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Abstract

Purpose—CatalyCEST MRI compares the detection of an enzyme-responsive CEST agent with 

the detection of an unresponsive “control” CEST agent that accounts for other conditions that 

influence CEST. The purpose of this study was to investigate the feasibility of in vivo catalyCEST 

MRI.

Methods—CEST agents that were responsive and unresponsive to the activity of urokinase 

Plasminogen Activator (uPA) were shown to have negligible interaction with each other. A CEST-

FISP MRI protocol was used to acquire MR CEST spectroscopic images with a Capan-2 

pancreatic tumor model after intravenous injection of the CEST agents. A function of (super)-

Lorentzian line shapes was fit to CEST spectra of a region-of-interest that represented the tumor.

Results—The CEST effects from each agent showed the same initial uptake into tumor tissues, 

indicating that both agents had the same pharmacokinetic transport rates. Starting five minutes 

after injection, CEST from the enzyme-responsive agent disappeared more quickly than CEST 

from the unresponsive agent, indicating that the enzyme responsive agent was being catalyzed by 

uPA while both agents also experienced net pharmacokinetic washout from the tumor.

Conclusion—CatalyCEST MRI demonstrates that dynamic tracking of enzyme-responsive and 

unresponsive CEST agents during the same in vivo MRI study is feasible.
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INTRODUCTION

Enzyme activities are important biomarkers for diagnosing and monitoring many disease 

states. For example, urokinase Plasminogen Activator (uPA) is a protease biomarker for 

pancreatic tumor invasion and metastases because it activates other proteases that degrade 

the extracellular matrix and vessel basement membranes in the solid tumor and normal 

tissues that surround the tumor (1,2). Also, uPA causes paracrine and autocrine signaling 

that promotes tumor growth (3). Because uPA is initially expressed as a pro-enzyme, 

expression assays may inadvertently detect the inactive form of this enzyme, while 

measuring uPA activity necessarily reports on active uPA enzyme.

Fluorescence imaging agents have been developed that can detect enzyme activities. For 

example, uPA can cleave a ZGGR peptidyl ligand attached to a 7-amino-4-methylcoumarin 

(AMC), which causes the AMC to become highly fluorescent (Fig. 1A) (4). In addition, a 

second “control” fluorescent agent that is unresponsive to uPA activity can be selectively 

detected at the same time and in the same tissue location as the uPA-responsive agent. This 

control agent can account for pharmacokinetics of the enzyme-responsive agent (assuming 

that the agents have identical pharmacokinetics), which improves the detection of enzyme 

activity.

In vivo fluorescence imaging suffers from interfering light scattering in tissue, which limits 

spatial image resolution and the tissue depth that may be interrogated. For comparison, 

magnetic resonance imaging (MRI) produces images of deep tissues with relatively high 

spatial resolution. MRI contrast agents have been developed that detect protease activities 

after cleavage of a peptidyl ligand causes the agents to change the T1- or T2-relaxation time 

of surrounding water molecules (5). However, selectively detecting two relaxation-based 

MRI contrast agents is challenging, which complicates the comparison of enzyme-

responsive and unresponsive MRI contrast agents at the same time and in the same tissue 

location (6).

Chemical Exchange Saturation Transfer (CEST) agents are an alternative to relaxation-

based MRI contrast agents (5). A frequency-selective radio frequency pulse can saturate the 

coherent magnetization of a proton on the CEST agent, and subsequent chemical exchange 

of the proton with a water proton transfers the saturation to water, which causes a decrease 

in net MRI signal from water (Fig. 2A). Paramagnetic CEST agents typically consist of a 

lanthanide chelate, and the lanthanide ion shifts the MR frequencies of the chelate to unique 

values, which facilitates the selective saturation of one CEST agent in a mixture of agents.

We have previously designed CEST agents that can detect enzyme activities in chemical 

solutions (7-10). For example, we designed a uPA-responsive CEST agent by replacing the 

AMC group of ZGGR-AMC with a lanthanide chelate (Fig. 1B) (10). Cleavage of the 

ZGGR peptidyl ligand by uPA in a chemical solution converted an amide to an amine on the 

chelate, which caused the disappearance of CEST from the agent (Fig. 2B). In our previous 

studies, we included a CEST agent in the same chemical solution, Yb-DOTA-Gly4, which 

does not have a peptidyl ligand and therefore served as a control agent to improve the 

detection of uPA enzyme activity. The comparison of the uPA-responsive CEST agent with 
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an unresponsive CEST agent improved the detection of enzyme activity, because assigning 

the absence of the CEST effect from the responsive agent that “turns off” after enzyme 

activity would be daunting without also detecting the unresponsive agent that is “always 

on”. We refer to the comparison of an enzyme-responsive CEST agent and an unresponsive 

CEST agent as “catalyCEST MRI”.

The translation of catalyCEST MRI to in vivo studies requires CEST MRI methods with fast 

temporal resolution, sufficient sensitivity, and selective detection of two CEST effects. We 

have previously developed CEST-FISP MRI that provides fast temporal resolution for 

tracking the pharmacokinetics of CEST agents during in vivo studies (11). We have also 

employed Lorentzian and super-Lorentzian line shape fitting methods that can be used to 

selectively detect two CEST effects (12,13). We have also employed a methodology for 

determining when CEST reaches a statistically significant threshold for sufficiently sensitive 

detection (14). These past accomplishments used unresponsive CEST agents. In this report, 

we investigated whether these past accomplishments can be used with responsive and 

unresponsive CEST agents to translate catalyCEST MRI to in vivo studies.

METHODS

Chemical Synthesis

The CEST agents, ZGGR-α-amino-(Tm-DOTA) (Fig. 1B) and Eu-DOTA-Gly4 (Fig. 1C), 

were synthesized using previously reported methods (10,15). These products were 

characterized using electrospray mass spectrometry and were found to match previously 

reported results. The concentrations of ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4 

were confirmed using inductively coupled mass spectrometry.

CEST MRI protocol

MRI studies were conducted with a pre-clinical Bruker Biospec MRI scanner operating at 

7.05 T (300 MHz) magnetic field strength and processed using ParaVision 5.1 software. The 

temperature of the magnet bore was calibrated by measuring the separation of resonances of 

neat methanol between 25°C and 40°C to ensure that phantom studies and in vivo studies 

were both conducted at 37°C (16). A CEST-FISP acquisition protocol was used for all 

CEST MRI studies (11). Selective saturation was applied using a series of Gaussian-shaped 

pulses with a 300 Hz bandwidth and 10 μT power for 4.714 seconds. FISP acquisition 

parameters included TR: 2.33 msec; TE: 1.16 msec; excitation flip angle: 60°; number of 

averages: 1; matrix: 64×64; field of view: 4×4 cm; in-plane spatial resolution: 625×625 μm; 

slice thickness: 1 mm. The temporal resolution of acquiring one image with one selective 

saturation frequency was 5.10 seconds.

Some CEST spectra contained spikes that were similar to “salt and pepper” noise that can 

complicate signal analyses in many types of engineering protocols (17). The CEST spectra 

were median filtered to remove the interference of these spikes during the fitting process. 

The median filter substituted the value of each data point with median value of a 3-point 

range about the data point. The filtering affected the center point of the direct saturation of 
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water in the CEST spectrum, but this original point was restored in the spectrum after 

filtering.

CEST MRI studies of chemical solutions

Mixtures of both contrast agents were prepared at identical concentrations for both agents. 

The CEST MRI protocol listed above was used to acquire a series of 101 images with 

selective saturation from 100 to −100 ppm to investigate the responsiveness of both agents 

to uPA activity (Fig. 2). A series of 31 images with selective saturation from 200 to −200 

ppm was acquired to assess the dependence of CEST on concentration for each agent (Fig. 

3). Due to the T1 relaxivity of Tm(III), the water MR signal increased with increasing 

concentration in each CEST-FISP image because FISP images experience T1-weighting. 

The water MR signal also changed as a function of saturation frequency. The scale of the 

images at different concentrations was adjusted so that the 25 mM sample with saturation 

applied at 200 ppm was considered to have 100% signal. All CEST MR images were 

acquired at 37°C. To obtain a CEST spectrum from these images, a Region Of Interest 

(ROI) was manually selected for each chemical solution to be evaluated.

A model function of three Lorentzian lines (Eq. [1], without the fourth term for the super-

Lorentzian line shape, was fit to each CEST spectrum using customized routines developed 

for Matlab R2009B (Mathworks Inc., Natick, MA) (12). A CEST effect of 2√2 was 

considered to have a 95% probability that the CEST effect was real (14). CEST effects that 

reached this threshold of sensitivity were evaluated using a Hanes-Woolf-like linear analysis 

method that is based on a two-pool model in which the two pools represent water and one 

agent (18).

(1)

where

A1,2,3,4 : the area of the Lorentzian line shape

w1,2,3,4 : the line width at half height of the Lorentzian line shape

ω1,2,3,4 : the maximum of the Lorentzian line shape

Cell Culture

Panc-1, Su86.86, Capan-2, and HPAF-II pancreatic cancer cells (American Type Culture 

Collection, Manassas, VA) were maintained in the recommended tissue culture media for 

each cell type, supplemented with 10% fetal bovine serum (FBS), 500 U/mL penicillin, and 

5000 U/mL streptomycin. Cells were tested for mycoplasma contamination on a quarterly 

basis using the MycoAlert mycoplasma detection assay kit (Lonza Group Ltd., Basel, 

Switzerland) and found to be negative. Cells were grown in 5% CO2 at 37°C in a humidified 

tissue culture incubator or exposed to 1.0% humidified oxygen concentration in nitrogen at 
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37°C in an Invivo Hypoxia Workstation 400 with a Ruskinn hypoxic gas mixer (Biotrace 

International, Cincinnati, OH).

In vivo tumor model

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

Animal Care and Use Committee of the University of Arizona. A mouse model was 

prepared by injecting 1.0 M Capan-2 tumor cells in 0.5 mL of 50% Matrigel into the right 

lower flank of 10 female Severe Combined Immune Deficiency (SCID) mice that were 6 

weeks old. CEST MR studies were conducted when the subcutaneous tumor reached a size 

greater than 4 mm in diameter.

uPA Optical Absorbance Assay

The total uPa activity was analyzed using the PAI Activity Assay Kit (ECM610 Kit, 

Millipore, Inc., Billerica, MA). A linear calibration was constructed by preparing the 

substrate at the manufacturer’s recommended concentration, and measuring colorimetric 

absorbance two hours after adding human urine uPA provided with the kit. The amount of 

uPa was varied between 0.625 and 10 Units. A Synergy 2 microplate reader (Biotek 

Instruments Inc., Winooski, VA) was used to monitor absorbance at 405 nm. Paired media 

samples without chromogenic substrate added were used for subtracting background 

absorbance. The absorbance of the uncleaved chromogenic substrate is unknown. However, 

our study evaluated changes in absorbances between samples and over time, which cancels 

any potential systematic error due to absorbance by uncleaved agent. To ensure that this 

assay quantified enzyme activity, the initial rate of substrate cleavage was monitored as a 

function of substrate concentration and the results were analyzed using a Lineweaver-Burk 

plot. After developing the assay, uPA activity was measured in experimental samples 

following two hours of incubation with the substrate. The amount of uPA activity in each 

experimental sample was determined from the calibration curve and normalized to total 

protein per well. The total protein content was measured using a 660 nm Protein Assay kit 

(Thermo Scientific, Rockford, IL).

For the determination of in vitro uPa activity, cells were seeded at 250,000 cells per 100 mm 

plate in 3 mL of media supplemented with 10% FBS. Cells were allowed to attach overnight 

and fresh media was added and collected after 48 hrs. Cells were tested with the uPA assay 

to identify the cell type with the highest activity of uPA.

For the determination of in vivo uPA activity, Capan-2 tumors were harvested from mice 

after euthanasia with CO2 asphyxiation or with i.p. administration of 0.2 mL of 

pentobarbitol. Following harvesting, 250 mg of tumor sample was placed into a cryovial 

with 1 mL of 1x assay buffer from the uPA Activity Assay Kit. Samples were homogenized 

with a handheld Powergen homogenizer (Fisher Scientific) and sonicated. The sonication 

may have caused a decrease in enzyme activity (19). However, care was taken to sonicate 

each sample with the same amplitude and duration, so that sonication would not affect the 

relative comparisons of enzyme activities between the tissues. Following centrifugation at 

2,000 g for 10 minutes at room temperature, the supernatant was removed and used in the 

uPA assay. In addition, blood was collected from the mice via cardiac puncture, the plasma 
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was isolated via centrifugation at 2,000 g for 10 minutes at room temperature, and the 

supernatant was used in the uPA assay. Four mice were tested with the uPA assay to 

establish that the in vivo tumor tissue had high uPA activity. The 10 mice that were tested 

with CEST MRI were also tested with the uPA assay to confirm high uPA activity in tumor 

tissues.

In vivo CEST MRI

Each mouse was anesthetized with 1.5-2.5% isoflurane delivered in 1 L/min oxygen gas 

ventilation. A 27 g catheter was inserted in the tail vein to facilitate an injection of contrast 

agents. The mouse was then secured to a customized MRI-compatible cradle, probes for 

monitoring rectal temperature and respiration were connected to the mouse, and 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). Respiration 

gating was not used, because the tumor was located on the lower flank, and the flank was 

immobilized when the mouse was secured to the cradle. A 100 μL mixture of 12.5 mM of 

Eu-DOTA-Gly4 and 50 mM of ZGGR-α-amino-(Tm-DOTA) was injected i.v. through a tail 

vein catheter, which delivered 0.05 mmol/Kg of Eu-DOTA-Gly4 and 0.2 mmol/Kg of 

ZGGR-α-amino-(Tm-DOTA) to the mouse. The relative concentrations of each agent were 

chosen based on the greater CEST sensitivity for Eu-DOTA-Gly4 relative to ZGGR-α-

amino-(Tm-DOTA). The mixture was slowly injected during 30 seconds to avoid excessive 

backpressure in the catheter and tail vein. In vivo CEST MR images were then acquired. At 

the conclusion of the MRI scan, the mouse was removed from the MRI magnet and cradle 

and allowed to recover before euthanasia, to ensure that the contrast agents did not create 

acute toxicity.

Using the CEST MRI protocol listed above, series of 21 images were acquired, which 

required 1.8 minutes to acquire. The saturation frequencies were acquired in an order of +80, 

+70, +57, +54, +51, +48, +40, +30, +10, +5, 0, −5, −10, −30, −40, −48 −51, −54, −57, −70, 

and −80 ppm, relative to the average MR frequency of the tumor that was set to 0 ppm. The 

average MR frequency of the bladder differed from the average MR frequency of the tumor 

by approximately +3 ppm due to B0 magnetic field inhomogeneity. A region of interest 

representing muscle tissue was selected near the tumor to minimize the effects of B0 

inhomogeneity when evaluating muscle. Regardless of B0 inhomogeneities, the same 

saturation frequencies relative to the average MR frequency of the tumor region were used 

throughout the volume of the mouse.

Five mice were scanned at 1.8, 3.6, 5.4, 7.2, 9.0, and 10.8 minutes, and five additional mice 

were scanned at 3.0, 6.0, 9.0, 12.0, 15.0, and 18.0 minutes to improve temporal sampling. 

Parametric maps of the spatial distribution of CEST effects, known as CEST maps, were 

generated by subtracting the image acquired at a saturation frequency from the average 

image acquired with saturation at +80 and −80 ppm, and then normalized to the amplitude of 

the average image acquired with saturation at +80 and −80 ppm. To obtain a CEST spectrum 

of the tumor, bladder, or muscle, a ROI was manually selected in the CEST maps for each 

tissue to be evaluated. A model function of three Lorentzian line shapes and a super-

Lorentzian line shape (Eq. [1]) were fit to each CEST spectrum using Matlab R2009B 
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(Mathworks Inc., Natick, MA) (13). The maximum of the Lorentzian line shape (i.e., the 

chemical shift of the direct saturation of water or the CEST peak) was a fitted parameter, so 

that this analysis method automatically compensated for B0 inhomogeneity in the bladder 

and muscle relative to the tumor. Furthermore, the Lorentzian and super-Lorentzian line 

shape fittings were dependent on multiple points in the CEST spectrum, which compensated 

for the relatively sparse number of points in each CEST spectrum. The Lorentzian line 

shapes were used to account for CEST from both agents and the direct saturation of water, 

and the super-Lorentzian line shape was used to account for endogenous magnetization 

transfer effects. A CEST effect of 2√2 was considered to have a 95% probability that the 

CEST effect was real (14).

RESULTS

The CEST agents ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4, were synthesized 

using previously reported methods, and concentrations were confirmed using ICP-MS 

(10,15). ZGGR-α-amino-(Tm-DOTA) produced a CEST effect at −54.1 ppm, which 

disappeared after incubation with uPA (Fig. 2). Because the disappearance of a signal may 

be difficult to interpret, a CEST agent that is unresponsive to uPA activity, Eu-DOTA-Gly4, 

was also included in the sample. CEST at +53.9 ppm from Eu-DOTA-Gly4 did not change 

after adding uPA. A high salt content in the chemical samples compromised the “match” of 

the transceiver coil and increased the bandwidth of the saturation, which broadened the 

features in the CEST spectra.

CEST MR images were acquired with a series of chemical solutions that ranged in 

concentration from 1.56 to 25 mM (Fig. 3A). Lorentzian line shapes were fit to these 

spectra, resulting in negligible residuals relative to the amplitude of each CEST effect (Fig. 

3B). The concentration dependence of CEST for each agent in a mixture of both agents was 

fit with a Hanes-Woolf-like analysis method that is based on a two-pool model of chemical 

exchange between only one agent and water (Fig. 3C).The excellent fitting of each agent to 

a two-pool model (R2 = 0.95 and 0.96) indicated the direct interaction of the two CEST 

agents was negligible.

To develop a pre-clinical model with high uPA enzyme activity, a panel of pancreatic tumor 

cell lines was tested in vitro for uPA activity. An assay was developed using a colorimetric 

kit, which showed excellent linearity between the optical absorbance signal and the 

concentration of uPA (R2 = 0.96, Fig.4A). The Michaelis-Menten kinetics of uPA for 

cleaving this agent was analyzed to assess whether the assay reported on enzyme activity 

(Fig. 4B). The excellent linearity of a Lineweaver-Burk plot (R2 = 0.94) confirmed that 

catalysis of the agent with uPA matched a Michaelis-Menten enzyme kinetics model. A 

panel of pancreatic tumor cells was grown under normoxic and hypoxic conditions, and the 

cell media was assayed for extracellular uPA activity (Fig. 4C). The Capan-2 cell line 

exhibited the greatest uPA activity under normoxic conditions and the second-greatest uPA 

activity under hypoxic conditions. Excised tumors from four mice with a subcutaneous 

Capan-2 xenograft tumor showed strong uPA activity while very low or no uPA activity was 

detected in mouse plasma, further confirming that this tumor model was appropriate for in 

vivo CEST MRI studies of extracellular uPA activity in tumor tissue (Fig. 4D).
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A mixture of ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4 was injected i.v. through a 

catheter inserted in a tail vein in 10 mice with a subcutaneous Capan-2 tumor. CEST-FISP 

MR images were acquired at selective saturation frequencies ranging from +80 to −80 ppm, 

and CEST maps were generated at each saturation frequency relative to the average of 

CEST images acquired at +80 and −80 ppm (Fig. 5A). The CEST map at 0 ppm showed an 

apparent CEST effect in the bladder, which was attributed to B0 inhomogeneity between the 

bladder and the tumor. The CEST maps were used to generate CEST spectra that 

represented the tumor, bladder, and muscle (Fig. 5B). These spectra were fit with Lorentzian 

and super-Lorentzian line shapes to quantify CEST from each agent. The low residuals of 

the fitting process attested to the high quality of this analysis method (Fig. 5C). A CEST 

effect of 2.2% reached the 95% probability threshold that the CEST effects were real, based 

on image noise. All in vivo CEST effects measured in tumor tissue were above this 

threshold, except for a measured CEST effect of 1.2% for Eu-DOTA-Gly4 measured just 

prior to injection, which therefore was considered to be insignificant.

Each CEST effect was found to increase in tumor tissues at equal rates during the first 5 

minutes after injection, suggesting that the pharmacokinetics of the agents were identical 

(Fig. 6B). However, the CEST effect of ZGGR-α-amino-(Tm-DOTA) decreased more 

rapidly than CEST from Eu-DOTA-Gly4 in tumor tissues after 5 minutes post-injection (Fig. 

6C). This difference in the rates of CEST disappearance was attributed to cleavage of the 

peptidyl ligand of ZGGR-α-amino-(Tm-DOTA) by uPA. Subsequent ex vivo assays 

confirmed high uPA activity in the tumor tissues. For comparison, the increase and decrease 

of each CEST effect in the bladder and muscle was the same for both agents, which was 

expected because these tissues have no uPA activity (Fig. 6D) (1). All in vivo CEST effects 

measured in bladder and muscle tissues exceeded the 99% probability threshold at 3.6 

minutes after injection. This delay in reaching a minimum concentration to generate a 

detectable CEST effect was expected for the bladder, due to the time required for filtration 

of agents through the kidney. This delay was also expected for the muscle, due to the lower 

vascular permeability in muscle tissue relative to tumors (20).

DISCUSSION

The CEST effects of ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4 were detected at 

approximately −54 and +54 ppm. This symmetry about the water resonance was 

advantageous when comparing the CEST effects of the two exogenous agents. In particular, 

the endogenous MT effect was symmetrical at these chemical shifts, so that competition 

with MT equally affected CEST from both agents (21). Furthermore, T2ex relaxation from 

Eu-DOTA-Gly4 may cause line broadening of the water resonance (22). Yet this line 

broadening was symmetrical, so that these relaxation effects equally affect CEST from both 

agents. This advantage of symmetrical CEST effects was not realized in our previous report 

that compared CEST effects of ZGGR-α-amino-(Tm-DOTA) and Yb-DOTA-Gly4 that has a 

chemical shift at −16 ppm.

The symmetry of the two CEST effects creates a disadvantage. A CEST effect is commonly 

measured by directly comparing the water signal amplitude in the CEST spectrum at 

symmetrical chemical shifts relative to the chemical shift of water, known as a MTRasym 
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analysis, because one half of the CEST spectrum is not influenced by a CEST agent (23). 

However, a mixture of ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4 generates CEST 

in both halves of the CEST spectrum, which obviates the MTRasym analysis method. To 

overcome this problem, a function of three Lorentzian line shapes was fit to CEST spectra 

obtained from chemical solutions (Fig. 2, 3). To overcome the additional problem of 

endogenous MT effects, one super-Lorentzian line shape was added to this function to fit to 

CEST spectra obtained from in vivo studies (Fig. 5, 6). As an additional benefit, this fitting 

procedure accounted for small changes in chemical shifts that may be caused by B0 

inhomogeneities or changes in temperature or pH. Therefore, this demonstration emphasizes 

the merits of Lorentzian and super-Lorentzian line fitting for CEST analyses.

The CEST-FISP MRI protocol generated “MR CEST-spectroscopic images” in 1.8 minutes. 

This temporal resolution was sufficient to track the washout of the two CEST agents in the 

tumor tissue between 5 and 18 minutes after injection, while also tracking the faster decrease 

in CEST detection from ZGGR-α-amino-(Tm-DOTA) that was caused by uPA catalysis. 

This temporal resolution was also sufficient for tracking the pharmacokinetics of both agents 

in bladder and muscle tissues for as long as 18 minutes after injection. However, a 1.8-

minute temporal resolution was only marginally sufficient for tracking the pharmacokinetic 

uptake of both agents during the first 3.6 minutes after injection. This marginal temporal 

resolution prompted us to test two sets of mice with different temporal frames to improve 

the analyses of in vivo pharmacokinetics, which strengthened the conclusions reached with 

only one set of temporal frames. This result demonstrated that fast temporal resolution is 

desirable for tracking responsive and unresponsive CEST agents. Reducing the number of 

saturation frequencies can improve temporal resolution of MR CEST spectroscopic imaging, 

although care must be taken to retain sufficient spectral resolution to accurately measure 

CEST effects (24).

For comparison, some other in vivo studies have compensated for slower temporal resolution 

by directly injecting a CEST agent into tissues (13,25-30). Although injections of agents 

directly into tissues can be useful for proof-of-concept with new contrast agents, other routes 

of administration are preferred for a truly non-invasive imaging method. As another 

comparison, some other in vivo studies with i.v. injections have used spin-echo or SWIFT 

MRI protocols that have temporal resolutions as fast as 36.6 seconds per image (22,31,32). 

At this rate, the acquisition of 21 images with different saturation frequencies to generate a 

MR CEST spectroscopic image in our study would have required 12.8 minutes, which is too 

slow to assess the pharmacokinetics of our CEST agents. Other in vivo studies have detected 

CEST agents using OPARACHEE MRI that directly saturates the water resonance, resulting 

in a temporal resolution as fast as 80 seconds (33,34). However, OPARACHEE MRI cannot 

selectively detect multiple CEST agents during a single MRI protocol, which is insufficient 

for catalyCEST MRI studies. Therefore, a CEST-FISP MRI protocol appears particularly 

suitable for in vivo catalyCEST MRI studies.

Other in vivo MRI studies with exogenous agents have been previously reported. Initial in 

vivo studies tracked the dynamic uptake of paramagnetic CEST agents in tumors by 

iteratively saturating a single MR frequency before and after injection (14,35,36). However, 

this methodology cannot account for B0 inhomogeneity or changes in line broadening from 
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T2 relaxation. Subsequent in vivo studies saturated MR frequencies that are symmetrical 

about the water resonance using single-point (22,25,31) or multipoint (26,30) MTRasym 

analysis. Recent in vivo studies have acquired and evaluated a full CEST spectrum, which 

improves on these previous approaches (28-30,37,38). As shown in our current study, fitting 

(super)-Lorentzian line shapes to CEST spectra is a useful method for evaluating in vivo 

studies that employ MR CEST-spectroscopic imaging.

Using a statistical threshold was critical for validating the appearance of in vivo CEST 

effects with exogenous contrast agents. We used a well-known criterion for evaluating 

changes in MR signal (i.e., contrast) relative to invariant MR signal that represented image 

noise (39). Despite the reduction in MR signal obtained with FISP acquisition methods, our 

CEST-FISP images still had high signal-to-noise, so that the Rician noise distribution could 

be approximated as a Gaussian noise distribution for assessing this probability threshold. 

Other statistical criteria have been used to validate other MR image contrast changes, 

particularly for fMRI studies. Therefore, additional methods for evaluating future in vivo 

MR CEST spectroscopic imaging studies may be warranted.

Although these results indicated that the pharmacokinetics is the same for both agents, 

identical pharmacokinetics is not guaranteed. In particular, ZGGR-α-amino-(Tm-DOTA) 

possesses a +1 net charge and Eu-DOTA-Gly4 possesses a −1 net charge, and this difference 

in charge may affect pharmacokinetics. To address this potential pitfall, future studies 

should couple both agents together. For example, past studies have shown that a CEST agent 

can be coupled together by conjugating them to a dendrimer, which may also deliver a 

payload of agent to the tumor tissue and therefore also improve in vivo CEST detection (36). 

During future studies that couple CEST agents, care should be taken to ensure that each 

coupled agent does not interfere with the CEST effect of the other agent, as demonstrated in 

Figure 2D.

Other protease enzymes in the tumor tissue may have cleaved ZGGR-α-amino-(Tm-DOTA) 

during the in vivo CEST MRI studies, because proteases are notoriously promiscuous (2). 

The selective detection of multiple promiscuous proteases can be improved by using 

multiple fluorescence agents to monitor multiple cleavage rates, which can be used to solve 

coupled kinetics equations. Similarly, the ability to selectively detect multiple CEST agents 

within in vivo tumor tissues may also be exploited in future studies to selectively detect 

multiple promiscuous proteases. This study demonstrates that in vivo catalyCEST MRI with 

multiple CEST agents can be conducted to investigate these improvements. Furthermore, the 

catalytic efficiency of uPA for cleaving ZGGR-α-amino-(Tm-DOTA) within in vivo tumor 

tissues is unknown. Currently, in vivo enzyme kinetics studies are extremely difficult to 

perform. This study indicates that in vivo Michaelis-Menten kinetics studies may be feasible 

by serially performing non-invasive catalyCEST MRI studies with different substrate 

concentrations.

Finally, other catalyCEST agents have been designed that detect the catalytic activity of 

enzymes, including CEST agents that are catalyzed by protease (7,8,10,40), galactosidase 

(41,42) esterase (9), deaminase (43), and transglutaminase enzymes (44). These catalyCEST 

agents have been studied in chemical solutions, and some examples have been studied with 
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in vitro conditions. Our study represents the first report of in vivo catalyCEST MRI, and 

therefore demonstrates that the translation of these other catalyCEST agents to in vivo 

studies may be feasible.

CONCLUSIONS

Monitoring the in vivo pharmacokinetics of two CEST agents that were simultaneously 

injected i.v. into a single mouse provided the ability to simultaneously track delivery and 

enzyme catalysis, which improved the analysis of enzyme activity in a tumor model. Using a 

CEST-FISP MRI protocol, a (super)-Lorentzian line shape fitting to CEST spectra, and a 

threshold for establishing that CEST detection was statistically significant, were important 

design criteria for this study. Together, the two CEST agents and CEST MRI acquisition & 

analysis methods used in this study have established catalyCEST MRI for detecting in vivo 

enzyme activity.
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Figure 1. 
Chemical structures of imaging contrast agents. a) The ZGGR peptide ligand is cleaved 

from the 7-amino-4-methylcoumarin (AMC) by urokinase Plasminogen Activator (uPA). 

The ligand-free AMC has bright fluorescence, which can be temporally monitored to detect 

uPA enzyme activity. b) ZGGR-α-amino-(Tm-DOTA) has the same design as ZGGR-AMC 

for detecting uPA activity. A water molecule fills the ninth coordinate site of the Tm-DOTA 

chelate. However, the CEST effect at −54 ppm from this agent originates from the amide 

nearest the Tm(III) ion. c) Eu-DOTA-Gly4 does not contain a ZGGR peptide and is 

therefore unresponsive to uPA activity. A water molecule fills the ninth coordinate site of 

the Eu-DOTA chelate. The CEST effect at +54 ppm from this agent originates from the 

bound water molecule.
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Figure 2. 
Solution-state CEST MRI of two PARACEST agents. a) The horizontal reaction shows MR 

saturation of the amide proton of ZGGR-α-amino-(Tm-DOTA) (gray), followed by 

chemical exchange with water, which transfers the MR saturation to water and decreases the 

water signal. The vertical reaction shows cleavage of the ZGGR peptide from α-amino-(Tm-

DOTA) by uPA, which converts an amide to an amine that does not generate CEST. b) 

ZGGR-α-amino-(Tm-DOTA) showed CEST with MR saturation at −54.1 ppm before 

adding uPA (black) but not after adding uPA (gray). A control agent, Eu-DOTA-Gly4, 

showed no change in CEST at +53.9 ppm.
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Figure 3. 
Quantitative evaluation of the concentration dependence of CEST for each agent. a) 

Serially-diluted chemical solutions, with each solution containing both contrast agent at the 

same concentration, were used to acquire 31 CEST-FISP MR images with selective 

saturation ranging from +200 to −200 ppm. Only 7 of the 31 images are shown. b) A 

function of three Lorentzian line shapes was fit to each CEST spectrum to measure each 

CEST effect of ZGGR-α-amino-(Tm-DOTA) (red) and Eu-DOTA-Gly4 (blue). Fitting 

residuals are shown as triangles with a dashed line. The residuals had a standard deviation 

ranging from 1.1% to 2.5% water signal for each fitting, which attested to the excellent 

quality of the fittings. c) The CEST results and concentrations were fit with a Hanes-Woolf-

like linear analysis method based on a two-pool model of chemical exchange between only 

one agent and water. The excellent fitting indicated that each CEST effect can be 

approximated as a two-pool model, so that the direct interaction of the two CEST agents can 

be considered to be negligible. d) Based on results from the Hanes-like analysis method, the 

CEST effects of each PARACEST agent showed a typical correlation with concentration.
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Figure 4. 
Development of a pancreatic tumor model with high uPA activity. a) Total uPa activity was 

analyzed using the PAI Activity Assay Kit (ECM610 Kit, Millipore, Inc.) and a Synergy 2 

microplate reader (Biotek Instruments Inc., Winooski, VA). Paired media samples without 

chromogenic substrate added were used for subtracting background absorbance. b) To 

ensure that enzyme concentration measured by this assay quantified enzyme activity, the 

initial rate of substrate cleavage was monitored as a function of substrate concentration and 

the results were analyzed using a Lineweaver-Burk plot. c) uPA activity was measured 

following two hours of incubation of the substrate with each cell type during in vitro studies 

conducted in normoxic and hypoxic conditions. The amount of uPa activity was normalized 

to total protein in each sample. Error bars represent the standard deviation of six trials for 

each cell type. d) The uPA activity was measured in blood plasma and homogenized tumor 

tissue. The amount of uPa activity in the samples was normalized to total protein in each 

sample. Error bars represent the standard deviation of results from four mice.
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Figure 5. 
In vivo CEST MRI of two PARACEST agents. a) A CEST image and CEST maps obtained 

at 3.6 minutes post-injection showed selective detection of each agent in the tumor and 

bladder. b) CEST spectra of the tumor were fit with Lorentzian and super-Lorentzian line 

shapes. The two Lorentzian line shapes corresponding to the CEST effects of the two agents 

are shown. c) CEST from each agent was quantified from each Lorentzian line shape. 

Residuals of the line shape fitting are shown as a dashed line.
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Figure 6. 
CatalyCEST MRI. a) A function of three Lorentzian line shapes and one super-Lorentzian 

line shape was fit to each CEST spectrum (circles). The Lorentzian line shapes 

corresponding to ZGGR-α-amino-(Tm-DOTA) and Eu-DOTA-Gly4 are shown, the sum of 

the four (super)-Lorentzian line shapes are also shown, and the sum of the super-Lorentzian 

line shape and the Lorentzian line shape of the direct saturation of water are also shown. b) 

Each agent showed the same initial tumor uptake rates, c) but the rates of CEST 

disappearance from the tumor were different for each agent. The faster CEST disappearance 

from ZGGR-α-amino-(Tm-DOTA) was attributed to uPA activity. d) The agents had the 

same pharmacokinetics in the bladder and muscle.
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