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Chemical Exchange Saturation Transfer (CEST) imaging is a method to detect solutes based on the 
chemical exchange of mobile protons with water. The solute protons exchange with three different 
patterns, which are fast, slow, and intermediate rates. The CEST contrast can be obtained from the 
exchangeable protons, which are hydroxyl protons, amine protons, and amide protons. The CEST 
MR imaging is useful to evaluate tumors, strokes, and other diseases. The purpose of this study is 
to review the mathematical model for CEST imaging and for measurement of the chemical 
exchange rate, and to measure the chemical exchange rate using a 3T MRI system on several 
amino acids. We reviewed the mathematical models for the proton exchange. Several physical 
models are proposed to demonstrate a two-pool, three-pool, and four-pool models. The CEST 
signals are also evaluated by taking account of the exchange rate, pH and the saturation efficiency. 
Although researchers have used most commonly in the calculation of CEST asymmetry, a 
quantitative analysis is also developed by using Lorentzian fitting. The chemical exchange rate was 
measured in the phantoms made of asparagine (Asn), glutamate (Glu), γ-aminobutyric acid (GABA), 
glycine (Gly), and myoinositol (MI). The experiment was performed at a 3T human MRI system with 
three different acidity conditions (pH 5.6, 6.2, and 7.4) at a concentration of 50 mM. To identify the 
chemical exchange rate, the “lsqcurvefit” built-in function in MATLAB was used to fit the pseudo-
first exchange rate model. The pseudo-first exchange rate of Asn and Gly was increased with 
decreasing acidity. In the case of GABA, the largest result was observed at pH 6.2. For Glu, the 
results at pH 5.6 and 6.2 did not show a significant difference, and the results at pH 7.4 were 
almost zero. For MI, there was no significant difference at pH 5.6 or 7.4, however, the results at pH 
6.2 were smaller than at the other pH values. For the experiment at 3T, we were only able to apply 
1 s as the maximum saturation duration due to the limitations of the MRI system. The 
measurement of the chemical exchange rate was limited in a clinical 3T MRI system because of a 
hardware limitation.
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Principle of CEST Imaging

Chemical Exchange Saturation Transfer (CEST) imaging 

is a method to detect solutes based on the chemical 

exchange of mobile protons with water1,2) The reversible 

exchange of protons between two molecules is separated 

by a chemical shift frequency (Δf ) and governed by a 

single reaction rate (k) which can vary from nanoseconds 

to many seconds, depending on the system interested.3) If 

the exchange rate is slow on the chemical shift time scale 

(k<<Δf), two-split sets of signals are observed. For fast 

exchange rates (k>>Δf) only one peak signal is observed 
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at an average frequency corresponding to the relative 

populations of the two chemical species. At intermediate 

exchange rates (k≈Δf) very large spectral line widths, 

corresponding to very short T2 values, occur.4) One of 

the strong in-vivo contributions to CEST contrast are 

hydroxyl protons at approximately l ppm above water, 

that have been used to assess glycogen (Glyco) CEST,5) 

glycosaminoglycans (GAG) CEST,6) Glucose (Gluco) 

CEST,7) and Myoinositol (MI) CEST.8,9) These molecules 

in tissues dominate rapidly exchanging hydroxyl protons 

and therefore it is difficult to measure CEST signals 

with a commercial 3T MRI system. Another strong in-

vivo contribution to the CEST contrast is amine protons 

at amine protons of amino acids and other molecules 

between 2−3 ppm above water, that have been used to 

assess Glutamate (Glu) CEST,9,10) γ-Aminobutyric Acid 

(GABA) CEST,9,11) Glycine CEST,9) and Creatine (Cr) CEST.12) 

he amine protons have intermediate exchange rates and 

therefore a high magnetic field system is beneficial to obtain 

its signals. Finally, most common target protons are amide 

protons at approximately 3.5 ppm, which are dominantly 

existed the backbone of proteins, have a larger chemical 

shift, and have the more slowly exchanging. Because amide 

protons permit saturation at low power levels, amide 

proton transfer (APT) imaging is particularly attractive for 

endogenous CEST contrast in human applications.13,14) The 

purpose of this study is to review the mathematical model 

for CEST imaging and for measurement of the chemical 

exchange rate and to measure the chemical exchange rate 

using a 3T MRI system on several amino acids. 

Modeling of Chemical Exchange  
Proton Transfer Imaging

1. Two-site exchange modeling for CEST imaging

CEST processes can be described by a two-pool 

exchange model, which has small and large pools. The 

small pool (s) represents the exchangeable solute protons 

and the large pool (w) does bulk water protons. In the 

pools, we can define the following parameters: M0s and M0w 

are the equilibrium magnetization for the solute pool and 

the water pool, respectively. ω0s and ωow are the resonance 

frequencies of the exchangeable solute proton and of the 

water pool, respectively. T1s and T2s as well as T1w and T2w 

are the longitudinal and transverse relaxation rates for 

the solute protons and the water protons, respectively. 

Finally, ksw and kws are the exchange rates of magnetization 

from pool (s) to pool (w) and vice versa. The MR signal 

for the two exchanging pools is modeled by modified 

Bloch equations including exchange terms.15,16) Under the 

equilibrium condition, the system obeys the relationship 

ksw*MOs=kws*Mow. In the weak saturation approximation, it 

is assumed that the RF irradiation is applied on resonance 

with the solute pool (s) while leaving the water pool (w) 

unperturbed (no direct water saturation).16,17) Therefore, 

(ωos, -ω) is zero and (ω0w, -ω) approaches infinite.

1) Steady state condition 

The Bloch equations can be simplified to four equations 

with exact steady state analytical solutions. The steady 

state (ss) longitudinal magnetization (Mz) for the water and 

the solute pools under the weak saturation approximation 

are16,17:
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Where α is the saturation efficiency and depends on 

the relaxation times T1 and T2 as well as the pool-to-pool 

exchange rates.

2) Time dependent condition

The time dependent solution can be obtained in 

the weak saturation approximation by separating the 

saturation process of pool (s) and transfer to pool (w) into 

two separate steps.16,17) Assuming that pool (s) approaches 

the steady state Mzs,ss instantly, the dynamics for pool (w) 

can be described by
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where Tsat is the applied RF saturation duration. Since 

direct water saturation is assumed to be zero in the weak 
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saturation approximation, the CEST signal or proton 

transfer ratio simplifies to CESTweak or PTRweak=(1-Mzw/

Mow). Note that we used the assumption of no direct 

water saturation in the above solution. To take account 

for direct water saturation, a different analytical solution 

can be derived under the assumption of strong saturation 

pulse. In this review, we do not explain the solution of the 

Bloch equation. Readers who interest the solution read 

the references.18-20) Finally, recently three-pool21,22) or four-

pool23) exchange models were introduced with separating 

the exchangeable protons as small solute protons and 

broad macromolecular protons and with the bulk water 

protons. Most of the chemical exchange mechanisms result 

in a field-dependent shortening of both T1 and T2, with 

typically a much greater effect on T2. Chemical exchanges 

occurring over time frames longer than T1 do not generally 

affect spectral lines widths or the MR signal. 

2. CEST with the saturation efficiency

A previous study showed the relationship between CEST 

asymmetry and B1 amplitude.24) Saturation efficiency, 

known as α, which express the relationship, is increased 

with increasing B1 power in a certain range and is reached a 

steady-state with a further increased B1 power. The proton 

transfer rate (PTR) which represents the CEST asymmetry 

in the two-poll exchange model is proportional to the 

saturation efficiency25) shown in the following equations:

 w/Tsat-t
wsws e -1 T*k*α*C 1

1=PTR
 

 [4]
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where Cs is the fractional concentration, ksw is the 

exchan ge rate, T1w is the longitudinal relaxation rate of 

water, and tsat is the saturation time. According to Eqs. [4] 

and [5], the B1 amplitude is related to α. As the exchange 

rate is constant (ksw is 1), the CEST effect in turn increases 

with increasing the B1 amplitude. A tendency for the 

CEST effect is to increase as the B1 amplitude increases. 

A previous study showed that the saturation efficiency is 

deceased with the fast exchanging rate.25)

3. CEST with acidity

The overall CEST contrast is a function of both the solute 

proton concentration (Mos/Mow) and the chemical exchange 

rate (ksw) of the solute proton with water. The exchange 

rate is particularly important because it depends on the pH 

and therefore the CEST effect is strongly dependent on pH. 

The exchange rate and acidity are complexly related, and 

defined by the following equation24):

  ×k ×k +k =k wpk-pH
b

-pH
asw 10100   [6]

where ksw is the single-proton solute-water exchange 

rate, k0 is the spontaneous exchange, ka is the acid-

catalyzed exchange, kb is the base-catalyzed exchange, kw is 

the ionization constant of water. When the concentration 

of the molecules remained the same, the number of 

exchangeable protons also remained the same. When the 

pH was varied, the exchange rate changed, and therefore 

the CEST effect was affected by pH. Previous research has 

demonstrated that the CEST effect of amide and amine 

groups has a complex relationship with the chemical 

exchange rate and acidity.26,27) We previously showed that 

the CEST asymmetry of the molecules was decreased with 

increasing pH at 9.4T MRI.9) The CEST asymmetry values 

for GABA, Glu, and Gly which contain amine groups were 

lowest with the highest pH which was consistent with 

the previous amine group studies,9,28) which showed the 

decreased CEST asymmetry values with increasing pH for 

the amine protons. 

4. CEST signal with the exchange rate

The exchange rate and CEST effect are related by the 

following simple equations2): 

 SATs T k - /MM 110 1   [7]

]][[1 nAgent k =k CA
  [8]

In which, Ms is the magnitude of the water proton signal 

during the saturation of the exchangeable protons in the 

metabolite of interest, M0 is the magnitude of the signal 
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under controlled irradiation at the opposite frequency 

offset, k1 is the pseudo first-order exchange rate constant, 

T1SAT is the spin-lattice relaxation time constant of water 

protons as measured during the saturation of the exchange 

metabolite, KCA is the single exchange site rate constant (the 

same as ksw), [Agent] is the mole fraction of the exchanging 

agent, and [n] is the number of exchange sites.

5. Lorentizian modeling to fit a full Z spectrum

Most of previous studies are used to asymmetry calcula-

tions of the full Z spectrum to show CEST contrast. How-

ever, the asymmetry value is not quantitative and is relative 

to opposite frequency for the interested protons. Therefore, 

researchers are tried to obtain a quantitative value from the 

full Z spectrum. For modeling of in-vivo full Z spectrum, 

the Lorentzian line shape fitting method can be used. The 

following formula can be used for the six pool Lorentzian 

fitting.29) 
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Where Zini was each baseline of six pools, Ai is the 

amplitude of six pools, Γi is the full width at half maximum 

(FWHM) of six pools, ΔωRF is the frequency of Radio 

frequency and δωi is the frequency offset of six pools. 

Table 1 lists the initial value, the lower limit, and the upper 

limit of the amplitude, FWHM, and the center frequency 

of the six pools. The six pool protons are defined in the 

initial offset frequency values as water at 0 ppm, amide 

at 3.5 ppm, amine at 3.0 ppm, hydroxyl at 0.9 ppm, 

the nuclear overhauser effect (NOE) at -3.5 ppm, and 

the magnetization transfer (MT) at -1.5 ppm.8,30-32) The 

problems with this Lorentizian fitting are that the fitted 

results are strongly depended on the initial values and the 

calculation takes relatively long time compared to that to 

obtain the asymmetry value.

6. CEST asymmetry

The most common method to evaluate the CEST data 

is to calculate the asymmetry value. The frequency-

dependent saturation effects are visualized as a signal 

loss at a specific frequency. The saturation effects are 

asymmetric with respect to the water resonance frequency, 

and can be removed by asymmetry analysis, where the 

water signal from one side of the Z-spectrum is subtracted 

from the other. The CEST asymmetry ratio (CESTasym) is 

calculated using the following equation25,33):

 M
+Δ M--Δ M =CEST satsat

asym
0

)()(   
 [10]

In which Δω is the frequency difference from water, 

Msat is the magnetization with the saturation pulse, M0 is 

the magnetization observed without saturation. Usually 

Table 1. Initial values, the lower limit, and the upper limit of the 
amplitude, the full width of half maximum (FWHM), and the 
center frequency of the six pools for Lorentzian curve fitting.

Initial values Lower limit Upper limit

Water

   Amplitude 0.45 0.0 inf

   FWHM (ppm) 8.00 0.0 inf

   Frequency (ppm) 0 −1.0 1.0

Amine

   Amplitude 0.060 0.0 1

   FWHM (ppm) 0.80 0.0 2.6

   Frequency (ppm) 2.8 1.80 3.80

Amide

   Amplitude 0.060 0.0 1

   FWHM (ppm) 0.80 0.0 2.6

   Frequency (ppm) 3.5 2.50 4.50

Hydroxyl

   Amplitude 0.020 0.00 1

   FWHM (ppm) 0.2 0.10 1.8

   Frequency (ppm) 0.9 0.0 1.8

NOE

   Amplitude 0.020 0.0 1

   FWHM (ppm) 2.28 0.0 4.46

   Frequency (ppm) −3.5 −4.5 −2.5

MT

   Amplitude 0.08 0.0 1

   FWHM (ppm) 9.04 0.0 inf

   Frequency (ppm) −1.5 −3.5 1.5

The amplitude is no unit because of the normalization of the full Z 
spectrum signals by the reference signal.
The frequency (ppm) is the center frequency of the exchangeable 
protons. 
The six pool protons were defined in the initial offset frequency 
values as water at 0 ppm, amide at 3.5 ppm, amine at 3.0 ppm, 
hydroxyl at 0.9 ppm, the nuclear overhauser effect (NOE) at −3.5 
ppm, and the magnetization transfer (MT) at −1.5ppm.
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the CEST effect from solute protons is detected over a 

frequency range less than 6 ppm from water.

Modeling for the Measurement of  
the Chemical Exchange Rate

1. Experiment to measure the chemical exchange rate

As we mentioned in the previous session, the deter-

mination of the chemical exchange rate is important to 

CEST MRI because CEST signals are depended on this 

exchange rate. Experiments to measure the chemical 

exchange rate were performed at the 3T human MRI 

system (Acheiva, Philips). In order to identify the ten-

dency between the exchange rate and acidity, phantoms 

were developed by asparagine (Asn), glutamate (Glu), 

γ-aminobutyric acid (GABA), glycine (Gly), and myoino-

sitol (MI) with three different acidity conditions (pH 5.6, 

6.2, and 7.4) at a concentration of 50 mM were used in the 

experiment. The B1 amplitude of 3 μT was used. To identify 

the exchange rate, saturation pulse durations [tsat] of 0, 0.07, 

0.21, 0.35, 0.49, 0.63, 0.77, and 0.91 s were used, consisting 

of a 70 ms saturation pulse multiplied by 0, 1, 3, 5, 7, 9, 11, 

and 13 pulses per 1 TR, with a 0.8 RF duty cycle. We only 

used 0.91 s for the maximum duration of each saturation 

pulse because the clinical MRI system only allowed 1 s of 

the maximum duration of the saturation pulse.

To identify the chemical exchange rate, the “lsqcurvefit” 

built-in function in MATLAB was used to fit the pseudo-

first exchange rate model, which is Eq. [11]24): 

]e-[1)(( 1

10

0 satCAsww )tX×k +-(R

CAsww

CAsw

w

satww  ×
X×k +R

X×α×k=  
S

α,t  S-S =CEST
 
 [11]

In which S0w and Sw (tsat, α) are the water signals without 

and with saturation, respectively. tsat and α  are the 

saturation duration and saturation efficiency, respectively. 

R1w is the longitudinal relaxation rate (1/T1) for water 

(R1w ~0.248 s-1), XCA is the fractional concentration of 

exchangeable protons of the CEST agent, and the term 

ksw×Xca can be expressed as the pseudo first-order exchange 

rate constant k1. In this study, we fitted Eq. [11] to obtain k1 

with assumption of R1w=0.248 s-1) and α=1.

2. Result of measurements of the chemical 

exchange rate at 3T

The pseudo-first exchange rate of Asn and Gly was 

increased with decreasing acidity. In the case of GABA, the 

largest result was observed at pH 6.2. For Glu, the results 

at pH 5.6 and 6.2 did not show a significant difference, 

and the results at pH 7.4 were almost zero. For MI, there 

was no significant difference at pH 5.6 or 7.4, however, 

the results at pH 6.2 were smaller than at the other pH 

values. Fig. 1 shows the fitting results of the exchange rate 

experiments of the five target molecules with different pH 

values (acidity) at a concentration of 50 mM at 3T. Table 2 

lists the fitting results with k1, and the value of the squared 

2-norm of the residual (resnorm). Usually, the amide 

group has a slow exchange rate,34) and the CEST effect for 

the amide protons increases as pH increases because the 

exchange rate increases in a low pH.26,27) We showed the 

pseudo-exchange rates of Glu and Gly were decreased with 

increasing the acidity.9) The decreased exchange rate at 

pH=7.4 can be affected in decreasing the CEST asymmetry 

for the amine proton.

In Eq [11], ksw and XCA are not MRI scanning conditions or 

chemical properties, and ksw×XCA should remain the same 

without varying the MR main magnet field. The experiment 

is based on the fact that the CEST effect should reach a 

steady-state as the saturation duration increases24) and that 

CEST asymmetry can be reached at a saturation duration 

of almost 5 s. However, for the experiment at 3T, we were 

only able to apply 1 s as the maximum saturation duration 

due to the limitations of the MRI system. It is difficult 

to say whether the result at 3T has enough confidence. 

Furthermore, to fit ksw×XCA, we assumed that the α constant 

was 1. According to Eq. [11], α can affect the fitting 

results.24) However, α has a complex relationship with the 

exchange rate, and it is hard to calculate the exact α value 

from this experiment. To identify the exact exchange rate, 

an additional experiment would need to be performed in 

order to measure the α value.

Conclusion

CEST imaging is a relatively new MRI contrast to evalu-
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ate an endogenous compounds containing in molecules or 

neurotransmitters. To map the amount of the exchangeable 

protons, it is necessary to understand the right physical 

model of the CEST method. Furthermore, the measurement 

of the chemical exchange rate is key factor to analyze the 

CEST data. We measured the exchange rate using a 3T MRI 

system on several amino acids with different conditions of 

pH, but this measurement was limited in a clinical 3T MRI 

system because of a hardware limitation.
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Fig. 1. Results of the exchange rate experiments with different 
pH values for asparagine (a), glutamate (b), GABA (c), glycine 
(d), and myoinositol (e) at 3T.  The B1 amplitude was 3 μT and the 
concentration was 50 mM. Data points with different saturation 
durations are shown with a circle (pH 5.6), a cross (pH 6.2), and a 
triangle (pH 7.4). Results were plotted with a solid line at pH 5.6, a 
dashed line at pH 6.2, and a dotted line at pH 7.4.
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