent on both tp
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and the duty cycle, indicating a mismatch in the MT signal for different DC saturation
410A, 410B, 410C, 410D, The MT signal increases with ip and is larger at lower DC
{e.g.,410A, 4108, 410C). FIG. 4B shows that the mismateh of MT signals between CW
405 (B = 0.8 uT), 405 (Biae = 1.2 uT), 4057 (Biayz = 1.6 nT) and DC, 410 ((Bia, =
08 uTy, 410" (Biaveg= 1.2 ), 41077 (Biae = 1.6 uT), indicating that saturation is power-
dependent and increases with Brae.  Thus, a short i, a larger DC), and more importantly,
a fower B are preferred to minimize the MT mismatch, FIG. 4C shows ASEFRwy
415A with knr = 105, ASEFRuMr 4158 with k=205, and ASEFRuyr415C with kvt =
3087, where Bigvg = 1.2 uT and Tomr = 10 us.  FIG. 4D shows ASEFRwy 415D with
Toar=7us, ASEFRuMtT 415E with Tanr =10us, and ASEFRuyr with Tz mr=14us where
Biag = 1.2 uT and kyy = 105 The ASEFRwmy signals in FIGS. 4C-D indicate that
ASEFRur signal is also dependent on the properties of MT and increases with both the
MT rate kyr and Tz

FIGS. 5A-D iHustrate chemical exchange (CE} contrasts as a function of
chemical exchange rate (k) per second (371} simulated for CW and pulsed train saturation
according to one particular, non-limiting exemplary embodiment of the disclosed concept.
FIGS. SA-B illustrate CE contrasts of CEST signals for Biawe 15 0.8 1T, and FIGS. 5C-D
iitustrate CE contrasts of CEST signals for Biave 13 1.6 pT. FIG. SA shows the CEST
contrast from CW (solid graph} 505, a low DC pulse train (DC;, dotted) 510, and ASEF
{dashed) S15. The CEST contrast of the pulse train 1s like that of CW at fast exchange
rates (e.g., >2000 s}, but is much smaller at slower exchange rates. As a result, the
sensitivity of ASEF signal is only shightly lower than CW 305 for slow exchange rates but
is suppressed at ke > 2000 s, which is in good agreement with Egs. {10} and [11]. The
CW 305 and DC, 510 are similar at high exchange rates but show a large difference at
slow exchange rates. The difference between the CEST contrast from OW 505 and DC;
510, i.e., the ASEF signal 515, peaks at ke ~ 180 57, slower than the peak of CW contrast
at 267 57, and maintains good sensitivity at stow exchange rate but diminishes at fast
exchange rates. FIG. 5B shows simulated CE contrasts of ASEF at CW S$15. and DC; at
8% 510ncs, 15% S10pcis and 30% 515pc30. When the DC of the pulse train increases, the
magnitude of ASEF signal decreases while the peak remains at the same exchange rate.
FIG. 5C shows that at a lmgher average saturation power, both the exchange rate filtering
regime and the peaks of both CW 505 and ASEF 515 contrast shift to higher exchange
rate. With a higher Bi a¢ = 1.6 0T, the ASEF signal peak shifts to kex ~ 360 57, about
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twice that of peak position for the 0.8 u'T, and CE contrast is suppressed for kex > 4000 &
U FIG. 5D shows that the ASEF signals decrease with increasing concentration of the
MT pool (fur at zero 515aur0, 0.03 515pur0.03. 0.06 515avr0.06, 0.09 515ayr000). While the
CEST signal sensitivity reduces, the exchange rate filtering stays the same. In examining
the signal properties of ASEF, environmental and experimental parameters were varied.
It has been shown that ASEF signal is nearly proportional to Ti of water, but only shightly
affected by both the Ty of water and the chemical shift due to variation 1o the direct water
saturation effect is slightly affected by the T of the labile proton. With a higher
B ave=1.6uT, the ASEF signal peak shifis to ke at approximately 360s™, about twice that
of the peak position for 0.8uT, and the CE contrast is suppressed for ke>4000s™. ASEF
signal magrutude 15 only slightly affected by tp value but decreases significantly with
increasing concentration of the MT pool. As such, the exchange rate filtering regime is
only determined by Bi o and would not be atfected by a small fudge factor ffless than
15%.

FIGS. 6 A-E tllustrate simulated baseline Z-spectra of continucus wave
(CW) and low duty cycle (DC)) pulse-pair demonstrating fudge factor corrections for
tmproving ASEF accuracy according to one particular, non-limiting exemplary
embodiment of the disclosed concept. The Z-spectra shows that a ratio of sensitivity of
saturated CEST signal Sy and steady state CEST signal So (844/S0) varies in accordance
with radio frequency offset parts per mitlion {(ppm). In the presence of a semisolid
macromolecule pool, the baseline MT signal is highly dependent on the pulse parameters.
FIG. 6A shows that for By avg=0 .8 uT, the Z-specira match well at offsets greater thao 1
ppm, and the difference is only 0.1% 10 0.25%. At smaller offsets, the Z-spectrum of the
pulse pair (CW 605A and DC,; 610A) shows a clear difference because of the side band
associated with the low DC pulse train. As such, the mismatch of the MT signal between
CW and pulse train saturation is larger for longer tp, and lower DC. FIG. 6B shows for By
ave=1.6 uT, there 1s a small difference of 1.2% 10 2% between the Z-spectra of CW 605
and puise train 610B saturation n the offset range of S to 2 ppra. The mismatch of the
MT signal 15 also highly power~dependent and increases at hugher By wg That s, for
higher power of B av=1.6 uT, the mismatch increases to 1.2 to 2% in the offset range of
510 2 ppm. These resulis shown 1n FIGS. 6A-B agree well with the expectation of Egs.
[15}and [16]. Thus, a short t,, farger DC for the low DC pulse train, and more

importantly, a lower By a,p 1s preferred to minimize the MT mismatch. FIG. 6C shows
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that the difference in FIG. 6B can be reduced to 0.4-0.7% {the mismatch between the Z-
spectra of CW 605C and D, 610C) with a shorter pulse duration tp of 12 ms. However,
there 15 a larger direct saturation signal for the pulse train due to the broader bandwidth
associated with short t,. That is, the difference in direct saturation is more significant
with a shorter 1, and extends to approximately 2 ppm because a shorter {; has a broader
bandwidth. FIG. 6D shows that, alternatively, the mismatch (mismatch between the Z-
spectra of CW 605D and DC; 610D) may be reduced to tess than 0.4% with a smoall fudge
factor of 4.1% for the pulse train 310. FIG. OF shows the Z-sepctra difference between
Z-spectra of CW 60SE and DC=30% 610E can be suppressed to less than 0.6% with a
higher DC (e.g., DC=30%.

FIGS. 7A-D illustrate CW and ASEF-CEST results of creatine in agar
according to one particular, non-limiting exemplary embodiment of the disclosed concept.
FIGS. 7A-D show that ASEF is capable of providing facile measurements of CE
comparable to that of methods in the prior art. FIG. 7A shows Z-spectra measured with
Bi ave=1 uT by CW 705 and DC/ pulse train 710 for 3% agar nearly overlaps tfor all
frequencies except those very close to water, indicating very good match of the MT
effect. A fudge factor of 6.39% was applied to the DC; pulse train. FIG. 7B shows that
with addition of S0mM creatine, the CEST signal is shown as a dip at 1.9 ppm which is
much larger for saturation by CW 7057 than DC; pulse train 7107, The CEST contrast of
these phantoms can be evaluated by MTRusym using the conventional asymmetry analysis.
FIG. 7C shows that the CEST effect of these agar phauntoms (agar only phavtom 725, 6.5
pH phantom 730A, 7.0 pH phantom 730B, and 7.5 pH phantom 730C) can be measured
by the MTRusm because the Z-specira are nearly symmetric about the water, except a
smali residue hydroxyl signal at approximately 1 ppm as shown in the agar only phantom
(dotted) 725. In FIG. 7D, the ASEF spectra (Agar only phantom spectra 715A, 6.5 pH
phantom spectra 7158, 7.0 pH phantom spectra 715C, 7.5 pH phantom spectra715D)
show a smaller signal magnitude than that of MTRaswm, but no asymmetry analysis is
needed, and can be measured at the same frequency offset of 1.9 ppm.

FIGS. 8A-H show CW and ASEF-CEST results of creatine in heat-
denatured BSA according to one particular, non-limiting exemplary embodiment of the
disclosed concept. FIGS. BA-H demonstrate that ASEF is capable of filtering out CEST
signals with high exchange rates (ot pH) depending on the average power using CW and
ASEF-CEST results of creatine in heat-denatured BSA, and minimizes the MT effect.
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Based on a pilot study, a tfudge factor of 5.85% was applied to the DC, pulse train for the
1.6 uT spectra and 2.39% for the 0.8 pT spectra, respectively. With both 08 uT (FIG.
8A)and 1.6 uT (FIG. 8B), the Z-spectra of pH = 7.04 phantom show a large difference in
the 1.9 ppm dip for CW 805A° than DC; pulse train 8107 saturations, similar to FIGS. 7A-
. The match of Z-spectra between UW saturation (TWoase 805A and CW B0SB) and
DC; 810 1s good at oftsets greater than 3.5 ppm for both By ag= 0.8 1T with a limited
tudge factor of 2.39% as shown in FIG. 8A ) and By awe=1.6 uT with a fudge factor of
5.85% as shown CW 80SA’, CW 805B°, DC; 8107 in FIG. 8B. This shows that the MT
effect can be effectively minimized by the ASEF. On the other hand, the BSA has an
asymmetric MT or residual NOE effects, as shown by a broad dip centered at ~-3.5 ppm,
which is more significant for 1.6 uT. FIGK. 8C and 8D compare the pH-dependent
sensitivity of CW with that of ASEF-CEST, where the exchange rates of the pH
phantoms were obtained using Kex=10P%4% FIG. 3C illustrates that for By s 0.8 uT,
the CEST contrast shows a peak at pH = 7.44 for CW 805 and 7.04 for ASEF 815, FIG.
8D lustrates that for By awe= 1.6 uT with a fudge factor of 5 85%, the CEST contrast
shows a peak has been shifted from that in FIG. 8C to pH = 7.85 for CW 805" and 7.44
for ASEF 815", The ASEF signal 1s only slightly lower thao that of CW at lower pH
values, but the difference ts much larger at a higher pH due to the filtering of fast
exchange rates. The CEST contrast of CW saturation is calculated by subtracting the
signals of phantoms with creatine from that of BSA only. The peak of CEST contrast is
reached at Koy = 30057 for CW and k,, = 4005 Hor ASEF signal with
Bravpy=1.6pT. Without using a reference signal from a separate phantom, the CEST
sensitivity would necessarily be measured with MTRaqm. FIGS. 8E-F show that for CW
saturation, the CEST contrast assessed by MTRasym has 2 negative baseline due to the
intrinsic asymmetry of the MT contrast and the residue the nuclear Overhauser enhanced
(NOE) signal, as seen in the center sample with BSA only. In contrast, the ASEF signal
15 muinimal for the phantom of BSA only and is small for the phantom of pH=8.24 as
shown in FIGS. 8G-H. FIGS. 8G-H show that with ASEF, the CEST contrast 1s smaller
than that of the CW, but the negative baseline signal is eliminated, as shown in the BSA
only sample. This indicates that signals from both the MT conirast and from fast

chemical exchange can be effectively suppressed.
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To sum, the present disclosure as discussed above shows that ASEF can
suppress fast exchanging processes, with only a small loss of chemical exchange contrast
for slow to intermediate exchange rates if the difference of DC is large. In the RF offset
range of 2 to 5 ppm with an averaged saturation powers of 0.8 and 1.6 uT, thereis a
mismatch of ~0. 1% and 2% in the MT signal between saturations by CW and a pulse train
with DC = 15% and a total pulse duration for the pair of pulses of 24 ms, respectively.
This mismatch can be mintmized by careful selection of the saturation power, the pulse
duration, and DC differences or by applying a small fudge factor between the two
irradiation powers. Phantom studies of creatine coufirmed that ASEF can minimize the
MT effect and reduce the sensitivity to fast exchange processes.

FIG. 915 a flow chart of a method 900 of improving CEST signal using an
adjustment of rotation and saturation effects {AROSE) system couplable to a magnetic
resolution (MR) device according to one particular, non-limiting exemplary embodiment
of the disclosed concept. The method 900 may be performed by the AROSE system or
any component of a device 100 as described with reference to FIG. 1A

At 910, the AROSE system applies to a target molecule of the target
structure for a first predefined period, a first radio frequency (RF) pulse train with a high
duty cycle (£}, a first average urradiation power {57, ag), and a first flip angle ¢p. A
high duty cycle includes a continuous wave or the highest duty cycle that the MR device
is capable of generating, and a low duty cycle is a duty cycle lower than the high duty
cycle, e.g., without himitation 10%, 15%, 20%, 40% DC. The target structure includes the
target molecules tucluding exchangeable protons and a water pool including free water
protons and semi-solid macromolecules. The application of the first RF pulse train
changes a magnetization of the target molecules by at least one of rotation effect or
saturation effect. The rotation effect includes rotating a spin system of the target
molecules based on the first flip angle ¢, , transferring the rotation to the water pool via
chemical exchange processes, and affecting spin system of the water pool based on the
rotation transfer. The saturation effect includes saturation of the target molecules in
which exchangeable protons have net-zero magnetization upon the application of the first
RF pulse train, the saturation is transferred to the water pool via the chemical exchange
processes including exchanging the net-zero magnetization exchangeable protons with a
set of the free water protous, the application of the first RF pulse train also causes
contanunation including direct water saturation and a first magnetization transfer contrast
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{MTC) between the semi-solid molecules and another set of the free water protons. An
MR signal of the water pool exhibits a first atienuation based at least 1n part on the
rotation transfer and the saturation transfer, the first MTC and the direct water saturation.
In some examples, the first RF pulse train 15 a continuous wave or the highest duty cycle
which the MRI device is capable of generating. In some examples, peak 1o average
power ratio {Crest tactor) of the first RF pulse train is minimized to approach a Crest
factor of a continuous wave, and the Crest factor of the first RF pulse train 18 lower than a
Crest factor achieved by a series of simple 90 degrees pulses. In some examples, the first
RF pulse train 1s the continuous wave providing a full saturation transfer effect and the
highest sensitivity of the CEST imaging of the target molecules.

At 920, the AROSE system acquires, from an MR device, a first water
MR signal of a water pool of the target structure a first water MR signal representing a
first attenuation of a water signal of the water pool based at least in part on rotation
transfer, saturation transfer, a first magnetization transfer contrast (MTC) and direct water
saturation associated with the application of the first RF pulse train.

At 930, the AROSE system discontinues the application of the first RF
pulse train upon a lapse of the first predefined period, where the target molecules and the
water pool return to thermal equilibrium upon the discontinuance.

At 940, the AROSE system applies to the target molecules for a second
predefined peniod, a second RF pulse train with a low duty cycle (DBC)), a second average
trradiation power and a second flip angle |, the second R¥ pulse train including a plurality
of RF pulses having a pulse duration {#,) and a period of wait (74) between each pair of
bipolar pulses. The second RF pulse train changes the magnetization of the target
molecules by the rotation effect and the saturation effect based upon the application of the
second RF pulse train. The rotation effect includes rotating the spin system of the target
molecules, transferring the rotation to the water pool, and affecting the spin system of the
water pool based on the rotation transfer. The saturation effect includes the saturation of
the target molecules based on exchangeable protons having a net-zero magnetization
upon the application of the second RF puise train, the saturation 1s transterred to the water
pool via chemical exchange processes exchanging the net-zero magnetized exchangeable
protons with the set of the free water protous, the second RF pulse train also causes
contanination including the direct water saturation and a second magnetization transfer

contrast {MTC) between the semi-solid molecules and another set of the free water
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protons. The MR signal of the water pool exhibits a second attenuation based at least in
part on the rotation transfer, the saturation transter, the second MTC and the direct water
saturation. In some examples, a number of RF pulses, the period of wait 7 between the
RF pulses, and a peak power of the RF pulses of the second RF pulse train are determined
such that the second average irradiation power of the second RF pulse train 1s the same as
the first average irradiation power of the first RF pulse train. In some examples, the
AROSE system minimizes a musmatch between the first MTC and the second MTC based
at least in part on having the same average irradiation power for the second R¥ pulse train
as the first average trradiation power. In some examples, the AROSE system minimizes a
mismatch between the first MTC and the second MTC based at least in part on selecting a
short 7p for the second RF pulse train, a small duty cycle difference between the high duty
cycle DCy and the low duty cycle (), and a low average irradiation power 87 o In
some examples, a fudge factor is added to the second RF pulse train to minimize a
mismatch between the first MTC and the second MTC, the fudge factor including a
percentage increase or decrease in the second average wrradiation power 51 e, In some
examples, a number of RF pulses, the period of wait #; between the RF pulses, and a peak
power of the RF pulses of the second RF pulse train are determined such that a mismatch
between the first MTC and the second MTC is minimized. In some examples, the
specific frequency is the resonant frequency of the nuclei of the target molecules. In
some examples, the target molecules are endogenous or exogenous molecules. In some
examples, the endogenous or exogenous molecules are mobile molecules. In some
examples, at least one of the first RF pulse train or the second RF pulse train includes RF
pulses exhibiting Gaussian shape. In some examples, at feast one of the first RF puise
train or the second RF pulse train includes RF pulses exhibiting Lorentzian shape. Tn
some examples, the first RF pulse train includes Hanning windowed continuous wave
puises.

At 950, the AROSE system acquires, from the MR device, a second
water MR signal of the water pool, the second water MR signal representing a second
attenuation based at least 1o part on the rotation transfer, the saturation transfer, the
second MTC, or the direct water saturation associated with the application of the second
RF pulse train,

At 960, the AROSE system generates an AROSE signal representing a

difference between the first water MR signal and the second water MR signal. In some
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examples, the AROSE signal shows the difference as follows: AROSE(g, ¢,} =

S(PCy, g — S(PCy, @) where 5 is a signal. Tn examples where the first RF pulse train
is a continuous wave which only has saturation transfer effect and thus includes no flip
angle, and thus the AROSE signal shows the difference as follows: AROSE,, =

(B, @) — S(CW) where @is the flip angle for the RF pulses of the second R¥ pulse
train. In some examples, ¢ is adjusted to increase specificity of the CEST imaging based
at least in part on the chemical exchange processes associated with the target molecule.

In some examples, the AROSE system is an exchange rate filter for both slow exchange
rate and a fast exchange rate of the chemical exchange processes where ¢ 1ncludes n
{AROSE;}. In some examples, the AROSE system filters a fast exchange rate of the
chemical exchange process where g includes 2% (AROSE2:). In some examples, the
AROSE system filters a stow exchange rate of the chemical exchange processes where ¢
includes 1.5n (AROSE: 52 or 37 (AROSEs;). In some examples, variation of the low
duty cycle affects sensitivity of the AROSE signal but has minimal effect on exchange
rate filtering properties of the AROSE system and a higher duty cycle reduces sensitivity
of the CEST imaging and reduces the direct water rotation. In some examples, at east
one of the first RF pulse train and the second RF pulse train includes frequency-selective
excitation RF pulses applied at the Larmor frequency of the nuclet in the target
molecules.

In some examples, the method further includes discontinuing the
application of the second RF pulse train upon a lapse of the first predefined period and the
target molecules and the water pool return to thermal equalibrium upon the
discontinuance; applying a third R¥ pulse train to the target molecules for a third
predefined period, a third RF pulse train with a low duty cycle (D)), a third average
irvadiation power and a third flip angle @,,, the third RF pulse train including a plurality
of RF pulses having a pulse duration {#7} and a period of wait (s} between each pair of
bipolar pulses, wherein the third RF pulse train the magnetization of the target molecules
by the rotation effect and the saturation effect based upon the application of the third RF
pulse train, the rotation and saturation of the target molecules are transferred to the water
pool via the chemical exchange processes, the third RF pulse train also causes
contarmination including the direct water saturation and a second magnetization transfer

contrast (MTC) between the semi-solid molecules and another set of the free water
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protons, and the MR signal of the water pool exhibits a third attenuation based at least in
part on the rotation transfer, the saturation transter | the third MTC and the direct water
saturation; and acquiring a third water MR signal of the water pool, the third water MR
signal representing the third attenuation. In some examples, the generating the AROSE
signal mcludes generating the AROSE signal representing differences among the first
water MR signal, the second water MR signal and the third water signal. In some
examples, a nurober of RF pulses, the period of wait {5 between the RF pulses, and a peak
power of the RF pulses of the third RF puise train are determined such that mismatches
arnong the fitst MTC, the second MTC and the third MTC are mintmized.

FIGS. 10A-C illustrate comparisons of the saturation transfer and rotation
transter effects for a slow exchange rate of 100 s-1 and an intermediate rate of 1000 s-1
according to one particular, non-limiting exemplary embodiment of the disclosed concept.
FIGS. 10A-C show the disparity in the saturation transter and rotation transter effects
utilized by the current tnvention for filtering purposes. FIGS. 10A-B assume no MTC
effect. In contrast to CW wrradiation 1005 which only has the saturation transfer effect
1015, the pulse-train trradiation (DC=10% 1010A, DC=25% 106108, BC=75% 1010C)
has the saturation transfer effect 1020 which is dependent on the duty cycle, and the
rotation transfer effect 1025 which is dependent on the flip angle. The rotation transfer
effect is significant at 100 s-1 (in FIG. 10A) but diminishes at 1000 s-1 (in FIG. 10B).
The contributions from direct water saturation 1s about 2% of Sg and are neglected in the
labelling for simplicity. The direct saturation and rotation effects of water are neglected
for simpheity in FIG. 10C. FIG. 10C shows also a comparison of the chemical exchange
contrast as a function of &, for CW 1005 and x pulse trains1010A,, 1010B,, 1010C; and
2r pulse trains 1010Az,, 101082, 1010Cs, with varied duty cycles. The nt and 2z pulse
trains show a similar contrast at fast exchange rates greater than1000 s-1. For the 2n
pulse trains, the contrasts decrease quickly with DC at slow exchange rates (£, <1000 s-
1)

For a slow exchange rate of 100 s (in FIG. 10A), significant rotation
transfer effect can be seen as an oscillation with increased flip angle. Specifically, the
saturation transfer effect 1020 or the CEST signal 1010A for BC = 10% is demonstrated
by the decay of Simd/So signal at approximately 1010, 2n, whereas the rotation transfer
1025 can be demonstrated by the signal difference between n and 27, An increase of the
DC increases the CEST signal and also affects the rotation signal. For comparison, CW
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trradiation only shows the full saturation transfer effect 1015, For an intermediate
exchange rate of 1000 ¢! (in FIG. 10B), the rotation transfer effect becomes very small,
therefore, the signal decay for a pulsed train is mainly due to the saturation transfer effect,
which again increases with DC. FIG. 10C shows the chemical exchange contrast
simulated for OW 10057 and pulsed wrradiations with varied DC and flip angles of w and
2m {(DC=10% with 2n pulse — 1010A DC=10% with n pulse - 1010A, BC=25% with
2n pulse — 10108y, DC=25% with n pulse - 10108, DC=75% with 2x pulse — 10100,
DC=75% with w pulse - 1010C;). For the whole .. range, CW 1005 shows the highest
CE contrast, bigher DC gives larger CE contrast, and a w pulse train gives larger CE
contrast than the 2 pulse train. The difference between 7 and 27 pulse trains is small at
greater than1000 s7), and more obvious at slower exchange rates.

o

FIGS. 11A-C tllustrate the contrasts of CW 1105 and ARQSE 1140

high exchange rates (fe.

according to one particular, non-limiting exemplary embodiment of the disclosed concept.
FIGS. 11A-C show examples of the specific advantages in discrimination between
exchange rates of the present disclosure. FIG. 11 A illustrates that the contrasts of CW
1105, AROSE; 1140, and AROSE:; 1140, with DC = 25% show different exchange
rate filtering effects. FIG. 11B illustrates that the ratio 11402100, 1140251000, 11401000 of
the peak contrasts of AROSE and CW irradiation decreases with increasing DC. FIG.
11C lustrates that the ratio 1140, 1140, of the FWHM (4.} of AROSE and CW
trradiation, which is an index of exchange rate filtering, also decreases with increasing
DC. The AROSE data with DC = 25% were obtained from FIG. 10C and FIGS. 11A-C
comparison to the CE contrast measured by CW 1105, the AROSEx signal 1140z, shows
filtering on fast exchange rate {e.g., k. > 3000 5!}, In contrast, AROSEx signal 1140,
shows a large sensitivity reduction 1n the slow exchange regime, and thus importantly, 1s
an exchange rate filter for both slow (ke < 30 57"y and faster exchange rates (ke > 3000 §°
. The peak of AROSExsignal 1140, appears at a similar kex (~260 57') with that of the
CW 1105, matching the nutation frequency of the 1 uT saturation pulse, whereas the
peaks of ARONE x signal 1140, shift to lower 4., values. FI{G. 11B shows that the
normalized AROSE: and AROSEz. contrasts (by the CW contrast} decrease with
increasing DC. The difference between AROSE: and AROSE:: contrasts is large for a

slow exchange of 100 s and very small for an intermediate k. of 1000 s\ To
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quantitatively evaluate the exchange-rate filtering effect, the FWHM of AROSE signals
{e.g., from FIG. 11 A for DC = 25%) are normalized by the FWHM of CW signal (FIG.
11C), which shows a decrease with increasing BC. At BC = 25%, the FWHM of
AROSER and AROSE»x 15 62% and 83% of the FWHM for the CW CE signal,
respectively.

FIGS. 12A-C show pulse train trradiation, a change of the exchange rate
filtering eftect, and the ratio of the FWHM (%} of AROSE according to one particular,
non-liniting exemplary embodiment of the disclosed concept. FIGS. 12A-C describe the
versatility in tuning to different exchange regimes by alteration of pulse train flip angles.
FIG. 12A shows that pulse train irradiations with selected flip angles (CW 1205, a pulse
train 1220, with ¢ = n a pulse train 1220: s, with ¢ = 1.5% a pulse train 1220, with ¢ =
2n a pulse train 12205, with @ = 37} show different CE contrast mainly at slow exchange
rates. FIG. 12B illustrates that the AROSE signals with varied flip angles (ARGSE signal
1240, with ¢ =7 AROSE signal 1240 s, with ¢ = 1.5z AROSE signal 1240, with ¢ = 2%
CAROSE signal 12403 with ¢ = 3x) show a change of the exchange rate filtering effect,
matnly for the slower exchange rates. FIG. 12C illustrates that the ratio of the FWHM
{koxy of AROSE and CW irradiation is the fargest for 2rn. DC = 10% was assumed in
FIGS. 12A-C. Besides ® and 2n pulse trains, the rotation transfer effect for pulse trains
with flip angles ¢ of 1.57% and 3% were shown in FIG 12A for Brae =1 uT with DC =
10%. The AROSE signals with varied flip angles show a change of the exchange rate
filtering, mainly for the slow exchange regime (FIG. 12B). The sensitivity and rate-
tiltering effect of ARGSE, fall between those of AROSEr and AROSE:. To
quantitatively evaluate the exchange-rate filtering effect, the FWHM of AROSE signals
are normalized by the FWHM of CW signal, which was calenlated in FIG. 12C for
several selected flip angles which has a peak at about 2x, and 1s the smallest for flip angle
<.

FIGS. 13A-D show changes of CE contrast magnitudes and shifts of the
respective peaks according to one particular, non-limiting exemplary embodiment of the
disclosed concept. FIGS. 13A-B illustrate that a different B o of AROSE
1340,,13402,, 13403, and CW irradiation 1305 leads to a change of CE contrast magnitude
and a shift of the respective peaks. FIG. 13C ilustrates that the AROSE contrast
decreases with increasing DC (DC=10% - 1310A, DC=15% - 1310B, DC=25% - 1310C,
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DC=40% - 1310D). FIG. 13D illustrates that the addition of an MTC pool (fur=0 -
13SOA, fur = 0.03 - 13508, fivr = 0.06 — 1350C, fur = .09 — 1350D) decreases the
magnitude of these contrasts but does not change the exchange rate-filtering. FIGS. 13A-
B show the power dependence of the AROSE contrasts. ABiagot 14 uTor 07 uT
leads to a different AROSE and CE contrast magnitude. Moreover, the respective peaks
frequency and the exchange-rate filtering domains are nearly proportional to the Bi. wy,
e.g., the peak of AROSE. contrastis at 190 s for 0.7 uT and 390 s for 1 4 uT. A
variation of the duty cycle of the DC pulse train aftects the sensitivity of AROSE signal
but not on the exchange rate filtering properties, as shown by the example of AROSEm
curves (FIG. 13C). Similarly, the inclusion of an MTC pool decreases the magnitude of
these contrasts but has very small effects on the exchange-rate filtering characteristics
(FIG. 13D).

FIGS. 14A-D illustrate simulations of the Larmor frequency-specificity of
AROSE signal according to one particular, non-himtiing exemplary embodiment of the
disclosed concept. Besides exchange rate-filtering, another important index for CE signal
specificity 1s the selectivity on Larmor frequency, which can indicate the contamination
from other labile protons with close Larmor frequencies. FIGS. 14A-D show the
simulated results for By we = 1 0T and DC = 10%. For a stow exchange of 100 57 (FIG.
14A), the line shape of the CE signal varies with the flip avgle of pulse trains. The CE
contrast appears as a sharp dip for CW irradiation 1405, but the dip is much smaller for
2 and 3% pulse tratns 14202, 14203, On the other hand, the dip becomes much broader
for 7 pulse trains 1420, because of the broader bandwidth associated with a shorter pulse
duration. FIGS. 14A-D demonstrate robustness of the observed signal. FIG. 14A
iitustrates that pulse-train irradiation {CW 1405, pulse train 1420, with ¢ = pulse train
14201 sp with ¢ = 1 5% pulse train 1420z, with ¢ =2 — pulse train 14205, with ¢ = 3x)
shows CE contrast with magnitude and Hinewidth which is dependent on the flip angle.
FIG. 148 compares the line shapes for normalized CW 1405 versus AROSE signals for
Kex = 100 571 14407, 1440 sp, 1440720, 144075, The linewidths of most AROSE signals
are narrower than that of the CW curve, except AROSEr which shows a large undershoot
within a =1 ppm range from the peak. Normalized AROSE signals 144077, 144071 5;,
144075, 14407 3;) show the dependence of line shapes on the flip angle with £.=100s™ as

shown in FIG. 14C. For intermediate exchange rate of 1000 5™ (FIG. 14C), the
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linewidths of all signals are much broader than those in FIG. 148, The AROSE signals
still show a narrower linewidth than CW, and the undershoot in ARGSER 1s much smailer
than that for kex = 100 5. FIG. 14D illustrates that the frequency-specificity of AROSE
signal 1s evaluated by the area under the curves (AUCs) 145000, 14501000 for the
normalized |[AROSEL To quantitatively compare the frequency-specificity, the ratio of
the AUCs for normalized |AROSE| and CW spectra are compared as a function of a flip
angle in FIG. 14D, The ratio is similar for slow and intermediate exchange rates with a
flip angle between 1 33w to 157 {(~0.6) but becomes more different at other flip angles.
FIGS. 15A-D dlustrate comparisons of the simulated Z-spectra under CW
and pulse-train saturation presenting possible error due to direct rotation according to one
particular, non-limiting exemplary embodiment of the disclosed concept. FIG. 15A
illustrates that the Z-spectra match well for larger offsets, but at offsets close to water, the
data from pulse-train uradiations (15201520 54, 15205, 15203,) show a significant direct
rotation effect, which 1s more severe for the n-puise train due to its broad bandwidth.
FIG. 158 illustrates that the resultant baseline AROSE signals (1540, 15404 55, 15400,
154035} show a small residue MT signal, and a much more significant residue signal at
offsets legs than 1.5 ppm. FIG. 15C iHustrates that the direct rotation effect is also
reduced for lower averaged powers {CW 150507 with B ave=0.7uT, 1505, s with
Biave=1.0uT, 15054 with Byap,=1.4uT, DC=15% pulse train 15100 7 with By 5,,=0 7uT,
151010 with By aveg=1.0uT, 1510 s with Bi ne=1 4uT). FIG 15D illustrates that the direct
rotation effect is reduced for higher DC values (DC=10% pulse train 151010, DC=15%
pulse train 15105 DC=30% pulse train 151050}, That 13, the direct rotation effect 1s more
severe for higher averaged powers and for smaller DC values. FIGS. 15A-D compare the
sunulated Z-spectra under CW 1505 and & few pulse-train irradiations 1510 in the
presence of an MTC pool for By a¢ of 1 T, The Z-spectra match well at larger offsets,
indicating that the MTC contributions are very close for these irradiation schemes.
However, at offsets close to water, the Z-spectra of pulse-train trradiation showed a
significant direct rotation effect, which is the strongest for the « pulse train due to its
broadest bandwidth (FIG. 15A). At large offsets, the baseline AROSE signal is negligible
for ® pulse train but increases with the flip angle and approaches 0.37% to 0.6% between
510 2 ppm for the 31 pulse irain, which is similar to the results of ASEF with a larger

pulse duration and can be minimized by using a small fudge factor on the By avg of the
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DC; pulse train. The baseline AROSE signal becomes much larger at offset frequencies
less than 1.5 ppm due to the direct rotation effect (FIG. 1SB). As clearly seenfora n
pulse train, the direct rotation effect 1s more severe with a higher By ave (FIG. 15C), or
with a smalier DC value (FIG. 15D}

FIGS. 16A-C illustrate exchange rate filterings using creatine phantoms
with varied pH according to one particular, non-limiting exemplary embodiment of the
disclosed concept. FIG. 16A shows that creatine phantoms with varied pH show a
different exchange rate filtering for CW and AROSE scheme 1640, 1640210 data-plot
with averaged trradiation frequency of 20 Hz and By of 0.47uT. FIG. 16B shows that
creatine phantorns with varied pH show different exchange rate filtering for CW and
AROSE scheme 16407, 16401 5, 1640 2,11 data-plot with averaged irradiation frequency
of 40 Hz and By avg of 0.94uT. FIG. 16B shows that creatine phantors with varied pH
show different exchange rate filtering for CW and AROSE scheme in MTRasm and
AROSE maps. In creatine phantoms with varied pH, the CE contrasts were measured by
CW and pulse train irradiation with By we of 0,47 uT (FIG. 16A) Compared to the CW
contrast measured by MTRugm 1630, the AROSEz 1640y, signal ts stmilar in magnitude
at lower pH of 6.0 and 6.3 but 1s much smaller at higher pH greater than 7.5, AROSEx
1640, signal is close to AROSEx at higher pH but is much smaller at lower pH. AROSE
signals with more flip angles were measured for Bi avg of 0.94 uT and shown in FIG.
168, and the results agree well with the simulations. Overall, all AROSE signals can
provide a filter for fast exchange rates and AROSE with ¢ = 27 can additionally provide
filtering for slower exchange rates. FIG. 16C compares the maps of the MTR,gym and the
AROSE signals, showing effective filtering of high pH samples with ARQOSE2: and
filtering of both high and low pH samples for AROSEx.

FIGS. 17A-D illustrate frequency-specificity of creatine phantoms of
varied pH measured with Byayvg of 0.94 4T and DC = 10% according to one particular,
non-limiting exemplary embodiment of the disclosed concept. The line shapes of
MTRugm (CW MTRusym 1705560, 1705067, 17055073, 1705576 as shown in FIG, 17A)
and AROSE signals with flip angles of 2x (1740ums0, 1740ms.7, 1740m75, 1640sm70as
shown in FIG. 17B), 1.5 (1740 peo0, 1740 pse.7, 1740 pes73, 1740  ssrr0 as shown in FIG.
17C), and (1740 "puso, 1740  puss, 1740  say 2, 17407 v as shown in FIG. 170} show

that the line width decreases with lower flip angle, except for AROSE, which shows a
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significant undershoot for low pH phantoms. The MTRaswm peaks at 1.9 ppm, and the
hnewidth increases with pH (FIG. 16A). AROSEx shows a reduced peak magnitude
{more so for higher pH phantoms) but also a narrower linewidth. For exanuple, the
signals at 0.5 ppm from the peak (1.4 and 2.4 ppm) are much smaller compared to
MTRasym. AROSE: s reduces the peak magnitude of both low and high pH phantoms and
reduces the linewidth further. For AROSEx, the peak signal of pH = 6.0 phantorm 15 close
to zero due to the exchange rate filtering, but broad undershoot can clearly be seen as in
the simulation data, in agreement with simulation results

FIGS. 18A-D illustrate comparisons of the Z-spectra of a 12% heated BSA
phantom according to one particular, non-limiting exemplary embodiment of the
disclosed concept. FIG. 18A shows a comparison of the Z-spectra (for Bra =07 uT, CW
1805, DC=10% with ¢ =n ~1810;, with ¢ =1.5z 18101 5:) of a 12% heated BSA phantom
for a1 avp. of 30 Hz, FIG. 188 shows a comparison of the Z-spectra (for Biae=1.4 uT,
CW 18057, DC=10% with © =x ~18107 10, DC=25% with o =x 181075 ) of 2 12%
heated BSA phantom for o1 a. of 60 Hz. FIGS. 18A-B show that the direct rotation
effect 1s smaller for lower irradiation power, larger flip angle, and higher DC. FIG. 13C
iilusirates that with the addition of 40mM creatine, for Bi =07 pT the CE signal can be
evaluated in the Z-spectra with different magnitude and linewidth, FIG. 18D dlustrates
that compared to the CWar 18057, the AROSE signals (1840,, 1840 s;, 1840;,) show a
much narrower linewidth with only a slight loss of peak CE sensitivity. The deviation of
1.57 pulse train from CW is much smalier, indicating a much smaller direct rotation
effect. At B we = 1.4 uT (FIG 18B), the direct rotation effect of the w-pulse train
extends to a broader range of 2 ppm for BC = 10%, which 1s reduced when a higher DC
=25% tsused. In FIG 18(, 12% heated BSA with 40 mM of creatine is measured by
CW 18050 and pulse trains 1810z, 18101 5z, 18102 with flip angles of %, 1.5n, and 2n
and DC = 10%, showing different line shapes for the CE effect centered at 1.9 ppm. The
dotted curve is the CW Z-spectrum 1805y cv of 12% heated BSA only and is the baseline
for the evaluation of the CE contrast. Its difference with the solid curve, 1.e., the CWarin
FIG. 18D, indicates the maximum CE contrast achievable with all these irradiation
schemes. The baseline signal without CE 1s not required tor ARQSE because the DC;

data 15 served as the baseline. The calculated AROSE signal shows a lower peak
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magnitude with smaller flip angles as well as a narrower linewidth, except for AROSER
which shows negative undershoots as expected from simulation results.

o summary, the present disclosure shows that the AROSE approach not
only provides adjustable filters which can minimize the MTC effect, but also improves
exchange rate filtering and/or frequency-specificity for chernical exchange sensitive
imaging with a relatively small reduction in the peak CE sensitivity. Therefore, AROSE
may be a highly useful tool for CEST study in the slow to intermediate exchange regime.

FIGS. 19A-22 describe a fudge factor matching and a base line correction
used to minimize the MT mismatch in accordance with non-limiting example
embodiments of the disclosed concept. As described previously, while the effectiveness
of the exchange filtering effect has been confirmed as shown above, a small mismatch of
MT effect exists when saturation pulses with the same average B power but different
duty cycles are used. This disparity grows more apparent with a higher difference
between the duty cycle (DC) of the two saturation pulse trains and with a higher average
By power used for saturation. In addition to this intrinsic mismatch, there is also a
possibility of imperfections in MR hardware 1n RF power linearity and instability of
delivering a sustained long RF irradiation, which can contribute to an imbalance of the
background MT signals for the two irradiation schemes. An empirical correction
procedure can be used in ensuring proper MT filtering and compensate for the baseline
MT mismatch. FIGS. 19A-22 illustrate an example empirical procedure performed using
nicotinamide phantoms and stroke rodents in in vive investigation. Nicotinamide
phantoms in denatured protein was used to investigate the effect of different average
saturation powers and MT pool fractions on fudge factors used for correction as well as
the ASEFR signal and baseline, and i vive studies in stroke rodents were used to further
investigate the sensitivity and fidelity of ASEFR spectra. Thus, the procedure first
evaluates the effects of the average saturation power and semi-solid pool MT fraction on
the fudge factor (ff) matching using Nicotinanide phantoms in heat denatured BSA, and
then evaluate the potential of ASEF imaging /i vive by examining the fudge factor
matching, the baseline MT signal, and the contrast of ASEF imaging of stroke rats
induced by Middle Cergbral Artery Occlusion (MUCAQG). As previocusly mentioned,
Bruker Biospec® 9.4 T magnet is used for the empirical procedures. The magnetic field
horsogenetty can be optimized by localized shimming over the volume of interest. The
CEST pulse sequence consists of a saturation preparation module followed by a spin echo
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EPI (echo planar imaging). Saturation preparation schemes consist of either a single CW
block pulse or a train of binomial pairs of Gaussian pulses with a kurtosis of 4.

The empirical procedures used a set of four phantoms prepared in Ix
phosphate buffered saline (PBS) and titrated to pH of 7.4: 12% {w/v) Bovine Serum
Albumin (BSA), 10% BSA with 150 mM Nicotinamide (Nic), 12% BSA with 150 mM
Nic; and 15% (w/v) BSA with 150 mM Nic. These phantoms were then transferred into
syringes, heated in a water bath at 95°C for 20 minutes to denature the BSA within the
phantoms, and allowed to cool before imaging at room temperature. Imaging was
performed 0 a 4.0-cra inper-diameter volure coil used for excitation and reception with
a (-5 saturation preparation. Average By powers of 0.60, 0.72, 0.86, 1.03, 1.25, 1.50 and
1.80 uT were applied, comprising etther a single CW block pulse or a train of 37 binomial
pairs with durations of 24 ms and pulse intervals of 138.1 ms, yielding a duty cycle (BC)

of about 15%. The imaging parameters for the single slice EPI read out were matrix size

ms. T mapping was performed with an inversion recovery EPI sequence. Bo maps were
obtained using the WASSR (water saturation shift referencing} method for region of
interest (ROI) selection of pixels with a low Be inhomogeneity. B: mapping was cbtained
by measuring signal nutation,

For further in vivo investigation, six male Sprague-Dawley rats (253-351
g) were studied. The rodents were anesthetized with isoflurane (5% for induction and 2%
during surgery) in a mixture of 02 and air gases maintaining total O2 concentration at
~30% throughout the procedure. Prior to imaging, MCAO was performed to induce
permanent ischemia in the left hemisphere. During tmaging, isoflurane was reduced to
1.4-1.5% maintairung end-tidal CO» at 3-4%, while the rectal temperature was controlled
at 37.2+0.5°C using a feedback-controlled heating pad. Imaging was performed at 3-4
hours post-operation with an 86-mm inner-diameter volume coil for excitation and a 20-
mm single loop coil for reception. A 4-s saturation preparation with average B; of 6.80
uT was applied at 36 otfsets between 0 and 6 ppm in etther a single CW block pulse or a
train of 25 binomial paits with durations of 24 ws and pulse intervals of 136 ms (DC =
15%). The two slice EPI readout was performed with the following imaging parameters:
matrix size = 80 x R0, field of view = 32 X 32 mm, shice thickness = 2 mm, TR = 7 ¢ and

TE =20 ms. To detect the ischemic lesion, ADC (apparent diffusion coefficient} maps
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were acquired using a spin-echo EPI sequence, with a low b-value of 5 s/mm* applied on
a single axis and high b-value of 1200 s/mn applied along six different directions.

In order to compensate tor the disparity of attenuation between the CW
and the pulse train caused by machine limitations and the intrinsic residual difference in
background MT, an empirical fudge factor was determined as a scalar for the amplitude
of RF irradiation in order to match the MT effects at an offset with minimal CEST effect.
For this matching, CEST signals were measured at a reference frequency {e.g., 5.5 ppm)
using both the CW and the binomial pair pulse train. The power of the CW pulse was
fixed to By,avg while the average power of the binomual pair pulse train was modulated
around Bi,avg with a fudge factor varying between -3 and 8% in increments of 0.4%. An
ROT was then drawn in the 12% BSA only phantom, or the normal tissue couotralateral to
the tschemic lesion 77 vive, and the averaged signal in the ROI for the pulse train was
Linearly interpolated to determine the fudge factor that achieves equality with the RO
averaged signal of the CW saturation scheme. If there is no equality between the two
datasets, the range of the fudge factor ff was shifted or expanded so that a matching f#
could be found within the bounds of the fudge factor imaged.

For Z-spectra analyses, ROIs were used. In the phantoms, an ROI with
minimal Bo inhomogeneity (<0.05 ppm) was selected from each sample; while in MCAQG
animal studies, ROIs were drawn on ADC maps encompassing the entirety of the
infarcted region aund then reflected over the center of the brain to determine a region for
the contralateral side. The raw ASEFR, ASEFRY™Y , was calculated from the difference

between the CW and pulse train saturations as follows:

(gpuised B g{j‘ﬂi} /
ASEFRYY = \72 @ / Sy s Equation [19]

where £ is the frequency offset, and Sp images were acquired at 300 ppro. In order to
correct for baseline, the raw ASEFR, AFEFRY™Y, from 5.5 ppm were subtracted from all
offsets.

Using the four phantoms {a 12% BSA only phantom, a 10% BSA and
Nicotinamide {Nic) phantom, a 12% BAS and Nic phantom, and a 15% BSA and Nic
phantom}, a fudge factor was determined at a Bi,avg of 0.86 uT at 5.5 ppm. The CW
pulse was imaged at a fixed power of 0.86 uT yielding a nearly-constant attenuated
signal. The results showed that a higher concentration of denatured BSA has a larger MT

pool fraction resulting 1o lower attenuated signal levels, whereas increasing the fudge
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factors for the binomial pulse train led to increasing attenuation. Linear interpolation was
used to determine the fudge factor value at which the atienuation from the CW pulse was
approximately equivalent to that of the pulse train. There was little difference in the
fudge factors of the four phantoms even where there was a 50% increase in the BSA
concentration contributing to the background MT. However, the fudge factor increased
almost linearly with increasing B, o power. For example, the fudge factor increased
from 0 to approxamately 12 as the By, avp power increased from 0.6 uTto 1 8 uT. The
residual raw ASEFR at 5.5 ppm for the four phantoms was acquired. Since the fudge
factor deterruination was perforroed at this frequency (5.5 ppm), most of the data points
were within 0.3% of a zero baseline. As there may be variation across the image (2.2,
caused by Bi-inhomogeneity or residual MT), a baseline correction was used to further
suppress the ASEFRwr and improve the specificity of the CEST signal. The CEST signal
of the Nicotinamide phantoms (the 10% BSA and Nic phantom, the 12% BSA and Nic
phantom, and the 15% BSA and Nic phantom) as measured by the ASEF at the amide
trequency of 3.4 ppm was lower for the increasing BSA content because of their larger
MT effect and shorter T values. The residual signal for the phantom without
Micotinamide {the 12% BSA only phantom) was smali, especially at lower By, where
the background residual signal is removed more effectively.

Fudge factor matching /7 vivo in an MCAQ rat model was then examined.
The lesions were visible in the left hemisphere of the ADC maps as an approximately
30% decrease in ADC. An RO was selected from the lesion and the contralateral RO
was outhined. Fudge factor maps calculated across the rat brain showed some disparity
between the leston and the normal tissue. By maps showed the Bi-inhomogeneity had
a magnitude of several percent, and was mainly in the vertical direction, suggesting that
the differences in the fudge factors is not due to differences in By,

FIG. 19A shows that the fudge factor matching across the ROlIs indicated a
slightly lower fudge factor for the lesion (e g, the legion 1905 at CW pulse train and the
legion 1910 at paired pulse trains) than for the contralateral ROI (e g, the contralateral
RO 1915 at CW pulse train and the contralateral ROT 1920 at paired pulse trains).  FIG.
198 shows box and whisker plots of the fudge factors for the legion and contralateral
ROIs across six MCAQ rodents. In FIG. 198, a box and whisker plot 1930 of the lesion
RO shows a much wider spread of values and inter-animal variation than a box and

whisker plot 1935 of the contralateral ROI The variability and the heterogeneity suggest

o2
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that the fudge factor likely varies with ischemic tissue properties. Therefore, the fudge
factors for the contralateral ROI were used for acquisition of the ASEF in viva for
consisiency.

For the contralateral ROI, positive offsets of Z-specira averaged over
animals indicated a close matching between the CW saturated specira and the low duty
cycle pulsed spectra in offsets beyond chemical exchange resonances {e.g., >5 ppm).
FIG. 20A illustrates average Z- spectra 2005 acquired using saturation by a CW and
average £-spectra 2010 acquired using 15% DC pulse trains in healthy contralesional
tissue 1n MCAO rodents. FIG. 20A shows that there was a close matching between the
contralateral 2005 at CW pulse train and contralateral 2010 at a 15% DC pulse train. In
contrast, there is a clear disparity between the CW and pulsed Z-spectra around the amide
(~3.6 ppm}, the guanidyl {(~2 ppm}, and the PCr (2.6 ppm) frequencies, indicating that the
low DC pulse train effectively reduced these CEST signals. FIG. 20B illustrates average
£-spectra 2015 acquired using saturation by CW and average Z-spectra 2020 acquired
using saturation by 15% DC pulse trains in an infarcted lesion tissue in the MCAO
rodents. FIG. 20B shows that in the lesion RO}, there 18 a small mismatch at large offsets
(>3 ppm} for the average Z-spectra as the power determined by the fudge factor matching
was taken from the contralateral ROL Subtracting the CW from the pulsed spectra gives
a raw ASEFR spectra for the lesion and contralateral tissue as shown in FIG. 20C. FIG.
20C dustrates ASEFR spectra 2030 for a lesion RO and ASFER specira 2025 for a
contralesional ROL Examining the raw ASEFR spectra shows disparate baselines around
5.5 ppm and observing the spectra closer over 5-6 ppm shows that the average baseline
for the contralateral RO is close to zero but is about -0.3% for the lesion ROL
Subtracting this 5.5 ppm baseline across voxels from the whole ASEFR spectra gives
corrected ASFER spectra for both the contralateral and lesion ROIs. FIG. 20D shows
ASFER spectra 2040 for the contralateral RO and ASFER spectra 2035 for the lesion.
The ASEFR for the amide resonance at 3.6 ppm was about 2.9% for the tissue
contralateral to the lesion, whereas in the lesion 1t measured an average of 1.6%. At the
guanidyl resonance of 2 ppm, the contralateral side displayed an average sensitivity of
2.3% while the lesion exhibited a signal of 2.2%. At 2.6 ppm, while the PCr-weighted
signal was difficult to discern from the CW spectra alone, the ASEF measurernent
exhibits a small peak with a magnitude of about 1.9% for the contralateral tissue and

1.1% in the ischemic region.
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The sensitivity of the ASEF technique at the amide frequency (3.6 ppm}
was compared to a simple 3-point measurement of APT {amide proton transter). Both
APT and the ASEFR at 3.6 ppm showed a good contrast between the tschemic tissue and
the healthy tissue for both animals. FIG. 21 ilustrates box and whisker plots of average
APT and ASEFR at 3.6 ppm. FIG. 21 shows a box and whisker plot 2105 for average
APT of the legion, a box and whisker plot 2110 for average ASEFR at 3.6 ppm of the
tegion, a box and whicker plot 2115 for the average APT of the contralesional RO, and a
box and whisker plot 2120 for the average ASEFR at 3.6 ppm of the contralesional ROL
In FIG. 21, box and whisker plots of both metrics show a similar breadth i the range of
values for the ischemic lesion, while APT shows a much tighter distribution of values
across animals for the normal tissue. APT averaged over the lesion was 1.21 + 0.4% and
243 £0.1% for the contralateral tissue, while ASEFR at 3.6 ppm measured 1.6+ 0.4% in
the lesion and 2.9 + 0.4% 1n the contralateral hemisphere. Comparatively, ASEFR at 3.6
ppm shows a higher magnitude than APT in both the healthy tissue and the ischemic
lesion, but the contrast between the two types of tissues 1s nearly equal.

The ASEFR at the guanidyl resonance of 2.0 ppm and PCr resonance of
2.6 ppm were further examined. The representative maps showed a spatial
inhomogeneity {particularly within the ischemic lesion} for ASEFR at 2 ppm, but the
overall contrast between the lesion and the contralateral region was low. FIG. 22
illustrates a box and whisker plot 2205 for ASEFR at 2.0 ppm of the lesion, a box and
whisker plot 2210 for ASEFR at 2.6 ppm of the lesion, a box and whisker plot 2215 for
ASFER at 2 ppr of the contralesional tissue, and a box and whisker plot 2020 for
ASEFR at 2.6 ppm of the contralesional tissue. As shown in FIG. 21, the ASEFR at 2.6
ppra showed a strong contrast between the lesion and the contralateral tissue. Despite the
spatial inhomogeneity, ASEFR at 2 ppm signals averaged over the lesion and
contralateral tissue were similar. The ASEFR at 2.6 ppm showed a drop 1n the lesion as
compared to the contralateral tissue resembling the drop in ASEFR at 3.6 ppm, though the
contrast of ASEFR2.6 ppa 15 about 40% smaller than that of ASEFR at 3.6 ppm (0.8%
versus 1.3%).

As discussed with reference to FIGS. 21-22, three potential contrasts were
demonstrated at 3.6 ppra, 2.6 ppm and 2.0 ppm with a single set of ASEF parameters
during the empirical procedure. Since the ASEF contrast is sensitive to the parameters
such as the Baye saturation power and the difference in the duty cycle of the two pulse
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trains, ASEF parameters could be optimized individually to improve the quality of each
CEST signal obtained. For example, the optimal amude CEST signal at 3.6 ppm was
reported 1o be about 1 uT for 9.4 T19 or 2 u¥ for 3 T45, whereas the optumal PCr-CEST
signal at 2.6 ppm was reported to be only around 0.5 t0 0.7 uT31. Notably, the signal for
2.6 ppm {~1.9 % in the contralateral tissue) is higher than expected from a brain PCr
alone, mdicating there may be other sources of contrast in ASEFR at 2.6 ppm, such as the
slow NOE signal from aromatic protons.

The results of the empirical procedures as discussed above show that the
fudge factor needed to correct the baseline MT mismatch is strongly dependent on the
average saturation power but is relatively insensitive to the MT fraction. f# vive studies
in stroke rodents show that the fudge factor required to correct the baseline MT mismaich
is different for normal versus ischemic tissue. After correction of the mismatch, ASEFR
achieved comparable contrast at 3.6 ppm between normal and ischemic tissue when
compared to the APT approach. Moreover, contrasts for 2.0 ppm and 2.6 ppm were also
ascertainable from the same spectra. Therefore, 1t has been shown that ASEF improves
the CEST signal specificity of slow exchange labile protons such as amide and guanidyl
with small loss to sensitivity, and thus, has a strong potential in the CEST imaging of
various diseases. As such, ASEF imaging can probe various labile protons of interest
including amide, PCr, and guanidyl groups. Compared to model-fitling methods such as
Loventzian fitting, the acquasition tune burden for ASEF 1s significantly lessened. When
compared to APT, ASEFR at 3.6 ppm exhibited a higher magnitude, but also a higher
inter-animal variability. Although it may not provide an advantage in the contrast to
noise ratio, ASEF can be applied to conditions where methods like 3-point measurement
are difficult to implement due to the lack of a distinet peak, such as at lower magnetic
fields. Besides the Bj a., the DU of the pulse train may also be adjusted to improve the
sensitivity of these CEST signals. CEST signal at 2 ppm 1s dominated by guanidyl water
proton exchange, and the power of 0.8 uT is likely suboptimal for normal physiological
conditions with a relatively fast exchange rate of ~1000 s-1. The near-zero contrast
between the 1schemic and normal tissue can be explained by the Bi~tuning effect.
Because the exchange rate filtering domain of ASEF is determined by Biayg, an
adjustment of Biaw to either a lower or higher value may change the ischemic contrast.
While the simple subtracted signal for ASEF was primarily used in this procedure for

sensitivity comparison, ASEF signals can readily be converted into relaxation rate related
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indices {e. g, R}, which can potentially be converted to quantitative physiological
information such as metabolite concentration and/or tissue pH.

While it is important in reducing the background MT signal for ASEFR,
the matching of the MT effect between the CW and pulsed trains using a fudge factor
may introduce an additional factor of variability. In case that the MT mismatch may not
be fully nunimized by a single fudge factor, a baseline correction at 5.5 ppm to suppress
the residual difference was used as previously mentioned. The results in FIG. 20C
indicate that the baseline raw ASEFR is slightly dependent on the R¥ offset, therefore, a
reference frequency must maintain minimal CEST effect, yet be as close as possible to
the resonance frequency of the labile proton of interest to provide the best suppression of
the background signal. Besides the tntrinsic MT mismaich, other possible sources of
background ASEFR signal may be due to hardware imperfectness, including RF power
linearity and stability during a long saturation duration. These issue will more likely be
site-dependent, and hardware improvement such as parallel RF transmission may
reinforce dependability in power deposition. For experiments with similar settings (e.g.,
coil, weight of the subject), the fudge factor is expected to be similar. Thus,
standardizing the fudge factor and relying more on the baseline correction may reduce
variations across subjects with limited effect on the accuracy of ASEFR.

In sum, CEST imaging with ASEF can suppress fast exchanges and semi-
solid MT background with only a small loss to sensitivity. It can probe slow exchange
spectes such as amide, guamdy! and PCr groups and can be applied to the study of stroke,
tumor, muscle pathology, ete. Its low requirement on a number of imaged signals also
opens up possibilities for dynamic imaging. ASEF can be easily adapted to the standard
CEST imaging pulse sequence which allows for seamless integration of a rayriad of
techniques currently being developed in the CEST field. ASEF can also be incorporated
inte multi-slices and/or 3D imaging sequences. ASEF can be applied to a broad range of
invive CEST MRI applications involving slow or slow-to-intermediate exchange (e.g.,
without limitation, <2000s™), such as the study of cytoplasmic proteins for tumor or
neurodegenerative diseases via the anmide proton transter effect, Cr, and/or PCr in the
muscle or brain, or pH variations in stroke and traumatic brain injuries.

In the claims, any reference signs placed between parentheses shall not be
construed as limiting the claim. The word “comprising” or “including” does not exclude

the presence of elements or steps other than those listed in a claim. In a device claim
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enumerating several means, several of these means may be embodied by one and the
same item of hardware. The word “a” or “an” preceding an element does vot exclude the
presence of a plurality of such elements. In any device clain enumerating several meauns,
several of these means may be embodied by one and the same ttem of hardware. The

5 mere fact that certain elements are recited in mutually different dependent claims does not
indicate that these elements cannot be used in combination.

Although the invention has been described in detail for the purpose of
iitustration based on what is currently considered to be the most practical and preferred
embodiments, it 13 to be understood that such detail is solely for that purpose and that the

10 invention is not limited to the disclosed embodiments, but, on the contrary, is intended to
cover modifications and equivalent arrangements that are within the spirit and scope of
the appended claims. For example, it is to be understood that the present invention
contemplates that, to the extent possible, one or more features of any embodiment can be

combined with one or more features of any other embodiment.
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What is Claimed is:

I A method for chernical exchange saturation transfer (CEST) magnetic
resonance imaging (MRI} of a target structure using an average saturation efficiency filter
{ASEF) executed on an MR device, comprising:

a. applving a first radio frequency (RF) pulse train with a high duty cycle
{(DCh) and a first average wrradiation power (5] o), wherein

i the target structure comprises target molecules ncluding
exchangeable protons and a water pool including free water protons and semi-
solid macromolecules, the first RF pulse train being applied at a resonant
trequency of the exchangeable protons of the target molecules for a first
predefined period,

i the exchangeable protons in the target molecules are saturated
based on the application of the first RF pulse train,

i, a first saturation transfer of the target molecules to the water pool
based on chemical exchange processes exchanging the saturated exchangeable
protons with a set of the free water protons is made, and the first RF pulse train
also causes direct water saturation and a magnetization transfer contrast (MTC)
between the semi-solid macromolecules and another set of the free water protons;
and

V. an MR signal of the water pool exhibits a first attenuation based at
ieast in part on the first saturation transfer, the MTC and direct water saturation;
b. discontinuing the application of the first RF pulse train upon a lapse of the

first predefined period,;

C. acquiring a first water MR signal of the water pool from the MR device,
the first water MR signal representing the first atienuation, the target molecules and the
water pool returning to thermal equilibrium after the acquisition of the first water MR
signal and the discontinuance;

d. applying, to the exchangeable protons of the target molecules for a second
predefined period, a second RF pulse train with a low duty cycle (DC)) and a second
average irradiation power, the second RF pulse train comprising a plurality of pairs of
bipolar or composite pulses having a pulse duration (7p), separated by a period of wait (¢4},

wherein

[oN
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i the second RF pulse train is applied at the same resonant frequency
as the first RF pulse train, causing the exchangeable protons of the target
molecules to be saturated as well as direct water saturation and MTC;

i, a second saturation transfer of the target molecules to the water

3 pool is made based on the chemical exchange processes affected by the low duty
cycle of the second RF pulse train,

i the MR sigoal of the water pool exhubiis a second attenuation based
at least in part on the second saturation transfer, the MTC, and the direct water
saturation;

10 e. discontinuing the application of the second RF pulse train upon a lapse of
the second predefined peniod,;
f acquiring a second water MR signal of the water pool from the MR device,
the second water MR signal representing the second attenuation; and

Q. generating an ASEF signal representing a difference between the first

Ju—
[ 3}

water MR signal and the second water MR signal.

2. The method of claim 1, wherein the difference between the first water MR
signal and the second water MR signal taken by the ASEF signal is:

‘?2 E}Ch - i}{:l
ASEFR = pkeslesgasewE 3 - 2 Ty
(w1 + BC, - kgx) (wg + B kéx)

20 where p is the relative population of the exchangeable protons, &ex 18 the chemical
exchange rate, 77 1s a longitudinal relaxation time, Siuse 1S a baseline signal of the target
structure, and o1 1s the saturation frequency.

-

3. The method of claim 2, wherein the first RF pulse train and the second RF

25 pulse train have the same average saturation frequency @ .

4. The method of claim 1, wherein the ASEF signal shows that the ASEF

filters tast chemical exchange processes comprising a chemical exchange rate fex

satisfving BC; - k%, » @? as follows:
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where @? is the average saturation frequency.
S. The method of claim 4, wherein the ASEF 15 a low-pass filter.

3 6. The method of claim 4, wherein the ASEF improves specificity of slow
exchange processes and ntermediate exchange processes of the chemical exchange

processes by suppressing the fast exchange processes with a minimal loss of sensitivity.

7. The method of claim 1, wherein the first RF pulse train is a continuous

f0 wave or the highest duty cycle that the MRI device is capable of generating,

2. The method of claim 7, wheretn the continuous wave provides the highest

sensitivity of the CEST imaging of the target molecules.

i3 9. The method of claim 1, wherein peak to average power ratio (Crest factor)

of the first RF pulse train is minimized to approach a Crest factor of a continuous wave.

10, The method of claim 1, wherein a number of R¥ pulses of the second RF
pulse train, and the period of wait 17 between the RF pulses, and a peak power of the RF
20 puises are determined such that the second average irradiation power of the second RF

pulse train 1s the sare as the first average uradiation power.

i1 The method of claim 10, wherein the ASEF minimizes a mismatch

between the MTC of the first acquisition and the MTC of the second acquisition based at

N2
(4]

least in part on having the same average trradiation power for the second RF pulse train as

the first average irradiation power of the first RF train.

12. The method of claim 1, wherein the mismatch between the MTC of the
first acquisition and the MTC of the second acquisition of the ASEF method is reduced
30 using pararoeters based at least in part on selecting one of (1) a shorter ¢p for the second
RF pulse train, (i1) a smaller duty cycle difference between the high duty cycle D), and

the low duty cycle DO, or (1) a lower average wrradiation power B wg.
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13 The method of claim 1, wherein a fudge factor is added to the second RF
pulse train o minimize a nusmatch between the MTC of the first acquisition and the
MTC of the second acquisition, the fudge factor comprising a percentage increase or
decrease in at least one of the first average irradiation power 81, e or the second average

irradiation power 81, myg.

14. The method of claim 13, wherein the fudge factor 18 determined at a
specific frequency independent of the resonant frequency of the exchangeable protons
resulis 1 the second attenuation at the specific frequency being equal fo the first

attenuation at the specific frequency.

15. The method of claim 1, wherein the bipolar pulses or composite pulses

cancel out rotation effect and reduce F-inhomogenetty.

I6. The method of claim 1, wherein the target molecules are endogenous or

exogenous molecules,

17 The method of claim 16, wherein the endogenous or exogenous molecules

are mobile molecules.

18 A device for chemical exchange saturation transfer (CEST) magnetic
resonance imaging (MR} of a target structure, comprising:

a. an input apparatus configured to receive a user input comprising at Jeast
the target structure and information associated with generating a first radiofrequency (RF)
pulse train and a second R¥ pulse train for the CEST MR,

b. a controd system coupled to the input apparatus, comprising a processor, a
memory including an average saturation effictency filter (ASEF} executable on an MR
device, the ASEF configured to:

i apply a first radio tfrequency (RF} pulse trato with a high duty cycle

{DCh)y and a first average irradiation power {(H#7 o), wherein the target structure

comprises the target molecules including exchangeable protons and a water pool

including free water protons and semi-solid macromolecules, the first RF pulse

train being applied at a resonant frequency of the exchangeable protons for a first
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predefined period, the exchangeable protons in the target molecules are saturated
based on the application of the first RF pulse train, a first saturation transfer of the
target molecules to the water pool based on chemtical exchange processes
exchanging the saturated exchangeable protons with a set of the free water protons
is made, and the first RF pulse train also causes direct water saturation and a
magnetization transfer contrast (MTC) between the semi-solid macromolecules
and another set of the free water protons; and an MR signal of the water pool
exhibits a first attenuation based at least in part on the first saturation transfer, the
MTC and direct water saturation;

i discontinue the application of the first RF pulse train upon a lapse
of the first predefined period;

il acquire a first water MR signal of the water pool from the MR
device, the first water MR signal representing the first attenuation, the target
molecules and the water pool returning to thermal equilibrium after the acquisition
of the first water MR signal and the discontinuance;

iv. apply, to the exchangeable protons of the target molecules for a
second predefined period, a second RF pulse train with a low duty cycle (DC)) and
a second average irradiation power, the second RF puise train comprising a
plurality of pairs of bipolar pulses having a pulse duration {#7), separated by a
period of wait (143, wherein the second RF pulse train 1s applied at the sare
resonant frequency as the first R¥ pulse train and the exchangeable protons of the
target molecules are saturated; a second saturation transfer of the target molecules
to the water pool based on the chemical exchange processes aftected by the low
duty cycle of the second RF pulse train is made, and the second RF pulse train
causes direct water saturation and MTC, the MR signal of the water pool exhibits
a second attenuation based at least in part on the second saturation transfer, the
MTC, and the direct water saturation,

V. discontinue the application of the second RF pulse train upon a
lapse of the second predefined penod,

Vi acquire a second water MR signal of the water pool from the MR
device, the second water MR signal representing the second attenuation; and

vii.  generate an ASEF signal representing a difference between the first

water MR signal and the second water MR signal; and
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C. an output apparatus comprising a display and coupled to the ASEF system,
the output apparatus configured to output at least the ASEF signal, the first water MR

signal, and the second water MR signal on the display.

19, A method of chemical exchange saturation transfer (CEST) magnetic
resonance imaging (MRI} using adjusting rotation and saturation effects (ARQSE) system
exccutable on an MR device, comprising:

a. applying a first radio frequency (RF) pulse train with a high duty cycie
{({2Cy), a first average irradiation power {81, av), and a first flip angle @, , wherein

i the target structure comprises the target molecuies including
exchangeable protons and a water pool including free water protons and semi-
solid macromolecules, the first RF pulse train being applied at a resonant
frequency of the exchangeable protons for a first predefined period,

i. the application of the first RF pulse train changes a magnetization
of the target molecules by at least one of a first rotation effect or a first saturation
effect,

fii, the first rotation effect comprises rotating a spin system of the
target molecules based on the application of the first RF pulse train with a first flip
angle @, 10 aking a first rotation transfer to the water pool via chemical exchange
processes, and affecting the spin system of the water pool based on the first
rotation transfer,

v, the first saturation effect comprises a first saturation of the target
molecules in which exchangeable protons upon the application of the first RF
pulse train and a first saturation transfer of the target molecules to the water pool
via the chemical exchange processes comprising exchanging the saturated
exchangeable protons with a set of the free water protous, the application of the
first RF pulse train causing contamination comprising direct water saturation and
a magnetization transfer contrast (MTC) between the semi-solid molecules and
another set of the free water protons, and

V. an MR signal of the water pool exhibits a first attenuation based at
least in part on the first rotation transfer and the first saturation transfer, the first

MTC and the direct water saturation;
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b. discontinuing the application of the first RF pulse train upon a lapse of the
first predefined period;

c. acquiring a first water MR signal of the water pool from the MR device,
the first water MR signal representing the first attenuation, the target molecules and the
water pool returning to thermal equilibrium after the acquisition of the first water MR
signal and the discontinuance;

d. applying, to the exchangeable protons of the target molecules for a second
predefined period, a second RF pulse train with a low duty cycle (D)), a second average
irradiation power and a second tlip angle g, the second RF pulse train comprising a
plurality of RF pulses having a pulse duration {(¢p) and a period of wait {7} between each
pulse, wherein

i the second RF pulse train chavges the magnetization of the target
molecules by a second rotation effect and a second saturation effect based upon
the application of the second RF pulse train,

i, the second rotation effect comprises rotating the spin system of the
target molecules, making a second rotation transfer to the water pool, and
affecting the spin system of the water pool based on the second rotation transfer,
and

i, the second saturation effect comprises a second saturation of the
target molecules based on exchangeable protons upon the application of the
second R¥ pulse train and a second saturation transfer io the water pool via
chemical exchange processes exchanging the saturated exchangeable protons with
the set of the free water protons, the second RF pulse train also causing
contamination comprising the direct water saturation and MTC between the semi-
solid molecules and the ancther set of the free water protons, and

iv. the MR signal of the water pool exhibits a second attenuation based
at least in part on the second rotation transter, the second saturation transfer, the
MTC and the direct water saturation;

e discontinuing the application of the second RF pulse train upon a lapse of

the second predefined pertod;

f acquiring a second water MR signal of the water pool, the second water

MR signal representing the second attenuation; and
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2. generating an ARQOSE signal representing a difference between the first
water MR signal and the second water MR signal.
20 The method of clairm 19, wherein the first R¥F pulse train is a continuous

wave or the highest duty cycle that the MRI device is capable of generating.

21, The method of claim 20, wherein the AROSE signal shows the difference
as follows:

AROSE (g, ¢,) = S(DC,. @) — S(DC @)

where § 15 a signal.

22, The method of claim 20, wherein peak to average power ratio {Crest
factor) of the first RF pulse train is mimmized to approach a Crest factor of a continuous

wave.

23, The method of claim 20, wherein the first R¥ pulse train is the continuous
wave providing a full saturation transfer effect and the highest sensitivity of the CEST

imaging of the target molecules.

24, The method of claim 20, wherein the continuous wave saturates the signal
and comprises no flip angle, and the AROSE signal shows the difference as follows:
AROSE, =5(D{;, ¢) — S(CW)

where @ 1s the flip angle @ for the RY pulses of the second RF pulse train.
@ P angic ¢, p p

25. The method of claim 24, wherein @ 1s adjusted to increase specificity of
the CEST 1maging based at least in part on the chemical exchange processes associated

with the target molecule.

26.  The method of claim 24, wherein the AROSE system 15 an exchange rate
filter for both slow exchange rate and a fast exchange rate of the chemical exchange

processes where @ comprises m {AROSE, ).

~}
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27. The method of claim 26, wherein the second RF pulse train in AROSE,

results 1n a maximal rotation transter effect and acts as a band-pass filter.

28 The method of clairn 24, wherein the AROSE system filters a fast
exchange rate of the chervical exchange process where @ comprises 2n and the AROSE

signal comprises AROSE,,,

29.  The method of claim 28, wherein the second RF pulse train in AROSEH,

results in a minimal rotation transfer effect and acts as a low-pass filter.

30. The method of claim 24, wherein the AROSE system filters a slow

exchange rate of the chemical exchange processes where ¢ 15 any angle other than 27

31 The method of claim 30, wherein the AROSE system filters a slow
exchange rate of the chemical exchange processes where ¢ comprises .57 or 3% and

respective AROSE signals comprise AROSE 5 or 3 AROSH3,.

32. The method of claim 19, wherein at least one of the first RF pulse train and
the second RF pulse train comprises frequency-selective excitation RF pulses applied at

the Larmor frequency of the nuclet in the target molecules.

33, The method of claim 19, wherein a number of RF pulses, the period of
wait {7 between the RF pulses, and a peak power of the RF pulses of the second RF pulse
train are determined such that the second average irradiation power of the second RF

pulse train is the same as the first average trradiation power of the first RF pulse train.

34, The method of claim 33, wherein the AROSE minimizes a mismatch
between the MTC of the first acquisition and the MTC of the second acquisition based at
least in part on having the same average trradiation power for the second RF pulse train as

the first average irradiation power.

35. The method of claim 19, wherein the AROSE reduces a mismatch between

the first MTC and the second MTC based at least in part on selecting one of (i} a shorter

et
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7 tor the second RF pulse train, (i1} a smaller duty cycle difference between the high
duty cycle DO, and the low duty cycle DO, or (111) a lower average irradiation power B,

avg.

36, The method of claim 19, wherein a fudge factor is added to the second RF
pulse train to minimize a nusmatch between the MTC of the first acquisition and the
MTC of the second acquisition, the fudge factor comprising a percentage tncrease or
decrease in at least one of the first average irradiation power 57 4 of the second average

irradiation power 8;, aug.

37, The method of claim 19, wherein a number of RF pulses, the period of
wait 7p between the RF pulses, and a peak power of the RF pulses of the second RF pulse
train are determined such that a mismatch between the MTC of the first acquisition and

the MTC of the second acquisition is minimized.

38. The method of claim 19, wherein a number of RF pulses, the period of
wait 7p between the RF pulses, and a peak power of the RF pulses of the second RF pulse
train are determined such that execution of the method of claim 19 at a specific frequency
independent of the resonant frequency of the exchangeable protons resulis in the second
attenuation at the specific frequency being equal to the first attenuation at the specific

frequency.

39, The method of claim 19, wherein the target molecules are endogenous or

exogenous molecules.

40, The method of claim 39, wherein the endogenous or exogenous molecules

are mobile molecules.

41 The method of claim 19, further comprising:
applying a third RF pulse train to the exchangeable protons of the target
molecules for a third predefined period, a third RF pulse train with a low duty cycle
{(DCh, athird average irradiation power and a third flip angle @, , the third RF pulse train
comprising a plurality of RF pulses having a pulse duration (#7} and a period of wait (4}
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between each pair of bipolar pulses, wherein the third RF pulse train causes the
magnetization of the target molecules by a third rotation effect and a third saturation
effect based upon the application of the third RF pulse train, a third rotation transfer and
a third saturation transfer of the target molecules the water pool via the chemical
exchange processes are made, and the third RF pulse train also causes contamination
comprising the direct water saturation and MTC between the semu-solid molecules and
the another set of the free water protons, and the MR signal of the water pool exhibiis a
third attenuation based at least in part on a third rotation transfer, the saturation transfer,
the MTC and the direct water saturation;

discontinuing the application of the third RF pulse train upon a lapse of the

third predetined period; and
acquiring a third water MR signal of the water pool, the third water MR

signal representing the third attenuation.

42. The method of claim 41, wherein the generating the AROSE signal
COMprises.
generating the AROSE signal representing differences among the first water MR

signal, the second water MR signal and the third water signal.

43, The method of claim 41, wherein a number of RF pulses, the period of
wait 7p between the RF pulses, and a peak power of the RF pulses of the third R¥ pulse
train are determined such that mismatches among the MTC of the first acquisition, the

MTC of the second acquisition and the MTC of the third acquisition are minimized.

44 A device for chemical exchange saturation transfer (CEST) magnetic
resonance imaging (MRI) of a target structure, comprising:

a. an input apparatus configured to receive a user input comprising at Jeast
the target structure and information associated with generating a first radiofrequency (RF)
pulse train and a second R¥ pulse train for the CEST MR

b a control system coupled to the input apparatus for receiving the user
input, coraprising a processor, a memory wcluding adjustroent of rotation and saturation

etfects {AROSE) executable on an MR device, the ARQOSE configured to:

~3
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i apply a first radic frequency (RF) pulse train with a high duty cycle
(D), a first average irradiation power {81, ave), and a first flip angle @, , wherein
the target structure comprises the target molecules including exchangeable protons
and a water pool including free water protons and semi-solid macromolecules, the
first RF pulse training being applied at a resonant frequency of the exchangeable
protons for a first predefined period, the application of the first RF pulse train
changes a magnetization of the target molecules by at least one of g first rotation
effect or a first saturation effect, the first rotation effect comprises rotating a spin
system of the target molecules based on the application of the first RF pulse train
with a first flip angle @, malang a {irst rotation transfer to the water pool via
chemical exchange processes, and affecting the spin system of the water pool
based on the first rotation transfer, the first saturation effect comprises a first
saturation of the target molecules in which exchangeable protons upou the
application of the first RF pulse train are saturated and a first saturation transfer to
the water pool via the chemical exchange processes comprising exchanging the
saturated exchangeable protons with a set of the free water protons, the
application of the first RF pulse train also causes contamination comprising direct
water saturation and a magnetization transfer contrast (MTC) between the semi-
solid molecules and another set of the free water protons, and an MR signal of the
water pool exhibits a first attenuation based at least in part on the first rotation
transfer and the first saturation transfer, the first MTC and the direct water
saturation;

it discontinue the application of the first RF pulse train upon a lapse
of the first predefined perntod;

il acquire a first water MR signal of the water pool from the MR
device, the first water MR signal representing the first attenuation, after which the
target molecules and the water pool return to thermal equilibrium after the
acquisttion of the first water MR signal and the discontinuance;

1v. apply, to the exchangeable protons of the target molecules for a
second predefined period, a second RF pulse train with a low duty cycle (D7), a
second average trradiation power and a second flip angle @,, the second RF pulse

train comprising a plurality of RF pulses having a pulse duration {7} and a period

~
£
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of wait (14} between each pulse, wherein the second RF pulse train changes the
magnetization of the target molecules by a second rotation effect and a second
saturation effect based upon the application of the second RF puise train, the
second rotation effect comprises rotating the spin system of the target molecules,
making a second rotation transfer to the water pool, and affecting the spin system
of the water pool based on the second rotation transfer, and the second saturation
effect comprises a second saturation of the target molecules based on
exchangeable protons upon the application of the second RF pulse train, a second
saturation transfer to the water pool via chemical exchange processes exchanging
the saturated exchangeable protons with the set of the free water protons, the
second R¥ pulse train also causes contamination coruprising the divect water
saturation and a MTC between the semi-solid molecules and another set of the
free water protons, and the MR signal of the water pool extubits a second
attenuation based at least in part on the second rotation transfer, the second
saturation transfer, the MTC and the direct water saturation;

v. discontinue the application of the second RF pulse train upon a
iapse of the second predefined period;

Vi acquire a second water MR signal of the water pool, the second
water MR signal representing the second attenuation; and

vit.  generate an AROSE signal representing a difference between the
first water MR signal and the second water MR signal; and
C. an output apparatus comprising a display and coupled to the AROSE

system, the output apparatus configured to output at least the AROSE signal, the first

water MR signal, and the second water MR signal on the display.

3
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210~

Applying, to a target molecule of a target structure for a first
predefined period, a first radio frequency {RF) pulse train with a high
duty cycle (DCy) and a first average irradiation power (B a,\,g)

220~ :

Acquiring, from an MR device, a first water MR signal of a water
nool of the target structure a first water MR signal representing a
first aftenuation of a water signal of the water pool based at lsast
in part on the saturation fransfer, a first magnetization transfer
contrast (MTC) and direct water saturation associated with
the application of the first RF pulse train

23(}"\\ v

Discontinuing the application of the first RF pulse frain upon a lapse
of the first predefined period, where the target molecules and the
water pool return o thermal equilibrium upon the discontinuance

24@*\\ ¥
Applying, to the target molecules for a second predefined period,
a second RF pulse train with a low duty cycle (DC)) and a second
average irradiation power, the second RF pulse tram comprising a
plurality of pairs of bipolar pulses having a pulse duration (ip)
separated by a period of wait (t;)

250~ :

Acquiring, rom the MR device, a second water MR signal of the

water pool, the second water MR si ignal representing a second

attenuation based at least in part on the saturation fransfer, the

second MTC, or the direct water saturation associated with the
application of the second RF pulse train

280~

Geﬂeraimg an ASEF signal represeﬂt ng a difference between
the first water MR signal and the second water MR signal

FIG. 2
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900~

910~

Applying, to a target molecule of the target structure for a
first predefined period, a first radio frequency (RF) pulse

frain with a high duty cycle (DG}, a first average irradiation
power (B, avg) and a first flip angle @y,

820~
Acquiring, from an MR device, a fié’Si water MR signal of a water
pool of the target structure a first water MR signal representing a
first attenuation of a water signal of the water pool based at least in
part on rotation transfer, saturation transfer, a first magnetization
fransfer contrast (M"?C} and direct water saturation associated
with the application of the first RF pulse train

93{}\‘ ¥

Discontinuing the application of the first RF puise {rain

upon a lapse of the first predefined period, where the

target molecules and the water pool return to thermal
equilibrium upon the discontinuance

840~
Applying, to the target molecules f@r a second pradefined period, a
second RF pulse train with 3 low duty cycle (DCy), a second
average irradiation power and a second flip angle , the second RF
pulse train comprising a plurality of RF pulses havmg a pulse duration
(ip) and a period of wait {t4) between each pair of bipolar pulses

950~

Acquiring, from the MR device, a second water MR signal of the
water pool, the second water MR signal representing a second
altenuation based at least in part on the rofation transfer, the
saturation transfer, the second MTC, or the direct water saturation
associated with the application of the sacond RF pulse train

960~

Generating an AROSE signal fegsresemmg a difference between
the first water MR signal and the second waler MR signal

FIG. 9
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