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Abstract
Chemical exchange saturation transfer (CEST), arising from the generally mobile groups, and
magnetization transfer (MT) contrast arising from immobile protons, have enjoyed wide
popularity recently in MRI applications. It is often difficult to separate genuine CEST signatures
from MT effects, which are asymmetric with respect to the water resonance. A two-pool model for
magnetization transfer (MT) is established fully based on Provotorov’s theory of saturation, and
then extended to the situation of simultaneous two-frequency rf irradiation. Numerical simulations
and experimental results demonstrate that two-frequency rf irradiation can flatten out MT
asymmetry when both frequency components lie within the spectrum of an MT pool. Based on
this result, we propose a strategy to isolate chemical exchange saturation transfer (CEST) contrast
from MT asymmetry contrast by using the two-frequency rf irradiation technique.

1. Introduction
Magnetization transfer (MT) is in general a macroscopic phenomenon in which two distinct
pools of nuclear spins exchange their magnetic polarizations. In the field of magnetic
resonance imaging (MRI), MT indicates a specific phenomenon: one of the two pools
consists of water protons, the amount of which is present in large excess in tissues and
organs, and the other consists of protons associated with solid-like macromolecules, between
which there can exist either a physical exchange or a magnetization exchange via relaxation
pathways such as NOE [1–3].

The term, chemical exchange saturation transfer (CEST), is used when MT is caused by
chemical exchange, especially between water protons and exchangeable solute protons [4–
6]. In tissues and organs, CEST may occur together with MT, which makes the quantitative
measure of CEST difficult. In principle, CEST can be distinguished from conventional MT
by its frequency selectivity: CEST may occur in a very narrow range of frequencies, which
can be selectively irradiated, compared with MT happening over a wide range of
frequencies. It is not trivial, however, to separate the two effects if an asymmetry in MT
exists. Such cases are very common in tissues [7, 8].
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In previous work [9, 10], it was demonstrated that one can achieve uniform saturation of a
strongly-coupled spin system by simultaneously irradiating at two different frequencies that
lie within its spectral range broadened by dipolar couplings. If the MT exchange processes
occur on a timescale that is slower than the rate of saturation, the two-frequency rf
irradiation may uniformly saturate those protons belonging to macromolecules in tissues and
organs. As a result, the magnetization of water protons diminishes through MT exchange
processes. Consequently, the MT effect becomes independent of the frequency positions of
the saturating rf irradiation. On the other hand, due to the frequency selectivity of CEST
agents, two-frequency rf irradiation does not significantly alter CEST dynamics. Therefore,
an unencumbered extraction of CEST contrast can be expected.

In this work, we establish a two-pool model for MT based on Provotorov’s theory of
saturation and extend the model to describe the dynamics under simultaneous two-frequency
rf irradiation. Through numerical and experimental studies, we show that two-frequency rf
irradiation can make the MT effect uniform and that it is possible to isolate CEST from MT
asymmetry effects. Finally, a novel two-frequency CEST scheme is proposed, which will be
useful for the quantification of CEST contrast.

2. Two-pool model under two-frequency rf irradiation
Provotorov’s thermodynamic theory has been used to describe the dynamics of a strongly
coupled spin system under weak rf irradiation [12, 13], i.e., when the strength of the rf
Hamiltonian is much smaller than the Zeeman and dipolar Hamiltonians. By treating the
weak rf irradiation as a perturbation, the master equation can be solved by iteration to the
second order under the assumption that the density operator is described at all times by a
quasi-equilibrium form ρ(t) = (1/2N) [1 + βS(t)ω0Sz − βd(t) ], where βS and βd are
respectively the Zeeman and dipolar inverse spin temperatures, ω0 is the resonance
frequency, and  is the dipole-dipole interaction Hamiltonian. By introducing the spin and
dipolar polarizations PS = (2/N)〈Sz〉 and Pd = (2/N)(〈 〉/ωloc), one can obtain a set of first-
order coupled differential equations as follows [11]:

(1)

and

(2)

where 〈O〉 ≡ tr{Oρ}, , Δ ≡ ω0 − ω is the frequency difference between
the resonance frequency ω0 and the frequency ω of the weak rf irradiation, ,
ω1(≪ ωloc) is the amplitude of the weak rf irradiation, gS(Δ) is the normalized absorption
line shape for a spin S, T1,S and T1,d are the spin-lattice relaxation times for the Zeeman and
dipolar reservoirs, respectively, and PS,0 is the thermal equilibrium polarization. Eqs. (1) and
(2) are valid in both the rotating and laboratory frames.

To build a two-pool model for MT, one can add an additional Zeeman polarization PI
without any dipolar reservoirs attached, representing protons in bulk water, for example.
Following the same procedure leading to Eq. (1), it is easy to show that the spin polarization
follows a kinetic equation
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(3)

Notice that Eq. (3) is written in the laboratory frame and valid if ω1 ≪ ω0 and the changes in
PS and Δ are small on a time scale of the spin-spin relaxation time T2 or the inverse of the
line width. In the rotating frame, the perturbation approach cannot be applied because there
is only the rf term in the spin Hamiltonian. In addition, Eq. (3) has been derived without any
assumptions about the form of g(Δ). It is straightforward to check that Eq. (3) gives exactly
the same steady state as the Bloch equations with a Lorentzian line shape gLorentz(Δ) = (T2/
π)[1 + (ΔT2)2]−1.

A two-pool model for MT can be established by combining Eqs. (1), (2), and (3) and adding
exchange terms. It is customary to assume that the exchange between the two pools is a first-
order process. The equations

(4)

(5)

and

(6)

can be used to describe MT phenomena. By setting Pd = 0, one obtains the relevant
expressions for the description of CEST phenomena. Notice that Δ is measured from the
resonance of spin I and that the chemical shift of spin S is imbedded in the line shape
function gS(Δ).

With additional irradiation frequencies, we cannot take recourse of a rotating frame in which
the Hamiltonian is time-dependent, so the description of the dynamics becomes more
complicated. On the other hand, it was shown that the accomodation of additional weak rf
irradiation was rather straightforward in the laboratory frame [9]. If the differences between
irradiation frequencies is much larger than the amplitudes of the rf fields, the cross effect
caused by the simultaneous existence of two rf fields can be shown to be negligible, and
each frequency contributes to the kinetics in the same way as in Eqs. (1) and (2) or Eq. (3).
Therefore, the kinetic equations for a two-pool model for MT with a dipolar reservoir and
under two-frequency rf irradiation will be given by:

(7)

(8)

and
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(9)

where the primed symbols W′ and Δ′ are the transition rate and the offset for the second rf
irradiation at ω′. Likewise, CEST under two-frequency rf irradiation can be described by
Eqs. (7) and (8) with Pd = 0.

By setting dPI/dt = dPS/dt = dPd/dt = 0, Eqs. (7), (8), and (9) give the steady-state solutions
PI,∞, PS,∞, and Pd,∞:

(10)

(11)

and

(12)

where  and

.

3. Numerical Study
Eqs. (4), (5), and (6) can now be solved numerically to check whether they produce a proper
two-pool model. Two different examples are investigated, depending on the spectral
parameters given to spin S. Let us call them the MT and CEST cases.

The simulation parameters were chosen as follows. The relaxation times for spin I, T1,I = 5 s
and T2,I = 1 s, were set to be similar to those of the water proton NMR signal in the
chondroitin sulfate (CS) solution used in the experimental study (Section 4). The same T1
relaxation time was used for spin S, i.e., T1,S = T1,I, because the concentration of spin S was
set to be small: The initial and equilibrium polarizations PI,0 and PS,0 were assumed to be
0.99 and 0.01. Therefore, it may be assumed that the major relaxation mechanism for spin S
is due to the fluctuating dipolar field from spin I, which makes the T1 relaxation times
similar. The resonance frequency of spin S was set to be 1500 Hz, which is the frequency
offset measured from the resonance frequency of spin I. If the external static magnetic field
is 11.74 T, this value of 1500 Hz is close to the chemical shift (3.2 ppm) of amide protons
relative to the water signal in cartilage [14, 15].

The line shape of spin I was assumed to be Lorentzian. For the CEST case, the line shape of
spin S was also set to Lorentzian with T2,S = 1 s. The exchange rates kI→S and kS→I were set
to 1 s−1 and 99 s−1, respectively. They are 3 to 5 times higher than the reported chemical
exchange rates of amide protons [5, 6], so the CEST effect was exaggerated in our
simulation. For the MT case, we assumed that spin S had a Gaussian line shape with ωloc =

2π × 1000 Hz or . The exchange rates
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kI→S and kS→I were set to 0.01 s−1 and 0.99 s−1, respectively, to produce the Z spectra
similar with those of the CEST case. They are about 10% of the reported proton exchange
rates of gelatin [16].

In Fig. 1(a), the numerically calculated PI after a 5 s-long rf irradiation with ω1/2π = 100 Hz
are plotted against the frequency offsets of the rf irradiation, which are the so-called Z
spectra. And Fig. 1(e) shows the asymmetries of the Z spectra, which were obtained by
subtracting PI’s at the positive frequency offsets from PI ’s at the corresponding negative
frequency offsets: PI(−Δ) − PI(+Δ). The MT and CEST cases are presented as black and red
lines, respectively. In Fig. 1(a), two Z spectra are very similar except for the spike at 1500
Hz due to the CEST effect. In our simulation, the CEST and MT effects were so small that
the only visually perceptible contribution to the Z spectra was the direct saturation of spin I.
However, the asymmetry curves reveal the difference more clearly, as seen in Fig. 1(e).

In Figs. 1(b)–(d), the Z spectra of spin I after a 5 s-long two-frequency rf irradiation with the

rf amplitudes  and the distance between the two frequency components |
Δ − Δ′ | = 2π× 2000 Hz, 5000 Hz, and 10000 Hz, respectively, are plotted against the central
frequency offsets (Δ + Δ′)/2. So PI at f0 in the Z spectra resulted from the two-frequency rf
irradiation at f0 + f and f0 − f, where f ≡ |Δ − Δ′ |/2. The asymmetries of the Z spectra were
also calculated against the central frequency offset (Δ + Δ′)/2 as  and
are shown in Figs. 1(f)–(h).

With two-frequency rf irradiation, the Z spectrum is expected to have two dips due to the
direct saturation of spin I as each frequency component independently sweeps the resonance
of spin I, which is clearly shown in Figs. 1(b)–(d). For the CEST case, there are two more
dips due to the CEST from spin S to spin I. When the distance between the two frequency
components is smaller than twice the chemical shift difference between spins I and S, the
two CEST dips will reside on the same side with respect to zero frequency, although one of
them may be buried in one of the major dips due to the direct saturation as seen in Fig. 1(b).
The corresponding asymmetry curve will have two CEST peaks with one sign as seen in
Fig. 1(f). If the distance between the two frequency components is larger than twice the
chemical shift difference, the two CEST dips will reside on opposite sides around zero
frequency as seen in Figs. 1(c) and (d). These two CEST dips will contribute to the
corresponding asymmetry curve as positive and negative peaks, as seen in Figs. 1(g) and (h).

For the MT case, the Z spectra with two-frequency rf irradiation, shown in Figs. 1(b)–(d),
look like a simple duplication of the Z spectrum with the single-frequency rf irradiation.
However, when the corresponding asymmetry curves are evaluated, there are cases in which
only one asymmetry peak appears at the larger frequency offsets, as seen in Figs. 1(f) and
(g). The flat regions at the smaller frequency offsets in the asymmetry curves in Figs. 1(f)
and (g) can be explained by the uniform saturation of spin S when both frequency
components lie within the spectrum of spin S, hence resulting in the uniformity of the MT
effect. The MT asymmetry peak appears when the frequency offset is large enough such that
only one frequency component touches the spectrum of spin S, and MT is no longer
uniform. If the distance between the two frequency components is too large such that only
one frequency component lies within the spectrum of spin S at all the frequency offsets, the
asymmetry curve will have positive and negative peaks similar to the CEST case, as seen in
Fig. 1(h).

When comparing the Z spectra shown in Figs. 1(b)–(d) to each other, one notices that PI
also depends on the distance between the two frequency components: PI is bigger when the
distance between the two frequency components is larger. The major contribution to this
dependence would be the direct saturation effect. The uniformity of the MT effect can be
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checked only when the direct saturation effect is removed, which is done for paired
frequency offsets in the asymmetry curve.

While the two-pool model established here accounts for MT and CEST separately, the
results can be projected to the mixed (CEST + MT) case to some extent if the exchange rate
between MT and CEST pools is much smaller than the individual MT or CEST exchange
rates. Given that the bulk water pool is typically much larger than either the MT or CEST
pool, in practice this assumption is often valid. In such a case, our simulation results imply
that two-frequency rf irradiation can isolate CEST effects when it flattens out the asymmetry
caused by the MT effects.

4. Experiments
The Z spectra under single- and two-frequency rf irradiations were obtained from CS
solution, gelatin, and a bovine cartilage piece. These samples were chosen to respectively
represent the CEST, MT, and mixed (CEST + MT) cases. All NMR experiments were
performed using a Bruker Avance 500 MHz NMR spectrometer equipped with a broadband
observe (BBO) probe, of which the outer saddle coil was used for proton NMR experiments.
To reduce radiation damping effects, the probe was detuned to 508 MHz. Depending on the
exact tuning and matching conditions, the duration of the 360° pulse was between 230 μs
and 264 μs.

The CS solution was prepared in a 5 mm o.d. NMR tube by dissolving a CS sodium salt
from bovine cartilage, purchased from Sigma-Aldrich, in a 50:50 H2O/D2O solution to give
a concentration of 1% wt. The spin-lattice and spin-spin relaxation times for the water
protons peak were measured to be 5.8 sec and 880 ms, respectively. The Z spectra were
obtained with a 2 s-long rf irradiation followed by a 5° reading pulse. The amplitude of the 2
s-long rf irradiation (γB1/2π) was 100 Hz, and each experiment was repeated twice with
alternating the phase of the rf irradiation in order to kill residual transverse magnetization.
The recycle delay was set to 40 sec. Two-frequency rf irradiation was implemented by
cosine pulses with the modulation frequencies from 1 kHz to 4 kHz, each of which consisted
of 100,000 digitized steps. For example, the cosine pulse with the modulation frequency of 1
kHz had 50 digitized steps per cycle. The amplitude of the cosine pulses was set to 200 Hz,
so each frequency component had the amplitude of 100 Hz. The frequency of the single-
frequency rf irradiation or the center frequency of the cosine pulses were stepped from
−4500 Hz to 4500 Hz at intervals of 100 Hz.

The Z spectra measured from the CS solution and their asymmetry curves are shown in Fig.
2. There are two groups of exchangeable protons (-NH and -OH) and two non-exchangeable
MT sites (CH and N-acetyl residues) in the CS molecule (Fig. 2(a)), which give a broad
positive bump spanning from 0 Hz to 1500 Hz in the asymmetry curve obtained with single-
frequency rf irradiation (See Fig. 2(c), in which the two exchangeable sites are assigned.)
[14, 15]. And with two-frequency rf irradiation, those CEST sites were scanned two times
during the measurement of the Z spectra (Fig. 2(b)) and appeared as one negative and one
positive peaks in the asymmetry curves (Fig. 2(c)), as expected from the numerical study in
Section 3.

For gelatin sample, gelatin powder (type B, from bovine skin, purchased from Sigma-
Aldrich) was dissolved in heated water, then cooled down to the room temperature in order
to obtain the gel state. The concentration of gelatin was 15% wt, and the gel was put into a 3
mm o.d. NMR tube. which was placed in a 5 mm o.d. NMR tube filled with D2O. This
separation from D2O was necessary because the water proton resonance peak was distorted
and proper shimming of the sample was not possible when the deuterium lock was operating
with gelatin prepared in a mixture of H2O and D2O. This effect could perhaps be related to
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the MT mechanism in gelatin. The spin-lattice and spin-spin relaxation times of the water
proton peak were 2 sec and 100 ms, respectively. The relaxation delay was set to 20 sec. The
single-frequency and two-frequency rf irradiations were applied for 0.5 sec and followed by
a 5° reading pulse. For two-frequency rf irradiations, cosine pulses with modulation
frequencies from 1 kHz to 6 kHz were used, each of which consisted of 50,000 digitized
steps (i.e., there were 100 digitized steps per cycle in the cosine pulse with the modulation
frequency of 1 kHz). The frequency of the single-frequency rf irradiation and the center
frequencies of the cosine pulses were varied from −8000 Hz to +8000 Hz at intervals of 100
Hz.

Interestingly, the Z spectrum of gelatin, obtained with single-frequency rf irradiation,
revealed a narrow spike at 1400 Hz or 2.8 ppm downfield from the water protons resonance
(Fig. 3(a)), which may indicate that gelatin contain some exchangeable protons [16]. When
the asymmetry curve is plotted, there exist two narrow positive peaks between 0 Hz and
2000 Hz, and the asymmetry clearly stays negative beyond 2000 Hz, which suggests that the
MT effect is not symmetric around the water resonance and that this MT pool should have
its center frequency on the upfield side of the water protons resonance. In Fig. 3(b), the two
CEST peaks are assigned and the range where the asymmetry curve stays negative is
indicated as ‘MT’. The Z spectra obtained with cosine pulses or two-frequency rf irradiation
(Fig. 3(a)) showed two dips due to direct saturation of water protons together with the
narrow spike duplicated. Compared with the Z spectra from the CS solution, the Z spectra
from gelatin showed less signal intensity of water protons, which is an indication of MT
between water protons and protons in gelatin.

The corresponding asymmetry curves were plotted in Fig. 3(b). As expected, the narrow
spike at 1400 Hz produced two peaks, one negative and one positive, in the asymmetry
curves. For some cosine pulses, for example, when the modulation frequency was 3 or 4
kHz, the asymmetry was zero around the zero frequency until the negative peak appeared, as
with the MT case of the numerical study in Section 3. By contrast, when the cosine pulses
with larger modulation frequencies, say, 5 or 6 kHz, were applied, it can be seen that the
asymmetry curves deviated from zero and moved to the positive direction before the
negative peak appeared. This deviation is exactly the opposite of the broad negativeness
observed in the asymmetry curve from single-frequency rf irradiation, which suggests that
the situation is more like the CEST case and that the distance between two frequency
components may be larger than the spectral range of the protons causing this MT effect.

A bovine articular cartilage piece was cut from a frozen patella, without bone segment, and
placed in phosphate buffered saline solution for an hour. The cartilage piece was then
blotted dry and put into a 3 mm o.d. NMR tube with Fluorinated oil (Fluorinert, FC-84,
Oakwood) filling the void spaces for protection and reduction of susceptibility artifacts. Like
the gelatin sample, the 3 mm o.d. NMR tube was placed in a 5 mm o.d. tube filled with D2O
for the deuterium lock. The spin-lattice and spin-spin relaxation times for water protons
were measured to be 4.2 sec and 80 ms, respectively. For the Z spectra, the same pulse
sequence parameters were used as the CS solution.

The Z spectrum obtained with single-frequency rf irradiation (Fig. 4(a)) shows a single dip
around the zero frequency offset and much less intensity of water protons for all the
frequency offsets compared with the CS and gelatin samples, which may be evidence for
prevailing MT effects. Cartilage should have some exchangeable protons [14], which are
barely seen in the Z spectrum. However, the corresponding asymmetry curve (Fig. 4(b))
clearly shows one narrow peak around 500 Hz or 1 ppm, can be assigned to CEST between
water and -OH protons. At larger frequency offsets the curve converts into a broad negative
baseline offset, which can be interpreted as large MT asymmetry effects.
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The Z spectra obtained with cosine pulses (Fig. 4(a)) showed that the signal intensities of
water protons became visibly smaller even when any of the two frequency components were
not directly saturating the water protons. The corresponding asymmetry curves (Fig. 4(b))
showed that the asymmetry remained zero when the frequency offsets were small and until
the negative peak appeared. Note that the integral of the asymmetry peak due to CEST
became smaller with two-frequency rf irradiations as compared with single-frequency rf
irradiation. When normalized to the integral of the asymmetry peak with single-frequency rf
irradiation, the integrals of the negative asymmetry peaks were 0.55, 0.77, 0.92, and 0.87 for
the cosine pulses with the modulation frequencies of 1 kHz, 2 kHz, 3 kHz, and 4 kHz,
respectively. The negative peaks were chosen for this comparison, because they appear at
smaller frequency offsets, where MT contributions are supposed to be minimal, as seen from
the numerical studies (Section 3). If the areas of the negative asymmetry peaks from the
cosine pulses with the modulation frequencies of 2 kHz, 3 kHz, and 4 kHz are taken into
consideration, the average area is 0.85, and the standard deviation is 0.06. The area from the
cosine pulse with the modulation frequency of 1 kHz was not included because it is
exceptionally smaller, which could be caused by the simultaneous saturation of different
CEST and NOE sites in cartilage [15].

5. Discussion
The kinetic equation for a spin without any dipolar reservoirs attached, Eq. (3), was derived
in the laboratory frame, in which the condition for a perturbation approach, ω1 ≪ ω0, can be
found. In contrast to the condition ω1 ≪ ωloc for Eqs. (1) and (2), which compares the
strength of a perturbation with the spectral width of the dipolar reservoir, there is no such
condition for Eq. (3). Therefore, it appears that Eq. (3) is still valid even if the amplitude of
the applied rf field ω1 is larger than the spectral linewidth. For example, Eq. (3) predicts the
same steady-state solutions, regardless of the value of ω1, as the Bloch equations (where the
lineshape is Lorentizan). On the other hand, in the case when the applied magnetic field
causes the Larmor precession of the magnetization vector, and consequently large and fast
changes in the spin state, Eq. (3) may not be applied unless such Larmor precession is
suppressed quickly enough. Such may be the case, for example, when a given system has
fast transverse relaxation [17].

Previously, general line shape functions have been incorporated into the MT formalism via
the Bloch equations [17]. In subsequent work, the kinetic equation for the dipolar reservoir
was added [18]. The resulting equations are in accord with Eqs. (4)–(6), therefore the
expansions of the MT formalism based on earlier work would not be affected [19–21]. The
big advantage of deriving Eqs. (4)–(6) based on the Provotorov thermodynamic theory is
that it provides a very simple conceptual framework with analytical results under
approximations, which are satisfied in most cases. As for the uniform saturation under
simultaneous two-frequency rf irradiations, it involves dipolar interactions between spins,
which cannot be described by the Bloch formalism. By contrast, it is straightforward to
incorporate two or more simultaneous rf irradiations with the Provotorov approach [9].

As a test for a mixed (CEST + MT) case, a sample of CS dissolved in agarose gel was also
tested. However, the MT effect from agarose gel was symmetric, which means that two-
frequency rf irradiation may not be required to isolate the CEST effects.

The uniformity of the MT effect is expected to occur as long as the two frequency
components simultaneously touch the spectrum of spin S. From our gelatin experiment, for
example, the asymmetry peak was produced at smaller frequency offsets when the
modulation frequency was as large as 5 or 6 kHz (Fig. 3(b)), which indicates that only one
frequency was within the spectral range of MT, and consequently uniformity of the MT
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effect was not achieved. In practice, it will be useful to determine the optimal distance
between the two frequency components for a given sample, in order to insure the uniformity
of the MT effect.

Cosine modulated pulses were used to apply two rf frequencies symmetrically around their
center frequencies. They were implemented as digitized shapes with 50,000 steps for 0.5 s-
long pulses and 100,000 steps for 2 s-long pulses. This number of steps should be large
enough to approximate a continuous time variation of the rf amplitudes even at the highest
modulation frequency for the given pulse duration. However, the experimental results
showed spikes in the Z spectra at multiples of the modulation frequencies of the cosine
pulses. For example, big spikes were observed especially at triple the modulation
frequencies, which likely arised from digitization and truncation errors.

A practical constraint with the implementation of two-frequency rf irradiation by a digitized
cosine pulse is that there is a limit on the maximum number of digitized steps in a shaped
pulse on the spectrometer. Therefore, for a given distance between two frequency
components, there exists a limit on the longest pulse duration. If implemented on an in vivo
MRI scanner, one would, however, be limited to a larger degree by the specific absorption
rate.

TWO-FREQUENCY CEST
Our numerical simulations and experiments presented here suggest that it is possible to
separate CEST effects from MT effects with two-frequency saturation. When the MT effect
is made uniform by two-frequency rf irradiation, only CEST effects contribute to the
asymmetry of the Z spectra. As with conventional CEST contrast, the effect of direct
saturation of water can be addressed by irradiating a given system at the opposite side of the
water spectrum and subtracting the results. Therefore, so-called two-frequency CEST
contrast can be estimated by combining two two-frequency rf irradiations: Their irradiation
frequencies are pair-wise symmetric with respect to the resonance frequency of water
protons, and one of the four frequency positions is located on the resonance frequency of an
exchangeable proton. More efficient uniform saturation of MT effects can be performed by
choosing the two frequency positions on opposite sides around the center frequency of the
protons responsible for the MT effect [9]. These positions, however, may not in general be
known directly because the spectra are often overlapped by the strong water signal. The
positions may be estimated, however, through Z spectra.

Summarizing the above argument, the two-frequency CEST can be written in a compact
form as CESTtwo freq(Δ1, Δ2) = Mz,sat(Δ1, Δ2) − Mz,sat(−Δ1, −Δ2), where Δ1,2 are the
frequency positions measured from the resonance frequency of water protons and should be
such that both frequencies simultaneously touch the spectrum of the protons which
contribute to the MT effects, Δ1 is the chemical shift of an exchangeable proton measured
from the resonance frequency of water protons. To avoid any interference due to the
proximity of the two frequency positions and the possibility of simultaneous touch on
multiple CEST sites, Δ2 may be chosen to be more than 5 or 6 ppm away from the water
resonance, thus being outside of the typical range of proton chemical shifts [22].

Recently, a scheme using saturation with frequency alternating rf irradiation was developed
to separate the CEST effect of the amide proton transfer (APT) from direct saturation of
water protons and MT effects [23]. The method is based on the observation, that under
saturation conditions when complete amide proton saturation is achieved, the APT effect
becomes independent of the applied rf power, and the direct water saturation and MT effects
vary mostly linearly with rf power. In order to isolate the APT effect, one then performs
three measurements, with the off-resonant irradiations at the amide proton frequency, the
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opposite frequency, and both these frequencies simultaneously. A subsequent linear
combination of the results is performed to separate the direct saturation from MT
contributions. The method should work in the presence of B0 inhomogeneity under the
assumption that the bandwidth of the applied rf power is broad enough that complete amide
proton saturation can be maintained. This approach, however, relies on the linearity of MT
effects, under multifrequency rf irradiation. We have highlighted earlier that under
simultaneous two-frequency rf irradiation saturation happens in general much faster and
more uniformly than when using a single frequency (at double the power). Therefore, the
linearity assumption is not of general validity. As shown in this work, however, two-
frequency rf irradiation offers other opportunities for separating CEST and MT asymmetry
in such cases.

6. Conclusion
A two-pool model for MT and CEST has been established based on Provotorov’s theory of
saturation, and the effects of two-frequency rf irradiation on MT and CEST were
investigated. If the two frequency components simultaneously touch the broad spectrum of
protons in macromolecules, the magnetization of those protons can be uniformly saturated
over a broad spectrum, and the MT effect on the water protons can be made uniform.
Therefore, one can remove the MT asymmetry, which may exist when single-frequency rf
irradiation is applied. The spectrum of a CEST agent, on the other hand, is typically very
narrow so that two-frequency rf irradiation merely duplicates the CEST effect. Based on this
distinction between MT and CEST effects under two-frequency rf irradiation, we propose a
novel two-frequency CEST scheme, which can isolate CEST effects from the MT effects
and will be useful to quantify CEST contrast.
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Figure 1.
Simulated Z spectra and asymmetry curves from the two-pool model based on Provotorov’s
theory. The black and red lines represent the MT and CEST cases, respectively. (a) Z spectra
after 5 s-long single-frequency rf irradiation. (b)–(d) Z spectra after 5 s-long two-frequency
rf irradiation. The distance between the two frequency components is (b) 2 kHz, (c) 5 kHz,
and (d) 10 kHz, respectively. (e)–(h) The asymmetry curves corresponding to (a)–(d). The
scales for the asymmetry curve from the MT case are separately indicated on the right.
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Figure 2.
Z spectra and their respective asymmetry curves of water protons in 1% CS solution. (a) The
chemical structure of the disaccharide unit of a CS chain, composed of N-
acetylgalactosamine and glucuronic acid. (b) Z spectra measured with (b0) the single-
frequency rf irradiation and cosine pulses with the modulation frequencies 1 kHz, 2 kHz, 3
kHz, and 4 kHz. (c) The corresponding asymmetry curves calculated from the Z spectra
shown in (a). The modulation frequencies of cosine pulses are indicated. The dashed line
represents the zero asymmetry baseline.
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Figure 3.
Z spectra and their respective asymmetry curves of water protons in gelatin. (a) Z spectra
measured with the single-frequency rf irradiation and cosine pulses with the modulation
frequencies 1 kHz, 2 kHz, 3 kHz, 4 kHz, 5 kHz, and 6 kHz. (b) The corresponding
asymmetry curves calculated from the Z spectra shown in (a). The modulation frequencies
of cosine pulses are indicated. The dashed line represents the zero asymmetry baseline.
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Figure 4.
Z spectra and their respective asymmetry curves of the water protons in a bovine articular
cartilage tissue sample. (a) Z spectra measured with the single-frequency rf irradiation and
cosine pulses with the modulation frequencies 1 kHz, 2 kHz, 3 kHz, and 4 kHz. (b) The
corresponding asymmetry curves calculated from the Z spectra shown in (a). The
modulation frequencies of cosine pulses are indicated. The dashed line represents the zero
asymmetry baseline.
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