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a b s t r a c t

Chemical exchange saturation transfer (CEST) MRI is increasingly used to probe mobile proteins and
microenvironment properties, and shows great promise for tumor and stroke diagnosis. However, CEST
MRI contrast mechanism is complex, depending not only on the CEST agent concentration, exchange
and relaxation properties, but also varying with experimental conditions such as magnetic field strength
and RF power. Hence, it remains somewhat difficult to quantify apparent CEST MRI contrast for properties
such as pH, temperature and protein content. In particular, CEST MRI is susceptible to RF spillover effects
in that RF irradiation may directly saturate the bulk water MR signal, leading to an optimal RF power at
which the CEST contrast is maximal. Whereas RF spillover is generally considered an adverse effect, it is
noted here that the optimal RF power strongly varies with exchange rate, although with negligible depen-
dence on labile proton concentration. An empirical solution suggested that optimal RF power may serve
as a sensitive parameter for simultaneously determining the labile proton content and exchange rate,
hence, allowing improved characterization of the CEST system. The empirical solution was confirmed
by numerical simulation, and experimental validation is needed to further evaluate the proposed
technique.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Chemical exchange saturation transfer (CEST) MRI is increas-
ingly used to detect dilute proteins via the interaction between
protein labile groups and bulk water protons [1–7]. Because satu-
ration transfer confers sizable sensitivity enhancement to CEST
MRI, it has recently been applied to measure metabolites and
byproducts such as glucose, glycogen, and lactate as well as en-
zymes and viruses, and holds great promise for in vivo translation
[4,8–13]. In addition, cells transfected with genes encoding poly-
peptide CEST agents can be detected both in vitro and in vivo, mak-
ing CEST MRI a viable alternative to commonly used paramagnetic
iron oxide-based cell tracking methods [10,14–19]. Moreover,
amide proton transfer (APT) imaging, a variant of CEST MRI that
specifically probes labile amide protons, has been explored for
imaging diseases such as acute stroke and tumor, and is currently
under intensive evaluation for clinical translation [20–22]. Once
fully developed, CEST MRI has great potential to augment conven-
tional MRI methods for a broad range of pre-clinical and clinical
applications.
ll rights reserved.
Because CEST MRI contrast depends on not only the chemical
exchange rate of labile groups, but also their concentration, it is
useful to develop a quantitative CEST MRI technique that can
simultaneously estimate the concentration and exchange proper-
ties of CEST agents. Such a technique may be very useful for
in vivo imaging, particularly when severe tissue heterogeneity is
present. Toward this goal, ratiometric CEST MRI has been pro-
posed, taking advantage of the unequal pH-dependent chemical
exchange behavior of multiple labile groups so that microenviron-
ment properties can be estimated independent of the concentra-
tion of CEST agents [23,24]. However, given that commonly used
CEST agents either have a single dominant labile group, or are
not well characterized for multiple exchangeable groups, there is
considerable need to explore approaches complementary to ratio-
metric CEST MRI. This is important because experimentally obtain-
able CEST contrast is complex, depending on not only properties of
the CEST agent such as concentration, exchange rate, chemical off-
set, and relaxation rate but also on experimental parameters
including magnetic field strength, RF power, scheme, and duration
[25–28]. For in vivo CEST imaging, where the labile proton concen-
tration and microenvironment properties may be dynamic and
heterogeneous, there is particularly strong need for a quantitative
CEST MRI technique [9,29–31]. It is in fact very helpful to go one
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step further from the apparent CEST MRI contrast (magnetization
transfer asymmetry) to derive underlying parameters and improve
our mechanistic understanding of tissue pathophysiology, as in
cases of stroke and tumor. For instance, brain tumor is heteroge-
neous and often involves various pathological transformations
including edema, acidification, change in protein composition
and content as well as abnormal vasculature formation [20,32]. It
is hence helpful to fully develop in vivo CEST MRI to guide therapy
[33].

Our study aims to develop a relatively simplified yet practical
approach for simultaneous estimation of both labile proton con-
centration and exchange properties. It is known that CEST MRI is
susceptible to direct RF saturation (spillover) effect as the bulk
water MR signal may decrease as a result of off-resonance RF irra-
diation, independent of the saturation transfer phenomenon. In
fact, experiments have shown that CEST contrast initially increases
with RF power, but plateaus and subsequently decreases at higher
RF power, suggesting RF spillover effects. As such, for a given CEST
system, there is an optimal RF power that maximizes the experi-
mentally obtainable contrast, at which point saturation of labile
protons and RF spillover effects are comparable. In fact, both
numerical simulation and empirical solution methods have been
developed to elucidate the CEST MRI contrast mechanism
[26,29,34]. Because the spillover effect reduces the sensitivity
and specificity of CEST MRI, it has been generally considered an ad-
verse effect. However, we postulate that additional insight can be
gained by probing the radio frequency power (RFP)-dependent nat-
ure of the CEST MRI contrast. In this study, we investigated the
dependence of optimal RF power on the concentration and ex-
change properties of CEST agents, as well as chemical offset and
relaxation parameters. Our results showed that optimal RF power
varies strongly with the chemical exchange rate while it has negli-
gible dependence on labile proton content. To test the hypothesis,
CEST MRI was numerically simulated using the classic 2-pool ex-
change model, and the results confirmed our theoretical prediction
[34]. As such, we identified an experimentally measurable param-
eter capable of simultaneously deriving exchange rate and labile
proton concentration, hence, complementing the commonly used
apparent CEST MRI technique. We also evaluated the sensitivity
of optimal RF power to chemical offset and relaxation rates to gain
further insight about the practicability of the proposed RFP-CEST
MRI technique.

2. Theory

The steady state CEST ratio (CESTR) is often given by MT ratio
(MTR) asymmetry, which can be described by an empirical solution
as [26,29]:

CESTR ¼ f � ksw

R1w þ f � ksw
� a � ð1� rÞ ð1Þ

where a is the labeling coefficient, r is the spillover factor, ksw is the
chemical exchange rate from labile protons to bulk water, f is labile
proton concentration withrespect to bulk water proton, and R1w is bulk
water longitudinal relaxation rate [28,35]. This solution (Eq. (1)) was
derived empirically by combining two solutions; one for weak RF
power when RF spillover effect is negligible (i.e., CESTR ¼ f �ksw

R1wþf �ksw
� a)

and another one for strong RF power (i.e., CESTR ¼ f �ksw
R1wþf �ksw

� ð1� rÞ),
in which labile protons are fully saturated [26,35,36]. Although it is
not a direct solution from the 2-pool model, the empirical solution
has been shown to agree reasonably well with numerically simulated
results for slow and intermediate chemical exchange processes [26].

Specifically, the labeling coefficient is given by x2
1

p�qþx2
1
, where x1 is the

RF power, p ¼ r2s � kswkws
r2w

and q ¼ r1s � kswkws
r1w

, in which kws = f�ksw. More-
over, r1w,s and r2w,s are the apparent relaxation rates, given by
r1w,s = R1w,s + kws,sw and r2w,s = R2w,s + kws,sw, respectively. The spillover

factor is equal to 1� r1w
kws

R1wrzs cos2 hþR1skws cos h cos2ðh=2Þ
rzwrzs�kwsksw cos2ðh=2Þ � R1wr2s cos2 h

rzwr2s�kwsksw sin2 h

� �
,

where rzw ¼ r1w cos2 h=2þ r2w sin2 h=2, rzs ¼ r1s cos2 hþ r2s sin2 h and
h ¼ tan�1ðx1=DxsÞ .

The optimal RF power can be obtained by nulling the first order
derivative of Eq. (1) against RF power, and has been shown to be
equal to [26],

x1 opt¼
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where b ¼ kwsksw
r1wr1s

, gw ¼
R2w�R1w

r1w
, gs ¼

R2s�R1s
r1S

, g2s ¼
r2s
r1s

, fw ¼ R1w
r1w

, and
fs ¼ R1s

ksw
.

Nevertheless, this optimal RF power solution is complex, and
numerical simulation is necessary in order to gain some helpful in-
sights about the properties of optimal RF power, in particular, its
dependence on labile proton concentration and chemical exchange
rate.
3. Methods

3.1. Numerical simulation

CEST MRI was numerically simulated using the classic 2-pool
exchange model in Matlab 7.4 (Mathworks, Natick, MA), as re-
ported previously [25,26,34]. We examined the dependence of
optimal RF power on CEST agent’s properties by simulating CEST
MRI contrast as a function of RF irradiation power for representa-
tive ranges of labile proton concentration and exchange rate. Con-
sidering the specific absorption rate (SAR) limit, RF power was
simulated between 0 and 3 lT (�130 Hz). A chemical offset of
700 Hz was chosen for simulation as it represents the frequency
offset of ensemble amide proton from endogenous proteins and
peptides, observed at 4.7 T. Typical longitudinal and transverse
relaxation times for bulk water and labile proton pools were used,
being 1.5 s, 1 s, 60 and 10 ms, respectively, which are similar to
relaxation times found by in vivo observation and tissue-like gel
phantom [28,29]. In addition, our current study investigated long
continuous wave (CW) RF irradiation, and only steady state CEST
MRI contrast was simulated.
3.1.1. Chemical exchange rate and labile proton concentration
dependence

In this work, we studied slow to intermediate exchange rates
between 1 and 150 s�1, and varied the labile proton concentration
with respect to bulk water proton from 1:2000 to 1:500. Specifi-
cally, labile proton concentration was assumed to be 1:1000 when
evaluating chemical exchange rate effect, while the exchange rate
was set to be 75 s�1 when labile proton concentration effect was
investigated. For a given set of labile proton concentration and ex-
change rate, the optimal RF power was determined by finding the
RF power that maximizes CEST MRI contrast.
3.1.2. Chemical offset dependence
We assessed how chemical offset may affect optimal RF power.

Specifically, three representative chemical offsets, 450, 700 and
1400 Hz, which correspond to the chemical offset of endogenous
amide protons (3.5 ppm from the bulk water resonance) at mag-
netic field strengths of 3, 4.7 and 9.4 T, respectively, were simu-
lated. Same exchange rate and labile proton concentration were



Fig. 2. (a) CEST MRI contrast was simulated as a function RF power for three
exchange rates, 30, 75 and 150 s�1 at a labile proton content of 1:1000. The up
triangle, down triangle and square markers denote numerical simulation, while the
line represent empirical solution results using Eq. (1), which agreed well. The
optimal RF power for each exchange rate is shown in dashed line. (b) The Optimal
RF power was plotted as a function of exchange rate, with circles, solid line and
dashed line represent numerically simulated results, analytical estimates from Eqs.
(1) and (2), respectively. In addition, CEST MRI was also simulated for labile proton
concentration effect, in which concentration was varied from 1:2000 (up triangle),
1:1000 (down triangle) to 1:500 (square) for a representative exchange rate of
75 s�1 in (c), with the optimal RF power shown in the dashed line. (d) The optimal
RF power estimated from empirical solution of Eqs. (1) and (2) agrees well with the
numerical simulation (circle).
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simulated (i.e., f = 1:1000 when exchange rate effect is evaluated or
ksw = 75 s�1 when labile proton concentration effect is studied).

3.1.3. Relaxation time dependence
We also studied how optimal RF power may depend on relaxa-

tion rates of bulk water and labile species. Specifically, three bulk
water T1w constants of 1, 1.5 and 2 s were evaluated with T2w kept
at 60 ms. In addition, simulation was repeated for three bulk water
T2w times, being 40, 60 and 100 ms for a T1w of 1.5 s. Moreover,
three labile proton T1s were tested, being 1, 1.5 and 2 s while bulk
water relaxation parameters T1w and T2w were assumed to be 1.5 s
and 60 ms, respectively, and T2s was 10 ms. Furthermore, labile
proton transverse relaxation time T2s effect was studied by simu-
lating three representative values, being 10, 15 and 20 ms, for
the same bulk water relaxation rates and T1s of 1 s.

We also tested whether the exchange rate and labile proton
concentration can be derived from the optimal RF power. In this
study, relaxation rates were assumed to be known, which is rea-
sonable as they may be measured directly or pre-determined from
numerical fitting. Only two variables are assumed to be unknown,
exchange rate (ksw) and labile proton concentration (f). Specifically,
exchange rate was first estimated from optimal RF power using Eq.
(2) by deriving the exchange rate, whose corresponding optimal RF
power is equal to the simulated value. Labile proton concentration
can be subsequently calculated from the derived exchange rate and
CEST MRI contrast from Eq. (1). A schematic flow chart is shown in
Fig. 4 to describe this procedure.

4. Results

Fig. 1 illustrates two 2-pool exchange models with different ex-
change rate and labile proton concentration. Specifically, Fig. 1a
shows concentrated CEST agents undergoing slow chemical ex-
change with bulk water; while Fig. 1b represents the counter sce-
nario where dilute CEST agents undergoing faster chemical
exchange with bulk water. Our study aims to investigate whether
exchange rate and labile proton concentration can be simulta-
neously determined by CEST MRI, hence, develops more quantita-
tive CEST MRI.

Fig. 2 shows how CEST MRI contrast varies with RF power when
exchange rate and labile proton concentration is varied by compar-
ing the empirical solution with numerical simulation. Fig. 2a shows
CEST MRI contrast for three representative exchange rates, 30 (up
triangle), 75 (down triangle) and 150 (square) s�1, for a represen-
tative concentration of 1:1000. It is important to note that empir-
ical solution (solid lines) overlapped with numerical simulation,
indicating that although not directly derived from 2-pool exchange
model, the empirical solution is sufficiently accurate to describe
slow and intermediate chemical exchange processes. The CEST
MRI contrast initially increases with RF power, while it decreases
when RF power is too strong, leading to an optimal RF power at
which CEST MRI contrast reaches maxima. The optimal RF power
Fig. 1. Illustration of two representative CEST systems. (a) 2-Pool exchange model
that depicts relatively concentrated CEST agents undergoing slow chemical
exchange. (b) Shows the case of dilute CEST agents undergoing faster interaction
with bulk water.
was extrapolated and shown in dashed line. In addition, the opti-
mal RF power is plotted as a function of exchange rate in Fig. 2b,
with circles, solid line and dash dotted line represent numerical
simulation, solution from Eq. (1) and estimation from Eq. (2),
respectively, which are all in good agreement. It shows that the
optimal RF power strongly varies with chemical exchange rate. In
addition, zig-zag behavior of optimal RF power was observed,
which can attributed to finite step increase of RF power in numer-
ical simulation. Specifically, RF power was varied 0.06 lT per step,
and for a narrow range of exchange rate, optimal RF power be-
comes undistinguishable within 0.06 lT. In contrast, Fig. 2c depicts
the RF power dependence of CEST contrast as a function of labile
proton concentration. Three representative concentrations of
1:2000 (up triangle), 1:1000 (down triangle), and 1:500 (square)
were simulated, for a representative exchange rate of 75 s�1. The
optimal RF power (dashed line) was overlaid in Fig. 2c. The optimal
RF power is plotted as a function of labile proton concentration in
Fig. 2d, which showed that the optimal RF power remains the same
despite four folds increase in labile proton concentration.

CEST MRI contrast, however, is very complex. It depends on not
only exchange rate and labile proton concentration; it also varies
with chemical offset and relaxation parameters. Thereby, it is
important to elucidate how such factors affect optimal RF power.
Specifically, three representative chemical offsets of 450, 700 and
1400 Hz were explored, which correspond to amide proton offset
of endogenous cerebral proteins/peptides (3.5 ppm) at field
strengths of 3, 4.7 and 9.4 T, respectively (Fig. 3a and b). It shows
that change of chemical offset did not alter the finding that optimal
RF power strongly depends on exchange rate, while nearly inde-
pendent of labile proton concentration. The observation that
optimal RF power increases with chemical offset for both cases



Fig. 3. Evaluation of the dependence of optimal RF power upon chemical offset and
relaxation rates for the case of dominant change in exchange rate (a, c and d) and
the case of labile proton concentration effect (b, d and f). Specifically, (a and b)
compared optimal RF power as a function of exchange rate and labile proton
concentration for amide proton at field strength of 3, 4.7 and 7 T, respectively. It
showed although optimal RF power increases with chemical offset, the optimal RF
power remains constant for the range of investigated labile proton concentration,
while it increases with exchange rate. In addition, (c and d) evaluated optimal RF
power when T1w was varied from 1, 1.5 to 2 s, while (e and f) studied bulk water T2w

dependence from 40, 60 to 100 ms. All simulation showed that for a given set
parameters of chemical offset and relaxation rates, the optimal RF power depends
on exchange rate, with negligible dependence on the labile proton concentration, in
reasonable agreement with theoretical prediction.

Fig. 4. A flow chart that describes the proposed quantitative RFP-CEST MRI
technique. Step (1) CEST MRI contrast is simulated or experimentally measured for
a range of RF power. (2) Optimal RF power is identified by finding the RF power that
maximizes CEST MRI contrast. (3) Exchange rate is estimated from optimal RF
power using Eq. (2), provided that relaxation parameters and chemical offsets are
known. (4) Labile proton concentration is derived from Eq. (1), provided that
relaxation rates, RF offsets are known.
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can be attributed to the fact that spillover effect is smaller at larger
chemical offset, hence, resulting in an increase in the optimal RF
power. In fact, for the same range of exchange rates, the increase
in optimal RF power confers a broader dynamic range of optimal
RF power for experimental test. In addition, CEST MRI contrast
was simulated for three representative bulk water T1w of 1, 1.5
and 2 s, while its T2w was kept at 60 ms (Fig. 3c and d). The optimal
RF power decreases at longer T1w, consistent with the finding that
less RF power is needed to compete with slower longitudinal relax-
ation. Moreover, bulk water T2w effect was also evaluated by vary-
ing T2w from 100, 60 and 40 ms, for a T1w of 1.5 s (Fig. 3e and f). The
result showed that optimal RF power is larger at longer T2w, which
can be attributed to less spillover effects when bulk water spec-
trum is relatively sharp. Moreover, RFP-CEST MRI was also studied
as a function of labile proton relaxation time. Because our study
investigates long CW RF irradiation, very little change was ob-
served for three T1s of 1, 1.5 and 2 s (data not shown). Similarly,
optimal RF power had minimally dependence on labile proton
relaxation rates when three T2s of 20, 15 and 10 ms were evaluated
(data not shown). As such, our results showed that although opti-
mal RF power varies with chemical offset and to a far lesser extent,
relaxation parameters, the dependence of optimal RF power upon
exchange rate and labile proton concentration remains the same
(i.e., optimal RF power increases with exchange rate but is nearly
independent of labile proton concentration).

Our results suggested that optimal RF power is sensitive to
chemical exchange rate, while nearly independent of labile proton
concentration. As such, optimal RF power may serve as a sensitive
parameter that allows quantification of CEST system. Specifically,
chemical exchange rate may be first estimated from optimal RF
power by finding the exchange rate, whose corresponding optimal
RF power is equal to the derived optimal RF power following Eq.
(2). Labile proton concentration can then be estimated by the
empirical solution (Eq. (1)). A flow chart of the proposed CEST
quantification procedure is shown in Fig. 4.

We further tested whether labile proton concentration and ex-
change rate can be simultaneously determined by the proposed
technique. Two CEST systems were examined. In the first case, chem-
ical exchange rate was varied at a fixed labile proton concentration,
while for the second case, labile proton concentration effect was
studied for a given exchange rate. Specifically, for the first case, labile
proton concentration was assumed to be 1:1000, while the exchange
rate was varied from 1 to 150 s�1, mimicking dominant pH change.
As suggested in the flow chart (Fig. 4), exchange rate was first de-
rived from optimal RF power, and labile proton concentration was
subsequently calculated based on CEST MRI contrast and the derived
exchange rate. Fig. 5a and b showed exchange rate and labile proton
concentration estimated from RFP-CEST MRI, respectively, for the
first case of dominant difference in chemical exchange rate. The de-
rived exchange rate (ksw_RFP) closely correlated with simulated ex-
change, and can be described by a linear function, ksw_RFP = 1.47
ksw� 9.46 (Fig. 5a, dash dotted line). While adding a quadratic term
seemed to better represent the data, with ksw_RFP = 0.0027 ksw

2 + 1.06
ksw + 0.83 (Fig. 5a, dash line), the linear fitting provided reasonable
description of the results. In addition, the labile proton content
was found to be 1:1175 ± 103, in comparison to the simulated value
of 1:1000 (Fig. 5b). For the second case, the labile proton concentra-
tion was varied from 1:2000 to 1:500 for a representative chemical
exchange rate of 75 s�1, representing the scenario of dominant
change in CEST agent concentration. We followed the same proce-
dure as shown in Fig. 4. The optimal power was found to be
0.98 lT, which corresponds to a chemical exchange rate of ksw_RFP

= 98 s�1, for the simulated exchange rate of 75 s�1. The labile proton



Fig. 5. Evaluation of the inverse problem that whether exchange rate and labile
proton concentration effect can be simultaneously determined from the optimal RF
power. For the first case, exchange rate was varied between 1 and 150 s�1, while the
labile proton concentration was 1:1000. The estimated exchange rate correlated
well with simulated values (a), and can be described by a linear function. In
addition, the derived labile proton concentration had a narrow distribution from
the simulated value of 1:1000 (b). For the second case, labile proton concentration
was varied from 1:2000 to 1:500, for a representative exchange rate of 75 s�1. The
exchange rate was found to be 98 s�1 from Eq. (2), in contrast to simulated value of
75 s�1(c). Moreover, the estimated labile proton concentration vs. simulated value
can be described by a linear function.
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concentration was then derived as fRFP = 0.82 f. In sum, numerical
simulation confirmed our theoretical derivation and showed that
the CEST MRI system can be reasonably characterized by probing
RF power dependence of CEST MRI, in particular, the optimal RF
power. Future experimental evaluation of the proposed quantitative
CEST MRI technique is needed to test its practicability and sensitiv-
ity, prior to its routine use.
5. Discussion

Our study showed that by elucidating the RF power dependence
of CEST MRI, exchange rate and labile proton content can be simul-
taneously determined. Whereas RF spillover effect has been con-
ventionally regarded an adverse effect, our work suggested that
it may serve to our advantage and complement the commonly
used apparent CEST MRI contrast [26,29]. The reason that optimal
RF power may be a particularly sensitive parameter is because it is
experimentally measurable and the tipping point for CEST MRI to
transit from a regime dominated by saturation transfer enhance-
ment to one dominated by concomitant RF spillover. In addition,
if the typical dynamic range of exchange rates is known, it may
be feasible to conduct CEST MRI with RF powers just about the ex-
pected optimal RF power, which saves scan time, making the pro-
posed technique practical [21]. In addition, the fact that exchange
rate and labile proton concentration can be simultaneously de-
rived, in reasonable agreement with numerical simulation,
strongly suggests that RFP-CEST MRI may serve as a quantitative
CEST MRI method, warranting further evaluation. If validated,
RFP-CEST MRI can provide useful insights into complex and heter-
ogeneous pathology subsequent to disease onset, including tissue
pH, protein composition and content change—measurements be-
yond the capabilities of conventional relaxation-based MRI tech-
niques [31].
Given the tremendous interest in ratiometric CEST imaging, it is
necessary to make a brief comparison between these two quantita-
tive techniques. Ratiometric CEST MRI relies on the principle that if
chemical exchange rate of multiple labile groups respond differently
to microenvironment property change, for instance, pH, the property
can be estimated by comparing the relative CEST MRI change when
different labile group is irradiated, independent of labile proton con-
tent [23,24]. While extremely useful, the ratiometric CEST MRI re-
quires CEST agents to have multiple labile groups, whose chemical
exchange properties have to be well calibrated and respond differ-
ently to microenvironment properties of interest. By contrast, RFP-
CEST MRI method can be applied for even just a single labile group.
It will be interesting to see whether ratiometric and RFP-CEST MRI
techniques can be integrated for improved sensitivity and precision.
In fact, the challenge of simultaneous assessment of contrast agent
content and relaxivity is not unique to CEST MRI; it has also been a
topic in the field of ‘‘smart” contrast agent development. For smart
MRI probes, their relaxivity properties vary with specific changes
such as pH, presence of targeted protein and enzyme to enable imag-
ing of molecular processes, beyond conventional MRI methods
[37,38]. However, the experimentally measured signal change may
not be solely caused by relaxivity change, but also vary with contrast
agent concentration. Hence, for molecular imaging, contrast agent’s
concentration has to be determined first. Although this is not a
problem for in vitro test, it becomes quite challenging for in vivo
applications, in that MR probe concentration is often dynamic, het-
erogeneous and generally not known exactly. Hence, it is beneficial
to delineate both the contrast agent concentration and exchange
properties from a single experiment, for which, we believe the
proposed RFP-CEST MRI may serve as a very helpful alternative.

It is important to compare the proposed RFP-CEST MRI with
several published articles that also studied the RF power depen-
dence nature of CEST MRI [25–28]. Previously, we derived the
empirical solution to describe the RF power-dependent nature of
CEST MRI [26]. That study, however, did not attempt to elucidate
the dependence of optimal RF power on exchange property and la-
bile proton concentration. A subsequent study of ours showed that
spillover effects can be taken into account iteratively, allowing
chemical exchange rate hence, pH, to be calibrated from CEST
MRI [25]. In that study, however, we had to first determine labile
proton concentration in order to derive pH. In addition, the work
of McMahon et al. showed that numerical fitting can also be uti-
lized to quantify exchange rate in CEST agents using saturation
time and power (QUEST and QUESP) [27]. By comparison, our cur-
rent study showed that by identifying a single RF power, optimal
RF power, the underlying CEST system can be reasonably quanti-
fied. As such, the total scan time can be minimized if the optimal
RF power can be obtained by interpolating CEST MRI contrast of
several RF powers, provided that the typical range of exchange rate
is known.

It is also necessary to point out several potential limitations of
the proposed technique. Because exchange rate and labile proton
content are derived from optimal RF power, it is very important
to have homogeneous magnetic field (both B0 and B1), particularly
so if per voxel analysis is needed [28]. Whereas perfect field homo-
geneity can hardly be achieved, several field inhomogeneity cor-
rection algorithms have been developed and may be applied to
reduce measurement errors [28,39]. We also showed that RFP-
CEST MRI moderately depends on the bulk water relaxation rate,
while it has negligible dependence on labile proton relaxation con-
stants. This is fortunate because the bulk water relaxation rate can
be reasonably estimated or measured experimentally. In fact, for
certain applications of CEST MRI such as acute stroke imaging,
there is negligible change in bulk water relaxation rate, which
may facilitate in vivo translation of quantitative RFP-CEST MRI
[22,31]. In addition, it is also important to note that the estimated
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exchange rate is slightly overestimated, which leads to an underes-
timation of labile proton concentration. This occurs because we
used a simplified equation (Eq. (2)) to derive exchange rate from
optimal RF power, while numerical simulation or Eq. (1) can be
used instead to improve the precision. Nevertheless, Eq. (2) pro-
vides a fast estimation of the exchange rate, which, if necessary,
can be used as an initial guess for numerical fitting. Moreover,
our results showed that the optimal RF power increases sub-line-
arly with exchange rate (Figs. 3 and 4). Hence, for imaging of CEST
agents of high exchange rates, a large change in exchange rate may
only elicit a moderate difference in optimal RF power. As a result,
the precision of the proposed RFP-CEST MRI technique may be lim-
ited. However, such a limit can be partially offset by conducting
experiments at higher magnetic field, because higher chemical off-
set offers an increased dynamic range of optimal RF power (Fig. 3a)
[35]. While on the other hand, for extremely fast exchange rates
such as those of paramagnetic CEST agents (PARACEST), optimal
RF power may not be obtainable due to specific absorption rate
(SAR) limit, and alternative data analysis methods such as QUESP
and direct numerical fitting may have to be used instead
[27,34,40].
6. Conclusions

In this work, we demonstrated that the RF power (RFP) depen-
dence of CEST MRI can be used to simultaneously determine ex-
change rate and labile proton concentration. In particular,
optimal RF power, at which CEST MRI contrast reaches its maxi-
mum, varies strongly with exchange rate but has minimal depen-
dence on the labile proton concentration. As such, optimal RF
power may serve as a useful parameter for quantitative character-
ization of the underlying CEST system, complementing the com-
monly used apparent CEST MRI method. The theoretical
derivation was confirmed by numerical simulation, and further
experimental validation is needed to evaluate the practicality
and sensitivity of the proposed technique.
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