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Abstract

Purpose—A practical, non-invasive method is needed to measure the extracellular pH (pHe)

within in vivo tumors to longitudinally monitor tumor acidosis. We have optimized a biomedical

imaging method, termed acidoCEST MRI, to provide non-invasive assessments of tumor pHe in

pre-clinical models of mammary carcinoma.

Methods—A CEST-FISP MRI method was optimized to detect the chemical exchange saturation

transfer (CEST) of two amide protons of a clinically approved CT contrast agent, iopromide. The

ratio of the two CEST effects was used to measure pH. Routes of administration of iopromide

were evaluated to ensure sufficient delivery of the agent to the tumor. The optimized acidoCEST

MRI method was then used to evaluate the change in tumor pHe following alkalinizing

bicarbonate treatment.

Results—The acidoCEST MRI protocol measured pH between 6.2 and 7.2 pH units. Greater

delivery of iopromide was shown to improve the precision of the measurement of tumor pHe, but

the agent did not influence the tumor pHe. AcidoCEST MRI was used to longitudinally monitor

the effect of bicarbonate treatment on the pHe of tumors and bladders.

Conclusions—This study demonstrates that an optimized acidoCEST MRI method is a

practical, non-invasive method for assessing changes in tumor acidosis.
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Introduction

Tumor acidosis changes extrinsic cellular interactions that lead to tumor invasion and

metastasis (1,2). Extracellular acidity can be toxic to surrounding host tissue and can

promote invasion (3–5). Tumor acidosis also promotes metastasis by selecting cells that

exhibit metastatic phenotypes (6–8). Thus, measuring the extracellular pH (pHe) in solid

tumors has potential to characterize tumor aggressiveness.

Many chemotherapies, such as doxorubicin (Adriamycin®, Pfizer Inc., New York, NY), are

weak-base drugs that exhibit lower therapeutic efficacy against acidic tumors (9–12). Other

potential chemotherapies, such as esomeprazole (Nexium™, AstraZeneca plc, London UK),

are weak-acid chemotherapies that may exhibit higher therapeutic efficacy against acidic

tumors (13,14). Measuring tumor pHe has potential to predict therapeutic efficacy of a

weak-base drug or weak-acid drug before the therapeutic treatment is initiated for each

patient, which can lead to personalized medicine.

Treatments that alkalinize the tumor microenvironment, such as sodium bicarbonate, may

affect invasion and metastasis, and may also potentiate chemotherapeutic efficacies of weak-

base drugs (15). However, alkalinizing treatments remains controversial because the

duration of alkalinization to affect outcome is unknown, and the detriments to normal tissues

such as kidney and liver are also unknown (16,17). Accurately monitoring pHe in tumors

and normal tissues may greatly aid in evaluating the utility of alkalinizing treatments for

cancer care.

Several non-invasive methods have been developed to monitor tumor pHe in vivo. Optical

imaging can measure tumor pHe, but can only evaluate surface-accessible tumors and

cannot measure the entire tumor volume (18,19). Positron emission tomography (20,21),

electron paramagnetic resonance spectroscopy (22), and magnetic resonance spectroscopy

(23,24) can measure tumor pHe, but these methods are inaccurate, insensitive, or difficult to

implement especially for clinical diagnoses. Magnetic resonance imaging (MRI) with

relaxivity-based contrast agents can also be used to measure pH (25). However, the

concentration of the relaxivity-based MRI contrast agent must be known to accurately

measure tumor pHe, which is technically challenging (26). Therefore, an imperative remains

for a clinically relevant, non-invasive imaging method that can measure tumor pHe.

MRI contrast agents that are detected via Chemical Exchange Saturation Transfer (CEST)

have been used to measure pH (27). To detect a CEST agent, radio frequency saturation is

applied at a specific MR frequency of an exchangeable proton on the agent, which reduces

the detectable magnetization from this proton. Rapid chemical exchange of this saturated

proton with a proton on a near-by water molecule causes the reduced detectable

magnetization to be transferred to the water signal. A standard MRI acquisition sequence

can then be employed to measure the amplitude of the water signal throughout the image
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(28). A CEST spectrum is obtained by iterating the saturation frequency and recording the

normalized water signal amplitude (29). Because the average chemical exchange rates of

some labile protons are pH-dependent, and because CEST effects from two labile protons

can be selectively detected, a ratio of two CEST effects from the same agent can be used to

measure pH in a manner that is independent of concentration, endogenous T1 relaxation

time, and incomplete saturation (30,31). As an example, iopamidol (Isovue™, Bracco

Imaging S.p.A.) is a clinically approved CT contrast agent that has been used to measure

pHe within in vivo kidney tissue (32).

We have investigated the use of in vivo CEST MRI for measuring tumor acidosis, which we

term “acidoCEST MRI”. We have previously developed in vivo CEST-FISP MRI

acquisition protocols that rapidly detect in vivo CEST effects, which is critical for tracking

exogenous contrast agents within in vivo tissues (33). We have developed Lorentzian line

shape fitting methods that improve in vivo CEST measurements (34). We sought to optimize

our past technological developments to create the acidoCEST MRI protocol. We

investigated the use of iopromide (Ultravist™, Bayer Healthcare, Inc.), which is similar to

iopamidol. We have especially focused on the optimization of delivery of iopromide to

tumor tissue, to create a method that can non-invasively measure tumor pHe. To investigate

the practical utility of acidoCEST MRI, we investigated whether this method could identify

acidic tumors relative to pH-neutral tumors, and monitor the effect of bicarbonate

alkalinization treatment.

Methods

Optimizing acidoCEST MRI with iopromide

Chemical samples were prepared using clinical-grade iopromide at 788 mM concentration

(300 mg iodine /mL Ultravist™, Bayer Healthcare, Inc.). The iopromide was diluted with

distilled water to concentrations ranging from 12.5 mM to 400 mM, and the pH was adjusted

to values between 6.30 and 7.30 using 5 M hydrochloric acid. The addition of < 0.2 mL of

hydrochloric acid to 50 mL of each solution had a negligible effect on the solution’s

concentration. The pH values of the final solutions were measured with a calibrated pH

electrode (Mettler Toledo, Inc.). Chemical solutions were placed in 300 μL centrifuge tubes,

the tubes were placed in a customized cradle, and the cradle was inserted into the MRI

scanner. The samples were maintained at 37.0 ± 0.2°C using a heated air and an automatic

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

All MRI studies were performed with a CEST-FISP MRI protocol using a 7T Biospec MRI

scanner with a 72 mm-diameter quadrature transceiver coil (Bruker Biospin, Inc.) (33). The

FISP acquisition used the following parameters: 3.218 msec TR; 1.609 msec TE; 60°

excitation angle; 2 mm slice thickness; 250 × 250 μm in-plane resolution; 3.2 × 3.2 cm field

of view; linear encoding order; unbalanced “FID” mode; 418.54 msec scan time. The CEST

saturation period consisted of a series of Gaussian shaped radio frequency pulses with an

interpulse delay of 10 μsec and no additional spoiling or fat saturation pulses.

To optimize the CEST saturation period, the saturation time was varied from 0.5 to 8.0 sec

while the saturation power was set to 2 μT, the bandwidth was set to 90 Hz, the flip angle
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was set to 540°, and a series of 54 MR frequencies were saturated to acquire a CEST

spectrum in 0.3 ppm increments from +10 to −2.9 ppm, and in 1 ppm increments from −3 to

−10 ppm, and at +100 ppm and −100 ppm to measure MR signal without saturation effects

close to water. The saturation power was varied between 0.5 to 4.6 μT while the saturation

time was set to 5.0 sec, the bandwidth was set to 90 Hz, the flip angle was set to 540°, and

the same series of 54 MR frequencies were saturated. Bandwidths of 30 and 60 Hz were also

tested while using a saturation time of 5.0 sec, a saturation power of 2 μT, and a flip angle of

540°. For tests with a 30 Hz bandwidth, frequencies were saturated between −10 and −3

ppm in 1 ppm increments, and between −3 and 9 ppm in 0.1 ppm increments, and at +100

ppm and −100 ppm. For tests with a 60 Hz bandwidth, frequencies were saturated between

−10 and −3 ppm in 1 ppm increments, and between −3 and 10 ppm in 0.2 ppm increments,

and at +100 ppm and −100 ppm.

The signal amplitudes of each series of CEST-FISP images were measured using ImageJ to

create a CEST spectrum (35). Each CEST spectrum was smoothed with a cubic spline

function using Matlab R2012B (Mathworks, Inc) (36). A sum of three Lorentzian line

shapes was fit to each smoothed CEST spectrum using customized routines written for

Matlab R2012B (Mathworks, Inc., Natick, MA) (28). A log10 ratio of CEST effects from the

two amide protons was compared with the pH of each sample to create a linear calibration of

CEST vs. pH (30,31,34). The correlation of CEST vs. concentration was fit to a linear

function based on a two-pool model that represents the chemical exchange between one

amide group and water (37)

The mouse model of mammary carcinoma for imaging studies

All in vivo studies were conducted according to approved procedures of the Institutional

Animal Care and Use Committee of the University of Arizona. A model of MDA-MB-231

mammary carcinoma was prepared by injecting one million tumor cells in 0.5 mL of 50%

Matrigel into the right lower flank of a 6-week-old female SCID mouse. Imaging studies

were conducted when the subcutaneous tumor reached a size greater than 4 mm in diameter.

When needed, a 27 g catheter was inserted in the tail vein or the abdominal cavity to

facilitate the i.v. or i.p. injection of contrast agents. At the conclusion of the imaging scan,

the mouse was removed from the scanner and cradle, and allowed to recover. To test the

ability of acidoCEST MRI to measure a change in pHe within tumors or bladders,

acidoCEST MRI was performed one day before and one day after adding 200 mM of

bicarbonate to their drinking water.

For the “direct” injection procedure, 50 μL of 972 mM (370 mg iodine / mL) clinical-grade

iopromide was directly injected into the center of the subcutaneous tumor using a 32 g

needle. For the “subcutaneous” injection procedure, 0.5, 1.0, or 1.5 μL of 788 mM

iopromide, or 1.5 mL of iopromide adjusted to pH 6.3, 6.9, or 7.2, was injected

subcutaneously adjacent to the tumor using a 32 g needle, and the injection fluid was

allowed to soak into the tumor tissue. For the “IV” injection procedure, the same i.v.

injection of iopromide was intravenously injected within 60 seconds through the tail vein

catheter. For the “IV-infusion” injection procedure, 200 μL of 788 mM iopromide was
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followed by slow infusion of the agent at 150 μL/hr during imaging. For the “IP” injection

procedure, 1500 μL of 972 mM iopromide was injected intraperitoneally (IP).

In vivo micro-Computed Tomography (micro-CT) protocol

Thirteen chemical solutions of iopromide at 0, 0.005, 0.05, 0.5, 2.4, 5, 10, 12, 30, 60, 120,

240, and 300 mM concentrations were initially imaged using micro-CT to establish a linear

calibration of signal vs. concentration. To prepare for in vivo imaging studies, a mouse was

anesthetized with 1.5–2.5% isoflurane delivered in 1 L/min oxygen gas ventilation, and

secured to a customized cradle in the micro-CT scanner. Chemical solutions with 2.4 and 12

mM concentrations of iopromide were placed near the mouse as a concentration reference.

Micro-CT studies of chemical solutions and the in vivo mouse model were performed using

a Siemens Inveon micro-CT scanner and Inveon Acquisition Workplace software (Siemens

Medical Solutions USA, Inc., Knoxville, TN). All scans were acquired with the following

parameters: 80 kVp, 395 msec exposure time, 500 μA current, 220 rotation steps with 601

projections, ~8.5 minute scan time, 0.5 mm aluminum filter, four-fold bin factor, and low

magnification yielding an overall reconstructed isotropic voxel size of 105 microns. Scans

were reconstructed with filtered back-projection and no down-sampling using integrated

high-speed COBRA reconstruction software (Exxim Computing Corporation, Pleasanton,

CA). A scalar linear attenuation coefficient in Hounsfield Units (HU) was applied to each

dataset to facilitate inter-scan comparisons.

In vivo acidoCEST MRI protocol

To prepare for imaging studies, a mouse was anesthetized with 1.5–2.5% isoflurane

delivered in 1 L/min oxygen gas ventilation, the mouse was secured to a customized cradle,

probes for monitoring rectal temperature and respiration were connected to the mouse, the

core body temperature was regulated at 37.0 ± 0.2°C using an automated feedback loop

between the temperature probe and an air heater (SA Instruments, Inc., Stony Brook, NY),

and the cradle was inserted into the MRI scanner. At the conclusion of the imaging scan, the

mouse was removed from the scanner and cradle, and allowed to recover.

A CEST-FISP MRI protocol employed the same FISP acquisition period used for studies

with chemical solutions. The saturation period had a 5.0 s saturation time, a 2 μT saturation

power, a 90 Hz bandwidth, and a 540° flip angle. A series of 54 MR frequencies were

saturated to acquire a CEST spectrum in 0.3 ppm increments from +10 to −2.9 ppm, and in 1

ppm increments from −3 to −10 ppm, and at +100 ppm and −100 ppm to measure MR signal

without saturation effects close to water. This procedure was initiated within 30 seconds

after IV injection using the “IV-infusion” protocol or 2 minutes after subcutaneous injection

using the “subcutaneous” protocol. The total time to acquire a single MR CEST

spectroscopic image was 4:51 minutes. MR CEST spectroscopic imaging was repeated for a

total of six times, for a total acquisition time of 29:06 minutes. The MR signals from a

region of interest that represented the tumor were used to construct a CEST spectrum, which

was then analyzed using the same protocol used to analyze chemical samples described

above.
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Results

Optimizing acidoCEST MRI with iopromide

Iopromide, a clinically approved CT contrast agent, has two amide protons that have MR

frequencies at 4.2 and 5.6 ppm (Fig. 1a). A CEST spectrum showed that the CEST effect

from each amide could be selectively detected (Fig. 1b). To measure each CEST effect, a

sum of three Lorentzian line shapes was fitted to the smoothed CEST spectrum. The low

residuals near 4.2 and 5.6 ppm attest that these fittings could accurately measure each CEST

effect (Fig. 1c). Although the hydroxyl groups of iopromide generate a CEST effect at 0.8

ppm, this effect was difficult to distinguish from the direct saturation of water centered at 0

ppm, and therefore only a single Loretzian line shape was fit to the CEST effect of the

hydroxyl groups and the direct water saturation, resulting in higher fitting residuals near 0

ppm.

The concentration dependence of each CEST effect measured at pH 6.44 (Fig. 2a) fit to a

linear algorithm based on a two-pool model that represented one amide group and water

(Fig. 2b) (37). The excellent fittings to these models, with R2 correlations greater than

0.967, indicated that each CEST effect was independent of the other CEST effect.

Furthermore, this result showed the ratio of the two CEST effects was independent of

concentration, with an average ratio of 1.24 ± 3.7%.

We optimized the saturation time for acidoCEST MRI with iopromide (Fig. 3a). The CEST

effects from each amide proton did not reach steady state with 8 seconds of saturation.

However, a log10 ratio of the CEST attained a constant value after 1.5 seconds of saturation.

This result demonstrated that incomplete saturation of both CEST effects does not affect the

pH measurement with acidoCEST MRI. This obviated a concern for B1 inhomogeneity

during in vivo studies, and allowed for a shorter saturation time. We set the saturation time

to 5 seconds for subsequent studies to improve sensitivity for measuring each CEST effect.

We also optimized the saturation power for acidoCEST MRI with iopromide (Fig. 3b). The

CEST effects from each amide proton did not reach a maximum with the range of 0.5 to 5

μT saturation powers. A maximum CEST effect should have been observed within 5 μT for

protons exchanging slower than 1500 Hz, and our previous studies have shown that the

amide protons of iopromide have chemical exchange rates of approximately 100 and 1200

Hz (38,39). This result indicates that the saturation power affecting the sample was less than

the saturation power generated by the MRI scanner, which was attributed to B1

homogeneity. However, a log10 ratio of the CEST attained a constant value after 1.8 μT

saturation power, once again indicating that B1 inhomogeneity that causes incomplete

saturation of both CEST effects does not affect the pH measurement with acidoCEST MRI.

We set the saturation power to 2 μT for subsequent studies to minimize the specific

absorption rate during in vivo studies.

We also optimized the bandwidth of the saturation pulse for acidoCEST MRI using samples

at 200 mM concentration. Although the amide protons of iopromide have large chemical

shifts relative to other diamagnetic CEST agents, these chemical shifts are still close to each

other and to the MR frequency of water. The saturation bandwidth should be minimized to
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improve the specificity of measuring CEST from each amide proton. Yet the sensitivity of

detecting CEST improves with increasing bandwidth. Therefore, an optimal bandwidth is

needed to achieve balance between sensitivity and specificity. Our tests of combinations of

saturation bandwidth and power showed that a 90 Hz bandwidth at 2 μT power could

calibrate a ratio of CEST with greatest range of pH (Table 1). The optimized saturation

conditions were used to calibrate a log10 ratio of iopromide’s CEST effects with pH within a

range from 6.3 to 7.2 units (Fig. 4). This calibration showed excellent linearity with a R2

value of 0.95 and a precision of 0.07 pH units.

Evaluation of routes of injection

Micro-CT was used to test the delivery of iopromide to the tumor and normal tissues

following “direct”, “subcutaneous”, “IV”, “IV-infusion”, and “IP” injection protocols (Fig. 5

and Table 2). As expected, direct injection into the tumor provided the greatest delivery of

agent, but this method caused minor bleeding at the needle entrance site, so that direct

injection failed to meet our criterion of being a non-invasive method. The IP injection

showed no detectable uptake of agent in the tumor, and therefore was inadequate for

acidoCEST MRI studies. The subcutaneous, IV, and IV-infusion injections delivered 5.12,

4.08, and 3.69 mM of agent to the tumor. The minor differences in these concentrations

were assumed to be due to biological variability, so that the subcutaneous, IV, and IV-

infusion injections were considered to deliver comparable concentrations of agent to the

tumor. Furthermore, the concentration of agent in the tumor was relatively stable during the

micro-CT scan session, which showed a change in concentration of only 6.69% per 4:51

minutes which was the acquisition time of a single CEST spectrum. Therefore, the IV-

infusion protocol and subcutaneous injection protocol were used for subsequent acidoCEST

MRI studies because this route of injection was non-invasive and provided a stable

accumulation of agent in the tumor. The IV-infusion protocol was used instead of the IV

protocol to potentially improve the stability of the concentration of agent in the tumor.

The optimized acidoCEST MRI protocol with iopromide was used to measure in vivo tumor

pHe of a mouse model of mammary carcinoma. The IV-infusion and subcutaneous

injections were tested using the same five mice on successive days (Fig. 6a,b). The CEST

spectra of iopromide in the tumor tissue following both routes of injection had more noise

than CEST spectra of chemical solutions. CEST measurements that are 2√2 times the

standard deviation of the noise of the CEST MR image have a 95% probability of being real

(40). All CEST measurements were greater than this threshold. Also, the fitting residuals

were low near the CEST effects of the amide protons of iopromide, which provided

confidence that the CEST effects were accurately determined. The CEST spectrum

contained features in the negative ppm range that were attributed to magnetization transfer

effects from fat, because fat suppression was not included in our protocol. Yet the

Lorentzian line shape fitting method that analyzes features in the positive ppm range was not

affected by these poorly-fit features in the negative ppm range.

The IV-infusion and subcutaneous injections produced comparable measurements of tumor

pHe. Six CEST spectra were acquired after subcutaneous or IV-infusion injection of the

agent to a mouse. The average and standard deviation of the six pHe measurements from
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each CEST spectrum was used to determine the tumor pHe (Fig. 6c). The average standard

deviation of the tumor pHe measurements after IV-infusion and subcutaneous injection was

0.137 pH units and 0.138 pH units, respectively. For comparison, the average standard

deviation of the difference between the pHe measurements with IV-infusion vs.

subcutaneous injection was only 0.028 pH units. Therefore the “inter-injection” variance

was less than the “intra-injection” variances, indicating that both routes of injection

produced the same results. This result indicated that subsequent tests of the precision of

acidoCEST MRI measurements using a subcutaneous injection should also be valid for IV-

infusion injection.

Subcutaneous injections with 0.5, 1.0, and 1.5 mL volumes of the agent were performed on

successive days using the same eight mice (Fig. 7a). The standard deviation of the pHe

measurements made from six CEST spectra was determined for each acidoCEST MRI scan

session of each mouse (Fig. 7b). The average standard deviation of tumor pHe

measurements decreased from 0.287 to 0.214 to 0.141 pH units with 0.5 mL, 1.0 mL, and

1.5 mL injections, indicating improved precision with greater delivery of agent, as expected.

In addition, the average standard deviation of the difference between tumor pHe values

determined with each volume was 0.081 pH units. This “inter-volume” standard deviation

was less than each “intra-volume” standard deviation, indicating that the volume of injection

did not dilute the tissue and subsequently affect the pH determination, which validated that

the acidoCEST MRI protocol was noninvasive.

Subcutaneous injections with solutions adjusted to pH 6.3, 6.9, and 7.2 were performed on

successive days with the same six mice (Fig. 7c). The average standard deviation of the 18

tumor pHe measurements was 0.142 pH units (Fig. 7d), while the average standard deviation

of the difference between tumor pHe values determined with solutions at each pH was only

0.055 pH units. The “inter-pH” standard deviation was less than the “intra-pH” standard

deviation, which further indicated that the pH of the injection did not influence the tumor

pHe measurement, and further validated that the acidoCEST MRI protocol was non-

invasive.

Monitoring the effects of bicarbonate treatment on tumor pHe

To investigate the practical utility of acidoCEST MRI, we investigated whether this method

could identify acidic tumors and monitor the effect of bicarbonate alkalinization treatment.

The average pHe of the tumor was measured in a mouse model of MDA-MB-231 mammary

carcinoma (Fig. 8a, 8c). Tumor pHe was measured with a precision of 0.095 pH units. Three

tumors were classified as very acidic (pH 6.5), one tumor was classified as moderately

acidic (pH 6.9), and four tumors were classified as pH-neutral (pH > 7.0). Two of the four

pH-neutral tumors showed evidence for necrosis (mouse #7 and #8 of Fig. 8c). One day after

treating the mouse model with bicarbonate ad libitum, the pHe of all tumors increased to pH

> 7.1. These results demonstrated that acidoCEST MRI can track changes in tumor pHe.

The average pH of the bladder was also measured in two mice on two successive weeks, for

a total of four measurements (Fig. 8b). The bladder pH was measured with a precision of

0.119 pH units. Before treatment with bicarbonate, the bladder pH ranged between 6.3 and
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6.6 units. Bicarbonate treatment raised the pH of all bladders to > 6.8 pH units. For each

mouse, the increase in bladder pH was statistically significant (p<0.02).

Discussion

We have established an optimized protocol for acidoCEST MRI. However, this optimization

included an empirical calibration that was specific to a series of Gaussian-shaped pulses at

7T magnetic field strength. Saturation with other conditions and at other magnetic field

strengths may require a different empirical calibration. This optimization included

consideration for the route of injection. Subcutaneous injection could be helpful for

evaluating MRI contrast agents because it can be comparable to IV-infusion injection. These

experiments also established that an IV-infusion injection delivered a sufficient and stable

amount of agent to tumor tissue for acidoCEST MRI studies. This optimization included the

use of Lorentzian line shape fitting to measure CEST effects, and a statistical noise threshold

to ensure the statistically significant detection of CEST from both amide protons, which can

be easily translated to other CEST MRI studies with other saturation periods and magnetic

field strengths.

These results confirm that iopromide can be used as a contrast agent for dual-modality

micro-CT and acidoCEST MRI studies. In particular, micro-CT studies with iopromide

cross-validated the delivery of agent to the tumor using IV-infusion and subcutaneous

injections. Although cross-validation is critical for engineering new imaging methods, dual-

modality imaging has more potential impact when each modality can provide

complementary information rather than the same information (41). For example, micro-CT

studies with iopromide have been used to identify solid tumors with high resolution.

Iopromide contains three iodine atoms, and therefore radiolabeling iopromide with 123I

or 124I may be feasible, which would provide the opportunity to identify solid tumors with

high sensitivity SPECT or PET imaging modalities, respectively. Our study establishes that

acidoCEST MRI with iopromide provides complementary information by measuring the

average tumor pHe, once the tumor has been identified, which may improve assessments of

solid tumors with dual-modality CT-MRI, SPECT-MRI, or PET-MRI.

Based on our statistical criteria, acidoCEST can only reliably measure a maximum pH of

7.2, and therefore our measurements may have underestimated the average pHe of tumors

that were classified as pH-neutral. This underestimation is expected to be minor, because

pHe in tumors and normal tissues is rarely expected to exceed pH 7.4 (6). Yet improvements

to acidoCEST MRI are warranted that produce pixel-wise parametric maps of pHe within

the tumor, to identify intratumoral regions that are acidic and pH-neutral. Pixel-wise pH

maps may also provide for investigations of the acidoCEST MRI protocol, such as the

influence of B0 inhomogeneities on CEST spectra. Furthermore, our acidoCEST MRI

protocol images a single two-dimensional slice. Incorporating multi-slice CEST MRI

techniques into an acidoCEST MRI protocol may further improve the evaluation of spatial

heterogeneity of tumor pHe (42). In addition, we have not validated the accuracy of tumor

pHe measurements using acidoCEST MRI because other methods that attempt to measure

tumor pHe are difficult to implement, have their own measurement limitations, and their

accuracies have also not been validated. Therefore, future studies are warranted to validate

Chen et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the accuracy of acidoCEST MRI measurements of in vivo pHe, when other ‘gold standard’

methods become available.

Our tumor pHe measurements with acidoCEST MRI demonstrated that the MDA-MB-231

subcutaneous tumor model used in this study had a range of extracellular acidities. This

variability within the same mouse model indicates that genotype may not predict an acidic

phenotype. Therefore, measurements of tumor pHe may be needed for each mouse or patient

to establish the status of tumor acidosis for studies that investigate or depend on acidosis.

However, our proof-of-principle study only used one tumor model, and similar tests with

other subcutaneous and orthotopic tumor models are warranted to investigate this variability

of acidosis in cancer biology.

Our tumor pHe measurements also showed that bicarbonate treatment alkalinized the acidic

tumors, but did not change tumors that were classified as pH-neutral. For comparison,

bicarbonate treatment alkalinized the bladders in all cases. This evidence indicates that

bicarbonate should not be used as an anti-cancer treatment without prior knowledge of the

acidic state of the tumor. Otherwise, treating patients with pH-neutral tumors may not affect

the pHe of the tumor, and yet the patient risks alkalosis of normal organs such as the bladder

(43). Clinical translation of acidoCEST MRI may provide an important diagnostic tool for

patients who are considering the use of alkalinizing therapies.

AcidoCEST MRI has great potential for clinical translation and may provide an important

diagnostic tool for patients who are considering the use of alkalinizing therapies. Iopromide

is a clinically approved contrast agent. Our IV-infusion protocol delivers 3.3–4.6 grams of

iodone per kilogram of mouse body weight (gI/Kg) to a mouse, based on a mouse body

weight of 18–25 grams. Because pharmacokinetics scale between species when normalized

to body surface area, the dose used in our study equates to Human Equivalent Dose of 0.27–

0.37 gI/Kg. (44,45). This dose is 4- to 5.5-fold lower than the 1.5 gI/Kg maximum

recommended total dose of iopromide for humans, which facilitates clinical translation of

acidoCEST MRI. In addition, acidoCEST MRI uses a common FISP acquisition protocol

that is also clinically approved. AcidoCEST MRI also uses a long, high-power saturation

period, which is not currently approved for routine clinical use. However, long saturation

periods with higher saturation powers have been successfully used for clinical imaging

studies of solid tumors and other organs, including the brain (46,47). Based on the

compelling evidence of our study that tumor pHe measurements may benefit treatment

decisions for patients, clinical translation of acidoCEST MRI should be pursued.
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Figure 1. CEST of iopromide
(a) The chemical structure of iopromide. (b) A CEST spectrum of 200 mM iopromide at pH

6.69 and 37.0°C with saturation applied at 2 μT for 5 sec. (c) Lorentzian line shapes fitted to

the CEST spectrum show CEST effects at 4.2 ppm and 5.6 ppm. Squares represent the

residuals of the fitting process.
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Figure 2. Evaluation of the concentration dependence of the CEST effects of iopromide
(a) The CEST effects at 5.6 ppm (squares) and 4.2 ppm (circles) measured at pH 6.44 were

dependent on concentration, but the ratio (triangles) was independent of concentration. Solid

lines represent the CEST-concentration relationship based on the linear analysis shown in

panel b. The dashed line represents the average of the ratios, 1.24. (b) CEST at 5.6 ppm

(squares) and 4.2 ppm (circles) from samples with different concentrations were fit using a

Hanes-Woolf CEST concentration plot that is based on a two-pool model. The excellent

linear fitting demostrated that each CEST effect was idenpdendent of the other CEST effect.

CEST was measured using a 5 second saturation period with 2 μT saturation power,

followed by a CEST-FISP acquisition protocol.
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Figure 3. Evaluation of saturation conditions
Although each CEST effect of iopromide at pH 6.74 showed an increase with (a) increasing

saturation time and (b) increasing saturation power, a log10 ratio did not change with

saturation times ≥ 2 sec and ≥ 1.8 μT. A CEST-FISP acquisition protocol was used for this

study.

Chen et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. The effect of pH on CEST
(a) The CEST effects of iopromide are sensitive to pH. CEST spectra were acquired with

200 mM iopromide at 37°C with saturation applied at 2 uT for 5 sec. The CEST spectra of

fitted Lorentzian line shapes are vertically offset to aid the viewing. (b) A log10 ratio of the

two CEST effects is linearly correlated with pH from pH 6.3 to pH 7.2.
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Figure 5. A comparison of routes of administration using micro-CT
(a) An axial image of the tumor 9 min after direct injection. (b) A sagittal image of bladder,

kidney and tumor 27 min after IV-infusion injection. (c) An axial image of the tumor 9 min

after subcutaneous injection. (d) The concentration in the bladder, (e) kidney, and (f) tumor

showed that IV-infusion and subcutaneous injections caused renal clearance of the agent and

steady uptake in the tumor.
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Figure 6. A comparison of routes of administration using acidoCEST MRI
(a) Lorentzian line shape fitting to a smoothed CEST spectrum after IV-infusion injection.

(b) The difference in extracellular tumor pH determined after IV-infusion and subcutaneous

injection had a standard deviation of 0.028 pH units. The average standard deviation of the

IV-infusion and subcutaneous injection was 0.137 and 0.138 pH units, respectively,

indicating that protocols with the IV-injection and subcutaneous injections produced the

same pH value.
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Figure 7. Evaluations of injection conditions on acidoCEST MRI results
(a) The volume of the subcutaneous injection had an average inter-injection standard

deviation of 0.081 pH units. (b) Greater injection volumes produced a lower intra-injection

standard deviation, indicating improved precision with greater delivery of agent. (c)

Subcutaneous injections of solutions with different pH had an average inter-injection

standard deviation of 0.055 pH units, (d) and an average intra-injection standard deviation of

0.142 pH units, indicating that the pH of the injection did not influence the accuracy or

precision of the pH measurement.
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Figure 8. The effect of bicarbonate treatment on tissue pHe
(a) The MR image shows the location of the tumor and bladder. (b) The extracellular pH in

the bladder increased an average of 0.53 pH units 24 hours after providing 200 mM

bicarbonate in drinking water. C) The initial tumor pHe ranged from 6.5 to 7.2. The tumor

pHe increased to ≥ 7.1 pH units after bicarbonate treatment. Error bars represent the

standard deviation of 4–12 measurements within 30 minutes. ** p < 0.01, * p < 0.02.

Chen et al. Page 21

Magn Reson Med. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Chen et al. Page 22

Table 1

Measurable pH Rangea

Saturation Power
Bandwidth

30 Hz 60 Hz 90 Hz

1 μT pH 6.0–7.1 pH 6.0–7.0 pH 6.0–6.8

2 μT pH 6.0–7.1 pH 6.0–7.0 pH 6.0–7.2

4 μT pH 6.3–7.0 pH 6.3–7.0 pH 6.3–6.8

a
The measurable pH range was defined as the range that could generate two CEST effects from the contrast agent that are 2√2 times the standard

deviation of the noise of the CEST MR image, which have a 95% probability of being real (39). Samples were tested at a concentration of 200 mM.
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Table 2

Maximum uptake of iopromide following injectiona

Tissue direct injection (50 μL) subcutaneous injection (1.5 mL) IV injection (200 μL) IV-infusion 200 μL bolus (150 μL/hr)

tumor 349 mM 5.12 mM 4.08 mM 3.69 mM

bladder 95 mM 208 mM 320 mM 240 mM

kidney 2 mM 52 mM 79 mM 93 mM

a
IP injection: limited uptake in bladder and kidney, and no uptake in tumor and muscle
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