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Abstract

The measurement of extracellular pH has potential utility for assessing the therapeutic effects of 

pH-dependent and pH-altering therapies. A PARAmagnetic chemical exchange saturation transfer 

(PARACEST) MRI contrast agent, Yb–DO3A–oAA, has two CEST effects that are dependent on 

pH. A ratio derived from these CEST effects was linearly correlated with pH throughout the 

physiological pH range. The pH can be measured with a precision of 0.21 pH units and an 

accuracy of 0.09 pH units. The pH measurement is independent of concentration and T1 relaxation 

times, but is dependent on temperature. Although MR coalescence affects the CEST 

measurements, especially at high pH, the ratiometric analysis of the CEST effects can account for 

incomplete saturation of the agent’s amide and amine that results from MR coalescence. Provided 

that an empirical calibration is determined with saturation conditions, magnetic field strength and 

temperature that can be used for subsequent studies, these results demonstrate that this single 

PARACEST MRI contrast agent can accurately measure pH.
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1. INTRODUCTION

Substantial evidence indicates that some tumor microenvironments become hypoxic, which 

leads to acidic extracellular pH (pHe), which then changes extrinsic cellular interactions and 
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leads to tumor malignancy (1,2). However, the timing of changes in tumor pHe with respect 

to tumor progression and metastatic potential is largely unknown. Therapies that alkalinize 

tumor pHe have been suggested to reduce malignancy (3–5). Yet the effects of pH-

modulating therapies on pHe in tumors and normal tissues must be longitudinally evaluated 

when this class of anti-cancer therapies is investigated. Therefore, there is an imperative 

need for a clinically relevant, high-resolution, noninvasive imaging methodology for 

measuring tumor pHe.

Microelectrodes, optical imaging, electron paramagnetic resonance imaging, PET imaging 

and magnetic resonance spectroscopy have been used to measure tumor pHe, but these 

methods suffer from coarse spatial resolution that cannot evaluate tumor microenvironments 

(6–11). Hyperpolarized 13C MRS for measuring tumor pHe has recently attracted interest, 

but this technique requires a hyperpolarization system and a 13C transceiver coil that are 

unavailable in most radiology clinics, measures a weighted average of intracellular and 

extracellular pH and also suffers from coarse spatial resolution (12). Magnetic resonance 

imaging (MRI) can evaluate the entire tumor volume with fine spatial resolution, and 

therefore is an improvement relative to these other methods. Some MRI contrast agents can 

change their T1 relaxivities in a pH-dependent manner, but the change in T1 relaxation time 

caused by a pH-responsive MRI contrast agent is also dependent on the concentration of the 

agent (11,13–16). Serial injections of multiple contrast agents, and/or including a T2- or 

T2*-relaxation MRI measurement to account for agent concentration may be complicated 

(17,18). More recently, a pH-dependent T1-relaxation MRI contrast agent has been modified 

to carry out 18F for PET imaging to quantify agent concentration (19). However, the use of 

two imaging modalities may be problematic, and the ~1 mm spatial resolution of PET 

imaging is relatively coarse. Therefore, methods that measure tumor pHe using a relaxation-

based MRI contrast agent are challenging.

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

have also been employed to measure pH. One of the first CEST agents to be characterized, 

5,6-dihydrouracil, has two amides that produce two CEST effects (Fig. 1A) (20). A 

ratiometric comparison of the two CEST effects showed them to be correlated with pH 

between 6.2 and 7.0 at 300 MHz magnetic field strength. Another CEST agent, N,N′-
bis(2,3-dihydroxypropyl)-2,4,6-triiodo-5[(methoxyacetyl)amide]-1[N-methyl]-1,3-

benzenedicar-boxamide (Iopamidol), also has two amides that produce two CEST effects, 

which can be used to measure pH over a similar range of 6.0–7.0 at 300 MHz (Fig. 1B) (21). 

For each of these CEST agents, the chemical shifts of the amides are similar and near the 

chemical shift of water, so that selective detection and quantification of each CEST effect 

can be technically difficult.

Paramagnetic CEST (PARACEST) contrast agents contain a lanthanide ion that greatly 

shifts the MR frequency of the exchangeable protons from the MR frequency of water, 

which expands the range of MR frequencies that can generate a CEST effect (22). This 

expanded frequency range facilitates the selective detection of two CEST effects from the 

same contrast agent. A series of PARA-CEST agents that use 1,4,7,10-

tetraazacyclododecane,N,N′,N″,N′″-tetraacetic acid (DOTA-Gly4) to chelate Pr(III), Eu(III) 

or Nd(III) possess pH-responsive and pH-unresponsive CEST effects from an amide and 
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metal-bound water, respectively (Fig. 1C) (23,24). A ratio of the two CEST effects can then 

be used to measure pH over a range of 6.5–7.5 at 300 MHz. However, very high saturation 

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

fast exchange rates at physiological temperature, so that these agents cannot be safely 

applied to measure in vivo tumor pH. More recently, the ratio of two CEST effects of a 

PARACEST agent with a different ligand coordination cage, Yb(III) chelate of 10-(2-

hydroxypropyl)-1,4,7,10-tetraazacyclodo-decane-1,4,7-triacetic acid (Yb–HPDO3A), has 

been shown to measure pH at moderate saturation powers. This indicates that a single 

PARACEST agent for eventual in vivo studies of tissue pH may be feasible (25). Another 

PARACEST agent with a single CEST effect has been shown to have a pH-dependent 

chemical shift, which can be used to measure pH without requiring a measurement of the 

agent’s concentration, further expanding the functionality of PARACEST agents for pH 

measurements (26).

We have previously reported a PARACEST MRI contrast agent, Yb3+-1,4,7,10-

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

two CEST effects at chemical shifts that are selectively detectable at reasonable saturation 

powers for pre-clinical studies (Fig. 1D) (27,28). These previous studies indicated that the 

amide and amine of this agent produce CEST effects with different magnitudes at different 

pH. Therefore, we hypothesized that the ratiometric comparison of these two CEST effects 

may also be correlated with pH. Furthermore, our previous studies of Yb–DO3A–oAA 

showed that the ratio of the two CEST effects was independent of concentration and T1 

relaxation time, but was dependent on temperature. For comparison, the previous studies of 

5,6-dihydrouracil, Iopamidol, and lanthanide chelates of DOTA-Gly4 did not investigate the 

dependence of the pH measurements on these other conditions, so that the accuracy of these 

methods during practical applications is unknown. Therefore, we investigated the influence 

of these other conditions to evaluate if the single PARACEST MRI contrast agent, Yb–

DO3A–oAA, can accurately measure pH.

2. THEORY

2.1. CEST and pH

CEST is typically reported as the decrease in water signal during selective saturation of the 

contrast agent, relative to the water signal without selective saturation of the agent while 

accounting for direct saturation of water [eqn (1)]. To describe chemical exchange 

phenomena, the Bloch equations can be modified to account for chemical exchange within a 

two-pool model (29). These equations can be simplified by assuming that complete 

saturation of the contrast agent is achieved, saturation is achieved instantaneously and direct 

saturation of water protons is negligible [eqn (2)]. The ratio of two CEST effects from the 

same agent is a function of only the number of exchangeable protons and the chemical 

exchange rates, assuming that the T1sat relaxation time and concentration of water involved 

in chemical exchange is the same for each exchangeable proton [eqn (3)]. The chemical 

exchange behavior of amides and amines is known to be base-catalyzed [eqn ((4A, 4B))] 

(30). Therefore, the ratio of the CEST effects can be related to pH [eqn (5)] (31).
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(1)

where MS is the water magnetization with selective saturation of the agent, and potentially 

with partial direct saturation of bulk water, and M0 is the water magnetization without 

selective saturation of the agent, but potentially with partial direct saturation of bulk water.

(2)

where kCA is the chemical exchange rate of a proton from the agent to water; T1sat is the T1 

relaxation time in the presence of selective saturation; nCA, nH2O is the number of 

magnetically equivalent exchangeable protons on the contrast agent and water molecule, 

respectively; and [CA], [H2O] is the concentration of the contrast agent and water, 

respectively.

Assuming that [CA], [H2O] and T1sat are equal for the two CEST effects,

(3)

(4A)

where k0 is the spontaneous chemical exchange rate; ka is the acid-catalyzed chemical 

exchange rate; kb is the base-catalyzed chemical exchange rate; pKW is the ionization 

constant of water, KW; pKW= 15.4 at 37.0°C (32).

For base-catalyzed chemical exchange, ka is negligible and eqn (4A) can be simplified:

(4B)

(5)

2.2. The line shapes of a CEST spectrum

An alternative modification of the Bloch equations to account for chemical exchange within 

a two-pool model can relate the CEST effect to the MR chemical shift of the selective 

saturation [eqn (6)]. As with eqn (2), this modification assumes complete and instantaneous 

saturation of the contrast agent, and that direct saturation of water protons is negligible. 

Combining eqns (1) and eqns (6) shows that the CEST spectrum has a Lorentzian line shape 

in aqueous solutions [eqns (7A)–(7E)] (33).
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(6)

(7A)

(7B)

where sf is the MR chemical shift of the selective saturation; ω0 is the MR chemical shift of 

the exchangeable proton of the CEST agent; ω1sat is the saturation power (in units of Hz); 

and T1sat, T2sat are the T1 and T2 relaxation times of water in the presence of saturation.

Define:

(7C)

(7D)

Substituting eqns (7C) and (7D) into eqn (7B), and expanding eqn (7B) to account for two 

CEST effects of Yb–DO3A–oAA and the direct saturation of water, results in a sum of three 

Lorentzian line shapes:

(7E)

where A1,2,3 is the the area of the Lorentzian line; w1,2,3 is the line width at half height of 

the Lorentzian line; and ω1,2,3 is the the maximum of the Lorentzian line.

3. RESULTS AND DISCUSSION

3.1. The CEST Effects of Yb–DO3A–oAA

A 30 mM sample of Yb–DO3A–oAA at pH 7.3 and 38.3 °C showed a 33.8% CEST effect at 

−9.80 ppm and a 44.3% CEST effect at +9.75 ppm (Fig. 2). This CEST effect at −9.80 ppm 

was assigned to the amide based on CEST studies of similar Yb(III) chelates with amides at 

the same structural position (34). The other CEST effect was assigned to the amine based on 

evidence from previous reports (27,28). NMR spectra in 10% D2O and ~100% D2O revealed 

that the exchangeable protons had chemical shifts of +9.60 and −8.95 ppm, which were 

close to the MR frequencies used to detect the CEST effects (Fig. S1, Supporting 

Information).
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Each CEST spectrum was fitted with a function that consisted of a sum of three Lorentzian 

lines [eqn (7E)]. The residuals of the fitting routine showed non-negligible errors at the 

saturation frequencies of the CEST effects for the amide and amine (Fig. 2). Yet the 

Lorentzian lines that represented the CEST effects of the amide and amine had ranges of 

19.7 and 12.3 ppm, respectively (the range of each CEST effect was defined as the width of 

the ‘base’ of the Lorentzian line which lies at the signal amplitude that is equal to the 

standard deviation of the residual errors of the Lorentzian line fitting). These ranges 

indicated that the fitting of each CEST effect depended on more experimental data points 

than just the experimental data point at −10 and 10 ppm, suggesting that the Lorentzian line 

fitting may generate more accurate measurements than relying on single experimental data 

point for each CEST effect.

The time to reach steady state saturation depends on the chemical exchange rate and the T1 

relaxation rates of the agent and water (35). The time to reach steady-state saturation for 

each CEST effect was measured by varying the saturation time while also adjusting the 

delay time between acquisitions to maintain constant relaxation effects (Fig. 3). These 

results demonstrate that a saturation time of 2.5 s was sufficient to reach steady state. A 

saturation time greater than 2.5 s was used for all subsequent experiments. In addition, the 

ratio of the CEST effects was invariant with respect to saturation time.

3.2. The measurement of pH with Yb–DO3A–oAA

The CEST effect from the amide group increased slightly from pH 6 to 6.6 before 

decreasing at higher pH values (Fig. 4A). The CEST effect from the amine group increased 

from pH 6 to 7.2, and then decreased at higher pH values (Fig. 4B). As suggested by eqn (5), 

the log10 of the ratio of the CEST effects was found to be linearly dependent on pH (Fig. 

4C). The pH of subsequent studies was determined from this correlation, pH = 6.34–2.82 

[log10{[(M0 - MS)/M0]amide/[(M0-MS)/M0]amine}]. Although the magnitude of the CEST 

effect that can be determined with good probability is dependent on the noise level of the 

MR results, a 5% CEST effect is generally accepted as a minimum threshold for most MRI 

applications (27,36). The CEST effects are greater than 5% through a pH range of 6.0–7.6 

under the experimental conditions of this study.

To assess the precision of the pH measurements from the CEST effects of Yb–DO3A–oAA, 

the standard deviation of the experimental pH measurements relative to the linear regression 

was determined to be 0.21 pH units. This level of precision is an upper limit of uncertainty, 

because the ‘gold standard’ pH electrode has an accuracy of approximately 0.05 pH units. 

No statistically significant difference was observed for the accuracy of measuring low pH vs 

high pH values.

To assess the accuracy of this CEST method, the pH of each sample was also measured 

using MR spectroscopy of IEPA (Fig. S2, Supporting Information) (37). The comparison of 

pH measurements from both methods showed outstanding agreement throughout the entire 

pH range, with a slope of 1.00, an R2 correlation coefficient of 0.99, and a standard 

SUPPORTING INFORMATION
Supporting information can be found in the online version of this article.
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deviation of 0.09 pH units (Fig. 5A). A paired t-test assuming unequal variances indicated 

that the pH measurements by IEPA and PARACEST are statistically indistinguishable (p = 

0.29) (38). Although lanthanide ions can act as chemical shift agents, the presence of Yb–

DO3A–oAA did not affect the pH measurements with IEPA as compared with a pH 

electrode (Fig. 5B). Although IEPA can act as a pH buffer, this buffering is not expected to 

influence the CEST measurements of Yb–DO3A–oAA.

3.3. Conditions that may affect pH measurements with Yb– DO3A–oAA

The CEST effects of the amine and amide of Yb–DO3A–oAA each increased with 

increasing concentration (Fig. 6A). In theory, the chemical exchange of the amide, amine 

and water should be modeled as a three-pool system. However, eqn (2) was fitted to the 

experimental data using a Hanes-like analysis method, which follows a two-pool model in 

which the two pools are water and one type of exchangeable proton on the agent (Fig. 6B) 

(39). Because this Hanes-like an anlysis showed a linear fit to the experimental data (R2 = 

0.89 and 0.94 for the amine and amide, respectively), both chemical exchange processes can 

be approximated as a two-pool model. In practice, the amide had negligible effect on the 

amine–water exchange process, and the amine had negligible effect on the amide-water 

exchange process, within the tested concentrations of contrast agent and experimental 

precision of this analysis. More importantly, the ratio of the CEST effects was not influenced 

by the concentration of the agent. Thus, the accuracy of the pH measurement was not 

influenced by concentration (Fig. 6C).

Both CEST effects of Yb–DO3A–oAA were dependent on T1 relaxation time (Fig. 7A). 

However, the ratio of the CEST effects was only marginally dependent on T1. Thus, the 

accuracy of the pH measurement was not influenced by relaxation time (Fig. 7B). The T1 

relaxation times of tumor tissues in pre-clinical models at 7 T magnetic field strength is 

typically 2 s, which is longer than the range of this minimum T1 relaxation times in this 

study. However, longer relaxation times are not expected to change these results.

The CEST effects of Yb–DO3A–oAA were dependent on temperature (Fig. 8A). 

Unfortunately, the ratio of the CEST effects was also dependent on temperature, so that the 

measurement of pH using CEST was also dependent on temperature with a dependence of 

0.068 pH units per degree Centigrade (Fig. 8B). A similar co-dependence on temperature 

and pH was recently reported for another PARACEST agent, Yb–HPDO3A (25). 

Fortunately, physiological temperature can easily be maintained at 37.0 ± 0.2 °C in pre-

clinical tumor models during MRI studies that use commercially-available physiological 

monitoring systems. A ±0.2 °C variation in temperature will cause a ±0.014 variation in the 

pH measurement, which is negligible compared with other sources of variation that affect 

precision. Similar maintenance of stable temperature in patients may be required for clinical 

translation of pH measurements using CEST MRI.

3.4. The relationship between CEST and pH for Yb–DO3A–oAA

To further investigate the relationship between CEST and pH for Yb–DO3A–oAA, the 

QUantifying Exchange using Saturation Time (QUEST) method was used to measure the 

chemical exchange rates of the amide and amine throughout the physiological pH range 
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(Fig. 9) (35). The chemical exchange rates determined by the QUEST method did not match 

eqn (4B), as the exchange rates did not continuously increase with increasing pH. As shown 

in Fig. 2, selective saturation at the chemical shifts of the amide and amine also resulted in 

direct saturation of some water. However, this direct saturation of water was approximately 

the same for all pH values (data not shown), so that direct water saturation does not explain 

the inconsistent, pH-dependent results of the QUEST study. Instead, only a fraction of the 

contrast agent concentration appears to be saturated, and this fraction of saturated agent 

appears to be dependent on pH. The same conclusion was reached during initial studies of 

the QUEST method (35).

More specifically, the CEST effect requires that the chemical exchange rate is less than the 

chemical shift difference between the contrast agent and water (kCA < ω0). At a low pH of 

6.02, the kCA for the amide and amine (340 and 125 Hz, respectively) are negligible relative 

to ω0 for each group (~3000 Hz at 300 MHz magnetic field strength, respectively). At high 

pH, kCA increases to values greater than 941 and 182 Hz for the amide and amine, 

respectively, which is still less than ω0 but is no longer negligible relative to ω0. A non-

negligible kCA causes MR coalescence of the chemical shifts of the exchangeable protons of 

the contrast agent and water (40). This MR coalescence at higher pH is supported by the 

monotonic change in chemical shift and increase in the width of the Lorentzian line for the 

CEST effect of the amide as pH is increased (Fig. 10). A non-negligible kCA results in a 

non-negligible amount of protons on the contrast agent that are not saturated under steady-

state conditions. Because kCA of the amide becomes non-negligible at lower pH values than 

the kCA of the amine, the concentrations of the saturated amide and saturated amine are not 

equal. Therefore, eqn (3) must be modified [eqn (8)].

(8)

Despite the concern that the concentrations of the saturated amide and saturated amine are 

not equal, Fig. 4(C) shows that the log10 of the ratio of CEST effects is a linear function of 

pH. A log10 representation of eqn (8) shows that the effects of nCA, kCA and [CA]sat can 

each be independently evaluated [eqn (9)]. Because nCA is independent of pH, the first term 

of this log10 equation only contributes to the y-intercept of Fig. 4 (C). Because log10(kCA) is 

linearly dependent on pH [eqn (4B)], the second term contributes to both the y-intercept and 

slope of Fig. 4(C). Similarly, the third term must behave as one of the first two terms to 

maintain the linear relationship shown in Fig. 4(C), so that the log10 ratio of the 

concentrations of saturated amide and saturated amine is invariant with respect to pH or 

linearly dependent on pH. A potential pitfall of this analysis method is the use of logarithmic 

functions that temper the appearance of nonlinearity, which reduces the sensitivity of this 

method to variances in the ratio of concentrations of the saturated amine and amide. Still, 

this more sophisticated analysis provides qualitative evidence that the concentration of the 

saturated contrast agent does not affect the pH measurement, so that this single contrast 

agent can accurately measure pH without concern for pharmacokinetics that change the 

concentration of the agent within in vivo tissues.
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(9)

Incomplete saturation of the amide and amine may be a potential advantage. As shown in 

Fig. 3, the CEST effects Yb–DO3A–oAA showed that saturation reached a steady state after 

2.5 s of saturation time. Yet even shorter experiment times are an important advantage for in 
vivo studies. The ratiometric, log10 calibration method for pH measurements in this study 

offers one such opportunity to shorten saturation time, because the ratio of the two CEST 

effects was invariant with respect to saturation time (Fig. 3), and therefore eqn (9) can still 

be used to relate the CEST effects to pH. If shorter saturation times are used, an empirical 

CEST-pH calibration (Fig. 4C) should still be performed with these new conditions to 

account for differences in incomplete saturation of the amide and amine. The method of 

fitting a function of Lorentzian lines to the CEST spectra offers another opportunity to 

shorten saturation time. Unlike other fitting methods that require an understanding of the 

concentration of saturated contrast agent, the Lorentzian line fitting method does not include 

a term for concentration [eqn ((7A, 7B, 7C, 7D) and (7E))], so that incomplete saturation 

does not affect this analysis.

Figure 4(A, B) and 9 show that MR coalescence becomes increasingly important as pH is 

increased. Because MR coalescence is dependent on magnetic field strength, a calibration of 

a CEST agent’s dependence on pH must be empirically determined using the magnetic field 

that will be employed for subsequent pH studies. New contrast agents with exchangeable 

protons that have larger chemical shifts than Yb–DO3A–oAA may not require an empirical 

calibration at each high magnetic field strength if kCA is negligible relative to ω0 throughout 

the physiological pH range.

Translation of this contrast agent and CEST MRI methodology to in vivo studies of pH will 

need to consider the effects of B0 and B1 inhomogeneities, magnetization transfer effects, T2 

relaxation effects that are related to chemical exchange and compartmentalization of the 

PARACEST agent in the vasculature, interstitial space and intracellular space. This report 

provides evidence that this PARACEST agent and CEST MRI methodology may address 

these challenges to provide in vivo measurements of tissue pH. In particular, the pH 

measurements should be independent of the agent’s concentration in each tissue 

compartment and the tissue’s T1 relaxation time. A Lorentzian line fitting procedure may be 

used to account for B0 and B1 in-homogeneities. The CEST effects at +10 and −10 ppm are 

symmetric about the water resonance, so that magnetization transfer and T2 relaxation 

effects may equally influence both CEST effects so that the CEST ratio is unaffected. Our 

research program is conducting preliminary studies to investigate in vivo pH measurements 

with this PARACEST agent and CEST MRI methodology (41).

4. CONCLUSIONS

This study has shown that pH may be measured using the ratio of two CEST effects from a 

single PARACEST agent, Yb–DO3A– oAA. The pH can be measured with a precision of 
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0.21 pH units, and an accuracy of 0.09 pH units. The pH measurement is independent of 

concentration and T1 relaxation times, but is dependent on temperature. Although MR 

coalescence affects the CEST measurements at high pH, the ratiometric analysis of the 

CEST effects can account for incomplete saturation of the agent’s amide and amine that 

results from MR coalescence. However, the effect of MR coalescence requires an empirical 

calibration of CEST and pH at each magnetic field strength.

5. EXPERIMENTAL

5.1. Sample preparation

DO3A–oAA was synthesized using a previously published procedure (28). Samples used in 

each study were prepared in approximately 25 mM piperazine-N,N′-bis(2-ethanesulfonic 

acid) (PIPES buffer) which were titrated to pH values using 1–10 µl of 6 M NaOH. These 

solutions were then used to create samples with final volumes of 600 µl and concentrations 

of 30 mM Yb–DO3A– oAA, 40 mM 2-imidazole-1-yl-3-ethoxycarbonyl propionic acid 

(IEPA), 10 mM trimethylsilyl propionate (TSP) and 10% D2O, unless noted otherwise. IEPA 

was included to validate pH using MR spectroscopy (37), TSP was included to calibrate the 

MR chemical shift scale, and D2O was included to optimize magnetic field homogeneity and 

monitor field drift. Concentrations of Yb–DO3A–oAA were corrected to reflect that 

concentrations of exchangeable protons are functionally reduced owing to the presence of 

D2O. To study the effect of T1 relaxation on pH measurements, microliter amounts of 2 mM 

Gd-[2-(bis{2-[carboxylato-methyl-(methylcarbamoylmethyl)amino]ethyl}amino)acetate] 

(Gadodiamide, Omniscan®) were added to some samples. Inductively coupled plasma mass 

spectrometry (ICP-MS) confirmed Yb concentrations. The pH of each solution was 

measured using a calibrated pH electrode and corrected for temperature effects (42).

5.2. NMR methods

All CEST experiments were performed using a 600 MHz Varian Inova NMR spectrometer 

with an inverse cryoprobe. Samples were analyzed at 38.3 °C unless otherwise noted. The 

probe was tuned to each sample, the magnet was automatically shimmed using gradient 

shimming, and the 90° pulse length was measured. A continuous wave presaturation pulse 

was used to create CEST. To investigate steady-state saturation, a series of saturation times 

of 0.3, 0.6, 1, 2, 3, 4 and 6 s were tested while maintaining a total time for each saturation 

and acquisition of 7 s to maintain consistent relaxation effects. Subsequent CEST studies 

were performed with a saturation time that was greater than 2.5 s. CEST spectra were 

acquired with a saturation frequency set at 30 to −30 ppm in 1 ppm increments, using a 

saturation power of 10 µT and a saturation bandwidth of 1 ppm (Fig. 2). Each scan was 

averaged four times. The temperature of the samples was calibrated by measuring the 

separation of resonances of neat methanol and ethylene glycol samples between 25 and 

40 °C (43). T1 relaxation times were measured with a standard inversion-recovery pulse 

sequence (44).

NMR spectroscopy of IEPA was performed at 37.0 °C using a Bruker DRX600 NMR 

spectrometer (Fig. S2, Supporting Information). A presaturation sequence was used for 

water suppression. The chemical shifts of the spectra were calibrated by setting the 
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resonance of TSP to 0.0 ppm. The pH was determined from the chemical shift of the H2 

proton as described previously (37,45).

5.3. Lorentzian line Fitting

CEST spectra were fit using a model function of three Lorentzian lines in Matlab R2009B 

[eqn (7E)] to measure each CEST effect [eqn (1)]. The value of M0 for the amine was 

determined from the value at +ω0 (the MR frequency of the amine’s maximum CEST effect) 

for the Lorentzian line that is centered at approximately 0 ppm. A similar procedure was 

used to determine M0 for the amide. This method is different from the commonly used 

method that determines M0 by measuring the magnitude of the water signal at −ω0 (46). 

This other method assumes that the CEST spectrum is symmetric about the water’s chemical 

shift in the absence of an exchanging chemical group. Other methods have also been 

described that characterize the CEST effect, but these other methods also rely on the 

symmetry assumption (47). In the case of Yb–DO3A–oAA, this assumption is not valid 

because each CEST effect at ω0 is close to -ω0 for the other CEST effect. Thus a simple 

comparison would not accurately measure the CEST effect owing to the individual 

exchanging group.

5.4. Exchange rate and PARACEST

Chemical exchange rates were measured for the CEST effects of Yb–DO3A–oAA by using 

the QUEST method (35). The analytical method derived from the Bloch equations that 

include chemical exchange was used to analyze the relationship between CEST and 

saturation time, which was accomplished by using a least squares nonlinear curve fitting 

routine in Matlab R2009B (Math-works, Natick, MA, USA).
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Figure 1. 
CEST MRI agents that can measure pH. (A) 5,6-Dihydrouracil (19); (B) iopamidol (20); (C) 

Pr-DOTA-Gly4 (22,23); (D) Yb–DO3A–oAA (24,25).
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Figure 2. 
CEST spectrum of Yb–DO3A–oAA. A CEST spectrum of 30mM Yb–DO3A–oAA at pH 7.3 

and 38.3°C was acquired with 6 µT selective saturation for 4 s with a 1 ppm bandwidth in 1 

ppm increments. The CEST spectrum (circles) was fitted with a single function that 

consisted of a sum of three Lorentzian lines (thick line). The difference between the 

experimental data and the fitted function (squares connected by a thin line) shows the 

residual errors of the line fitting process.
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Figure 3. 
The dependence of CEST on saturation time. The percentage CEST effects of the amide 

(solid circles) and amine (open circles) of 30 mM of Yb–DO3A–oAA were measured at pH 

6.32 and 38.3°C using 10 µT saturation power. The QUEST equation was fitted to each 

CEST effect (solid lines) (35). The amide/amine ratio of the CEST effects (diamonds) 

showed no dependence on the saturation time (the dotted line represents the linear fitting of 

the ratio of the CEST effects).
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Figure 4. 
The dependence of CEST on pH. The percentage CEST effects of the (A) amide and (B) 

amine of 30 mM of Yb–DO3A–oAA were measured at 38.3°C using 10 µT saturation power. 

Error bars represent the standard deviation of three repetitions, and some error bars are 

smaller than the data symbol. (C) The log10 of the ratio of CEST showed an excellent 

correlation with pH (R2 = 0.88 and a standard deviation of 0.21 pH units). The pH of 

subsequent studies was determined from this correlation, pH=6.34–2.82 

(log10{[(M0−MS)/M0]amide/[(M0−MS)/M0]amine}).
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Figure 5. 
Validation of pH measurements. (A) The pH measured with CEST of Yb–DO3A–oAA at 

38.3°C had outstanding agreement with the pH measured with MR spectroscopy of IEPA 

(slope = 1.00, R2 = 0.99, standard deviation = 0.09 pH units) at the same temperature. (B) 

The pH measured with MR spectroscopy of IEPA had excellent agreement with the pH 

measured with an electrode (slope =0.92, R2 = 0.996, standard deviation = 0.079 pH units), 

indicating that the presence of Yb–DO3A–oAA did not affect the chemical shift of IEPA.
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Figure 6. 
The dependence of CEST on concentration. (A) The percentage CEST effects of the amide 

(solid circles) and amine (open circles) of Yb– DO3A–oAA were measured at pH 7.20 and 

37°C using 10 µT saturation power over a range of concentrations. The curved lines were 

calculated from the Hanes-like analysis shown in (B) [see (39) for details]. The ratio of the 

CEST effects (diamonds) was fitted with a linear function to demonstrate that the ratio is 

independent of concentration. (B) The high R2 correlation coefficients of the linear fit of the 

Hanes-like analysis method to the experimental data indicated that the chemical exchange of 

the amide (solid circles) or amine (open circles) with water can be approximated as a two-

pool model. (C) The pH values measured from the CEST effects of Yb–DO3A–oAA were 

independent of concentration. The dashed line represents the pH measured with an 

electrode.
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Figure 7. 
The dependence of CEST on T1 relaxation time. (A) The percentage CEST effects of the 

amide (solid circles) and amine (open circles) of 30 mM of Yb–DO3A–oAA were measured 

at pH 7.20 and 37 °C using 10 µT saturation power. Samples were doped with Gd-DTPA to 

modify the T1 relaxation time. Although each CEST effect was dependent on T1, the ratio of 

the CEST effects were relatively independent of T1. (B) The pH values measured from the 

CEST effects of Yb–DO3A–oAA were independent of T1. The dashed line represents the 

pH measured with an electrode.
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Figure 8. 
The dependence of CEST on temperature. (A) The percentage CEST effects of the amide 

(solid circles) and amine (open circles) of 30 mM of Yb–DO3A–oAA were measured at pH 

7.30 using 10 µT saturation power over a range of temperatures. Linear fits of each CEST 

effect are shown as visual aids. (B) The pH values measured from the CEST effects of Yb–

DO3A–oAA were strongly dependent on temperature (R2 = 0.94, 0.068 pH units per °C). 

(C) The dashed line represents the pH measured with an electrode and corrected for 

temperature effects.
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Figure 9. 
The dependence of chemical exchange measurements on pH. The QUEST method was used 

to measure the chemical exchange rate, kex, from the CEST effects of the amide (solid 

circles) and amine (open circles) of 30 mM Yb–DO3A–oAA at 38.3 °C (35). A log10 axis is 

used to represent kex [eqn (8)]. Although base-catalyzed exchange of the amide and amine 

should cause kex to increase as the pH is increased, the QUEST method measured lower kex 

values at high pH. This result indicates that the QUEST method cannot accurately measure 

kex at high pH values for Yb–DO3A–oAA.
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Figure 10. 
The dependence of CEST characteristics on pH. (A) The chemical shift of the CEST effect 

of the amide approached the chemical shift of water (defined as 0 ppm) as the pH was 

increased. (B) The width of the CEST effect of the amide increased as the pH was increased. 

Both of these characteristics indicate MR coalescence as the pH is increased. Error bars 

represent the standard deviation of nine repetitions, and these results were acquired at 

38.3 °C. The chemical shift and width above pH 7.5 for the CEST effect of the amide, and 

the chemical shift and width at all pH values for the CEST effect of the amine, were limited 

by constraints imposed in the Lorentzian line fitting routine, so these results that may be 

affected by the fitting algorithm are not shown.
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