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Abstract

Chemical exchange saturation transfer (CEST) MRI is sensitive to dilute proteins and peptides as
well as microenvironmental properties. However, the complexity of the CEST MRI effect, which
varies with the labile proton content, exchange rate and experimental conditions, underscores the
need for development of quantitative CEST (qCEST) analysis. Towards this goal, it has been
shown that the omega plot is capable of quantifying paramagnetic CEST (PARACEST) MRI.
However, the use of omega plot is somewhat limited for diamagnetic CEST (DIACEST) MRI
because it is more susceptible to direct RF saturation (spillover) effects owing to their relatively
small chemical shift. Recently, it has been found that for dilute DIACEST agents that undergo
slow to intermediate chemical exchange, the RF spillover effect varies little with the labile proton
ratio and exchange rate. Therefore, we postulated that the omega plot analysis can be improved if
RF spillover effect could be estimated and taken into account. Specifically, simulation showed that
both labile proton ratio and exchange rate derived using the spillover effect-corrected omega plot
are in good agreement with simulated values. In addition, the modified omega plot was confirmed
experimentally, and we showed that the derived labile proton ratio increases linearly with creatine
concentration (P< 0.01), with little difference in their exchange rate (P=0.32). In summary, our
study extended the conventional omega plot for quantitative analysis of DIACEST MRI.

Keywords
amide proton transfer (APT); Chemical exchange saturation transfer (CEST); omega plot

1. INTRODUCTION

Chemical exchange saturation transfer (CEST) MRI is an imaging technique that allows
measurement of dilute CEST agents and microenvironmental properties (1-4). Both
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diamagnetic CEST (DIACEST) and paramagnetic CEST (PARACEST) agents are being
developed as novel molecular imaging probes for in vivo applications (5-9). Recent studies
have also explored endogenous amide proton transfer (APT) imaging as a means to
investigate acute stroke, cancer and multiple sclerosis (10-17). However, the CEST MRI
effect is complex (18-21). In addition to labile proton concentration and exchange rate, the
experimentally obtainable CEST effect varies with both RF irradiation power and the bulk
water Tq and Ty (22,23). As such, there is a definitive need to develop quantitative CEST
(gCEST) analysis for characterizing the underlying CEST properties.

Both numerical simulations and empirical solutions have been developed to describe the
CEST effect; these include modified Bloch-McConnell equations for direct numerical fitting
of the CEST spectrum, as well as saturation time (QUEST) and power (QUESP) dependence
(22,24-29). Particularly, Dixon et al. demonstrated that the chemical exchange rate can be
determined independent of the CEST agent concentration, and dubbed it omega plot (30).
Whereas the omega-plot analysis is simple to use and provides accurate quantification of
PARACEST agents, it is somewhat limited for analyzing DIACEST MRI because of their
relatively small chemical shift. One recently developed method, QUEST ratiometric analysis
(QUESTRA), corrects the RF spillover effect by normalizing the saturation time dependent
label scan intensity with that of reference scan, but it derives only the labile proton ratio-
weighted exchange rate (31). More recently, we have shown that the RF power level at
which the CEST effect peaks is strongly dependent on the exchange rate, not on the labile
proton ratio, which may delineate their independent contributions (32). Nevertheless, the RF
power-dependent (RFP) CEST analysis relies on non-linear fitting of the empirical solution,
which is cumbersome to use and prone to multi-parametric non-linear fitting errors (33).

The goal of this study was to develop RF spillover effect-corrected omega plot for
quantifying DIACEST MRI. We found that the RF spillover factor varies little with changes
in the labile proton ratio and exchange rate, and therefore, can be reasonably estimated and,
hence, compensated (34). Furthermore, using a modified omega plot, both the labile proton
ratio and exchange rate can be determined by linear regression analysis of the RF spillover
factor-corrected CEST effect calculated from the asymmetry analysis as a function of the RF
power level. To demonstrate this, we first compared the results of the qCEST analysis with
simulated CEST effects, using Bloch-McConnell equations in a 2-pool exchange model; the
results showed very good agreement between the numerically derived and simulated values.
Importantly, the RF spillover correction significantly improved the accuracy of the results
than those obtained from the conventional omega plot analysis, particularly for labile
protons with chemical shift less than 5 ppm from that of the bulk water resonance. We
further validated the modified omega plot analysis using a creatine CEST phantom and
showed that the derived labile proton ratio is linearly correlated with creatine concentration,
exhibiting little difference in exchange rate (35).

2. THEORY

The CEST MRI effect has often been described using CEST ratio (CESTR) from the
asymmetry analysis of the classical 2-pool exchange model (12),
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where f is the labile proton ratio with respect to bulk water, kg, is the chemical exchange
rate, Ry is the longitudinal relaxation rate of bulk water, a is the labeling coefficient, and 1
- o is the RF spillover factor. We have

and
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, where P=Rastkew (1— o . ) Fpw = T COS26/2 + oy, SIN20/2, Iy
= I15 COS20 + Iy S0, Mw,s = Riw,s + Kwssws Faw,s = Row,s + Kws,sw and 6 = tan™Y(w1/Aws).
Here, kys = fr-Ksw, @1=2107-B1, Awg is the labile proton chemical shift, y is the
gyromagnetic ratio, and B is the amplitude of RF irradiation.

The RF spillover factor has been shown not to be sensitive to the labile proton ratio and
exchange rate (32,34). As such, the RF spillover factor-corrected CEST effect (i.e., CESTR,
= CESTR/(1-0)) can be calculated for the modified omega plot analysis (30). For dilute
CEST agents undergoing slow or intermediate chemical exchange (i.e., fr-kgy KRoy), We
have p ~ Ry + kg In addition, because typical Ry is around 1 571 (i.e., R1s&Kgy), g can be
shown to be 4 & Ksw <1—i{£>, and the labeling coefficient can be simplified as

2
w1

~ w2 +Kkew - T2s (1— ff;). The relationship between 1/CESTR, and 1/wf can then be

described by linear regression, as
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The labile proton ratio and exchange rate can be determined from the linear regression
relationship. Specifically, the intercept and slope of the linear regression from Eqg. 4 can be
shown to be

_ le
Co= <1+fr - k) 52)
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Therefore, the labile proton exchange rate and ratio can be solved
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3. RESULTS

Fig. 1 shows simulated Z-spectra for three RF power levels of 1, 2 and 3 uT, for a
representative chemical shift of 2 ppm, with labile proton ratio and exchange rate being
1:2000 and 200 s™1. CEST effect can be easily observed at 2 ppm for By level of 1 pT.
However, Z-spectral intensity decreases at higher RF power level due to direct RF saturation
and the CEST effect at 2 ppm becomes less apparent (Fig. 1a). The CEST effect initially
increases with the RF power level, peaking and then decreasing for RF power levels greater
than 1 uT (Fig 1b). It is important to note that the empirical solution (Eq. 1) accurately
describes the RF power level-dependent CEST effect as a multiplication of the simplistic
CEST effect (fi*kgw/(R1w+f*Ksw)), labeling coefficient (a) and spillover factor (1-o), with
R2 being 0.996.

Fig. 2 illustrates how the labeling coefficient and spillover factor vary with labile proton
ratio and exchange rate. Fig. 2a shows that the labeling coefficient increases with RF power
level, and slightly increases with the labile proton ratio. Although a higher RF power level
can more efficiently saturate the labile protons, it is also associated with more severe
concomitant RF irradiation effects, as shown in Fig. 2b. This is consistent with the results
shown in Fig. 1b, which demonstrates that higher CEST effect can be obtained using an
intermediate RF power level that balances the saturation efficiency and spillover factor. As
Fig. 2c shows, the labeling coefficient decreases substantially with the exchange rate,
particularly when weak RF power levels are used. On the other hand, the spillover factor
remains nearly unchanged as a function of exchange rate (Fig. 2d). Whereas the labeling
coefficient varies strongly with the labile proton ratio and exchange rate, the spillover factor
shows very little change, suggesting that we can calculate the spillover factor based on a
reasonable estimation of the typical labile proton ratio and exchange rate.

Fig. 3 evaluates the conventional omega plot for representative labile proton ratio (1:2000)
and exchange rate (200 s71). Fig. 3a shows the normalized label scan intensity as a function
of By irradiation level for three representative chemical shifts of 2, 5 and 10 ppm. Despite
identical labile proton ratio and exchange rate, the label scan signal decreases substantially
for small chemical shift offset under large B1 levels, indicating concomitant RF spillover
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effects, which could be particularly severe for DIACEST agents due to their relatively small
chemical shift, leading to poor description of B;-dependent CEST effect using the
conventional omega-plot analysis (Fig. 3b). Because the conventional omega plot analysis
can not distinguish direct RF saturation from CEST effect, it resulted in significant
overestimation of the labile proton ratio (Fig. 3c) and exchange rate (Fig. 3d), particularly
for chemical shift within 5 ppm from that of the bulk water resonance. The normalized labile
proton fraction ratio and exchange rate were 2.05 £ 3.37 and 1.86 + 1.05, respectively.

We also evaluated the proposed RF spillover effect-corrected omega plot analysis. The
simulated CEST effect strongly depends on the chemical shift and B irradiation level,
indicating concomitant RF spillover effects. Notably, the calculation of CESTR, corrected
the RF spillover effects, resulting in nearly identical measurements despite the chemical
shift difference (Fig. 4a). The RF spillover factor-corrected CEST effect can be described by
the modified omega plot analysis, which overlapped for three representative chemical shift
offsets (Fig. 4b). Indeed, RZ was found to be 1.000 for three representative chemical shifts.
Importantly, both the labile proton ratio (Fig. 4c) and exchange rate (Fig. 4d) can be
determined from the modified omega plot, which yields measures that show good agreement
with the simulated values. Specifically, the normalized labile proton ratio and exchange rate
were found to be 0.99 + 0.00 and 1.01 + 0.00, respectively, significantly more accurate that
those obtained from the conventional omega plot analysis (Fig. 3). We further evaluated
how the initial guess of exchange rate may affect the derivation. The initial guess of the
exchange rate was varied +50 % from the simulated value of 200 s™1 (i.e. 100 to 300 s™1),
and the normalized labile proton fraction ratio (Fig. 4 e) and exchange rate (Fig. 4 f) showed
change within 2%. This suggested that if the exchange rate can be reasonably estimated, the
modified omega plot analysis should yield sufficiently accurate measurement of the
underlying CEST system.

The CEST measurements from the creatine phantom demonstrate that CEST image contrast
increases with creatine concentration (Fig. 5a) and that CESTR varies as a function of the
RF power level (Fig. 5b). Because we used a volume RF coil with relatively small By
inhomogeneity (within 5%) and By inhomogeneity (-0.67+1.36 Hz), no field inhomogeneity
correction for CEST effect was necessary. The bulk water T, and T, were measured at 1.76
and 1.18 s, respectively. The phantom results showed noticeable RF spillover effects for RF
power levels greater than 1.5 uT. We estimated the RF spillover factor assuming a typical
labile proton ratio of 1:1000 and exchange rate of 200 s~1 for all compartments. Whereas the
raw CESTR decreases at high RF power level (Fig. 5b), the spillover-corrected CEST effect
(CESTR,) consistently increases with RF power level (Fig. 5¢). Fig. 5d shows the modified
omega plot, which well described the RF power dependence. Specifically, we found
significant correlation between 1/CESTR,, and 1/w2, being 0.899, 0.973, 0.976, 0.964 and
0.974 for 20, 40, 60, 80 and 100 mM (P < 0.02).

We used the qCEST analysis to map the labile proton exchange rate and ratio, per pixel. The
labile proton ratio map increased substantially with creatine concentration (Fig. 6a) with
little change in chemical exchange rate (Fig. 6b). Indeed, the labile proton ratios for creatine
concentrations of 20, 40, 60, 80 and 100 mM were 1:2519, 1:1203, 1:836, 1:667 and 1:512,
respectively, which can be described by linear regression f,= 1.90x1075*f+4.2x1075, where
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f is creatine concentration in mM (p=0.998, P<0.01). In addition, exchange rate was found
to be 141 + 12 s71, and Pearson’s correlation test showed that its relationship to creatine
concentration was insignificant (p =0.563, P=0.32). It is important to note that although the
spillover factor was estimated assuming the same labile proton ratio and exchange rate (i.e.,
1:1000 and 200 s~1) for all creatine compartments, the proposed qCEST analysis correctly
differentiated the contributions from the exchange rate and labile proton ratio. Notably, the
intercept (i.e. 4.2x107°) was not statistically different from 0 (P=0.42). In addition, the 95%
confidence interval of the slope was from 1.68 x 107 to 2.12x10~° while the average labile
proton ratio for creatine solution can be estimated to be f,= 1.82x107°*f, in good agreement
with each other.

To test whether the modified omega plot analysis can quantify the underlying CEST system
of different pH, we repeated the measurement after adjusting pH to 6.51, 7.02 and 7.28. Fig.
7 a shows the creatine concentration normalized labile proton fraction ratio (i.e. slope in Fig.
6 ¢) with the bar showing the 95% confidence interval (STATA, College Station, TX).
Whereas the slope appears to increase slightly with pH, linear regression analysis shows its
change with pH was not statistically significant (P>0.10). In comparison, the exchange rate
as a function of pH can be described assuming that the chemical exchange is dominantly
base-catalyzed (i.e., k=kg+kp-10PHPKW) "as shown by the dot dashed line, with ky=9.15,
k,=3.51*106 and pkw=11.11, in good agreement with previous findings (35). Although
there was substantial increase in exchange rate, from 92+12 s71 to 509+41 s~ when pH was
varied from 6.51 to 7.28, the change in creatine concentration normalized labile proton
fraction ratio (i.e. 2.22+0.33*107°) was relatively small, with the coefficient of variation
being 14.8%.

4. DISCUSSION

Our study augments the conventional omega plot analysis, and demonstrates that the
proposed RF spillover effect-corrected omega plot provides good quantification of
DIACEST MRI, despite non-negligible RF spillover effects. It is important to note that
CEST effect derived from the asymmetry analysis is still contaminated with RF spillover
effect, which can be described using the empirical solution. Therefore, the modified omega
plot analysis evaluates CEST effect measured using the asymmetry analysis instead of label
scan alone (30). For a relatively simple CEST model system, we chose the term CESTR,
which is equivalent to the commonly used MTRasym. In addition, ratiometric CEST MRI has
been proposed to normalize the CEST agent concentration factor for solving chemical
exchange rate (36-38). However, it only applies to CEST agents with multiple chemically
distinguishable labile protons, which the modified omega plot approach proposed in our
study does not require. As such, our study complements the previous work of gqCEST MRI
(32,33,39).

Because the spillover factor depends on the bulk water T and T, relaxation rates have to be
accurately measured or pre-determined for qCEST MRI analysis. For dilute DIACEST
agents, the chemical exchange should not significantly affect the relaxation measurements,
and the bulk water relaxation rates can be accurately measured. It is necessary to note that
Ros has to be reasonably determined in order to quantify kg, and f,. Our simulation showed
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that the normalized labile proton exchange rate and fraction ratio varied less than 7% when
using Rog within £25% of the original value. This suggested that if Ryg can be reasonably
estimated, the underlying CEST system could be quantified using the modified omega plot
analysis. Our study used Bloch-McConnell equation to simulate CEST effect without
considering the effect of noise. We have recently derived SNR of CEST CESTR map

CESTR
(SNRcgsTR) being SNR opsrr = 9+CESTR2 SNRIO, where SNR), is SNR of the control
image without RF saturation (40). Importantly, our results demonstrated that sufficient SNR

could be obtained experimentally for the proposed analysis, which can be further enhanced
using sensitive acquisition approaches (19,41). In addition, correction of RF spillover effects
allows further studies to evaluate alternative processing algorithms that may minimize error
propagation in the modified omega plot analysis (42). Moreover, the field inhomogeneity
was minor in our experiments, and no post-processing correction was necessary. If
necessary, both By and B4 field maps could be obtained to improve omega-plot analysis
during post-processing. Specifically, By inhomogeneity can be corrected using interpolation
or empirical solution-based correction, and B1 inhomogeneity can be corrected per-pixel
based on B, field map (43-45). Furthermore, it will be interesting to test how modified
pulse sequences and optimized sampling schemes can improve quantitative analysis of
CEST MRI (39,41,46).

Further development is needed to extend this algorithm to studies of complex CEST systems
with multiple exchangeable sites. This is particularly important for in vivo applications, in
which CEST effects from amide, amine and hydroxyl groups have been reported (47-51). In
addition to CEST and RF spillover effects, which the proposed solution can adequately
address, there are semisolid macromolecular magnetization transfer (MT) and nuclear
overhauser effects (NOE) in vivo (49,52,53). Recently, it has been shown that Lorentzian-
based analysis can delineate the confounding MT and NOE contribution from APT/CEST
effect, which may help establish in vivo gqCEST MRI and ultimately promote clinical
translation (54-56). Although clinical applications of CEST MRI have been implemented
with pulsed-RF irradiation, recent development enables pseudo continuous wave RF
irradiation, which simplifies qCEST analysis (18,20,57). Such technical development will be
crucial for advancing quantitative in vivo CEST. To summarize, qCEST analysis may
ultimately transform the widely used CEST-weighted MRI and enable a host of novel in
vivo applications.

5. CONCLUSIONS

We have developed an RF spillover effect-corrected omega-plot analysis for improved
quantification of DIACEST MRI. The modified omega plot analysis is simple to use yet
determines both labile proton ratio and exchange rate despite non-negligible RF spillover
effects, which augments the conventional omega plot analysis.
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6. MATERIALS AND METHODS

Numerical Simulation

Phantom

MRI

We simulated CEST MRI using a 2-pool exchange model in Matlab (Mathworks, Natick
MA) (25,28), assuming representative T4 and T, of 2 s and 100 ms for the bulk water, and 1
s and 15 ms for labile protons at 2 ppm at 4.7 Tesla (i.e., 400 Hz), respectively. To evaluate
the RF spillover factor as a function of exchange rate, we serially varied the exchange rate
from 25 to 500 s~ for a representative labile proton ratio of 1:2000, with the labile proton
chemical shift from bulk water being 2 ppm (i.e., 400 Hz at 4.7 Tesla). In addition to
characterize the effect of labile proton ratio, we varied the labile proton ratio from 1:500 to
1:5000 for a representative exchange rate of 200 s1. To solve for both the labile proton ratio
(Eq. 6a) and exchange rate (Eq. 6b) we used the linear regression relationship defined in Eq.
4,

We prepared gadolinium-doped (30 uM) phosphate-buffered saline (PBS, Sigma Aldrich, St
Louis, MO) and the creatine concentration was varied in increments of 20 mM from 20 to
100 mM, with pH titrated to 6.75 (EuTech Instrument, Singapore). The solution was
transferred into centrifuge tubes, sealed and inserted into a phantom holder filled with 1%
(weight/weight) agarose gel to minimize susceptibility mismatch. In addition, we prepared
phantom with pH of 6.51, 7.02 and 7.28 to study the modified omega plot analysis under
varied exchange rate.

The experiments were conducted using a 4.7 T small-bore Bruker scanner, with single-shot
spin-echo echo planar imaging (EPI) (slice thickness = 10 mm, field of view (FOV) = 76 x
76 mm, image matrix was 64 x 64, bandwidth=200 kHz). We varied the RF amplitude in
increments of 0.5 uT from 1 to 3 uT, with label and reference offsets set at +1.9 ppm (375
Hz at 4.7T). The repetition time (TR)/saturation time (TS)/echo time (TE) were 12 s/6 s/28
ms, respectively, and number of signal average (NSA) of 2 (scan time = 1 min 12 s). We
used asymmetric spin echo (ASE) MRI for mapping By inhomogeneity, with echo times
shifted by 1, 3, 5 and 7 ms (TR/TE=12s/36 ms, NSA=2, scan time = 1 min 36 s). The T, and
To maps were obtained using the inversion recovery sequence with seven inversion intervals
(T1) from 0.1 to 7.5 s (recovery time (Tr)/TE=12 s/25 ms, NSA=2, scan time = 3 min 24 s),
and spin-echo EPI (five TEs from 50 to 500 ms, TR=12 s, NSA=2, scan time = 2 min) (58).

Data Processing

Images were processed in Matlab (Mathworks, Natick, MA). The T; map was obtained by
least-squares fitting of the signal intensities (1) as a function of inversion time (1 = IgL1 - (1
+m)e”TVT1]), where ) is the inversion efficiency and lg is the equilibrium signal. In
addition, the T» map was derived by fitting the signal intensity as a function of the echo
time, | = 1oe"T&/T2, The CEST effect was calculated as CESTR=(I,e¢—Liabe1) /To» WHere lres
and ljgpe) are the reference and label scans, and Iy is the control scan without RF irradiation.
By map was derived by fitting the phase map (¢) against the off-centered echo time (At)
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2 @
using ABO:7E. Results were reported as mean * standard deviation. Data were

analyzed in Data Analysis and Statistical Software (STATA, College Station, TX) and P-
values less than 0.05 were considered statistically significant.
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Fig. 1.

CEST MRI depends on the RF irradiation power level. a) Z-spectra and asymmetry curves simulated using Bloch-McConnell
equations for three representative RF power levels of 1, 2 and 3 uT. b) The CEST ratio (CESTR) calculated with asymmetry
analysis can be empirically described as a multiplication of the simplistic solution, the RF labeling coefficient, and the spillover
factor.
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Fig. 2.

The labeling coefficient and spillover factor as functions of the labile proton ratio and exchange rate. a) The labeling coefficient
increases slightly with the labile proton ratio. b) The spillover factor shows very little change with the labile proton ratio. ¢) The
labeling coefficient decreases with the exchange rate. d) The spillover factor shows very little change with respect to the
exchange rate.
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Conventional omega-plot analysis. a) Normalized label scan signal intensity as a function of B, for three representative
chemical shifts, 2, 5 and 10 ppm. b) Labile proton ratio and exchange rate can be obtained from omega plot. ¢) The ratio of
derived labile proton with respect to simulated value shows as a function of chemical shift. d) The ratio of derived exchange rate
with respect to simulated value shows as a function of chemical shift.
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The proposed RF spillover factor-corrected omega-plot analysis. a) CESTR as a function of the RF power level for three
representative chemical shifts, with the spillover effects-corrected CESTR shown in diamonds. b) Both labile proton ratio and
exchange rate can be obtained from the RF spillover factor-corrected omega plot. c) The labile proton fraction ratio normalized
by the simulated value shows as a function of chemical shift. d) The ratio of derived exchange rate with respect to simulated
value shows as a function of chemical shift. €) The normalized labile proton fraction ratio as a function of initial guess of
exchange rate. f) The normalized exchange rate as a function of initial guess of exchange rate.
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Fig. 5.

Evaluation of qCEST MRI analysis in a creatine CEST phantom. a) The CEST image depicts the difference in creatine
concentration in the CEST phantom. b) CESTR as functions of RF power level and creatine concentration. c) The RF spillover
factor-corrected CESTR as a function of both RF power level and creatine concentration. d) Both labile proton ratio and
exchange rate can be determined from the RF spillover effect-corrected omega plot.
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Experimental validation of qCEST analysis. a) Pixel-wise mapping of labile proton
chemical exchange rate. ¢) The labile proton ratio as a function of the creatine con

ratio. b) Pixel-wise mapping of labile proton
centration. d) The numerically solved labile

proton exchange rate as a function of creatine concentration.
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Fig. 7.

Evaluation of pH-dependent gqCEST MRI analysis. a) The creatine concentration normalized labile proton fraction ratio shows
little change with pH (P> 0.10). b) The labile proton exchange rate can be described using dominantly base-catalyzed chemical

exchange relationship (P<0.01).
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