
Advanced cardiac chemical exchange saturation transfer 
(cardioCEST) MRI for in vivo cell tracking and metabolic imaging

Ashley Pumphreya, Zhengshi Yanga, Shaojing Yea, David K. Powellb, Scott Thalmanc, David 
S. Wattd, Ahmed Abdel-Latifa, Jason Unrinee, Katherine Thompsonf, Brandon Fornwalta,g, 
Giuseppe Ferrautoh, and Moriel Vandsburgera,c,i,*

aSaha Cardiovascular Research Center, University of Kentucky, Lexington, KY, USA

bDepartment of Anatomy and Neurobiology, University of Kentucky, Lexington, KY, USA

cDepartment of Biomedical Engineering, University of Kentucky, Lexington, KY, USA

dDepartment of Molecular and Cellular Biochemistry, University of Kentucky, and Center for 
Pharmaceutical Research and Innovation, College of Pharmacy, University of Kentucky, 
Lexington, KY, USA

eDepartment of Plant and Soil Sciences, University of Kentucky, Lexington, KY, USA

fDepartment of Statistics, University of Kentucky, Lexington, KY, USA

gGeisinger Health System, Danville, PA, USA

hMolecular Imaging Center, Department of Molecular Biotechnologies and Health Sciences, 
University of Torino, Torino, Italy

iDepartment of Physiology, University of Kentucky, Lexington, KY, USA

Abstract

An improved pre-clinical cardiac chemical exchange saturation transfer (CEST) pulse sequence 

(cardioCEST) was used to selectively visualize paramagnetic CEST (paraCEST)-labeled cells 

following intramyocardial implantation. In addition, cardioCEST was used to examine the effect 

of diet-induced obesity upon myocardial creatine CEST contrast. CEST pulse sequences were 

designed from standard turbo-spin-echo and gradient-echo sequences, and a cardiorespiratory-

gated steady-state cine gradient-echo sequence. In vitro validation studies performed in phantoms 

composed of 20mM Eu-HPDO3A, 20mM Yb-HPDO3A, or saline demonstrated similar CEST 

contrast by spin-echo and gradient-echo pulse sequences. Skeletal myoblast cells (C2C12) were 

labeled with either Eu-HPDO3A or saline using a hypotonic swelling procedure and implanted 

into the myocardium of C57B6/J mice. Inductively coupled plasma mass spectrometry confirmed 

cellular levels of Eu of 2.1 × 10−3 ng/cell in Eu-HPDO3A-labeled cells and 2.3 × 10−5 ng/cell in 

saline-labeled cells. In vivo cardioCEST imaging of labeled cells at ±15ppm was performed 24 h 

after implantation and revealed significantly elevated asymmetric magnetization transfer ratio 

values in regions of Eu-HPDO3A-labeled cells when compared with surrounding myocardium or 
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saline-labeled cells. We further utilized the cardioCEST pulse sequence to examine changes in 

myocardial creatine in response to diet-induced obesity by acquiring pairs of cardioCEST images 

at ±1.8 ppm. While ventricular geometry and function were unchanged between mice fed either a 

high-fat diet or a corresponding control low-fat diet for 14 weeks, myocardial creatine CEST 

contrast was significantly reduced in mice fed the high-fat diet. The selective visualization of 

paraCEST-labeled cells using cardioCEST imaging can enable investigation of cell fate processes 

in cardioregenerative medicine, or multiplex imaging of cell survival with imaging of cardiac 

structure and function and additional imaging of myocardial creatine.

Keywords

MRI; chemical exchange saturation transfer; cell tracking; metabolic imaging; obesity

INTRODUCTION

Fluorescence microscopy has developed into a ubiquitous tool for multi-color reporter gene 

and cell tracking imaging in ex vivo tissue sections; however, light scattering, limited depth 

of penetration, and the need to register molecular information to anatomical images limit in 
vivo cardiac application. Chemical exchange saturation transfer (CEST) MRI has emerged 

over the last decade as a novel method for in vivo molecular imaging based upon the 

exchange of saturated protons with surrounding mobile water protons (1–3). The frequency-

specific saturation of endogenous (e.g. fibrotic substrate, glucose, creatine (4–8)) or 

exogenous CEST targets (e.g. paramagnetic CEST (paraCEST) contrast agents (9–14) or 

MRI reporter genes (15–18)) and subsequent exchange enables the selective activation and 

visualization of contrast from multiple CEST targets without disruption of underlying image 

integrity. CEST-MRI is non-invasive, does not require ionizing radiation, is not limited by 

light scattering or depth of penetration, and enables the acquisition of molecular images that 

are automatically registered to anatomical detail. CEST-MRI has been performed almost 

exclusively in stationary organs and tissues with two dominant themes focused on (i) 

imaging of endogenous targets such as amine proton transfer or creatine (6,10,19–21) or (ii) 

imaging and tracking of populations of CEST active cells in pre-clinical models 

(9,11,16,17,22). The application of CEST-MRI to cardiac research has great potential for 

tracking cell fate decisions in cell therapy, or for non-invasive tissue and metabolic 

characterization. However, conventional CEST imaging pulse sequences overwhelmingly 

utilize spin-echo image acquisitions, which are rendered inapplicable in the rapidly beating 

small animal heart.

In a prior study, we developed a free-breathing retrospectively cardiorespiratory-gated CEST 

pulse sequence (cardioCEST) and described its application to imaging of endogenous 

fibrotic substrate and the myocardial redistribution kinetics of the exogenous paraCEST 

contrast agent Eu-HPDO3A (7). In the current study, we refine the pulse sequence design for 

improved cardioCEST imaging and demonstrate its utility for the prevailing themes in 

CEST-MRI: endogenous creatine imaging and CEST cell tracking. We validate our new 

sequence against the spin-echo standard in paraCEST phantoms and demonstrate similar 

CEST contrast using the two methods. We subsequently utilize cardioCEST to image Eu-
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HPDO3A-labeled cells following cardiac transplantation in mice. Finally, we perform 

cardiac creatine CEST imaging to image the impact of diet-induced obesity on myocardial 

creatine in a model of preserved systolic function.

METHODS

CardioCEST pulse sequence design

A pulse sequence diagram for cardioCEST is shown in Fig. 1. CEST encoding used a train 

of frequency selective and spatially non-selective Gaussian saturation pulses (bandwidth = 

200 Hz, duration = 8.8 ms, number of pulses = 196, time between pulses = 2.03 ms; for 

additional information regarding optimization of saturation module see Supplementary 

Methods). Immediately after the conclusion of saturation, RF excitation pulses at a constant 

repetition time are used to encode the change in initial longitudinal magnetization due to 

saturation transfer into the steady state longitudinal magnetization. Combined respiratory 

and electrocardiogram gating is employed to trigger the acquisition of cine gradient echo 

images, with dummy pulses (same flip angle and repetition time as excitation pulses) 

continuing at the end of the cardiac interval in order to maintain steady state conditions 

between triggers and during periods of respiratory motion (see Supplementary Methods for 

more detail). The number of images (Nphases) acquired is set dynamically based on the 

cardiac interval at the time of imaging, with subsequent RF excitation performed at a 

constant repetition time without ADC activation until the subsequent ECG trigger (i.e. 

dummy pulses). In order to ensure consistent CEST weighting across all lines in k-space, n 
averages of one phase-encode step are acquired for each cardiac phase after each saturation 

period (Nave). All imaging was performed on a 7 T horizontal dedicated small animal 

scanner (ClinScan, Bruker BioSpin MRI, Ettlingen, Germany) running the Siemens VB15 

front end (Siemens Medical Solutions, Erlangen, Germany) and using a cylindrical volume 

coil for excitation and a four-channel phased array surface coil for signal detection.

Phantom validation experiments

Eu-HPDO3A and Yb-HPDO3A complexes (provided as white crystalline solids by 

Professor Silvio Aime, Molecular Imaging Center, University of Torino, Italy) were diluted 

in distilled H2O to a concentration of 20 mM, and 50 μL aliquots were collected in 5mm 

borosilicate glass tubes. The tubes were suspended in 3% low-gelling-temperature agar 

(Sigma Aldrich, St. Louis, MO, USA) and positioned horizontally for imaging. Z spectra 

were obtained using both a modified turbo-spin-echo pulse sequence (TR/TE = 3 s/12 ms, 

echo train length following each saturation period = 41 using a centric-out encoding scheme) 

and a modified gradient-echo FLASH sequence (TR/TE = 10 ms/2.2 ms, flip angle = 15°, 

number of readouts/saturation = 50) with identical CEST preparation (flip angle = 1080°, 

B1average=20 μT, bandwidth = 200 Hz, pulse duration = 8.8 ms, number of pulses=196, inter-

pulse duration=2.03 ms, total duration=2123 ms). The total acquisition time was 139 s per 

image for the modified spin-echo sequence, and 18 s per image for the modified gradient-

echo sequence. For all acquired images across both sequences, imaging parameters were 

maintained including FOV=2.50×2.50 cm, matrix=192×192, slice thickness=1mm, and 

number of averages=3 (Nphases=1, Nave=3, Naq=192). Images were obtained with saturation 

offsets of 0, ±[1, 2, 3, 5, 9, 12, 15, 17 – 20 (increment 0.2ppm), 21, 23, 25, 30, 40, 50, 60, 
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64, 65 – 67 (increment 0.2ppm), 68, 69, 70, 75, 85, 90, 94 – 96 (increment 0.2 ppm), 97, 99, 

100, 110, 120], and were normalized to an image acquired with identical imaging 

parameters except a saturation flip angle of 1° and offset of −300 ppm.

Cell culture

Immortalized mouse skeletal myoblasts (C2C12) were grown at 37 °C and 5% CO2 in 10 

mL Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Grand Island, NY, 

USA) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, 

Lawrenceville, GA, USA) and 1% penicillin–streptomycin (10 000 U/mL) (Life 

Technologies). Cultures were grown to 80–90% confluence in 100mm tissue culture dishes 

to avoid differentiation of C2C12 myoblasts into myotubes.

Cell labeling

C2C12 cells were labeled with either Eu-HPDO3A or saline using a hypotonic swelling 

technique as described by Di Gregorio et al. (23). Briefly, cells were washed twice with 

sterilized (1×) phosphate-buffered saline (PBS), harvested using 1.5mL trypsin–EDTA 

solution (Life Technologies), and isolated following centrifugation (1000 rpm for 5min). 

Afterwards, cells were counted, divided as 3 × 106 cells per 1mL (Falcon tube Corning, NY, 

USA), and again centrifuged with subsequent removal of supernatant. Afterwards, 500 μL 

(160mOsm) of a hypotonic solution (100 μL of Ln-HPDO3A stock (500mM), 107 μL 1× 

PBS, and 293 μL distilled H2O) was added to each Falcon tube. Cells were incubated in a 

dry bath at 37 °C for 30min with agitation every 10min, after which 500 μL of hypertonic/

restoring solution (400mOsm/L 1× PBS) was added and incubated at 37 °C for 30 min with 

agitation every 10min. Unincorporated contrast agent was removed by washing the cells 

three times in 1× PBS, after which cells were re-suspended in 50 μL 1× PBS prior to further 

use.

Inductively coupled plasma mass spectrometry analysis

Freeze-dried cells were digested in concentrated trace-metal-free HNO3 using a MARS 

Xpress microwave digestion system (CEM, Matthews, NC, USA) according to U.S. 

Environmental Protection Agency (USEPA) (1996). Total Eu concentrations in the digestates 

were determined by inductively coupled plasma mass spectrometry (ICP-MS) following 

USEPA (1998) using an Agilent 7500cx (Agilent Technologies, Santa Clara, CA, USA). 

Digestion sets included cells labeled with Eu-HPDO3A, cells exposed to hypotonic swelling 

with saline, and control cells. Duplicate digestions and reagent blanks were also included 

with each digestion set. Analytical runs included duplicate dilutions, spike recovery samples, 

and inter-calibration–cross-calibration verification samples using traceable standards from 

an independent lot. The ICP-MS was calibrated using a certified reference standard 

containing Eu from Ultra Scientific (catalogue no IMS-101, Kingstown, RI, USA). The 

calibration curve was validated by comparison to an independent lot of the same standard. 

The internal standard (Tb, catalogue no MSTB-10PPM-125ML) was a certified reference 

standard obtained from Inorganic Ventures (Christiansburg, VA, USA).
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In vivo cardioCEST cell tracking

Eight male C57BL6/J mice (8 weeks of age) were purchased from the Jackson Laboratory 

(Bar Harbor, ME, USA). Experiments were carried out according to the NIH Guidelines on 
the Use of Laboratory Animals, and all procedures were approved by the University of 

Kentucky's Institutional Animal Care and Use Committee. Cardiac implantation of the 

labeled cells was carried out using the “pop-out” technique as described by Gao and Koch 

(24). Briefly, mice were anesthetized and maintained with 2% isoflurane in O2 and a small 

skin incision was made over the left chest. After dissection of the pectoral muscles to expose 

the fourth intercostal space, a small hole was generated with a mosquito clamp to open the 

pleural membrane. The heart was gently pressed towards the surface while maintaining 

pressure on the thorax. Cells were injected into the anterior left ventricular mid-wall using a 

27 gauge needle and an injection volume of 10 μL. Following cell injection, the heart was 

immediately placed back into the intra-thoracic space, followed by evacuation of the air and 

closure of the skin incision to prevent pneumothorax. The mice were removed from 

anesthesia and allowed to recover. Using this technique, about 1 × 106 cells labeled with 

either Eu-HPDO3A (n = 4) or saline (n = 4, control) were implanted into the anterior wall of 

the left ventricle.

In vivo cardioCEST imaging was performed 24 h after cell implantation. Anesthesia was 

maintained using 1.5% isoflurane in oxygen and core body temperature was maintained 

using circulating constant-temperature water. ECG and respiratory gating used a Small 

Animal Instruments (Stony Brook, NY, USA) system. Once core temperature was stabilized 

at 37 °C, pairs of cardioCEST images were acquired with saturation offsets of ±15 ppm in 

two slices: one at the site of injection and one as an internal control 2mm apical to the 

injection site as identified on long axis images based on disruption of the pericardium. 

Specific imaging parameters included FOV = 2.56 × 2.56 cm, matrix=256×128 (Naq=128), 

slice thickness=1mm, TR/TE=6.92ms/3.42 ms, number of averages (Nave) = 4, and flip angle 

= 15°. The average value for Nphases was 15 ± 3 across all acquisitions. Saturation 

parameters were identical to those of in vitro studies. The total acquisition time was 2.5–3 

min per cine image, or 5–6 min per image pair.

Myocardial creatine CEST

Ten C57BL6/J male mice randomly assigned at 8 weeks of age to either a high-fat diet 

(HFD, n = 5) consisting of 60% kilocalories from fat (Research Diets no D12492, New 

Brunswick, NJ, USA) or a low-fat diet (LFD, n = 5) consisting of 10% kilocalories from fat 

(Research Diets no D12450B) were examined using cardioCEST imaging. Imaging of 

myocardial creatine CEST contrast was performed via acquisition of pairs of cardioCEST 

images with saturation offsets of ±1.8 ppm in one mid-ventricular slice. All imaging 

parameters were identical to those used for cell tracking; however, based on preliminary 

optimization results (see supplemental methods), and based on the findings of Haris et al. 
(4), the saturation flip angle was reduced to 270° (B1average = 4.9 μT) to minimize indirect 

saturation of water. The average value of Nphases was 18 ± 2. Separately, a reference image 

was acquired without CEST preparation, from which septal wall thickness (h), the ratio of h 
to inner ventricular radius (h/r), and fractional shortening measured as the percent change in 

inner diameter between diastole and peak systole were calculated.
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Analysis of CEST images

All image processing was performed in MATLAB (MathWorks, Natick, MA, USA) using 

custom-written software. CEST contrast was quantified as the asymmetric magnetization 

transfer ratio (MTRasym): MTRasym = (Sconjugate−SCESTresonance)/Sconjugate × 100(%), where 

S represents the signal intensity of a given pixel when saturation is applied at either the 

resonant frequency of the CEST target (CESTresonance) or the conjugate frequency 

(conjugate). In order to account for differences in heart position, MTRasym maps were 

calculated from matching end-diastolic phases. For creatine-CEST imaging, histograms of 

myocardial MTRasym values were calculated in MATLAB encompassing all voxel MTRasym 

values within the myocardium.

Statistical analysis

Statistical analysis was performed in JMP 11.1.1 (SAS Institute, Cary, NC, USA). MTRasym 

values in phantom studies were compared using a two-way analysis of variance (ANOVA). 

Differences in MTRasym, fractional shortening, wall thickness, h/r ratio, body mass, heart 

rate, respiratory rate, and body temperature between HFD and LFD mouse cohorts were 

assessed using a one-way ANOVA. For analysis of cell tracking data, the mice were treated 

as experimental units, and percent voxel measurements from slices within the same mouse 

and group were averaged. Although there were repeated observations within a single mouse 

between the slices containing Eu-labeled cells and the adjacent control slice, a repeated 

measures ANOVA could not be performed due to small sample sizes. Instead, assuming 

normality of the data, two-sample t-tests with unequal group variances were used to compare 

the control–Eu-labeled and control–Eu-control groups at each of the three potential 

threshold values of MTRasym for the detection of Eu-HPDO3A-labeled cells. To compare 

observations containing Eu-labeled cells with adjacent control slices in the same mice, we 

performed a paired t-test at each percent voxel cutoff using the three observations. These 

analyses were performed in SAS (SAS Institute, Cary, NC, USA).

RESULTS

Phantom validation experiments

Z spectra acquired using FLASH–cardioCEST and spin-echo CEST sequences in paraCEST 

and saline phantoms are shown in Fig. 2. Spectra from both sequences are uniform for saline 

and demonstrated asymmetric saturation transfer for Eu-HPDO3A between 15 and 20 ppm, 

as well as dual asymmetric saturation transfer for Yb-HPDO3A in the range of 70–100 ppm 

(Fig. 2). Spectra of MTRasym demonstrate similar identification of CEST signatures for Eu-

HPDO3A and Yb-HPDO3A using both sequences (Fig. 2). A significantly elevated 

MTRasym, when CEST preparation was performed at ±18 ppm, was observed only in Eu-

HPDO3A phantoms in both sequences (Fig. 2). Similarly, significantly elevated MTRasym 

was observed only in Yb-HPDO3A phantoms when CEST preparation was performed at 

±69 ppm and ±99 ppm (Fig. 2). Representative MTRasym maps generated using both 

sequences (Fig. 3) further demonstrate the ability to selectively visualize each paraCEST 

agent at its labile proton's resonant frequency (Fig. 3). The signal to noise ratio for Eu-

HPDO3A, Yb-HPDO3A, and saline phantoms was significantly lower for cardioCEST 

(74.2, 78.5, 98.4, respectively) compared with spin-echo CEST (665.3, 701.1, 949.3, 
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respectively) measurements. By assigning arbitrary colors to each offset, similar multi-color 

merged MTRasym maps were constructed using both pulse sequences (Fig. 3).

CardioCEST cell tracking

We examined the suitability of cardioCEST imaging to visualize paraCEST-labeled cells 

following myocardial implantation. Representative MTRasym maps generated following 

CEST preparation at ±15 ppm are shown in Fig. 4 for mice receiving saline-labeled cells and 

Eu-HPDO3A-labeled cells. Significantly heightened MTRasym values compared with 

surrounding myocardium (red arrow), including adjacent slices without injected cells (Fig. 

4), were generated by cells labeled with Eu-HPDO3A. The location of elevated MTRasym 

generated by Eu-HPDO3A-labeled cells was confirmed using ex vivo histological staining in 

all samples (Fig. 5). In juxtaposition, the significant CEST contrast in cardioCEST-generated 

MTRasym maps was not generated by saline-labeled cells (Fig. 4). The fraction of voxels 

demonstrating elevated MTRasym values was significantly higher in slices containing Eu-

HPDO3A-labeled cells compared with saline-labeled cells and adjacent control slices across 

a number of MTRasym threshold values (Table 1). ICP-MS revealed cellular levels of Eu of 

2.1 × 10−3 ng/cell in Eu-HPDO3A-labeled cells and 2.3 × 10−5 ng/cell in saline-labeled 

cells, indicating a background error of 1% in labeled cells.

Myocardial creatine CEST imaging

Mice fed an HFD had significantly elevated body mass at 14 weeks after initiation of the 

diet in comparison with mice fed a control LFD (Table 2). Representative MTRasym maps 

acquired using cardioCEST with preparation at ±1.8 ppm shown in Fig. 6 reveal broadly 

reduced creatine MTRasym in the heart of a mouse on an HFD in comparison with the heart 

of a mouse on an LFD control. Imaging of myocardial creatine using cardioCEST revealed 

significantly reduced creatine MTRasym in the hearts of mice fed an HFD for 14 weeks 

compared with those fed a corresponding control LFD (Fig. 7). Representative histograms of 

MTRasym distribution in the hearts of mice fed an LFD and an HFD are shown in Fig. 7. In 

mice on an HFD, the distribution of MTRasym values was consistently greater, with a lower 

median value, and a larger percentage of negative values compared with these values for 

mice on an LFD (Fig. 7). Finally, despite differences in creatine MTRasym, septal wall 

thickness, the h/r ratio, and fractional shortening were all similar between mice fed an 

HFDand an LFD (Fig. 7).

DISCUSSION

In this study, an improved cardioCEST pulse sequence design for CEST imaging in the 

rapidly beating mouse heart was designed and validated with in vitro detection of Eu-

HPDO3A and Yb-HPDO3A compared with a conventional spin-echo CEST approach. The 

major findings of this study are that (i) cardioCEST enabled the selective visualization of 

cells labeled with paraCEST agents following myocardial implantation in a mouse model of 

cardiac cell therapy, and (ii) cardioCEST imaging of creatine CEST contrast identified 

reduced myocardial creatine in response to diet-induced obesity, and prior to the onset of 

morphological and functional changes in the left ventricle. These findings respond to the 

dominant themes in the rapidly growing CEST-MRI field of imaging of endogenous markers 
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such as creatine, and the use of CEST-MRI for cell tracking by demonstrating application in 

pre-clinical cardiac models.

In a previous cardioCEST study, we used a free-breathing and free-beating acquisition 

scheme with retrospective filtering of k-space data based on reconstructed respiratory and 

cardiac waveforms (7). Although CEST weighting of the initial longitudinal magnetization 

was encoded into the steady-state longitudinal magnetization, the effective saturation time 

varied between lines of k-space and led to potential image blurring. In addition, retrospective 

reconstruction resulted in slight differences in the number of averages between pairs of 

cardioCEST images. In the current study, several key modifications to the pulse sequence 

design of cardioCEST were implemented in order to eliminate such problems. First, 

although dummy pulses were used immediately after the conclusion of saturation and 

repeated at constant repetition times in order to maintain steady-state encoding of CEST 

weighting, the acquisition of image data was triggered prospectively based on respiratory 

and ECG waveforms. Retrospective triggering was obviated using this approach, which 

ensured a consistent number of averages for each line of k-space across all images. Second, 

the same phase-encode position was acquired Nave times over consecutive heart beats. This 

feature was used to ensure a consistent mean saturation time for each line of k-space across 

all cardiac phases and between CEST image pairs. More consistent CEST encoding between 

image pairs and a decrease in the potential confounding influence of cardiac and respiratory 

rate instability between acquisitions were afforded by these two modifications.

We compared our improved cardioCEST sequence with widely used spin-echo CEST 

methods in phantoms containing the paraCEST contrast agents Eu-HPDO3A and Yb-

HPDO3A. Z spectra were obtained from Eu-HPDO3A, Yb-HPDO3A, and saline phantoms 

using spin-echo CEST. Similar spectral behaviors of these Z spectra were demonstrated 

relative to those generated in a prior study by Ferrauto et al. (11). Differences in normalized 

signal intensity as a function of frequency and the degree of saturation transfer in Eu/Yb-

HPDO3A phantoms between our study and that of Ferrauto et al. (11) was caused by 

differences in saturation power between studies. However, spectra of MTRasym generated 

from spin-echo CEST data were shown to agree closely in both studies. Both Z spectra and 

MTRasym spectra obtained using FLASH–cardioCEST revealed similar characteristics for 

Eu-HPDO3A and Yb-HPDO3A when compared with spin-echo CEST imaging (Fig. 2). In 

addition, similar MTRasym maps for both phantoms at specific offset frequencies (Fig. 3) 

were generated by the two techniques, and enabled multi-color imaging. Finally, the mean 

MTRasym measured by FLASH–cardioCEST in a phantom containing Eu-HPDO3A was 

shown to be moderately higher than that measured using spin-echo CEST in the range of 

15–20 ppm. This difference is likely attributable to preservation of the initial CEST 

weighting in the steady-state longitudinal magnetization in FLASH–cardioCEST, compared 

with a loss of CEST weighting with T2 relaxation in spin-echo CEST (for additional 

explanation see Supplementary Methods). However, it is important to note that the use of a 

gradient-echo readout resulted in a larger standard deviation in MTRasym measurements 

compared with a spin-echo readout (Fig. 3).

MRI tracking of cells transplanted into the murine heart in models of cell therapy has been 

performed in a number of prior studies, primarily using cells labeled with a variety of iron 
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oxide nanoparticles (25–28). Although signal voids generated by such cells were easily 

visualized on T2/T2*-weighted images, the negative contrast was difficult to distinguish 

from susceptibility artifact and obstructed the possibility of acquiring additional imaging 

information. In contrast, labeling of cells with certain paraCEST agents was not found to 

disrupt the underlying image contrast (Fig. 4). In addition, the entrapment of iron oxide 

nanoparticles within tissues following cell death has been previously demonstrated to lead to 

prolonged false-positive signals of cell survival (29). In contrast, chelated lanthanide metals 

wash out over time, similarly to chelated gadolinium salts (20). The selective visualization 

of paraCEST-labeled cells can potentially enable imaging of multiple cell populations, and 

allow for additional MRI characterization of tissue surrounding implanted cells (11). In this 

study, cardioCEST imaging was used to visualize Eu-HPDO3A-labeled cells following 

implantation into the murine heart (Fig. 4). Regions of myocardium containing Eu-

HPDO3A-labeled cells demonstrated significantly elevated MTRasym values compared with 

adjacent slices and compared with myocardium containing saline-labeled cells (Fig. 4). We 

observed a significant number of voxels with MTRasym above 5% but below 15% in all 

hearts (Table 1). This likely results from the use of a high saturation flip angle (1080°), 

which caused higher indirect saturation of myocardial tissue than was observed in our prior 

study. Subsequently, small differences in signal intensity between images manifested as a 

higher proportion of voxels with slightly elevated MTRasym values. In addition, the use of a 

high flip angle induced noise in the ECG waveform, which may have led to slight 

inaccuracies in ECG triggering. In particular, differences between pairs of images in areas of 

early motion such as the right ventricular insertion points would cause aberrantly high 

MTRasym values due to the comparison of myocardium to right ventricular blood, as is 

observed in Fig. 4C. Interestingly, we observed a higher fraction of voxels with 

MTRasym>5% in slices containing Eu-HPDO3A-labeled cells (Table 1), possibly caused by 

the leakage of Eu-HPDO3A from apoptotic cells. We have previously demonstrated that Eu-

HPDO3A accumulates in the interstitial space of disrupted tissue and leads to elevated 

MTRasym values (7). In future studies, we will employ a lower saturation flip angle to reduce 

non-specific MTRasym elevation and to reduce noise in the ECG waveform. In addition, it 

will be important to examine in future studies whether particular MTRasym threshold values 

can be used to discriminate between labeled cells and non-specific MTRasym elevation.

The creatine kinase reaction governs the conversion of phosphocreatine (PCr) to creatine, 

playing a key role in maintaining myocardial energetics and contractile function. Reductions 

in metabolites associated with the creatine kinase reaction are characteristic of the failing 

heart (30), and are typically detected at late stages of heart failure using spectroscopic 

techniques (31,32). In a recent study by Haris et al. (4), cardiac CEST imaging of creatine 

contrast (crEST) identified reductions in myocardial creatine in infarcted swine and sheep 

myocardium when compared with non-infarcted and healthy myocardium. Haris et al. (7) 

separately correlated creatine contrast by crEST to measurements of myocardial creatine 

concentration, and confirmed that saturation transfer from the amine proton of creatine, and 

not other metabolites, is the primary contributor to MTRasym at ±1.8 ppm (4). Mouse models 

of diet-induced obesity are characterized by prolonged periods of preserved cardiac 

contractile function and are considered to resemble clinical heart failure with preserved 

ejection fraction (33,34). We utilized cardioCEST imaging of myocardial creatine to 
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examine whether altered creatine contrast could be used as an early in vivo biomarker of 

heart failure. We observed significantly reduced creatine CEST contrast in mice fed an HFD 

for 14 weeks in the absence of overt structural or functional remodeling (Figs. 5 and 6). Our 

results mirror the clinical findings of Rider et al. (31), who used 31P spectroscopic imaging 

to reveal significantly reduced resting PCr to adenosine triphosphate ratio (PCr/ATP) in 

obese adults with preserved systolic function when compared with healthy controls. 

Interestingly, in a prior study by Abdurrachim et al. (33), 31P spectroscopy did not reveal 

any difference in PCr/ATP between HFD and LFD mice at 20 weeks after diet initiation. 

However, the use of a single spectroscopic voxel covering the majority of the left ventricle 

and blood pool in this study may have reduced the sensitivity to decreased metabolite 

concentrations. We were not able to perform cardiac 31P spectroscopy at our institution to 

examine the association between 31P measurements and creatine CEST contrast. In addition, 

prior studies of cardiac mechanics in similar mice have identified changes in myocardial 

strains (35) or diastolic strain rates (33) at only 20 weeks after diet initiation. These findings 

suggest that further studies using cardiac CEST imaging of myocardial creatine are 

warranted to examine potential metabolic changes in heart failure associated with obesity.

A limitation to the current design of the cardioCEST pulse sequence is that, during the brief 

periods of rapid inhalation and exhalation, the imaging slice moves far out of the excitation 

plane. While k-space data is not acquired during this period, which is significantly shorter 

than the T1-relaxation times of tissue, the effective steady-state encoding of the initial CEST 

weighting is reduced and can be influenced by changes in respiratory rates between image 

pairs. Future efforts to improve cardioCEST sequence design will include a real-time 

feedback mechanism that switches the dummy pulses from slice selective to non-selective 

during respiratory motion in order to maintain steady-state conditions in the imaging slice. 

An additional limitation to the current study is that we did not employ post-mortem staining 

for apoptosis in tissue sections from mice undergoing cell implantation. However, we chose 

to implant C2C12 cells derived from C3H mice into C57B6 mice, which, when combined 

with attrition due to the implantation procedure, would likely contribute to apoptosis in a 

modest fraction of injected cells. Further studies comparing ICP-MS of excised cell implants 

with MTRasym values will help to elucidate a potential association between labeled cell 

density and CEST contrast. Separately, care must be taken when interpreting the results of 

cardioCEST creatine imaging. As demonstrated in Fig. 6C, MTRasym values in the hearts of 

obese mice demonstrate wider distributions and higher fractions of voxels with negative 

MTRasym values. The appearance of negative values must be interpreted within the context 

of the nuclear Overhauser effect (NOE), which is present at −1.8 ppm, as described by Cai et 
al. (8).

Specifically, negative MTRasym values occur when creatine CEST at +1.8 ppm is less than 

the NOE at −1.8 ppm, and reflects a lower limit to the sensitivity of creatine CEST imaging, 

not the absence of myocardial creatine. In this context, the significant reductions in mean 

MTRasym values in obese mice should not be interpreted as representing a fourfold reduction 

in myocardial creatine. While this limitation could be overcome using the Z-spectral fitting 

approach suggested by Cai et al. (8), such an approach would require scan times of the order 

of 1–1.5 h, which are not practical for pre-clinical cardiac imaging. Finally, we did not 

perform water saturation shift referencing (WASSR) correction (36) in our calculations of 
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MTRasym. Preliminary WASSR scans during sequence optimization (see Supplementary 

Methods) confirmed previous findings that the spread of resonant frequencies across the 

mouse heart is significantly lower than the bandwidth of the saturation pulse used to 

generate CEST contrast. Importantly, care was taken to position the mouse heart precisely at 

the magnet isocenter in order to limit the effects of field inhomogeneity (see Supplementary 

Methods), and higher-order respiratory-gated shimming protocols were used.

CONCLUSIONS

An improved pulse sequence design for pre-clinical cardiac CEST imaging was developed 

and applied to the tracking of paraCEST-labeled cells and for the imaging of endogenous 

metabolic markers such as myocardial creatine. In future studies, the selective visualization 

of paraCEST-labeled cells could enable multi-color imaging of distinctly labeled cell 

populations, and could be further multiplexed with additional important measurements of 

myocardial function, perfusion, and tissue characterization. In addition, application of 

myocardial creatine CEST imaging can be used to better understand the complex interplay 

between metabolic and contractile changes in obesity-associated heart disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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crEST CEST imaging of creatine contrast

ATP adenosine triphosphate

NOE nuclear Overhauser effect

WASSR water saturation shift referencing
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Figure 1. 
Pulse sequence diagram for cardioCEST. CEST contrast is generated via a train (Nsat) of 

spatially non-selective saturation pulses tuned to a specific offset frequency. The gradient 

echo readout module is used to acquire cine images with N cardiac phases (Nphases) 

following each electrocardiogram trigger. After N phases, the readout module is repeated at 

a constant repetition time but data is not acquired until the subsequent electrocardiogram 

trigger (dummy pulses). Following execution of the saturation module, the GRE readout 

module is executed Nave times for one line of k-space and the results subsequently averaged 

prior to image reconstruction. The saturation and readout modules are repeated Naq times to 

acquire all phase-encode steps. Both the offset frequency and the power of the saturation 

module can be adjusted to image specific molecular targets.
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Figure 2. 
Phantom validation experiments. (A) Z spectra acquired using conventional spin-echo CEST 

imaging (red) and FLASH–cardioCEST imaging (blue) in phantoms containing either saline 

(left), 20 mM Eu-HPDO3A (middle), or 20 mM Yb-HPDO3A (right). Saturation module 

parameters and the duration of readout following saturation were identical for both methods. 

Asymmetry in Z spectra reflecting CEST contrast in phantoms containing Eu-HPDO3A or 

Yb-HPDO3A is highlighted by black arrows. Slight deviations near the resonant frequencies 

of Eu/Yb-HPDO3A in non-corresponding phantoms likely result from increased sampling 

density about those frequencies. (B, C) MTRasym data from spectra acquired using FLASH–

cardioCEST (B) and spin-echo CEST (C) methods revealed similar unique peaks for Eu-

HPDO3A and Yb-HPDO3A, with no CEST contrast in saline phantoms. Data in bar graphs 

is represented as mean + standard deviation; black bars indicate p<0.05.
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Figure 3. 
Spin-echo and FLASH–cardioCEST imaging of multiple paraCEST agents. (A) Magnitude 

reconstructed images acquired using spin-echo and FLASH sequences reveal the location of 

phantoms containing Eu-HPDO3A (E), Yb-HPDO3A (Y), or saline (S). The larger external 

phantom is composed of 3% agarose. (B) MTRasym maps generated from saturation offsets 

(Δω) of 18 ppm selectively reveal the phantom containing Eu-HPDO3A for both acquisition 

methods. (C, D) Similarly, MTRasym maps generated at offsets of 69 ppm (C) and 99 ppm 

(D) selectively reveal the phantom containing Yb-HPDO3A. (E) The merger of MTRasym 

maps at 18 ppm (red–yellow color bar, same as B) and 69 ppm (blue–purple color bar) 

demonstrate similar multi-color imaging capabilities using conventional spin-echo CEST 

and FLASH–cardioCEST.
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Figure 4. 
In vivo cardioCEST tracking of Eu-HPDO3A-labeled cells. (A) End-diastolic images 

acquired following the intramyocardial implantation of ferric-citrate-labeled (see 

supplemental data) C2C12 cells are shown for reference purposes. In comparison with a 

mid-ventricular slice without labeled cells (left), the adjacent slice containing labeled cells 

(right) demonstrates severe signal loss (red arrow) at the location of labeled cells along the 

lateral wall of the left ventricle. (B) Magnitude (left) and superimposed left ventricular 

MTRasym maps (right) generated using cardioCEST reveal uniformly low MTRasym patterns 

in a mouse receiving saline-labeled cells. (C) In a mouse receiving cells labeled with Eu-

HPDO3A, the location of transplanted cells (red arrow) demonstrates significantly elevated 

MTRasym values. The location of labeled cells was confirmed using ex vivo histological 

staining (see Supplementary Figure 1). (D) Similar mapping of MTRasym in an adjacent slice 

2 mm towards the apex reveals the absence of Eu-HPDO3A-labeled cells. All MTRasym 

maps are displayed using a threshold of MTRasym >15%.
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Figure 5. 
Histological confirmation of transplanted cell location. (A) Hematoxylin and eosin staining 

of a mid-ventricular tissue section (corresponding to the MTRasym map shown in Figure 4C) 

reveals the presence of implanted C2C12 cells in the lateral wall of the left ventricle. (B) 

Higher magnification of the area in the solid black box in A reveals a dense area of 

implanted cells (dark blue) between areas of preserved myocardium (pink). (C) Wheat germ 

agglutinin staining with nuclear counter-staining of the area in the small dashed box in A 

reveals the presence of disorganized engrafted cells (g) adjacent to areas of preserved 

cardiomyocyte structure (c).
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Figure 6. 
CardioCEST imaging of creatine in the setting of diet-induced obesity. Representative 

magnitude reconstructed images (left) and MTRasym maps (right) acquired using 

cardioCEST with saturation offsets of ±1.8 ppm reflect CEST contrast generated by creatine. 

(A) Mice fed a control LFD demonstrate robust creatine CEST contrast throughout the left 

ventricle. (B) In comparison, mice fed an HFD for 14 weeks demonstrate similar ventricular 

structure but attenuated creatine CEST contrast as observed through reduced MTRasym at 1.8 

ppm.
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Figure 7. 
Metabolic changes in response to diet-induced obesity occur in the absence of structural or 

functional changes. (A) Average myocardial creatine MTRasym values (1.8 ppm) were 

significantly reduced in mice fed an HFD for 14 weeks compared with LFD control mice. 

(B, C) Representative histograms of voxel MTRasym values from an LFD control mouse (B) 

and an HFD mouse (C) reveal a greater distribution of MTRasym values in mice fed an HFD. 

(D–F) Changes in myocardial creatine CEST were not accompanied by changes in important 

parameters of ventricular structure including septal wall thickness (D, p = NS) and the ratio 

of septal wall thickness to the inner left ventricular radius (E, h/r, p = NS), or ventricular 

function as assessed by fractional shortening (F, p = 0.4). All data is represented as mean + 

standard deviation.
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Table 1

Distribution of MTRasym values in cardioCEST cell tracking study. The fraction of voxels with MTRasym 

above each threshold value was significantly higher in slices containing Eu-HPDO3A-labeled cells than in 

corresponding control slices 2mm away within the same heart at a threshold value of MTRasym>30%, or in 

mid-ventricular slices in hearts with transplanted saline-labeled cells across all thresholds. The use of a high 

saturation flip angle likely contributed to the fraction of voxels with MTRasym>5% in all hearts. The 

significant elevation in slices containing Eu-HPDO3A-labeled cells is likely caused by the release of Eu-

HPDO3A from apoptotic cells and the subsequent retention in the interstitial space. All values are presented as 

mean ± SD

Fraction of voxels with 
MTRasym>5%

Fraction of voxels with 
MTRasym>15%

Fraction of voxels with 
MTRasym>30%

Slice containing saline-
labeled cells

19.1 ± 10.6 (%) 8.1 ± 6.3 (%) 0.7 ± 1.4 (%)

Slice adjacent to Eu-
HPDO3A-labeled cells

25.0 ± 8.1 (%) 8.1 ± 2.7 (%) 0.4 ± 0.5 (%)

Slice containing Eu-
HPDO3A-labeled cells

61.3 ± 6.1 (%)* 34.2 ± 4.4 (%)* 8.9 ± 2.3 (%)*†

*
P<0.05 versus saline-labeled cells,

†
P<0.05 versus adjacent slice
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Table 2

Mouse characteristics and imaging hemodynamics during creatine CEST imaging. Mice fed an HFD 

demonstrated significantly elevated body mass and respiratory rate but reduced heart rate compared with LFD 

mice

LFD (n=5) HFD (n=5)

Body mass (g) 31 ± 2 45 ± 2 P<0.05

Heart rate (beats/min) 459 ± 40 379 ± 12 P<0.05

Respiratory rate (breaths/min) 86 ± 11 108 ± 16 P<0.05

Temperature (°C) 36.3 ± 0.9 36.7 ± 0.4 P=NS
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