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Understanding Quantitative Pulsed CEST in the Presence

of MT

Kimberly L. Desmond' and Greg J. Stanisz'*?

Phantom experiments in agar and ammonium chloride were
performed to evaluate a three-pool model of magnetization
transfer and chemical exchange saturation transfer (CEST) in
a pulsed saturation transfer experiment. The utility of the
pulsed CEST method was demonstrated by varying the pH of
the phantoms and observing the effect upon the CEST spectra
both with and without the solid agar (the magnetization
transfer pool), while fitting the spectra to the Bloch equation
model with exchange. Pulsed CEST could be used to robustly
quantify parameters related to CEST, including the exchange
rate constant describing proton exchange with free water
and the concentration of exchanging protons. Furthermore,
the exchange rate constant and the CEST pool offset
frequency of the ammonium chloride remained unchanged in
the presence of a magnetization transfer pool. The logarithm
of the fitted exchange rate constant was linearly related to
pH: this relationship was maintained in the presence of
magnetization transfer. Magn Reson Med 67:979-990, 2012.
© 2011 Wiley Periodials, Inc.
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INTRODUCTION

Chemical exchange saturation transfer (CEST) is a magnetic
resonance imaging (MRI) technique sensitive to the pres-
ence of mobile protons exchanging with water. Chemical
exchange was first investigated by nuclear magnetic reso-
nance (NMR) (1-4) and was proposed as an MRI method by
Wolff and Balaban (5); however, it was only recently intro-
duced as a clinical technique (6). Its utility as a contrast
mechanism has been demonstrated in brain tumors (7,8)
and in identification of reperfusable regions of stroke dam-
age (9). As the chemical exchange is sensitive to hydrogen
ion concentration, CEST experiments may allow quantifica-
tion of pH as well. Quantitative measurements of the
exchange rate constant and concentration for different lan-
thanide-based CEST contrast agents have been obtained
from phantom experiments (10,11), but in vivo CEST quan-
tification has been less successful. One of the main chal-
lenges for producing quantitative CEST measurements in
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vivo is the added interference of proton exchange with the
semi-solid macromolecular protons, the magnetization
transfer (MT) effect, that may reduce the asymmetry in the
CEST spectra (12).

The CEST experiment generates contrast between vox-
els containing different proportions of bulk water protons
and protons with a different chemical shift. The bulk
water protons are those that are freely moving (i.e., with
a short correlation time, 1. ~ 107 '° s) such as those in
cytosolic and extracellular water. The off-resonance pro-
ton spins, although having a T, too short or concentra-
tion too low to be detected directly (i.e., through a basic
NMR spectroscopy experiment), can be saturated so as to
reduce the bulk water signal through exchange of mag-
netization. This saturation effect is magnified during the
radio frequency (RF) irradiation if the exchange rate is
faster than the longitudinal relaxation rate of the water,
and thus saturation of a small off-resonance pool can
have a large effect on the measured water signal. CEST
contrast has been defined as resulting from saturation
transfer dominated by chemical exchange, as opposed to
MT, which evidently occurs mainly as a dipole—dipole
interaction (13,14) between water and large macromolec-
ular protons with equivalent Larmor frequency. Compli-
cating matters, a bulk water proton can experience both
types of exchange and both have similar observable effect
on the net magnetization. As a result, there is much
shared theory and terminology between CEST and MT.
However, these are several features aside from the
exchange mechanism that distinguish the two processes.
Chemical balance is affected by pH whereas the dipole—
dipole interaction is not, and, in addition, the molecules
contributing to CEST are typically free in solution
whereas MT arises from water protons bound to immo-
bile macromolecules such as lipids. The MT protons
have a short T, (~10 ps) resulting in a broad resonance
centered at the water frequency, whereas the CEST pro-
tons have a longer transverse relaxation time, T, (~10
ms) and resonate at a frequency that is offset from water
protons due to chemical shift. Therefore, CEST and MT
are often treated as separate contributors to saturation
transfer. It should be noted, however, that both CEST
and MT are measured by the same principal experiment,
which is essentially a measurement of the bulk water sig-
nal following a RF saturation pulse, and therefore it is
not possible to decouple these two effects entirely.

Endogenous to biological tissue, the largest contributors
to CEST contrast are amide protons in amino acids (15).
Moreover, numerous exogenous contrast agents with suit-
able frequency shift and exchange properties have been
developed that incorporate lanthanides, including para-
magnetic CEST compounds (PARACEST) (11) and
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one as it is sufficient to describe MT effects in agar (17).
The framework of the model used in this article is illus-
trated in Fig. 1.

The amount of exchange between the CEST and MT
pools compared with exchange with water was assumed
to be negligible on the basis of their limited concentra-
tion with respect to free water, so this interaction was
omitted from the model. The Bloch equations describing
the behavior of the magnetization in the presence of
exchange and RF irradiation are as follows:

MT (B)
M T,

CEST (C)
My T
RY

B
RE K

FIG. 1. The three-pool model with exchange. MgZC are the rela-
tive concentration of protons in exchange pools, Ta5C are the
transverse relaxation times for each pool, Ry"ZC the longitudinal
relaxation rate, Rcest and Ryt the exchange rate constants gov-
erning exchange between the water pool with the CEST and MT
pools respectively, and AS the resonance frequency of the CEST
pool (in relation to the liquid pool).

lipoCEST (16). For typical tissues and experimental pa-
rameters, the MT effect is present within a wide range of
saturation pulse offset frequencies (1-50 kHz), which for
scanners of field strength 3T and below encompasses the
entire range of endogenous CEST (15), and most of the
PARACEST agents currently in development (ranging up
to about 500 ppm frequency offset). Thus, for any CEST
or PARACEST system under investigation, there is an
underlying MT effect which is always present.

This article provides a model of CEST and MT for
quantitative determination of CEST characteristics inde-
pendent of a coexisting MT pool. Data were obtained
with a pulsed CEST experiment, by acquiring a series of
images with varying offset frequency (saturation spectra)
and repeating for several different saturation pulse
amplitudes. We present a three-pool model with CEST
and MT exchange that was fitted to the experimental
data for CEST, MT, and combined CEST/MT phantoms
with varied pH. Below, we discuss the theoretical
approach and experimental considerations.

THEORY

A three-pool model was used, consisting of a bulk water
(liquid pool, “A”), semi-solid (MT pool, “B”) and labile
pool (CEST pool, “C”), which had been suggested as an
extension to two-pool MT theory (17) and investigated
by Li (18). It is similar in concept to the three-pool mod-
els developed by Tessier (19) for describing multipool
MT and Woessner who studied PARACEST agents with
multiple labile groups (20). Although some cases neces-
sitate the inclusion of more than one MT pool (19,21-
23), we chose here to limit the number of MT pools to
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where Aﬂ,ﬁ’zc define the magnetization in each Cartesian
coordinate, M5 the equilibrium magnetization relative
to equilibrium magnetization in the liquid pool, M,
T3¢ the transverse relaxation times for each pool,
RP¢ the longitudinal relaxation rates, w, the amplitude
of the RF saturation pulse (in rad/s), A§ the resonant fre-
quency of the CEST pool and A the offset frequency of
the RF irradiation (both in Hz, in relation to the liquid
pool, A). R.q, represents the RF absorption profile for the
MT pool, which differs from the Lorentzian lineshape
(arising from exponential signal changes subsequent to
RF absorption and single-component T, decay) due to
cross-relaxation from spin—spin interactions (24). Rcgsr
and Ry are the fundamental exchange rate constants
describing the exchange between the water pool and the
CEST and MT pools, respectively. In this formulation we
followed Henkelman’s notation (17), such that Rcgst and
Ryt represent the rate of change of the magnetization in
the pools when the individual pools are equal in size.
To satisfy the equilibrium condition, the following con-
ditions need to be met: kgaME = kazMa = RyrMAME and
keaMS = kacM? = RepstMGMS where the k terms repre-
sent the pseudo first order rate constants describing
exchange in the direction specified by the subscripts,
i.e., kga describes exchange from pool B to pool A. Given
the equations above, these rates can be formulated in
terms of the fundamental exchange constants and the
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equilibrium magnetization in each pool. In this work, all
magnetizations were normalized by Mj. This yields M;
= 1 and renders the pseudo first order rate constants kca
and kg equal to Rcrst and Ry, respectively.

Only the longitudinal exchange in the MT pool was
considered as it was assumed that the net transverse
dipole—dipole interaction was negligible due to the fact
that the MT pool T, is short enough to destroy the trans-
verse signal on a much shorter timescale than the
exchange is occurring at (25). The effects of the remain-
ing transverse MT-pool terms were incorporated into the
BR.q, term (17).

As done previously in quantitative MT experiment to
reduce the number of degrees of freedom in the model,
the intrinsic longitudinal relation rate of the liquid pool,
R{ was computed in terms of the other modeled parame-
ters and the liquid pool longitudinal relaxation time
observed in a standard experiment in the absence of satu-
ration, Tiohs (17). This is possible as Tjqns represents the
longitudinal recovery, which is observed after the
exchanging pools have reached equilibrium and thus is
sensitive to their relative sizes. The methods of calculation
of Ry for the two-pool model and the extension to the
three-pool model are presented in Appendix 1.

EXPERIMENTAL METHODS

Three sets of phantoms with properties of CEST, CEST/MT
and MT were prepared in 50-mL plastic vials. Each phan-
tom set consisted of five samples with different pH values.
Moreover, each phantom set was prepared three times to
assess data reproducibility. The MT pool consisted of 2%
agar (Sigma-Aldrich, A7002) solution by weight, and a
CEST pool was created by adding 1-M ammonium chloride
(NH,CI, Sigma-Aldrich, A4514). The combined CEST/MT
phantoms contained both 2% agar and 1-M ammonium
chloride. The pH of each phantom was modified by adding
a 10-mM buffer prepared from citric acid and sodium citrate
at a pH value ranging from 5 to 6 in increments of 0.25 pH
units. A reduction of 0.5 pH units occurred in all phantoms
upon mixing the citric acid buffer with the ammonium
chloride, and therefore the five samples in each of the phan-
tom sets had pH values ranging from 4.5 to 5.5 in incre-
ments of 0.25 pH units.

Agar is structured as an aggregation of helical polysac-
charides (26) interspersed with pores whose size is
inversely proportional to agar concentration (27). It was
chosen as a model for MT processes as it has MT proper-
ties similar to tissue in that it contains both a restricted
and free water pool, with similar macromolecular con-
tent and exchange rate constant for concentrations less
than 10% by weight. Agar has been frequently used as
an MT model in previous literature (17,28). In addition,
agar closely mimics tissue properties in that the domi-
nant mechanism for MT is through whole-molecule
exchange of water (14,29). One notable difference is that
the RF absorption lineshape of agar is described by a
Gaussian function (17) rather than the super-Lorentzian
observed in most tissues (30), which determines the
form of R, used in the modeling.

Ammonium chloride (NH,Cl) provides a good model
for endogenous CEST (5), as it is highly soluble in water
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(resulting in a uniform CEST effect across the sample)
and has four equivalent hydrogen atoms per molecule,
resonating at ~2.4 ppm higher frequency than the water
resonance, which is in the same range as the ~3.5 ppm
observed for endogenous amide protons in tissue. Both
ammonium chloride and amide protons have a base-cata-
lyzed proton exchange for pH above 4.5 (31). According
to Bronsted’s catalysis law (32), the logarithm of the
CEST exchange rate constant (Rcgst) is expected to vary
linearly with the logarithm of the acidity of the solution
(pKa): Regst = —a pK, + C, where C is a constant and «
varies between 0 and 1 and represents the motional
restriction of the exchanging particle which approaches
a slope of 1 in the diffusion-limited case.

If the ammonium chloride and agar exist as independ-
ent systems when combined in solution then the CEST
exchange rate constant, Rggst, is not expected to change
in the presence or absence of the MT pool. For this to be
true, it implies that the pore size of the agar must be suf-
ficiently large as not to significantly impede the motion
of the ammonium chloride molecules and that no chemi-
cal bonds are formed between the ammonium chloride
and agar.

MR Experiments

In the ideal saturation transfer application, the ampli-
tude of the saturation pulse is kept constant and is on
for the duration of the experiment (the continuous wave,
CW, experiment). In this case, the signal reaches a satu-
ration steady state, and the analysis is simplified because
it is possible to set all the time derivatives in Eq. 1 to 0
and solve Eq. 1 to provide an algebraic formula for the
magnetization in each of the pools as a function of relax-
ation rates, exchange rate constants and saturation pulse
characteristics.

It is currently not practical, however, to deliver CW
irradiation on most clinical systems since there is usually
only one channel for RF transmission. As a result, in
many imaging applications, the duration of the saturation
pulse is long enough for the system to reach steady state
(>5 times T,) but is off during the image acquisition. Of-
ten, though, there are also restrictions on the maximum
RF pulse length, which prevent pulses of sufficient
length to reach the steady state within one sequence rep-
etition time (TR) and can result in TRs that are too long
to be amenable to in vivo applications. To mimic the
clinical setting, we used a compromise consisting of a
standard spoiled gradient-echo sequence with the addi-
tion of a single shaped saturation pulse once per TR (33).
We will refer to this sequence as “pulsed CEST”. For
example, if the typical pulse is 15 s long to achieve
steady state in one TR, the pulsed CEST sequence can
achieve an equivalent spectrum (34) by increasing the
peak amplitude of the shaped saturation pulse by a factor
of 4, reducing the pulse length to 0.1 s and using the
minimum TR that accommodates this pulse. Several iter-
ations of the pulsed CEST sequence are required before
the spoiled gradient-echo steady state is achieved.

The Bloch equations in the presence of pulsed RF
were obtained by replacing the RF amplitude, »,, in Eq.
1 with the time varying w4(f). In general, this complicates
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Table 1
CEST and MT Sequence Parameters
MT A Sampling
Excitation pulse Max B4 Effective range
TR pulse durationamplitude saturation (45 points
[ms] angle [°] [ms] [WT]  pulse angle [°] total) [kHZ]
200 38 106 0.88 500 —0.8 to 200
1.75 1000
4.38 2500
6.92 3835°

3The maximum value of the RF saturation pulse angle was re-
stricted by SAR limits.

the search for an analytical solution since Eq. 1 has
become a system of first order, linear differential equa-
tions with nonconstant coefficients. Although the solu-
tion to Eq. 1 with time varying terms theoretically exists,
its complicated form and time dependent integrals make
it impossible to provide straightforward and easy-to-com-
pute formulas. To overcome this limitation, we used the
piecewise-constant RF approximation proposed by Port-
noy and Stanisz (35). In our case, the sampling interval
was chosen to be the interval between successive ele-
ments comprising the shape of the RF pulse.

Although two- and three-pool quantitative modeling of
CEST has been proposed previously for the CW experi-
ment, which allows the magnetization to achieve the sat-
uration steady state (18,20,36-38), and using CW approx-
imations for pulse trains (34), we believe this is the first
application of the three-pool model to parameter estima-
tion using a pulsed CEST experiment. The model does
not require that the signal has reached steady state after
one pulse, which allows for a shorter TR and thus a
briefer experiment without the introduction of system-
atic errors in the magnetization calculation caused by
using a CW approximation at small offset frequencies
(35).

Imaging was carried out on a GE MR750 3T system,
using the body coil for RF transmission and the 8-chan-
nel phased array head coil (8HRBrain) as a signal re-
ceiver. The pulse sequence was based on the vendor’s
3D spoiled gradient-echo sequence with MT options
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enabled. This resulted in the insertion of a saturation
pulse at the beginning of every TR. The shape of the sat-
uration pulse was changed from the default Fermi pulse
to a Hanning-windowed Gaussian (39), with a cutoff at
3.6 standard deviations from the peak amplitude. Modifi-
cations to the sequence code were made to allow control
over the offset frequency, duration, and flip angle of the
saturation pulse. All sequence parameters chosen for the
experiment were within the regulation limits of SAR
(2 W/kg) and are listed in Table 1. Each spectrum con-
tained 45 offset frequencies, linearly sampled over the
range from —0.8 to 0.8 kHz and then logarithmically
sampled from 1 to 200 kHz to capture the features
related to both CEST and MT. For each experiment, a 3D
volume was acquired consisting of six coronal 5-mm slab
encodes with an 18 cm field of view, 64 x 64 matrix size
and scan time of 100 s per image. One image was col-
lected for each of the 45 offset frequencies for each of
the four RF amplitudes, for a total of 180 images result-
ing in 5 h imaging time. Data from the first 16 TR peri-
ods were discarded to allow the magnetization to reach
the spoiled gradient-echo steady state. In addition, four
slabs (two from the top and two from the bottom) were
discarded due to deviations from the theoretical ideal at
the edge of the excitation profile. The voxel-wise signal-
to-noise ratio (SNR) was ~100. Figure 2 shows the
arrangement of the phantoms within the scanner, and is
representative of the image quality and resolution. Two
images are shown, a reference image acquired in the ab-
sence of a saturation pulse and an image showing effects
of saturation transfer at 300 Hz offset frequency.
Multiple amplitudes of the saturation pulse were
required for the experiment to capture the maximum
change in signal for a range of CEST and MT parameters
and to aid in obtaining a unique solution from the fitting
algorithm. Static field, By, calibration was performed on-
the-fly by adjusting the center frequency so that the min-
imum signal was achieved at an offset frequency of 0 Hz,
which remained valid as long as the experiment was per-
formed in the slow exchange regime (AS > Rcgst) Or the
bulk water pool was vastly larger than the CEST pool (as
was the case here). This was followed by a fine B,

FIG. 2. Phantom arrangement and representative image quality for this study. Images are cropped to 16 cm x 12 cm. Row 1 shows the
CEST phantoms, row 2 the CEST/MT phantoms and row 3 the MT phantoms. The range of pH goes from 4.5 on the left to 5.5 on the
right of each image. a: Image acquired in the absence of a saturation pulse and b: 300 Hz saturation pulse frequency offset showing

changes in signal due to the CEST effect.
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adjustment, which determined the By frequency offset by
finding the minimum of a spline fitted to the data (40).
B; mapping was performed using the spin echo double
angle method described in (41), with excitation flip
angles of 60 and 120° and refocusing flip angles double
those of the excitation angles. The effective T; of the
phantoms, Ty, was determined prior to the saturation
experiment using a standard inversion recovery experi-
ment with TR of 10 s and inversion times of 500, 1000,
1250, 1750, 2000, 2500, 3000, 3500, and 4000 ms.

Data Analysis

All data analysis was performed in MATLAB (MATLAB
7.3, The MathWorks Inc., Natick, MA, 2006), wherein
the Bloch equations were modeled including the effects
of the saturation pulse and saturation transfer and fit
with MATLAB’s fmincon function. The saturation pulse
shape was specified by a waveform file that contained
the relative amplitude of the pulse at 512 points evenly
spaced over the extent of the pulse. The pulse length
was 106 ms for this experiment, which made the sam-
pling interval equal to 208 ps. Although this approxima-
tion was necessary, reducing the sampling interval in
simulations resulted in negligible changes to the shape
of the modelled spectrum.

There were eight model parameters fit to the experi-
mental data points: Ry, M, T4, T8, Regst, MS, TS, and
A§ as defined in the Theory section. R s(1/ Tions) Was
determined from the independent inversion recovery
measurements and used to calculate the model parame-
ter R as described in Appendix 1. The longitudinal
relaxation rate of the MT pool, R? was fixed at 1 s™' as
in previous publications (17) as RY is expected to be
much slower than either Rcgst, Ro, Or By and thus has
little effect on the observed system behavior. For an
equivalent reason, the longitudinal relaxation rate of the
CEST pool, RY, was also set to 1 s~'. To satisfy the con-
dition that My equals 1, it was necessary to normalize all
the spectra. Reference images were acquired with a satu-
ration pulse frequency offset of 200 kHz at the beginning
and end of the acquisition of each spectrum. In this way,
if signal drift occurred, it could be retrospectively cor-
rected for by linearly interpolating the change in signal
over time.

For each phantom set (CEST, MT or CEST/MT), the
data from all pH values was grouped during the fitting
by combining the spectra from all five phantoms within
the set. This resulted in 20 spectra of 45 frequency off-
sets each, representing the four saturation pulse ampli-
tudes and five pH values, for a total of 900 data points
fit simultaneously in what we refer to as the “global fit.”
Three global fits were performed, one for each phantom
set. In the case of the CEST-only set, MT parameters in
Eq. 1 were set to zero. Likewise, for the MT phantoms,
CEST parameters were neglected. For each global fit, a
single estimate for all parameters was obtained, with the
exception of five Rggst parameters (one for each phan-
tom), which were allowed to vary independently with
pH. This resulted in a total of 12 free parameters per
global fit. At each iteration of the fitting algorithm, 20
model spectra were generated to match the experimental
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data according to the scanner parameters and the current
estimates of the CEST and MT properties for each spec-
trum. The root-mean-square difference between these
model curves and the data was computed, and the pa-
rameter set which satisfied the global minimum of this
error metric was obtained. Parameter confidence inter-
vals were computed for each global fit according to the
method presented in Appendix 2.

After performing the above procedure, there were still
some systematic differences between the data and the
model, in that the data points from the higher saturation
pulse amplitudes appeared shifted from the curve of
best-fit. Quantitative MT (and by extension quantitative
CEST) methods assume that the independent measure-
ments of B; and B, inhomogeneities are exact; however,
our accuracy was not sufficient for that assumption to
be upheld. The structure in the remaining residuals in
the fitted model could be described by errors in B; and
By, and therefore, with all other parameters fixed, the fit-
ting was run once more with B; and By now allowed to
vary. This introduced 10 additional free parameters to
the fit; one B, and one B, corrective factor for each of
the five phantoms in the global fit. After this step, the
resulting fit was satisfactory (residuals were unstruc-
tured and less than 1% of the total signal), and it was
not necessary to introduce any additional parameters to
the model.

The entire experiment, including sample preparation,
imaging, and data fitting was repeated three times to
evaluate reproducibility. In reporting the parameter esti-
mates, two major sources of errors were considered: dif-
ferences between the phantoms due to their preparation
and inaccuracies in the fitting procedure due to noise in
MR images and the sensitivity of the three-pool model to
this noise. During phantom construction, there are
inconsistencies in the weighing of the constituents, as
well as in the boiling time for the agar. In addition, the
noise in the MR images creates residuals in he fitted
curves, which create allowances in the parameter esti-
mates which can be expressed as confidence intervals. In
particular, we considered how accurately the three-pool
model parameters can be determined provided limited
SNR, limited experimental range of experimental condi-
tions and possible parameter coupling resulting from the
mathematical formalism used (see Appendix 2 for further
details). Unless otherwise stated, in the body of the
manuscript, we quote the errors in the parameters as
standard deviations (SD), which represent the differences
between repetitions of the experiment and fitting proce-
dure on the three phantom sets, which captures the
errors arising from both sources.

RESULTS

Experiments were conducted according to the protocol
in the Methods Section, with data acquired for the three
phantom sets having 20 spectra per set including the
four saturation pulse amplitudes and five pH values and
with 45 offset frequencies in each spectrum. Signal drift
was not detectable over the course of the experiments (it
was within the image noise), and thus corrections to the
images for this factor were not required.
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FIG. 3. Fitted spectra from CEST phantoms prepared at (a) pH 4.5 and (b) pH 5.5. Results are for saturation pulse flip angles of 500°
and 2500°. Solid lines represent the fitted model (global fit to all pH). Fits were performed across all collected data points; however,
only the range from —0.2 to 0.5 kHz is shown to highlight the changing portion of the spectra.

The longitudinal relaxation rates, T,.,s, were estimated
from the inversion recovery data. T,,s did not change as
a function of pH, and was 3180 * 120 ms for the CEST
phantom sets; 2570 = 110 ms for CEST/MT sets; and
2530 = 100 ms for MT sets. The error represents the
standard deviations across the three repetitions of the
experiment.

A large variation in the appearance of the CEST spec-
tra was observed over the experimental pH range (see
Fig. 3). Figure 3 shows the features of the CEST spectra
for pH 4.5 (4a) and pH 5.5 (4b) at saturation pulse flip
angles of 500° and 2500°. The CEST effect was most pro-
nounced at ~300 Hz (2.35 ppm) for a flip angle of 500°
and was greatest at pH 4.5. As the pH increased, the dis-
tance between the minima of the direct effect (free water
saturation) and the maximum CEST effect decreased.
The width of the direct effect increased, and the appear-
ance of the CEST effect became less sharp.

After the B, and B, correction, there was a very good
agreement between the experimental data and the fitted
model, with the maximum average residual (over all off-
set frequencies) not exceeding 1% for any individual
spectrum. Figure 4 shows an example of the fit before
and after the final B, and By correction. This improved

« 500°
ol pH45 o o2500° |
200 100 0 100 200 300 400 500

A(Hz)

FIG. 4. Comparison between model fitting before and after the B;
and By correction. Fitted spectra are shown from CEST phantoms
prepared at pH 4.5 for saturation pulse flip angles of 500° and
2500°. The dashed line is the original modelled curve, and the
solid line shows the results of the fitting after the correction.

the quality of the fit, resulting in the reduced x* value
changing from ~20 (which implied a poor fit) to ~1
(implying a good fit which was not overdetermined) and
improving the visual clarity of the fitted curves.

Figure 5 shows spectra from the MT-only phantoms at
all saturation pulse amplitudes and for pH values of 4.5
and 5.5, covering both ends of the experimental range of
pH. The signal attenuation due to the MT effect for 2%
agar was less than 15% of the water signal; however, it
was most evident in the range above 1000 Hz offset fre-
quency. A much stronger manifestation of the addition
of the agar was the change in T4 evident in the shifting
of the half-maximum of the direct effect to higher and
lower frequencies as the observed T, decreased. Essen-
tially no changes in the MT spectra were observed with
changing pH, as expected for a magnetization exchange
dominated by through-space dipole-dipole interactions
(14). This also demonstrated that the addition of the am-
monium chloride and citric acid at this range of pH did
not differentially affect the solidification of the agar.

Representative fitted spectra for pH 4.5 CEST, MT, and
CEST/MT phantoms are presented in Fig. 6 to allow
comparison of the spectra from the three phantom sets.
A logarithmic scale was chosen for the offset frequency

0.8

—
g 0.6 Sat..ptgz.goangla
o —PH4S 5 1000°
—_pH55 O 2500°
¢ 3835°
0.3 1 10
A (kHz)

FIG. 5. Normalized signal, S/Sy as a function of offset frequency,
A, for a logarithmic set of frequencies from 0.1 to 20 kHz for four
different saturation powers in agar MT phantoms.
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FIG. 6. Fitted CEST spectra for pH 4.5 (a) CEST, (b) MT and (c) CEST/MT phantoms. Normalized signal, S/S,, is plotted as a function of
offset frequency, A, for a logarithmic set of frequencies from 0.1 to 20 kHz for four different RF saturation powers. A semi-log axis was

chosen so that the MT effects would be visible.

axis so that both the CEST and MT effects could be
visualized effectively. Only the data points for the satu-
ration pulse angle of 500° are shown to avoid clutter and
to maximize the appearance of the CEST effect. Figure 6
shows the quality of the fit and emphasizes the changes
in the spectra that occurred in the presence or absence
of the CEST and MT pools. Most importantly, the CEST/
MT spectrum was not simply an addition of the CEST
and MT spectra, indicating that the effects of each pool
on the MR signal were not independent. This confirms
experimentally the results of a previous simulation,
which predicted that the amplitude of the CEST effect
would change if there was also an MT pool present (12).

The results of the global fitting of the data to the three-
pool CEST model of the Bloch equations are presented
in Fig. 7. Each value in the diagram is the mean and
standard deviation of the results from the three repeti-
tions of the experiment. A student’s t-test revealed that
the fitted values for Regst, AS, M5, and T3, which were
not expected to change, all did not vary significantly
between the phantom sets. The significance level was
chosen to be P = 0.1, reflecting the small sample size.

Liquid (A) CEST (C)

Reesr =151£6 5™ | MS =8.1+£1.7%

T/ =556 + 325ms|—— P
AS =301+2 Hz

a

TP =3180+£120 ms

Liquid (A) MT (B)

M2 =1.4+0.4%

R —

T} =32+6 ms
T, =18+1ps

b 1% =2530+100 ms

MS, T4, and T% fit accurately (standard deviation, SD <
7%) in the solid, agar-containing phantoms, however,
the model was not sensitive to the transverse relaxation
time, 7%, in the CEST-only phantoms (SD > 40%). The
standard deviation includes both the error introduced in
the construction of the phantoms, as well as the error in
the parameter estimates as a consequence of noise in the
data. For further discussion on the effect of noise on the
parameter fitting, please refer Appendix 2.

In Fig. 8, log(Rcest) was plotted versus the global fit
pH value for both the CEST and CEST/MT phantom sets
and a linear fit was performed. The correlation coeffi-
cient for both sets of data was > 0.999.

DISCUSSION

The results of this study illustrate the use of pulsed
CEST to obtain quantitative estimates of CEST parame-
ters including the exchange rate constant, concentration,
and relaxation properties in a phantom experiment in
the presence or absence of agar and ammonium chloride
across a range of pH.

Liquid (A)
obs __
TA -48+5 ms T7>°=2570£110 ms
/ \RCEST =160+7s"

MT (B)
M2 =1.4+0.4%

CEST (C)
MS =5.8+0.4%
AS =300+2 Hz

TE=15+2ps
Ty, =40+2 ms

Cc

FIG. 7. Compartmental diagrams showing the observed T; values and parameters which were successfully fit to the model for each of
the three phantom types (a) CEST, (b) MT, and (c) CEST/MT. The CEST exchange rate constant, Rcest, was shown only for pH 4.5. In
full, the fitted values for Rgest for the pH range from 4.5 -5.5 for the CEST phantoms were: 151 = 6, 237 *= 6, 356 = 17, 556 * 30,
and 939 * 37 Hz. For the CEST/MT phantom the fitted values for Rcest were 160 + 7, 246 = 18, 373 = 8, 573 *= 22, and 966 + 32
Hz. Errors shown are the standard deviations between results from the three experiments. RE and RS are not shown because they were

fixed to 1 s~ for all analysis.
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FIG. 8. The linear relationship between log(Rcest) and pH in the
range from pH 4.5 to 5.5. pH = 1.28 x log(Rcest) + 1.73. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

It is apparent from Fig. 3 that the range of pH of am-
monium chloride chosen for this experiment represented
intermediate exchange. The CEST effect, while well
defined at pH 4.5, diminishes as the pH increases and
the exchange rate approaches that of coalescence. At pH
5.5, the direct effect and the CEST effect are beginning to
merge, and with further increases to pH the ability to
uniquely determine the CEST parameters would be lost.

The parameters which were fit with the greatest stabil-
ity were the CEST exchange rate constant (Rcpst) and
the frequency offset of the CEST pool (AS). The standard
deviation of both of these parameters was less than 6%
between the three repetitions of the experiment. Further-
more, Repsr and A§ from the CEST and CEST/MT set
global fits were equal to within the parameters’ confi-
dence intervals. From these results, it can be concluded
that these CEST parameters can be determined inde-
pendently of an MT pool. In the case of A§, which did
not vary with pH, it suggests that an a priori measurement
of this value could be made and used in future experi-
ments where the CEST pool arises from the same molecu-
lar species. It would not be necessary to perform the entire
experiment to gain an estimate of A§: in separate fits of the
pH 4.5 and pH 5.5 CEST/MT data sets from a single
experiment, it was possible to obtain A§ = 298 Hz + 2%
and 300 Hz +1% —4% respectively (error values are confi-
dence intervals as discussed in Appendix 1). Likewise,
the CEST exchange rate constant, Rggst, was determined
tobe 142 5" +10% —4% for the from the pH 4.5 data and
958 s~ ' +15% —3% from the pH 5.5 data.

For the CEST/MT phantom set, the model parameters
were similar to those obtained for CEST- and MT-only
with the exception of the CEST pool fraction, M. Interest-
ingly, the errors in M§ estimates due to the fitting proce-
dure were small for all phantom sets (confidence interval
in the fit for all MS values < 5%); however, there was a
difference in the mean MS between the CEST and CEST/
MT sets. M5 was moderately reduced in the presence of
MT, with the mean and standard deviation changing sig-
nificantly (P < 0.1) from 8.1 * 1.7% to 5.8 = 0.4%. This
could be caused by a reduction in the number of available
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proton exchange sites when the ammonium chloride is
encased within the solid agar, but not affecting the CEST
exchange rate constant. This decrease is further demon-
strated by the smaller CEST effect at 300 Hz for the
CEST/MT phantom as seen in Fig. 6.

In the CEST-only phantom data, we observed a cou-
pling between transverse relaxation times of the liquid,
T4, and CEST pool, T5, that made it difficult to accu-
rately determine either parameter. Moreover, the value
for T4 was largely determined by the offset frequency at
the half-maximum of the direct effect, which was shifted
toward lower frequencies as T% increased and thus was
sampled by fewer experimental data points. It was like-
wise difficult to accurately determine the MT exchange
rate constant, Ry, as the minimization function for this
parameter was very shallow. This was consistent with
the observation made by Portnoy and Stanisz (35) that it
is only possible to determine the range of Ryt and not
necessarily its exact magnitude given the limited set of
frequency offsets and using pulsed saturation. Similar to
the correlation noted between Ryt and the MT pool frac-
tion, M, in previous studies on agar (17), we obtained a
high correlation coefficient for Rcgst and M. The cause
of these correlations has a similar root; in several places,
these parameters appear multiplied together in the differ-
ential Bloch equations (Eq. 1), which makes it difficult
for them to be disentangled by the fitting algorithm.

Given that there are four exchange sites per molecule
of NH,Cl, and the CEST phantoms contain 1M NH,CI in
55M water, this yields a 7.2% concentration of NH,CI
protons. This value agrees with the fitted one of 8.1 =
1.7% for the concentration of CEST pool protons, M.
The chemical shift of NH,4CI reported in the literature is
2.4 ppm (480 Hz at 4.7 T (5)), which is consistent with
the value of 2.35 ppm obtained in this work (~300 Hz at
3 T). 2% agar prepared at neutral pH was found to have
a concentration of protons in the macromolecular pool,
M3, of 0.51 * 0.1% and a T% of 12.9 * 0.1 us (17) com-
pared with 1.4 * 0.4% and 17.7 = 1.1 ps in this work.
This mismatch could be attributed to either the large dif-
ference in pH between the agar samples in the two stud-
ies, or the differences in chemical formulation of the
agar between manufacturers.

There were also differences in the observed longitudi-
nal relaxation, T;.,s, and the transverse relaxation time
for the liquid pool, T% between this study and other pub-
lished values. In the literature for 2% agar, 1/Rions =
Tiobs = ~2040 ms (17) and T4 was 60 ms while we
observed 2550 and 35 ms, respectively. We attribute the
changes in T4, T3, and Mj to differences in the agar
structure between neutral pH and the 4.5-5.5 pH range
caused by the addition of the citric acid buffer, which
was not an element of the earlier experiments.

Quantitative CEST vs. CEST Asymmetry

In this study, we found a linear relationship between
log(Rcest) and pH regardless of the presence of the MT
pool (Fig. 8). This is expected if the exchange is entirely
in the acid- or base- catalyzed regime such that the pro-
ton exchange rate is proportional to the number of pro-
tons that are free in solution (31).
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FIG. 9. The theoretical proton transfer ratio (CEST asymmetry) is
plotted as a function of pH for both CEST and CEST/MT phan-
toms types and saturation pulse flip angles of 500° and 2500°.
The values for Rcest used in the simulation were determined
according to the relationship between pH and Rgest derived in
Fig. 8 and the other parameters were taken from the results of the
fitting as shown in Fig. 7.

This quantitative method of pH determination was
compared with the most commonly used experiment for
observing the CEST effect, called the “CEST asymmetry”
or “proton transfer ratio” method (6—8,42) proposed by
Zhou (6). Three images are typically acquired, one with
saturation at the resonance frequency offset of the CEST
pool: S(AS), one at the frequency of opposite sign
S(—AS), and a reference image without saturation: S,.
This is analogous to the method of creating MT ratio
images, but with the symmetric component of MT sub-
tracted. An asymmetry image is created by calculating
proton transfer ratio = [S(—AS)-S(AS)]/S, (38). CEST
properties determined from asymmetry measurements
require that the CEST effect changes independently of
the properties of the MT pool. It is also dependent on
the sequence parameters (including RF amplitude and
shape), which may cause difficulties in comparing
results between different studies.

In Fig. 9, the CEST asymmetry is simulated as a func-
tion of pH for both the CEST and CEST/MT phantom
types according to the parameter estimates from this
study and the relationship between Rcpst and pH deter-
mined from Fig. 8. The relationship between pH and
asymmetry is nonlinear, and changes depending upon
the choice of saturation pulse amplitude and the pres-
ence of an MT pool. This exemplifies the fact that the
asymmetry method may not be robust under situations of
changing macromolecule concentration, and a relation-
ship between CEST asymmetry and pH derived without
accounting for these factors may be invalid.

Reduction in the MT Contribution

It is possible by referring to Eq. [1] and by choice of ex-
perimental parameters to minimize the contribution of
the MT pool to the signal and thus preserve the utility of
asymmetry analysis. It can be concluded from Fig. 9 that
a choice of a lower saturation pulse amplitude (in this
case, an effective saturation flip angle of 500°) much
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reduces the difference between the CEST and CEST/MT
results for asymmetry as a function of pH. However,
there is a risk that this choice of parameters will not be
optimal for maximizing the sensitivity of the experiment
to changes due to CEST.

Although this work focused on a CEST pool which is
representative of the endogenous labile proton groups,
the method is equally applicable to PARACEST and
other CEST-based contrast agents with an offset fre-
quency which can be orders of magnitude greater than
the endogenous contributors. In this case, another factor
that can be chosen to reduce the effects of MT on the
CEST measurements is the B, field strength. The band-
width of the MT effect is only dependent on the T, of
the MT pool, T%, therefore its extent in offset frequency
does not change much with increasing field strength.
The resonance frequency of the CEST effect, however, is
proportional to the field strength. If the B, field strength
is sufficiently high, the CEST effect could be shifted out
beyond 50 kHz where the MT effect is negligible. The
CEST protons can then be saturated without affecting the
MT pool. Imaging at higher field strength, however,
brings its own challenges. For one, the availability of
clinical scanners at field strengths higher than 3T is lim-
ited, the absorbed RF power increases approximately
with the square of the field strength (43) and B,/B, inho-
mogeneities significantly increase. It is not clear that a
gain in CEST contrast would be possible at higher field
strengths within the safe limit of human RF absorption.

Using different PARACEST contrast agents could also
reduce the impact of the MT effect on the CEST-related
signal (18); however, the maximum discovered resonance
shift is around 500 ppm, which is still insufficient to
completely avoid the MT-affected region of the spectrum
for field strengths of 3T and below.

In vivo Application

With the current protocol, one image took 100 s to ac-
quire for a total acquisition time of 5 h for 45 offset fre-
quencies at four saturation pulse amplitudes. Although
the total imaging time was substantial, this acquisition
involved a dense sampling of the offset frequency range
to capture the large variation in behavior between phan-
toms of differing pH. With some a priori knowledge
about the expected range of quantitative CEST and MT
parameters, the choice of offset frequencies and satura-
tion pulse amplitudes could be optimized so as to
decrease the scan time while improving the sensitivity of
the experiment to changes in CEST parameters, similar
to what has been accomplished with two-pool models of
MT (44,45). As there are eight free parameters in the
model, in the absence of noise and correlated parameters
only nine points on the spectrum would be required to
obtain a unique solution. This would reduce the scan
time to under 20 min. More realistically, for the same
SNR as obtained in these experiments, we expect to be
able to reduce the number of acquisitions to ~20 (10 off-
sets each for two saturation pulse amplitudes). In cases
where the anatomy of interest is localized, a 2D scan
could be implemented instead of the 3D scan used in
these experiments, which would further reduce scan
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time by approximately a factor of six. Paired with a fast
acquisition method, such as echo-planar or parallel
imaging, it is reasonable that the quantitative pulsed
CEST experiment could be performed in a time amenable
to in vivo application.

In vivo, for either the case of endogenous CEST or
PARACEST, the concentration of the exchanging protons
is considerably smaller (on the order of 1-100 mM; 72
mM for amide protons (6)), and therefore the relative
influence of the MT pool is enhanced over the phantoms
used in this article. The MT pool size fraction, My, is
also typically in the range of 5-20% (46), which is larger
than the 1.4% reported for the agar in this article. These
two factors increase the contribution of MT to the in
vivo saturation transfer experiment and further affect the
asymmetry measurements (12), highlighting the need for
an MT-independent measure of CEST.

CONCLUSIONS

The pulsed CEST method has been shown to provide
consistent results for calculating CEST-related parame-
ters in the presence of a MT pool in a phantom study.
This will assist in the determination of pH and
exchangeable proton concentration from in vivo CEST
experiments using PARACEST contrast agents or meas-
uring the properties of endogenous CEST contributors
such as those of amide proton transfer.
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APPENDIX A
Computation of R} for Two- and Three-Pool Models
We first considered the behavior of the longitudinal

component of the magnetization in the two-pool system
in the absence of RF irradiation:

dMA
a = (—R{' — RurMg)M;' + RyrM,) + R{ Mg

dMP [A1]
gi = BurM;! + (=BY — Rur)M] + RYMy

The longitudinal relaxation which would be obtained
by an inversion recovery experiment is determined by
solving this system of differential equations for M, and
observing the rate of decay of the exponentials in the so-
lution. As this is a first order system of equations with
constant coefficients, the solution has the form:

2
M =Y G

i=1

(A2]

where C; are constants and \ are the eigenvalues of the
matrix formed by the coefficients above, and describes
the return of the system to equilibrium after the system
has been disturbed by the inversion pulse. At some time
after the inversion pulse (TI), the term with the eigen-
value of smallest magnitude will dominate the behavior
of MZ; therefore it represents the rate observed in the
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standard experiment (R{,,). Equating this eigenvalue
with R, yields an expression for R, in terms of the
other exchange and relaxation rates, including R{. One
can isolate R from this expression, resulting in the fol-
lowing solution (17):

HMTM(? (B? — Rllqobs)

R = Rigps —
B A
obs Bl — Hlobs + Ryt

[A3]

Likewise, the relationship between the observed T1
and the intrinsic T1 (1/ R{) of the bulk water in the pres-
ence of a CEST pool can be derived from the three-pool
exchange-modified Bloch equations in the absence of RF
irradiation:

dMm2 " 5 o ;
dt :(_Hl — BurMy — ReestM, )MZ -+ RyrMy
+ RegstMY + Ry Mg
dMPB [A4]
i ~RurM; + (=Ry = Rur) M, + RYM
dMm¢

=RoestMy M + (—R{ — Regst) M + RY Mg

dt

and following the same procedure to obtain the smallest
eigenvalue and solve the expression for R{ in terms of
Ril1s, thus eliminating it from the set of free parameters.
Although a symbolic expression for R{ was obtained in
MATLAB, it was in an unsimplified form and of too
great a length to present here.

APPENDIX B
Statistical Errors and Parameter Correlations

This section addresses the errors and correlations that
arose in the estimated parameters as a result of the fit-
ting procedure and noise in the data, as well as the
choice of sequence parameters.

Parameter correlations were calculated by a modified
version of the MATLAB function nlparci from the resid-
uals and Jacobian matrix returned by the fitting algo-
rithm (47). The confidence intervals were calculated
separately for the grouped data sets from each experi-
ment. After the fit was completed, the x? value was cal-
culated as a function of simulated changes in pairs of
model parameters, keeping all other parameters equal.
Contour plots of x* levels vs. parameter changes were
produced. The confidence intervals were defined as the
2D region of the contour plot within which the x* value
does not exceed a target maximum value determined by
the following function (48):

(B1]

np B
N_ on(np,N np,P))

X’ =X (1 +
where x§ is the original x* of the best-fit curve; N is the
number of data points; np, the number of fitted parame-
ters; P, the desired confidence level (we have chosen
0.68) and F, the F-distribution function (48). Ultimately,
a conservative estimate of the confidence interval was
chosen as the maximum and minimum values each pa-
rameter could achieve (amongst all two-parameter combi-
nations) without exceeding the target x* value.
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FIG. 10. Contour plot illustrating x> as a function of two parameter pairs: a: Changes in the relative size of the CEST pool, M3, and the offset
frequency of the CEST pool, AS, b: Changes in the T, of the free water pool, T3, and a linear scale of the CEST exchange rate constant,
Rcest- The 68% confidence interval is marked with a heavy outline. There is little correlation between Mg and AS in a) and thus the accuracy
of determining these parameters is high. Figure 10 b), in contrast, shows the strong correlation between T3 and Rcesr-

Examples of the statistical error analysis of the fitting
procedure are shown as contour plots in Fig. 10. The
contour color levels in the plots represent the x* value,
with a thick outline marking the 68% confidence region
calculated from Eq. A2-1. Typically, a large x* value (>
1) is obtained when the model does not accurately fit the
data, and a very small x* value (< 1) is obtained when
the model is overfitting the data (i.e., if there are more
parameters than required for the model to fit the data).
Two features of the plots were considered, the width of
the 68% confidence region in both dimensions, and
whether the region is angled with respect to the axes. A
large width occurs when the changes in the shape of the
model curve are minimal with respect to changes in the
fitted parameter, which is a warning that the parameter
is very sensitive to noise in the data. The angled contour
occurs when the two parameters are correlated, and thus
there is not a unique set of parameters which contribute
to the same x* value. Figure 10a shows the response of
the x? function to changes in M5 and A§, as an example
of two parameters, which were fit reliably and were
uncorrelated. This behavior was typical of most of the
combinations of parameters. The response of the x* func-
tion for T4 and a linear scale of all Rcpst values is
shown in Fig. 10 b. Correlation between these two pa-
rameters is evident as a slope in the contours. The fol-
lowing parameter pairs were also found to exhibit this
relationship: Ryt and MB, Repst and MS, and T4, and
T5. Despite the existence of some correlation, the confi-
dence intervals for the CEST parameters as determined
from the global fits were calculated as follows: M5+1%
—4% (unequal upper and lower bounds), Reest = 6%,
AS + <1%.
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