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Abstract
Purpose—Contrast agents for Chemical Exchange Saturation Transfer (CEST) MRI often
require an accurate measurement of the chemical exchange rate. Many analysis methods have been
reported that measure chemical exchange rates. Additional analysis methods were derived as part
of this study. This report investigated the accuracy and precision of each analysis method.

Methods—CEST spectra were simulated using the Bloch-McConnell equations modified for
chemical exchange. CEST spectra of iopromide were obtained with a range of saturation times,
saturation powers, and concentrations. These simulated and experimental results were used to
estimate the chemical exchange rate using the QUESP, QUEST, Omega Plot (LB-QUESP), EH-
QUESP, HW-QUESP, LB-Conc, EH-Conc, and HW-Conc methods.

Results—Bloch fitting produced the most precise estimates of chemical exchange rates, although
substantial expertise and computation time were required to achieve these results. Of the more
simplistic analysis methods, the HW-QUESP method produced the most accurate and precise
estimates of fast exchange rates. The QUEST and LB-QUESP methods produced the most
accurate estimates of slow exchange rates, especially with samples that have short T1w relaxation
times.

Conclusions—HW-QUESP is a simplistic analysis method that should be used when fast
chemical exchange rates need to be estimated from CEST MRI results.
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Introduction
Exogenous Chemical Exchange Saturation Transfer (CEST) MRI contrast agents have been
developed that measure or detect a variety of molecular biomarkers (1). A typical CEST
MRI study employs selective radio frequency saturation at the chemical shift of a labile
proton of the agent (relative to the chemical shift of water that is defined to be 0 ppm),
which eliminates the coherent MR signal from the proton. Subsequent chemical exchange of
the proton from the agent to a water molecule transfers the saturation to the water resonance
and decreases the net water signal. Most studies of CEST agents typically acquire CEST
spectra, which records the relative water signal after selective saturation over a range of MR
frequencies (Fig. 1) (2).

The development and characterization of exogenous CEST agents can require an accurate
determination of the chemical exchange rate. For example, accurate measurements of
chemical exchange rates can be used to quantify molecular biomarkers such as pH (2,3).
Chemical exchange rates can also facilitate the measurement of CEST agent concentration,
which can be useful for evaluating other biomarkers (4). Measurements of chemical
exchange rates can be used to select the best saturation power and the best CEST MRI
acquisition method for detecting the CEST agent (5-7).

To meet this need, many analysis methods have been developed that can determine chemical
exchange rates from CEST MRI results. The Bloch-McConnell equations that are modified
to include chemical exchange can be fit to a CEST spectrum to determine the exchange rate
(a.k.a., the Bloch fitting method) (8). The QUEST and QUESP methods measure the CEST
effect as a function of saturation time or saturation power, respectively, which can then be fit
by nonlinear functions that determine the exchange rate (9). The Omega Plot method is a
linear version of the QUESP method that can determine the exchange rate using a facile
linear fitting method (10). CEST is also dependent on concentration, and a nonlinear
function and linear variations of these functions can be used to determine exchange rates
(11). Most of these methods make assumptions to simplify the analysis. Each method has
different dependencies on experimental parameters and different weightings of the
experimental results.

As presented in this report, we have developed three new analysis methods for determining
chemical exchange rates. We have developed QUESPT that measures the CEST effect as a
function of saturation time and saturation power, and analyzes this combination of all CEST
measurements to estimate the chemical exchange rate. We have also developed two new
linear analysis methods that are similar to the Omega Plot method. As with the other
established analysis methods, these new methods make assumptions to simplify the analysis,
and have different dependencies on experimental parameters and weightings of experimental
results.

The effect of exchange rate on saturation transfer is often underappreciated when using
CEST MRI methods (3,9,12,13). Slowly exchanging protons on the CEST agent experience
the full effect of the saturation applied at the unique chemical shift of the proton on the
agent. However, rapidly exchanging protons spend a fraction of time on the agent compared
to slowly exchanging protons, and therefore experience a fraction of the effect of the
saturation applied at the chemical shift of the agent. This incomplete saturation can become
significant for protons that exchange as slow as 20% of the chemical shift of the agent’s
exchangeable proton (9). CEST MRI methods that rely on complete saturation (e.g.,
QUEST) or an accurate determination of the level of saturation (e.g., QUESP, Omega Plot)
may inaccurately measure fast chemical exchange rates. This effect is an important
consideration for diamagnetic CEST agents that typically have MR chemical shifts less than
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6 ppm (14). Paramagnetic CEST agents can have greater chemical shifts, so that chemical
groups with faster exchange rates can generate CEST (15). Yet incomplete saturation may
still be an important consideration for paramagnetic CEST agents that have small chemical
shifts or very rapid exchange rates.

We sought to evaluate the accuracy and precision of methods that analyze CEST MRI
results to measure chemical exchange rates. We simulated CEST spectra using the Bloch-
McConnell equations modified for chemical exchange, and then evaluated the accuracy of
estimating chemical exchange rates with each analysis method. We then experimentally
measured the CEST spectra of iopromide (Ultravist™, Bayer Health Care, Inc.) that has
amide protons with slow and fast exchange rates, and estimated the chemical exchange rates
of this agent using each analysis method. This report describes our evaluations and provides
recommendations for selecting the best analysis methods for analyzing slow and fast
chemical exchange rates.

Theory
Assuming that a CEST agent instantaneously reaches steady-state saturation (but does not
necessarily reach complete saturation), a previous report has shown that CEST can be
described as a function of saturation time (tsat) and saturation power (ω1) (Eq. [1]) (9).

[1]

where:

[2]

[3]

[4]

kex: chemical exchange rate

MS, M0: water signal with saturation (S) and without saturation (0)

[CA], [H2O]: concentration of the contrast agent and water

nCA, nH2O: number of magnetically equivalent exchangeable protons on the agent and
water

R1A, R2A, R1w, R2w: R1 and R2 relaxation rates of the agent and water

The QUEST method fits the exponential term of Eq. [1] to CEST measurements determined
with a range of saturation times, while the ratiometric term of Eq. [1] is a scalar term during
the fitting. QUESP fits Eq. [3] to CEST measurements determined with a range of saturation
powers, while the exponential term of Eq. [1] is a scalar term during the fitting.
Alternatively, QUEPT fits the ratiometric term and the exponential term of Eq. [3] to CEST
measurements determined with ranges of saturation times and powers.
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If the relaxation rates of the agent are slow (R1A,2A << kex), and saturation has reached
steady state (tsat is very long), then Eq. [1] can be reduced to Eq. [5] (note that R1w,2wkex >>
0 so that the second term in Eq. [4] is always much greater than the third term). As
previously shown, CEST can be described as a function of relative concentration, R1w, and
chemical exchange rate under these same conditions (Eq. [6]) (15). If the concentration of
the agent is not low (χ >> R1w/kex), then Eq. [6] may be approximated (Eq. [7]), combined
with Eq. [5] (Eq. [8]), and rearranged to create a linear relationship (Eq. [9]) (10). The x-
intercept of this equation is equal to −1/kex

2, which provides a relatively simplistic method
for determining the chemical exchange rate relative to fitting the non-linear Eq. [1] to
experimental results.

[5]

[6]

[7]

[8]

[9]

Eq. [9] is known as the “Omega Plot” method, which is analogous to the linear Lineweaver-
Burk plot that is used to assess Michaelis-Menten chemical kinetics (16). We refer to the
Omega Plot method as the “LB-QUESP” method. Michaelis-Menten kinetics can also be
analyzed using a linear Eadie-Hoffsee plot or a linear Hanes-Woolf plot that are
rearrangements of the Lineweaver-Burk plot (17,18). Similarly, the LB-QUESP method can
be rearranged to form the “EH-QUESP” and “HW-QUESP” plotting methods (Eqs. [10] and
[11]). The chemical exchange rate can be determined from the slope of the EH-QUESP
equation, and from the ratio of the y-intercept and slope of the HW-QUESP equation. This
derivation shows that these linear variations of QUESP are only valid with intermediate
concentrations of the CEST agent (R1w/kex << χ << 1).

[10]

[11]

The derivations of concentration-dependent analysis methods that estimate chemical
exchange rates have been previously reported (Eqs. [12]-[14]) (11). We refer to these
methods as LB-Conc, EH-Conc, and HW-Conc, because they are analogous to Lineweaver-
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Burk, Eadie-Hoffstee, and Hanes-Woolf plots. The chemical exchange rate can be
determined from the ratio of the slope and intercept of the LB-Conc equation or the HW-
Conc equation, or from the slope of the EH-Conc equation, if the r1 relaxivity of the agent is
known.

[12]

[13]

[14]

Methods
Simulations

The Bloch equations were used to generate CEST spectra of iopromide. All simulations used
chemical shifts of 5.6 ppm and 4.2 ppm for each amide resonance, 0.0 ppm for the water
resonance, and 0.87 ppm for the hydroxyl group resonance that was set to an exchange rate
of 400 Hz. Each simulation tested exchange rates from 0 to 1200 Hz and T1 relaxation times
from 0.1 to 10 seconds. One set of simulations tested saturation times of 0.25 to 10 seconds
with a saturation power of 4 μT and a concentration of 200 mM. Another set of simulations
tested saturation powers of 0.5 to 10 μT with a saturation time of 6 seconds and a
concentration of 200 mM. Yet another set of simulations were tested with concentrations of
10 to 2,500 mM, a saturation time of 6 seconds and a saturation power of 5 μT. A finite
continuous-wave saturation pulse and an infinite series of pulses that represent steady-state
conditions were each used for the simulations. The simulated results were identical for both
types of saturation pulse periods, which agreed with results from previous reports (19,20).
Therefore, the results from the finite saturation pulse were used for subsequent analyses,
because the experimental study used this type of saturation pulse. Lorentzian line shape
fitting was used to measure the CEST effect (MS) for each amide from each simulated
spectrum as previously described, using spectra normalized from 0% to 100% water signal
(which set M0 equal to 100%) (21). The fittings were performed with Matlab v2011a
(Mathworks, Inc. Natick MA) using the trust-region-reflective algorithm to reach a
convergence criterion of 10−16.

The QUEST, QUESP, and QUESPT methods were fit to simulated results to estimate the
chemical exchange rate of the amide at 5.6 ppm. Fittings were either performed by setting
R1w to the inverse of the T1w value used to simulate the spectrum, or were performed by
allowing R1w to be a fitted parameter. R2w was set to R1w for all of these fittings. The LB-
QUESP, EH-QUESP, HW-QUESP, LB-Conc, EH-Conc, and HW-Conc methods were also
used to estimate chemical exchange rates from the simulated CEST results. LB-QUESP was
fit to results simulated with saturation times less than or equal to 7 μT, and the other
methods were fit to results simulated with all saturation times. All non-linear fittings were
performed with Matlab v2011a using the trust-region-reflective algorithm to reach a
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convergence criterion of 10−16. All linear fittings were performed with Matlab v2011a using
an ordinary least squares algorithm.

Experimental Studies
Iopromide was diluted with PBS to concentrations of 270, 178, 135, 90, 45, and 22.5 mM,
and were adjusted to 6.47 pH units with concentrated sodium hydroxide. All CEST
experiments were performed using a 600 MHz Varian Inova NMR spectrometer with an
inverse cryoprobe. Samples were analyzed at 37.3°C. The temperature was calibrated by
measuring the separation of resonances of neat methanol and ethylene glycol samples
between 25°C and 40°C (22). The probe was manually tuned to each sample, and the 90°
pulse time was measured to initially estimate the saturation power. The exact saturation
power was obtained from the Bloch fitting. CEST spectra were acquired with a continuous-
wave saturation pulse and saturation frequencies set at 10 to −10 ppm in 0.2 ppm
increments, and each scan was averaged four times. For the first set of studies, saturation
times ranging between 0.5 and 6 sec were tested with a relaxation delay from 5.5 to 0
seconds to maintain a total time of 6 seconds for the pre-acquisition period. These studies
were conducted with a saturation power of 5.2 and 13.14 μT and a sample with a
concentration of 178 mM. For the second set of studies, saturation powers ranging between
0.325 and 7.618 μT were tested with a saturation time of 6 sec and with no additional
relaxation delay, using a sample with a concentration of 178 mM. For the third set of
studies, samples with a series of concentrations were tested with saturation time of 6 seconds
and saturation power of approximately 3.2 μT.

The Bloch-McConnell equations modified for chemical exchange were fit to experimental
CEST spectrum (Eq. [12]) (8,23). The integrating factor method was used to solve the Bloch
equations. The lsqcurvefit routine with the trust-region-reflective algorithm was used to
initially fit the CEST spectra, which resulted in rough parameter estimates. The nlinfit
routine with the Levenburg-Marquardt algorithm was then used to fit the CEST spectra to
obtain the final parameter estimates. The Jacobian from the nlinfit routine was used to
determine confidence intervals for fitted parameters.

Other CEST studies with MRI scanners have accounted for B0 and B1 inhomogeneities
(23,24). To account for B0 and B1 inhomogeneities in our studies, each point of an
experimental CEST spectrum was assumed to represent a Gaussian-shaped point spread
function, which was modeled during the fitting process. However, the fitting results with
and without the point spread function were identical, indicating that accounting for B0 and
B1 inhomogeneities was unnecessary with data generated from our NMR spectrometer.
Subsequent analyses were conducted without incorporating the point spread function. The
fitting process estimated values for the T1w, T2w, T1A, and T2A relaxation times of the amide
protons of the agent. As previously reported, these fitted estimates of the CEST agent’s
relaxation times are inconsequential to the fitting process (8). Furthermore, to validate the
fitting method, fitted parameters were estimated using all but one experimental CEST
spectrum, then the remaining experimental spectrum was compared to a simulated spectrum
using the fitted parameters. In all cases, the remaining experimental spectrum and simulated
spectrum showed an outstanding match.

Lorentzian line shape fitting was used to measure the CEST effect (MS) for each amide from
each experimental spectrum as previously described, using spectra normalized from 0% to
100% water signal (which set M0 equal to 100%) (19). The fittings were performed with
Matlab v2011a using the trust-region-reflective algorithm to reach a convergence criterion
of 10−16. The QUEST, QUESP, QUESPT, LB-QUESP, EH-QUESP, HW-QUESP, LB-
Conc, EH-Conc, and HW-Conc methods were used to estimate kex rates from these CEST
measurements determined from the Lorentzian line shape fittings.
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Results
Simulations

The Bloch equations were used to generate CEST spectra of iopromide using a range of
chemical exchange rates, saturation times, saturation powers, and concentrations (Fig. 1A,
1B). Each CEST spectrum was fit with a function of four Lorentzian line shapes to measure
the CEST effects of both amide protons (Fig. 1C, 1D). The Lorentzian line shapes did not
exactly match the CEST spectra as shown by non-zero fitting residuals. However, the
residuals at the maximum CEST effect simulated with low and high saturation powers were
2.0% and 0.33% of the CEST measurement, respectively, which demonstrated that the
Lorentzian line fitting could measure CEST with high accuracy. Additional fitting iterations
to meet tighter convergence criteria did not improve the accuracy of this result, which
demonstrated that this small inaccuracy is an inherent difference between Lorentzian line
shapes and CEST spectra. The CEST effect at 4.2 ppm was more difficult to fit with a
Lorentzian line shape than the CEST effect at 5.6 ppm, presumably because peak at 4.2 ppm
was a “shoulder peak” on the larger peak at 5.6 ppm.

The CEST measurements were used to estimate exchange rates using QUEST, QUESP and
QUESPT (Fig. 2A-C). The QUEST method fit the simulated results throughout the entire
range of saturation times. The QUESP method showed an excellent fitting to the simulated
results obtained with low and moderate saturation powers, but showed a small deviation
when fitting to simulated results obtained with high saturation power. The QUESPT method
showed similar results, with exact fitting to simulated results along the entire time
dimension, and a small deviation when fitting to simulated results with high saturation
power. This result demonstrated that QUESPT is a mixture of QUEST and QUESP, and
does not necessarily improve analytical accuracy relative to QUEST.

The QUEST method estimated kex with excellent accuracy, although the accuracy decreased
at faster kex rates (Fig. 2D), which agreed with a previous report (9). This decreased
accuracy at faster kex was amplified as the saturation power was decreased (Fig. 2D-F). The
accuracy of estimating kex with QUEST increased with shorter simulated T1w relaxation
times, although this dependence was minor throughout the range of exchange rates that were
tested. Therefore, these results demonstrated that QUEST can measure slow exchange rates
with excellent accuracy as long as the saturation power is high.

The QUESP method also estimated kex with decreasing accuracy at faster kex rates, which
also agreed with a previous report (Fig. 2G) (9). QUESP was more severely dependent on
this effect of T1w time, showing extreme inaccuracies when T1w times were greater than 0.1
sec. To investigate this dependence on T1w time, the QUESP method was modified to fit the
T1w time in addition to fitting kex (Fig. 2H). The T2w time was set to the variable T1w time
during this fitting process. These results showed that this approach overestimated kex, yet
produced a more accurate estimate than when T1w and T2w were fixed. The estimated T1w
and T2w times were fit to values that were 1/3 to 1/2 of the values used to create the
simulated CEST spectra. This result demonstrated that fitting QUESP to CEST results is
more sensitive to the value of kex than values of T1w and T2w times. For comparison, the
QUEST method was modified in the same way to fit T1w and T2w times in addition to fitting
kex. The results were the same as fittings with fixed T1w and T2w times (data not shown),
and the estimated T1w and T2w times were not significantly different from the values used to
create the simulated CEST spectra.

The QUESPT method estimated kex with decreasing accuracy at faster kex (Fig. 2I). The
dependence on T1w and T2w times was intermediate between the dependencies shown with
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QUEST and QUESP. This result confirmed that QUESPT is a mixture of QUEST and
QUESP that does not improve the accuracy of estimating exchange rates relative to QUEST.

The CEST measurements were also used to estimate kex using the LB-QUESP, EH-QUESP,
and HW-QUESP methods (Fig. 3A-C). LB-QUESP and EH-QUESP showed a deviation
from linearity at high saturation powers, because the derivation of these equations assumes
that the chemical shift difference between the agent and water is much larger than the
saturation power (10). HW-QUESP did not suffer from non-linearity at high saturation
powers. Each method showed a deviation from linearity at low saturation powers,
presumably because very low powers cannot generate instantaneous saturation as assumed
in the derivation of the equations. These deviations at high and low saturation powers were
more pronounced for simulations performed with long T1W times (data not shown). Yet
each method had a range of saturation powers that produced a linear relationship which can
be used to estimate kex with high accuracy.

The LB-QUESP method estimated kex with excellent accuracy, although the accuracy
decreased at faster kex rates (Fig. 3D). As with QUESP, longer T1w times decreased the
accuracy of estimating kex with this method. For comparison, EH-QUESP estimated kex
with excellent accuracy and with little dependence on T1w times (Fig. 3E). HW-QUESP also
estimated kex with excellent accuracy with negligible dependence on T1w times, although
the accuracy decreased for slower kex (Fig. 3F). Therefore, these results indicated that EH-
QUESP and HW-QUESP are the most accurate methods for estimating fast exchange rates.

The CEST measurements were also used to estimate kex using the LB-Conc, EH-Conc, and
HW-Conc methods (Fig. 4A-C). EH-Conc showed deviation from linearity at low
concentrations, while HW-Conc showed deviation from linearity at high concentrations.
LW-Conc showed linearity throughout the concentration range tested during this study. The
linear range of each method was used to estimate kex (Fig. 4D-F). Each of these methods
estimated kex with excellent accuracy for slow kex rates, and with decreasing accuracies for
faster kex rates. These accuracies were independent of T1w times (Fig. 4D-F) and saturation
powers (data not shown). These results showed that concentration-based analysis methods
fail to accurately measure fast exchange rates.

Experimental Results
Experimental CEST spectra of iopromide were obtained using a range of saturation times,
saturation powers, and concentrations (Fig. 5A). The Bloch equations were simultaneously
fit to twelve CEST spectra with different saturation times and powers to estimate the
chemical exchange rates for both amide protons of iopromide (Table 1). The confidence
intervals of fitting the twelve CEST spectra were 1.7%, while fitting to a CEST spectrum
with 6 seconds of 1 μT saturation generated confidence intervals of 3.1%, which
demonstrated that simultaneously fitting multiple CEST spectra generated greater accuracy.
The T1w and T2w times and the saturation powers were also fitted with this method, rather
than fixing these parameters during the fitting. The estimated T1w and T2w times from the
fitting were 3.64 sec and 1.54 sec, respectively. The saturation powers were determined to
be 34.5% greater than the experimental values estimated from the 90° pulse time. This result
indicated that radiation damping or amplifier non-linearity affected the estimation of
saturation powers from the measured 90° pulse time. The saturation powers that were
accurately estimated from Bloch fittings were used for the subsequent analyses. Overall,
these results showed that the saturation power and T1w and T2w relaxation times do not have
to be experimentally determined to estimate chemical exchange rates with the Bloch fitting
method.
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Each CEST spectrum was also fit with a function of four Lorentzian line shapes to measure
the CEST effects of both amide protons. The maximum residuals for the CEST effects at 5.6
and 4.2 ppm were 0.07% CEST and 0.15% CEST respectively when a 4 μT saturation
power was used, which demonstrated that the Lorentzian line fitting can measure CEST with
high accuracy. A Lorentzian line shape could not be reliably fit to the amide resonance at
4.2 ppm when 10 μT saturation power was used due to peak broadening throughout the
CEST spectrum.

The QUEST and QUESP methods were used to estimate kex of the slowly exchanging amide
proton at 4.2 ppm (Fig. 6, Table 1). Although both methods estimated kex rates that were
close to the rates estimated from Bloch fitting, QUEST underestimated this rate and QUESP
overestimated this rate, which was consistent with the results from simulations. The estimate
of kex with QUEST had confidence intervals (CIs) that were narrower than the CIs for
QUESP, which indicated that QUEST can more precisely estimate kex.

The kex of the rapidly exchanging amide proton estimated with QUEST and QUESP showed
substantial differences from the rate determined with Bloch fitting, which was consistent
with the results of simulations (Table 1). QUESP overestimated this rate and QUEST
underestimated this rate, and lower saturation powers caused a greater underestimation by
QUEST, which was also consistent with simulations. Both methods produced wide CIs,
which further emphasized the difficulty in estimating rapid exchange rates with these
methods.

The LB-QUESP method estimated kex for the slowly exchanging amide proton at 4.2 ppm to
be similar to the rate determined from Bloch fitting, and this estimate had narrow CIs (Fig.
7A). The HW-QUESP method estimated kex with less accuracy and with wide CIs that
indicated less precision relative to LB-QUESP, which was consistent with the simulations
for slow kex rates. The EH-QUESP method showed an incorrect slope with this experimental
data (Fig. 4C vs. 7C). This method had a very small dynamic range relative to experimental
noise over the experimental conditions used in this study, which presumably led to this
incorrect slope. These results demonstrated that LB-QUESP produced the most accurate and
most precise estimates of kex for slow exchange rates, relative to HW-QUESP and EH-
QUESP.

Conversely, HW-QUESP produced an accurate estimate for kex for the rapidly exchanging
proton that resonated at 5.6 ppm, and this estimate had narrow CIs that demonstrated
outstanding precision. The EH-QUESP method also estimated kex with excellent accuracy
and precision. LB-QUESP produced an inaccurate estimate with CIs that had no upper
bound, which demonstrated poor precision for this method. These results demonstrated that
HW-QUESP and EH-QUESP produced accurate and precise estimates of fast exchange rates
relative to LB-QUESP.

The LB-Conc, EH-Conc, and HW-Conc methods each underestimated kex for the rapidly
exchanging proton at 5.6 ppm, which was consistent with the results from the simulations.
Each concentration-based analysis method estimated kex with wide CIs for the slowly
exchanging proton at 4.2 ppm, which indicated that the precisions of these analysis methods
are very sensitive to experimental noise. Based on these results, the concentration-based
analysis methods produce inaccurate or imprecise estimates of exchange rates relative to the
other methods.

Discussion
The Bloch fitting method produced the most precise results, especially when fitting was
simultaneously applied to multiple CEST spectra. However, Bloch fitting requires
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substantial computation time, and some expertise is required to ensure that the fitting
achieves the best result. Therefore, Bloch fitting should be used only when the highest
accuracy and precision are required, and when expertise and time are available.

The simulations and experimental results both demonstrated that QUEST and QUESP could
produce accurate estimates of slow exchange rates. Increasing the saturation power can
increase the accuracy of exchange rate estimates made with QUEST. QUESPT produced
results with accuracies that were intermediate between QUEST and QUESP, so that QUEST
is also preferable to QUESPT for this study. Yet QUESPT fits more data than QUEST and
QUESP, which has potential to mitigate random noise, and therefore QUESPT may have
advantages when fitting noisy CEST results. Most importantly, QUEST, QUESP, and
QUESPT fail to produce accurate estimates of fast exchange rates.

HW-QUESP and EH-QUESP can produce accurate estimates of fast exchange rates. Fast
exchanging protons experience less saturation than expected, which leads to a systematic
overestimation of the saturation power experienced by these protons. HW-QUESP includes
the saturation power in the x- and y-values of the plot (Eq. [11]), so that a systematic error in
the saturation power is cancelled. Similarly, fast exchanging protons generate less CEST
than expected for the saturation power that is applied. EH-QUESP includes the CEST
measurement in the x- and y-values of the plot (Eq. [10]), so that a systematic error in
generating a CEST measurement is cancelled. Conversely, LB-QUESP has separate x- and
y-values and therefore cannot cancel this systematic error. HW-QUESP plots have a greater
range of saturation powers that produce a linear plot, relative to EH-QUESP (Figure 3C vs.
3B). Therefore, HW-QUESP is the best overall method for estimating fast exchange rates.

The QUEST, QUESP, QUESPT, and LB-QUESP methods produced more accurate
estimates of fast exchange rates with shorter T1w relaxation times. When saturation is
initially applied, the saturation pulse equally affects protons undergoing slow and fast
exchange. As the saturation period continues over time, the fast exchanging protons leave
the agent more quickly and experience less saturation than expected. Fast T1w relaxation
truncates the saturation process, which reduces this effect of less-than-expected saturation of
fast exchanging protons.

The concentration plot methods failed to produce accurate estimates. Furthermore, this
method requires multiple samples that must have identical conditions such as T1w and T2w
times, pH, and temperature. Therefore, this method has technical limitations in addition to
systematic analytical errors, and is not recommended for estimating kex rates. For
comparison, another method has been reported that estimates kex rates relative to changes in
T1w time of a series of samples with the same concentration (25). Linear “T1w plot” methods
can be derived that are similar to the linear concentration plot methods shown in this report.
This previous report of the T1w method also demonstrated inaccuracies in determining kex
rates, primarily due to the limited dynamic range of T1w times that can be tested relative to
experimental noise. This method also requires multiple samples that must have identical
conditions other than T1w, which is technically challenging. For these reasons, the T1w plot
methods are considered to be inferior to the methods tested in this report, so that we did not
include the T1w plot methods in our studies.

Other methods that estimate chemical exchange rates from CEST results have been
developed that directly account for incomplete saturation and direct saturation of water
(3,4). These methods are especially designed for diamagnetic CEST agents that have slow
chemical exchange rates, and have not been used to estimate fast exchange rates. As with
Bloch fitting, these methods are based on impressive attention to analytical details that avoid
assumptions made with more simplistic linear analysis methods, and therefore can be used
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for a robust range of CEST experiments. Yet these detailed algorithms require expertise to
develop the computer algorithms, and can require substantial computation time. The HW-
QUESP method provides a more simplistic alternative for estimating chemical exchange
rates, especially fast exchange rates, provided that the conditions of the CEST experiments
meet the assumptions of this method.

Conclusions
These simulations and experimental results demonstrate that the HW-QUESP method
produces the best estimates of fast chemical exchange rates from CEST MRI results.
QUEST and LB-QUESP produce the best estimates of slow exchange rates especially for
samples with short T1w relaxation times. Bloch fitting produces the most precise methods
especially when simultaneously fit to a series of CEST spectra, although expertise and
computation time are required to achieve precise results with Bloch fitting relative to the
relatively simplistic linear analysis methods.
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Figure 1.
Representative Lorentzian line shapes fitted to simulated CEST spectra of iopromide at a) 1
μT saturation power and b) 5 μT saturation power, with a 1 second saturation time, 1000 Hz
chemical exchange rate, 200 mM concentration, and 3 second T1w relaxation time. The
chemical structure of iopromide is shown in the inset. The CEST effect at 5.6 ppm arises
from the amide proton between the ring and carbonyl group, while the CEST effect at 4.2
ppm arises from the amide proton between the diol group and the carbonyl group. The
CEST effect at 0.8 ppm arises from the diol groups, and the direct saturation of water is
shown as a line shape at 0 ppm. Lorentzian line shape spectra generated from the fitting
process show the CEST effects from the amides at c) 1 μT saturation power and d) 5 μT
saturation power. The residuals of the fitting processes are shown as a dotted line.
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Figure 2.
QUEST, QUESP, and QUESPT analyses of simulated CEST MRI results. a) A
representative QUEST fitting of simulated results generated with 10 μT saturation power, 25
Hz chemical exchange rate, and 1.5 second T1w relaxation time; b) A representative QUESP
fitting with simulated results generated with 10 second saturation time, 350 Hz chemical
exchange rate, and 0.1 second T1w relaxation time; c) A representative QUESPT fitting with
simulated results generated with a 25 Hz chemical exchange rate and 1.5 second T1w
relaxation time. The exchange rates estimated with QUEST at d) 10 μT, e) 4 μT, and f) 1 μT
saturation power at short (*) and long (●) T1w relaxation times showed that QUEST
accurately estimated slow kex rates, but required high saturation power to accurately
estimate fast kex, with a minor dependence on T1w relaxation times. The exchange rates
estimated with QUESP g) with fixed T1w and T2w relaxation times ranging from short (*) to
long (●) estimated fast kex with poor accuracy, h) while allowing T1w and T2w to be fitted
improved the accuracy of estimating fast kex. i) The estimations of exchange rates with
QUESPT showed a result that was intermediate between the results from QUEST and
QUESP methods. For graphs d-i, a dashed line with slope=1 is shown to aid visualization of
the results.
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Figure 3.
LB-QUESP, EH-QUESP and HW-QUESP analyses of simulated CEST MRI results
generated with a 10 second saturation time, 1200 Hz chemical exchange rate, and 10 second
T1w relaxation time. A representative a) LB-QUESP, b) EH-QUESP, and c) HW-QUESP
fitting of simulated CEST results were used to estimate kex. d) The kex estimated with LB-
QUESP at short (*) and long (●) T1w relaxation times accurately estimated slow exchange
rates, but failed to accurately estimate fast exchange rates. e) EH-QUESP accurately
estimated slow and fast exchange rates, and f) HW-QUESP accurately estimated fast
exchange rates, with little dependence on T1w relaxation times.
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Figure 4.
LB-Conc, EH-Conc, and HW-Conc analyses of simulated CEST MRI results generated with
a 3.5 μT saturation power, 10 second saturation time, 1200 Hz chemical exchange rate, and
10 second T1w relaxation time. A representative a) LB-Conc, b) EH-Conc, and c) HW-Conc
fitting of simulated CEST results were used to estimate kex. d) LB-Conc, e) EH-Conc, and f)
HW-Conc accurately estimated slow kex, but failed to accurately estimate fast kex. The T1w
relaxation time did not affect the accuracies of these estimates.
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Figure 5.
Bloch fitting, QUEST, and QUESP analyses of 178 mM of iopromide. a) Bloch fitting of a
representative CEST spectrum of iopromide acquired with 1.26 μT saturation power was
used to estimate kex. b) QUEST with saturation power of 5.2 μT and c) QUESP with
saturation time of 6 seconds were used to analyze CEST at 4.2 ppm to estimate the exchange
rate for the slowly exchanging amide proton. d) QUEST with saturation power of 13.14 μT,
e) QUEST with saturation power of 5.2 μT, and f) QUESP with saturation time of 6 seconds
were used to analyze CEST at 5.6 ppm to estimate the exchange rate for the rapidly
exchanging amide proton. The boundary estimates are shown as gray lines.
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Figure 6.
LB-QUESP, EH-QUESP, and HW-QUESP analyses of 178 mM iopromide with a saturation
time of 6 seconds. a) LB-QUESP, b) EH-QUESP, and c) HW-QUESP analyses of CEST at
4.2 ppm estimated the kex for the slowly exchanging amide proton. d) LB-QUESP, e) EH-
QUESP, and f) HW-QUESP analyses of CEST at 5.6 ppm estimated kex for the rapidly
exchanging amide proton. The boundary estimates are shown as gray lines.
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Figure 7.
LB-Conc, EH-Conc, and HW-Conc analyses of iopromide with 3.2 μT saturation power and
6 second saturation time. a) LB-Conc, b) EH-Conc, and c) HW-Conc analyses of CEST at
4.2 ppm estimated kex for the slowly exchanging amide proton. d) LB-Conc, e) EH-Conc,
and f) HW-Conc analyses of CEST at 5.6 ppm estimated kex for the rapidly exchanging
amide proton. The boundary estimates are shown as gray lines.
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Table 1

The Estimated Chemical Exchange Rates of lopromide (Hz).The 95% confidence intervals are shown in
parentheses.

Method 4.2 ppm 5.6 ppm

Bloch Fitting 55.9 (53.7 - 58.3) 1117.1 (1100.5 - 1134.0)

QUEST (4 μT) 28.9 (17.5 -47.8) 87.8 (57.6 - 133.9)

QUEST (10 μT) --- 694.7 (453.8 - 1063.7)

QUESP 118.0 (65.2 -213.6) 2826.3 (2059.7 -3878.2)

LB-QUESP 101.2 (80.2 -111.3) 922.3 (648.8 - ∞)

EH-QUESP −118.3 (−41.7 to −162.0) 1160.5 (1040.3-1269.3)

HW-QUESP 300.0 (0 -416.1) 1225.2 (1224.6 - 1226.0)

LB-Conc 595.4 (537.2 - 653.5) 308.3 (210.1 –406.4)

EH-Conc 655.6 (516.3 - 794.8) 198.5 (0-841.6)

HW-Conc 607.3 (494.4 - 720.2) 327.1 (162.2 -492.0)
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