
Imaging In Vivo Extracellular pH with a Single Paramagnetic 
Chemical Exchange Saturation Transfer Magnetic Resonance 
Imaging Contrast Agent

Guanshu Liu, Yuguo Li, Vipul R. Sheth, and Mark D. Pagel
F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, 
MD; Department of Radiology, Johns Hopkins University, Baltimore, MD; Departments of 
Radiology and Biomedical Engineering, Case Western Reserve University, Cleveland, OH; 
Departments of Biomedical Engineering and Chemistry and Biochemistry, University of Arizona, 
Tucson, AZ; and Arizona Cancer Center, Tucson, AZ.

Abstract

The measurement of extracellular pH (pHe) has potential utility for cancer diagnoses and for 

assessing the therapeutic effects of pH-dependent therapies. A single magnetic resonance imaging 

(MRI) contrast agent that is detected through paramagnetic chemical exchange saturation transfer 

(PARACEST) was designed to measure tumor pHe throughout the range of physiologic pH and 

with magnetic resonance saturation powers that are not harmful to a mouse model of cancer. The 

chemical characterization and modeling of the contrast agent Yb3+-1,4,7,10-

tetraazacyclododecane-1,4,7-triacetic acid,10-o-aminoanilide (Yb-DO3A-oAA) suggested that the 

aryl amine of the agent forms an intramolecular hydrogen bond with a proximal carboxylate 

ligand, which was essential for generating a practical chemical exchange saturation transfer 

(CEST) effect from an amine. A ratio of CEST effects from the aryl amine and amide was linearly 

correlated with pH throughout the physiologic pH range. The pH calibration was used to produce a 

parametric pH map of a subcutaneous flank tumor on a mouse model of MCF-7 mammary 

carcinoma. Although refinements in the in vivo CEST MRI methodology may improve the 

accuracy of pHe measurements, this study demonstrated that the PARACEST contrast agent can be 

used to generate parametric pH maps of in vivo tumors with saturation power levels that are not 

harmful to a mouse model of cancer.

THE MEASUREMENT of extracellular pH (pHe) has significant clinical value for 

pathologic diagnoses, for predicting the efficacy of pH-dependent therapies, and for 

monitoring the effects of pH-altering therapies. In particular, the tumor microenvironment is 

frequently characterized by an acidic pHe that is caused by increased glycolysis, poor 

perfusion, and reduced passive buffering capacity.1,2 A lower pHe has been correlated with 

increased gene mutations and altered gene expressions in tumors, which leads to 

spontaneous transformation of nonmetastatic tumors into metastatic tumors.3–6 A lower 

tumor pHe can provide resistance to chemotherapies that act as weak bases and can enhance 
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the efficacy of chemotherapies that act as weak acids.7–9 Metastases and chemoresistance 

may occur in small localized regions of a tumor owing to the notorious biologic 

heterogeneity of the tumor microenvironment.10 Therefore, a method is needed to assess 

pHe throughout the tumor tissue at fine spatial resolution, especially for noninvasive, 

longitudinal assessments of the effects of antitumor chemotherapies.

Although a needle biopsy or optical imaging can measure the pHe of surface-accessible 

tumors, magnetic resonance imaging (MRI) provides advantages of noninvasively assessing 

entire tumor volumes at any location within the body. Measurements of tumor pHe with fine 

spatial resolution have been performed with MRI by using an exogenous T1 relaxation 

contrast agent.11–13 However, the quantification of pHe using a T1 relaxation contrast agent 

requires a second pH-unresponsive agent as a control to account for other factors that affect 

T1-weighted MRI contrast, such as the concentration of the agent. Although a T2
* relaxation 

contrast agent may serve this purpose, the correlations between T1 relaxation and T2
* 

relaxation create difficulties in quantifying each agent in a mixture, which makes this 

approach very challenging.14

MRI contrast agents that are detected via chemical exchange saturation transfer (CEST) 

have also been employed to measure pH. The CEST effects of amide protons of endogenous 

proteins and peptides have been used to qualitatively measure the intracellular pH of gliomas 

relative to normal brain tissues.15 Paramagnetic chemical exchange saturation transfer 

(PARACEST) contrast agents contain a lanthanide ion that greatly shifts the magnetic 

resonance (MR) frequency of the exchangeable amide protons from the MR frequency of 

water, which expands the range of MR frequencies that can generate a CEST effect.16 This 

expanded frequency range facilitates the development of an agent with two CEST effects 

that have different MR frequencies. PARACEST agents have been designed to possess pH-

responsive and pH-unresponsive CEST effects from an amide and metal-bound water, 

respectively.17,18 A ratio of the two CEST effects can then be used to measure pHe without 

complications from varying concentrations of the agent.

Unfortunately, these PARACEST agents that contain an amide and metal-bound water only 

measure pHe below pH ≈ 7.0, whereas the pHe of tumors and normal tissues must be 

evaluated throughout the physiologic pH range. In addition, extremely high saturation 

powers are required to detect the CEST effect from the metal-bound water owing to fast 

exchange rates at physiologic temperature, so these agents cannot be safely applied to 

measure in vivo tumor pHe. We hypothesized that an aryl amine may provide a better CEST 

effect than the metal-bound water for this pHe measurement approach. The chemical 

exchange rate of an aryl amine may be sufficiently slowed by hydrogen bonding to proximal 

carboxylates, allowing the use of lower saturation powers that are safe for in vivo preclinical 

measurements of tumor pHe. In addition, the base-catalyzed chemical exchange rates of an 

amide and aryl amine are anticipated to be different, so the CEST effects of these chemical 

groups may show different trends with respect to pH throughout the physiologic pH range, 

which may expand the range of pH that can be measured.

To investigate this hypothesis, we designed a relatively simple PARACEST MRI contrast 

agent, Yb3+-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid,10-o-aminoanilide (Yb-
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DO3A-oAA), which contains an aryl amine and an amide (Figure 1). Herein we report the 

characterization of Yb-DO3A-oAA, investigations of the pH dependence of the exchange 

rates, and CEST effects of this PARACEST agent and a preliminary study of a preclinical 

tumor pHe measurement with this PARACEST agent.

Materials and Methods

Synthesis of Yb-DO3A-oAA

DO3A-oAA was synthesized using a previously reported method.19 The structure of 

synthesized DO3A-oAA was confirmed with 1H nuclear magnetic resonance (NMR) 

spectroscopy performed at 600 MHz magnetic field strength at room temperature, in 99.9% 

D2O solvent, and referenced to the residual H2O resonance at 4.8 ppm (δ 2.54 [s, 2H], 2.78 

[b, 6H], 3.34 [b, 16H], 5.98 [s, 1H], 7.37 [t, 1H], 7.76 [t, 1H], 8.07 [d, 2H], 9.60 [s, 1H]) and 

mass spectroscopy (matrix-assisted laser desorption/ionization [MALDI]-mass m/z [calcd 

494.25], 495.83 [M + H]+). The Yb-DO3AA-oAA complex was prepared by mixing 300 mg 

of DO3A-oAA and YbCl3 at a molar ratio of 1:1.01 in pH 6 aqueous solution at 60°C for 2 

hours. The pH was increased to 8.0 by dropwise addition of 1 N NaOH for an additional 30 

minutes. After precipitating the excess free Yb3+ ions by adjusting the pH to 12, the solution 

was centrifuged, filtered, and lyophilized. The composition of Yb-DO3A-oAA was 

confirmed by MALDI time of flight mass spectrometry. The concentrations of the chelated 

Yb(III) complex were determined by inductively coupled plasma–mass spectrometry 

analysis. Although the final product contained Na+ and Cl− ions, this salt did not affect 

subsequent studies.

Molecular Modeling of Yb-DO3A-oAA

A molecular model of Yb-DO3A-oAA was constructed to estimate the distance from the 

aryl amine to the proximal carboxylates and the distance from the aryl amine and amide to 

the lanthanide ion. A model of DO3A-oAA was constructed with CS MOPAC Pro v8.0 

within Chem3D Ultra v8.0 (CambridgeSoft Corp., Cambridge MA). A Yb(III) metal atom 

was inserted in the binding pocket of the model. Distances between the metal and the 

chelating amines, carboxylates, and carbonyl were constrained to 2.51 angstroms to match 

the experimentally determined distances between the coordinating atoms of Yb3+-1,4, 7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (Yb-DOTA).20 The amide bond was rotated 

to cis or trans orientations, and the ring carbons were placed in plane with the amide 

hydrogen in each of these orientations. To avoid steric interactions between the amide and 

amine protons, the amide proton and carbon bound to the aryl amine were placed in a trans 
orientation. The resulting model of Yb-DO3A-oAA was energy minimized using the MM2 

force field. The lowest energy conformation was used for subsequent analyses.

CEST Measurements

To investigate the effect of pH, samples of 20 mM Yb-DO3A-oAA were prepared in 

phosphate-buffered solutions that varied in pH between 6.1 and 8.0. To validate these results, 

all samples were measured with a pH meter (ThermoElectron, Waltham, MA) that was 

calibrated with standard commercial pH buffers (pH 4.0, 7.0, and 10.0). To investigate the 

effect of concentration, samples were also prepared that ranged in concentration from 4 to 
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80 mM. To investigate the effect of T1 relaxation, varying amounts of gadolinium–

diethylenetriamine pentaacetic acid (Gd-DTPA; Magnevist, Berlex Inc, Montville, NJ) were 

added to samples at 40 mM concentration. CEST spectra were obtained with a 600 MHz 

Varian (Palo Alto, CA) NMR spectrometer using a standard one-dimensional pulse sequence 

that was prepended with a continuous wave saturation pulse applied for 6 seconds at 12.2 

μT. One-dimensional NMR spectra were acquired with selective saturation applied from +30 

ppm to −30 ppm in 1 ppm increments, relative to the water resonance that was referenced to 

0 ppm. The height of the water peak in each NMR spectrum was plotted relative to the 

saturation frequency to generate the Z-spectrum. The temperature was maintained at 37°C 

during all CEST NMR studies.

The CEST effect is often determined by comparing the water signal with saturation applied 

at frequency ω (Ms) with the water signal with saturation applied at frequency −ω (M0) to 

account for direct saturation of water (equation 1).21 However, when this type of analysis is 

used to measure the CEST effect of the amide at −11 ppm, the water signal with saturation 

applied at +11 ppm may be affected by the CEST effect of the amine. Similarly, the CEST 

effect of the amine at +8 ppm cannot be compared to the water signal with saturation applied 

at −8 ppm owing to the CEST effect of the amide. To account for the direct saturation of 

water, the experimental NMR data were fitted with a three–lorentzian line shape model 

centered at 0, −11, and +8 ppm (Figure 2).22 The CEST effect of the amide was determined 

by comparing the signal at −11 ppm of the lorentzian line shapes centered at −11 ppm (Ms) 

and 0 ppm (M0), The CEST effect of the amine was determined using the signal at +8 ppm 

of the lorentzian line shapes centered at +8 ppm (Ms) and 0 ppm (M0).

Modified Bloch-McConnell equations that include chemical exchange of a two-pool model 

were used to relate pH with the CEST effects of the aryl amine and amide to pH.23 These 

modified equations show that the CEST effect (MS/M0) is related to the rate of exchange of 

a proton from the contrast agent to water (kCA):

(1)

where R1Wsat = the longitudinal relaxation rate of water during the saturation period, [H2O], 

[CA] = concentrations of water and the PARACEST agent, and nH2O and nCA = the number 

of exchangeable protons on a water molecule and CEST agent.

A ratiometric comparison of two CEST effects from an aryl amine and amide on the same 

agent is independent of [CA], [H2O], and R1Wsat (assuming that R1Wsat with selective 

saturation at +8 ppm is identical to R1Wsat with selective saturation at −11 ppm):

(2)
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Because the kCA values of the aryl amine and amide are dependent on [H+] (see equation 6, 

below), the log10 ratio of the left side of equation 2 was compared to pH (ie, −log10[H+]; see 

equation 7, below) to calibrate the CEST effects with pH.

T1Wsat Relaxation Time Measurements

The T1WSat (1/R1Wsat) relaxation rate was measured for samples of 40 mM Yb-DO3A-oAA 

that contained different amounts of Gd-DTPA. A T1 inversion recovery experiment was 

performed with repetition times (TR) from 0.1 to 10 s with selective saturation applied at +8, 

−11, or +50 ppm during the TR period using a 600 MHz and a 300 MHz Varian NMR 

spectrometer. The heights of the water spectral line recorded at each TR was fit to a mono-

exponential function with a constant offset (VNMR software, Varian Associates) to obtain 

the T1Wsat relaxation rate of the sample.

Chemical Exchange Rate Measurements

The QUEST method was used to measure the chemical exchange rates of the aryl amine and 

the amide.24 The CEST effect of each chemical group was measured as described above, 

using saturation times of 0.1, 0.2, 0.5, 1, 2, 4, and 6 s, and prepended with 32 scans prior to 

the measurement to ensure steady-state saturation conditions. The CEST effects as a 

function of saturation time were fit with a transient solution of Bloch-McConnell equations 

to extract the water exchange rate, kH2O:

(3)

(4)

where MS, M0 = water magnetization with and without saturation, respectively, TS = 

saturation time, R1sat = relaxation rate of water with selective saturation, and kH2O = rate of 

exchange of a proton from water to the contrast agent.

At steady-state equilibrium, the number of protons transferred from the contrast agent to 

water must equal the number of protons transferred from the water to the contrast agent. The 

value of kCA was determined by weighting the chemical exchange rates kH2O and kCA by the 

number of protons in the water and contrast agent that may be transferred:

(5)

The chemical exchange rate between water and an aryl amine or amide is typically catalyzed 

by hydroxide ions or protons according to acid-base catalysis theory (equations 6 and 7).25 

The experimentally determined pH dependence of kCA was fit to equation 7 using 

customized software developed for Matlab (Mathworks, Natick, MA).

(6)
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(7)

where k0 = spontaneous exchange constant, ka = acid-catalyzed exchange constant, kb = 

base-catalyzed exchange constant, KW = ionization constant of water, and KW = 10−15.4 at 

37°C.26

Measurement of In Vivo Tumor pHe

An in vivo study was conducted according to approved procedures of the Institutional 

Animal Care and Use Committee of Case Western Reserve University. A warmed solution of 

1 million MCF-7 mammary carcinoma cells in 1 mL of 50% Matrigel was injected 

subcutaneously into the right rear flank of a 6-week-old female athymic NCR nu/nu mouse. 

The flank tumor was allowed to grow for 6 weeks until it reached a size of 7.66 mm in 

diameter, so the mature tumor was expected to exhibit low pHe.27 The mouse was 

anesthetized with 2.0% isoflurane in oxygen carrier gas and secured to a customized cradle. 

Phantoms consisting of 60 mM Yb-DO3A-oAA and distilled water were taped to the mouse 

torso as references, and the lower flank of the mouse was tightly constrained to the cradle to 

prevent motion artifacts. Respiration and rectal temperature were continuously monitored, 

and body temperature was maintained at 37.0°C using warmed air and a computer-

controlled temperature feedback system (SA Instruments, Inc., Stony Brook, NY). MRI was 

performed with a 9.4 T Bruker Biospec small-animal MRI scanner (Bruker Biospin, Inc., 

Billerica, MA) equipped with a 35 mm birdcage radiofrequency coil. A rapid acquisition 

with relaxation enhancement (RARE) MRI pulse sequence with a RARE factor of 16 (TR/

evolution time [TE] = 6.0 s/8.6 ms) was prepended with a saturation period applied with a 

21 μT saturation power for a total of 5.49 seconds. This saturation period consisted of 300 

gaussian-shaped pulses with a pulse length of 18.28 ms and an interpulse delay of 10 μs. 

This gaussian-shaped pulse generated a bandwidth of 0.5 ppm to facilitate selective 

excitation. Forty-eight seconds was required to acquire a single MRI with 128 × 128 pixels 

that covered a 35 × 35 mm field of view, a single slice with a thickness of 1 mm, and a 

single average. A solution of 60 mM of Yb-DO3A-oAA in 50 μL volume was directly 

injected to the center of tumor. MRIs were serially acquired with selective saturation at +8, 

−11, and +50 ppm before injection, and two sets of CEST MRIs with the same saturation 

frequencies were acquired starting 2 and 5 minutes after the injection. After the MRI 

session, the mouse was removed from the MR magnet and cradle and allowed to recover 

from anesthesia.

A parametric map of pH was calculated by comparing the water signal at 2 minutes after 

injection (Ms) with the water signal before injection (M0) at saturations applied at +8 ppm 

and −11 ppm and using the CEST-pH calibration determined with phantoms. A second 

parametric pH map was calculated by comparing the water signal at 5 minutes after injection 

to the water signal before injection using the same procedure. The contrast to noise ratio, or 

the CEST to noise ratio in this type of experiment, must exceed 2√2 to ensure that the 

contrast has a 95% probability of being real.28 This threshold was reached for these images 

when a calculated CEST effect was at least 2.0%. Therefore, only pixels that showed at least 
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a 2.0% CEST effect from both the aryl amine and the amide were retained in the final 

parametric pH maps.

Results

Synthesis and Chemical Characterization

DO3A-oAA was synthesized using a straightforward procedure and used to chelate Yb(III) 

with quantitative yield. The CEST effects of the aryl amine and amide were detected at +8 

ppm and −11 ppm, respectively, relative to water that was referenced to 0 ppm (see Figure 

2). These NMR chemical shifts agreed with the chemical shifts of exchangeable protons 

listed in our previous report about Yb-DO3A-oAA.29

Based on the molecular model, the exchangeable amide proton is 5.6 Å from the lanthanide 

ion, and the two amine protons are each 4.6 Å from this ion, indicating that each of these 

protons should be sufficiently close to the ion to experience a pseudocontact shift. 

Furthermore, an amine proton is located 2.4 Å from the carboxylate oxygen of an adjacent 

acetate ligand, which indicates that the amine should be able to form a hydrogen bond with 

this oxygen atom. This molecular model was produced by classic newtonian molecular 

modeling with additional constraints to simulate the highly constrained macrocyclic chelate. 

Although this model represents a plausible conformation, it should not be considered to be 

the only or most likely conformation as more sophisticated molecular modeling methods 

may produce a more refined representation of Yb-DO3A-oAA. Still, this plausible model 

adequately represented the gross morphologic features of this highly constrained 

macrocyclic chelate and supports the observation of the two CEST effects at +8 ppm and 

−11 ppm.

The measured exchange rates of the aryl amine and amide were fit to an acid-base-catalyzed 

exchange model (Figure 3). The amide proton showed typical base-catalyzed characteristics 

with a base-catalyzed exchange constant kb of 6.71 × 109 s−1 (k0 = 517.85 s−1, ka = 8 s−1) 

that was very close to a previously reported value of 5.57 × 109 s−1 for other amides.30 The 

pH dependency of the aryl amine showed base-catalyzed water exchange behavior below pH 

7.1, with a kb of 3.19 × 1010 s−1 (k0 = 376.86 s−1, ka = 0 s−1). In the pH range higher than 

7.1, the exchange rates of the aryl amine could not be fit to a base-catalyzed exchange 

model; instead, the fitting indicated an acid-catalyzed exchange model (kb = 0.76 s−1, k0 = 

119.69 s−1, ka = 6.06 × 109 s−1).

Relationship between the CEST Effects and pH

The pH dependencies of the two CEST effects of Yb-DO3A-oAA were investigated in the 

pH range of 6.1 to 8.0 (Figure 4A). The amide showed increasingly greater CEST with 

increasing pH, reaching the greatest effect at pH 8, which was the highest pH tested in our 

study. The amine showed increasing PARACEST with increasing pH up to 7.1 and 

decreasing CEST with increasing pH beyond 7.1.

The log10 ratio of the CEST effects were linearly correlated with pH as measured with a 

microelectrode (Figure 4C). The pH measurements with the ratiometric CEST method and 

the microelectrode were repeated with MRI phantoms that had different concentrations of 
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Yb-DO3A-oAA and under conditions with different T1Wsat relaxation times. These results 

showed that pH measurements had a mean standard deviation of 0.11 pH units when the 

concentration was at least 10 mM and the T1Wsat relaxation time was at least 0.5 seconds 

(Figure 5). However, at lower concentrations or shorter T1Wsat relaxation times, the CEST 

effects were too weak to be accurately detected, which led to larger errors in measuring pH. 

In addition, the T1Wsat relaxation time of a sample of Yb-DO3A-oAA (at 40 mM 

concentration and 300 MHz magnetic field strength) was measured to be 1.15 ± 0.02 s and 

1.14 ± 0.01 s with selective saturation applied at +8 ppm or −11 ppm, respectively. This 

validated the assumption that was used to derive equation 2 and applied to this study of Yb-

DO3A-oAA. The T1Wsat relaxation time with selective saturation applied at +50 ppm was 

1.48 ± 0.01 s, which suggests that the assumption that was used to derive equation 2 is not 

necessarily valid for CEST agents that have two CEST effects that are not symmetric about 

the water MR frequency.

In Vivo Tumor pHe Measurement

An in vivo study was conducted by directly injecting a solution of Yb-DO3A-oAA directly 

into a mature flank tumor in a mouse model of MCF-7 mammary carcinoma. A parametric 

map of pH was calculated using the correlation shown in Figure 4C by comparing the water 

signal at 2 minutes after injection (Ms) to the water signal before injection (M0) at 

saturations applied at +8 ppm and −11 ppm at 21 μT for 5.49 s (Figure 6). The parametric 

pH map was overlaid on an anatomic MRI to provide an anatomic reference.

The pH map was initially calculated for all pixels (see Figure 6B). Some pixels in this map 

were dominated by signal noise that caused small fluctuations in water MR signals that can 

result in a large ratio in equation 2. In addition, pixels along the periphery of the mouse 

showed a large ratio owing to magnetic susceptibilities at the air-tissue interface, which 

agrees with other reports of in vivo CEST MRI.31 Pixels that represented the mammary fat 

pad and other adipose tissues also showed a large ratio, presumably because the higher spin 

density of this tissue amplifed small fluctuations in MR signals and/or caused magnetic 

susceptibilities or altered the average MR frequency of the water. To address these problems, 

only pixels that showed at least a 2.0% CEST effect from the aryl amine and amide were 

retained in the final parametric pH map. This threshold of 2.0% represented the contrast to 

noise ratio, or the CEST to noise ratio in this type of experiment, which ensured that the 

contrast has a 95% probability of being a real effect of the injection of the agent. This 

filtering criterion retained only pixels in the parametric pH map that represented the tumor 

and phantom with the agent (see Figure 6C).

Most of the tumor area showed a pHe of 6.5 or lower, whereas the phantom containing the 

PARACEST agent showed a pH of 6.9, as expected. The parametric map of the phantom 

with Yb-DO3A-oAA showed a gradient, which was most likely caused by a temperature 

gradient across the phantom or a gradient of magnetic field inhomogeneities. A second 

parametric pH map was calculated using the MRIs acquired starting 5 minutes after the 

injection (not shown). This second pHe map was very similar to the first map, indicating that 

the concentration of the agent did not change enough to affect the pHe measurement during 

the first 5 minutes after injection. In addition to the selective saturations at +8 ppm and −11 
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ppm, selective saturations were also applied at +50 ppm before and after injection of the 

agent. The difference between images with saturation at +50 ppm before and after injection 

of the agent showed only noise, which indicated that the comparison of images before and 

after injection was not different for reasons other than the injection of the agent.

Discussion

Chemical Exchange Saturation Transfer

The MR frequency of the CEST effect of the amide agreed closely with similar studies with 

amide-containing derivatives of Yb-DOTA.32 The large MR frequency shift of the amine 

was unexpected and is presumably due to the hydrogen bonding of the oAA ligand that 

positions the amine near the Yb(III) ion, as shown in the molecular model. This large MR 

frequency shift is critical for generating a CEST effect from an amine group.

The chemical exchange rate of the amide was measured to be no higher than 765.76 Hz 

throughout the physiologic pH range, which agreed with previous reports.33 The chemical 

exchange rate of the aryl amine was measured to be no higher than 494.92 Hz throughout 

the same pH range, which was slower than previously reported chemical exchange rates for 

an amine. This slower chemical exchange rate is presumably due to a hydrogen bond that is 

formed between the aryl amine and a proximal carboxylate ligand, as shown in the 

molecular model. For comparison, the CEST effect of another amine-containing DOTA 

derivative, Tm-(α-amino-DOTA), is impractical to detect with 1.5 to 9.4 T MR field 

strengths owing to a fast kCA that is estimated to approach 2,400 Hz.34 An analogous 

PARACEST agent, Yb-(α-amino-DOTA), required an unusually slow kCA to generate a 

CEST effect from the amine.35 Thus, the practical detection of a CEST effect of an amine 

requires a chemical design that slows kCA.

A comparison of the chemical exchange rates with the acid-base catalyzed exchange model 

showed that the amide was base-catalyzed throughout the physiologic pH range, as 

expected.36 The pKa of an aryl amine is expected to be greater than 9.3, so this amine should 

also undergo base-catalyzed chemical exchange throughout the physiologic pH range.37 

However, the chemical exchange catalysis of the aryl amine showed base-catalyzed 

exchange behavior only below pH 7.1 and did not fit a base-catalyzed exchange model at 

higher pH. This dichotomy suggests that the QUEST method may not be able to accurately 

measure fast chemical exchange rates that occur for the aryl amine at high pH. A previous 

report compared the QUEST method and numerical solutions to the Bloch equations, which 

reached a similar conclusion that the QUEST method can fail to accurately measure fast 

exchange rates.24 Thus, a more thorough analysis is required to assess the ability of the 

QUEST method to evaluate proton exchange catalysis mechanisms.

Measurement of pH with the Two CEST Effects

The log10 ratio of the CEST effects showed a linear correlation with pH (see Figure 6C). 

This relationship between CEST and pH is empirical. Although a more detailed comparison 

of the CEST-pH relationship with equations 2 and 7 may provide a more accurate 

correlation, this empirical relationship showed very good accuracy relative to pH electrode 
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measurements. Furthermore, this empirical relationship covered the entire physiologic pH 

range.

This relationship generated pH measurements with excellent precision for samples with a 

concentration greater than 10 mM and for a T1Wsat relaxation time greater than 0.5 seconds, 

which are conditions required to generate large CEST effects (see Figure 5). This level of 

precision of Yb-DO3A-oAA is comparable to MR spectroscopy methods that generate 

coarse parametric pH maps with a standard deviation of 0.1 to 0.2 pH units.38 The 

ratiometric approach may have contributed to this precision by cancelling effects that 

similarly influence the chemical exchange of the amide and aryl amine, although additional 

studies are warranted to confirm that these effects are cancelled by this ratiometric approach. 

The importance of generating large CEST effects from both the aryl amine and the amide is 

exemplified by the lower accuracy of measurements at pH 6.1 and 8.0 because these pH 

values create a small CEST effect from the amine or amide. Yb-DOTA derivatives have been 

conjugated to dendrimers to generate larger pH-dependent CEST effects on a per-dendrimer 

basis.39,40 A similar approach of conjugating Yb-DO3A-oAA to dendrimers may improve 

the precision of pH measurements with this agent.

In Vivo Tumor pHe Measurement

A statistically significant change in image contrast was observed throughout the tumor after 

injecting the contrast agent into the tumor. Therefore, this change in contrast was attributed 

to the CEST effects of the agent within the tumor. This change in contrast was achieved with 

an MR saturation power of 21 μT that was well tolerated by the mouse, which indicates that 

Yb-DO3A-oAA can generate CEST effects with physiologically acceptable power levels.

The parametric pH map showed a very low pHe at or below 6.5 for the tumor. This xenograft 

flank tumor was very mature and therefore was expected to exhibit low pHe. Although the 

magnitudes of the CEST effects between 2.0 and 7.2% indicated that the PARACEST agent 

may be heterogeneously distributed throughout the tumor, the accuracy of the parametric pH 

map is inherently unaffected by the concentration of the agent. A precise parametric pH map 

requires a minimum of 4 mM concentration of the contrast agent. Solution studies have 

shown that a 4 mM concentration of Yb-DO3A-oAA generates a 2.0% CEST effect.29 

Tissue studies may require a greater concentration of a PARACEST agent relative to 

solution studies to generate the same CEST effect owing to the influence of endogenous 

magnetization transfer (MT).41 Fortunately, the influence of MT is expected to be similar for 

CEST effects at +8 and −11 ppm, so the ratiometric approach may cancel or reduce these 

MT effects on the pH measurement (additional studies are warranted to confirm that MT 

effects are cancelled by this ratiometric approach). Despite the potential influence of MT, the 

in vivo detection of a statistically significant CEST effect that was at least 2.0% 

demonstrates that the CEST effect was sufficiently strong to generate a precise parametric 

pH map. A precise parametric pH map also requires a minimum of 0.5 second T1Wsat 

relaxation time of the tumor tissue with the contrast agent. Based on the ≈ 2 second T1 

relaxation time of endogenous tumor tissue at 7 T and an 0.0106 mM−1 s−1 T1 relaxivity of a 

similar amide-containing Yb-DOTA derivative (and assuming that the T1 relaxivity is 
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comparable in vivo and in solution), the injected concentration of a Yb-DOTA derivative 

cannot cause the T1Wsat relaxation time of the tumor to be less than 0.5 s.42

The M0 and MS values that were used to calculate the in vivo CEST effects were determined 

from the MR water signal before and after administering the agent. This approach accounts 

for static effects before and after the injection, including static MT effects and relaxation 

effects. However, this approach does not account for dynamic effects that may change after 

injection of the agent. For example, the contrast agent may create a dynamic change in T2 

relaxation that may cause broadening of the MR frequency distribution of the water, which 

may increase direct saturation of water.43 Chemical exchange may also broaden the MR 

frequency distribution of the water. No significant signal broadening in the NMR spectrum 

of the water peak was observed during our analyses of the effect of contrast agent 

concentration, which suggests that the effect of Yb-DO3A-oAA on the direct saturation of 

water is negligible during the dynamic MR study. Yet additional studies are warranted to 

confirm this initial observation.

This approach for determining MS and M0 does not account for variances in the chemical 

shifts of water. Static magnetic field susceptibilities may alter the average chemical shift of 

water within each voxel, whereas injection of the agent may cause a dynamic change in the 

water chemical shift within a voxel.44 The empirical calibration of the CEST effects with pH 

(see Figure 4C) is based on selective saturations applied at MR chemical shifts relative to a 

water chemical shift at 0 ppm. Thus, static and dynamic magnetic field susceptibilities may 

affect the parametric pH map. Future in vivo studies should be conducted by applying fast 

MR CEST spectroscopic imaging methods that acquire a CEST spectrum for each image 

voxel and analyzed to account for potential changes in chemical shifts.45–47

Conclusion

A new PARACEST MRI contrast agent, Yb-DO3A-oAA, showed two CEST effects that can 

be used to accurately measure pH with a single MRI contrast agent. The intramolecular dual 

CEST effect enabled the measurement of pH without the need for a second “control” agent 

to account for agent concentrations or T1Wsat relaxation. A preliminary in vivo study 

demonstrated the feasibility of applying this method with MR saturation powers that are safe 

for in vivo studies of pathologic tissues that require high-resolution maps of pHe. Additional 

studies are warranted to refine the calibration of the CEST effects with pH, to further 

investigate the advantages of a ratiometric approach for canceling other phenomena that may 

influence the in vivo pHe measurement, and to account for variations in magnetic field 

susceptibility during in vivo MRI studies.
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Figure 1. 
A model of Yb-DO3A-oAA. The proximity of Yb(III) to the amide and the amine causes a 

shift in the magnetic resonance frequencies of these chemical groups. The proximities of the 

amine and carboxylate ligands indicate hydrogen bonds between these groups.
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Figure 2. 
The extraction of PARACEST effects of the amine and amide from experimental data by 

three lorentzian line shapes centered at 0, −11, and +8 ppm. The CEST spectrum (solid line, 
no symbol) of Yb-DO3A-oAA at pH 6.5 and 37°C was acquired with selective saturation 

applied at 12.2 μT for 6 s, from +20 ppm to −20 ppm in 1 ppm increments. The line-fitting 

output showed a lorentzian line shape of water that was symmetric about 0 ppm (solid line 
with triangles) and lorentzian line shapes of the CEST effects of the amine (solid line with 
open circles) and the amide (solid line with filled circles).
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Figure 3. 
The exchange rate dependencies on pH of the amine and amide. The measured exchange 

rates of the amide (circles) and the amine (squares) were fit with equation 7 to extract the 

acid-base-catalyzed exchange constants. The thin line was the modeled behavior for the 

amide exchange process. The thick line was the modeled behavior for base-catalyzed 

exchange of amine protons in the pH range of 6.1 to 7.0 and for acid-catalyzed exchange in 

the pH range of 7.2 to 8.0.
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Figure 4. 
A, The pH dependencies of amide CEST (diamonds) and amine CEST (squares). B, The 

ratio of the CEST effects relative to pH. C, The log10 of the CEST ratio relative to pH. The 

phantoms consisted of 30 mM Yb-DO3A-oAA in phosphate-buffered saline at 37°C, with 

pH values ranging from 6.1 to 8.0 in increments of 0.25 pH units. The NMR method was the 

same as described in Figure 2.
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Figure 5. 
The precision of pH measurements. A, Solutions of Yb-DO3A-oAA with T1Wsat greater 

than 1.5 s were used to measure pH at 600 MHz magnetic field strength. The standard 

deviation was determined from three trials per concentration. B, Solutions of Yb-DO3A-

oAA at 40 mM concentration were used to measure pH at 300 MHz magnetic field strength. 

The standard deviation was determined from three trials per T1Wsat value. The average 

standard deviation of pH measurements was 0.11 pH units for samples with at least 10 mM 

concentration and 0.5 s T1Wsat.
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Figure 6. 
The parametric map of the CEST effect of the amine divided by the CEST effect of the 

amide (A) was used to create an initial parametric pH map (B). Pixels that showed a 

statistically significant CEST effect from the amine and amide were retained to create (C) a 

filtered parametric pH map of a mouse tumor model. The filtered parametric pH map is 

overlaid on an anatomic MRI. A solution of 60 mM of Yb-DO3A-oAA in 50 μL volume was 

directly injected into the center of the tumor. The result showed an acidic environment in the 

tumor region.
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