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Abstract

Purpose—To use manganese-enhanced MRI (MEMRI) to detect changes in calcium handling 

associated with cardiac hypertrophy in a mouse model, and to determine whether the impact of 

creatine kinase ablation is detectable using this method.

Materials and Methods—Male C57BL/6 (C57, n=11) and male creatine kinase double 

knockout (CK-M/Mito−/−, DBKO, n=12) were imaged using the saturation recovery Look-Locker 

T1 mapping sequence before and after development of cardiac hypertrophy. Hypertrophy was 

induced via subcutaneous continuous 3 day infusion of isoproterenol while sham mice not 

subjected to cardiac hypertrophy were also imaged. During each scan the contrast agent Mn was 

administered and the resulting change in R1 (=1/T1) was calculated. Two anatomical regions-of-

interest (ROIs) were considered: the left-ventricular free wall (LVFW) and the septum, and one 

ROI in a Mn-containing standard placed next to the mouse.

Results—We found statistically significant (p < 0.05) decreases in the uptake of Mn in both the 

LVFW and septum following induction of cardiac hypertrophy. No statistically significant 

decreases were detected in the standard, and no statistically significant differences were found 

among the sham mice.

Conclusion—Using a murine model, we successfully demonstrated that changes in manganese 

uptake due to cardiac hypertrophy are detectable using the functional contrast agent and calcium 

mimetic manganese. Our measurements showed a decrease in the relaxivity (R1) of the 

myocardium following cardiac hypertrophy compared to normal control mice.

Graphical abstract

In this study we investigated use of manganese-enhanced MRI (MEMRI) for the detection of 

alterations in calcium dynamics in normal (C57BL/6) and creatine kinase (CK) knockout mice 
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(M-/Mito-CK −/−). We found statistically significant (p < 0.05) decreases in manganese (Mn) 

uptake following cardiac hypertrophy in both C57BL/6 and CK knockout mice, and found no 

differences in uptake between the two strains. Our results provide the first evidence that changes 

in calcium handling due to cardiac hypertrophy are detectable using MEMRI.
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Introduction

Despite intense research, cardiovascular disease remains the leading cause of death in the 

United States and accounts for approximately 1 in every 3 deaths (1). Cardiomyopathies are 

a group of diseases of the myocardium which frequently have underlying genetic causes (2). 

Hypertrophic cardiomyopathy (HCM) is the most common inherited heart defect, affecting 

approximately 500,000 individuals in the United States (1,3,4). Among HCM patients, 

approximately 12% will die of HCM-related causes including sudden cardiac death (SCD), 

which itself makes up approximately 6% of HCM-related fatalities (5). For the those 

patients experiencing SCD, 71% have no or mild symptoms (5), thus illustrating the need for 

improved techniques to monitor disease progression and to identify at-risk patients.

Cardiac hypertrophy is a condition generally typified by increased left-ventricular wall 

thickness and ECG abnormalities. The etiology of cardiac hypertrophy includes, but is not 

limited to, hypertensive heart disease and familial HCM (3,6). Cardiac hypertrophy can also 

be considered an adaptive response in which the heart attempts to compensate for increased 

wall stress by thickening the myocardium. While this may serve to preserve cardiac function 

in the short-term, longstanding cardiac hypertrophy is associated with increased risk of heart 

failure, arrhythmia, myocardial infarction and sudden cardiac death (7,8). In the case of 

HCM, therapies to regress hypertrophy do not exist and implantable cardioverter-

difibrillators (ICDs) are the only treatment which has been shown conclusively to prolong 

life (9). In other cases of cardiac hypertrophy, such as those induced by hypertension, 

disease regression can be attained by pharmaceutical intervention such as angiotensin-

converting enzyme (ACE) inhibitors directed at reducing cardiac burden, and calcium 

channel blockers (e.g. diltiazem) have been shown to prevent hypertrophy and progression 

to heart failure in mouse models (10). Sodium-calcium exchanger (NCX) inhibitors have 

also been considered for the treatment of cardiac hypertrophy (11). However, the NCX 
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inhibitors presently available (SEA-0400 and KB-R7943) have been shown to lack the 

specificity required to be clinically useful (11,12).

Alterations in calcium regulation have been associated with cardiac hypertrophy (13–16), 

but presently detection of these changes requires the use of invasive methods not conducive 

for in vivo experimentation or clinical use. For HCM in particular there are a wide variety of 

mutations that lead to the hypertrophic phenotype (17), and it has been suggested that these 

mutations result in increased calcium sensitivity which then causes hypertrophy (13,15). 

This suggestion is based on evidence demonstrating increased calcium sensitivity in a 

number of studies of various sarcomere mutations as measured by the log of the calcium ion 

concentration needed to give 50% of maximal activation (ΔpCa50). It is not presently known 

whether the degree of calcium perturbation has any prognostic value in predicting overall 

phenotype or in stratifying risk for heart failure, arrhythmia, or sudden cardiac death. 

Although advanced morphological changes due to hypertrophy can be easily detected using 

MRI and echocardiography, early detection requires sensitivity to cellular changes in gene 

expression and calcium homeostasis, which precede morphological changes. Unfortunately, 

these early cellular changes are undetectable using standard imaging techniques but can be 

exploited using new functional imaging techniques such as manganese-enhanced MRI 

(MEMRI) (18–22).

In addition to force generation, ion homeostasis requires significant energy expenditure by 

the cardiac myocyte, due to regulating calcium at concentrations ranging from micro to 

millimolar levels across the cell and within a single heartbeat. In order to maintain the large 

calcium gradient across the sarcoplasmic reticulum (SR) membrane in the cardiac myocyte, 

the SR Ca2+-ATPase requires 85–90% of ΔG from ATP (23) and requires sufficient 

myocardial metabolism. Myocardial energetics play a central role in maintaining normal 

cardiac function and when unable to maintain the PCr to ATP ratio needed to sustain Ca2+ 

homeostasis in excitation-contraction coupling (E–C coupling) (24–28) heart failure results.

Creatine kinase in an enzyme abundant in striated muscle which catalyzes the equilibrium 

reaction between adenosine triphosphate (ATP) and creatine (Cr) to ADP and 

phosphocreatine (PCr). Previous investigations on left- ventricular hypertrophy (LVH) and 

heart failure with CK-deficient mice have shown mixed results. Studies in which aortic 

banding was used to induce cardiac LVH have found that C57BL/6 mice do not have 

significant alterations in CK activity or total myocardial creatine concentrations (26). In 

contrast, CK-Mito−/− and CK-M/Mito−/− mice on a C57BL/6-129/SV background have 

shown significant increases at baseline in left ventricular mass and end-diastolic wall 

thickness (29). It is possible that CK-deficiency causes alterations of the calcium handling 

proteins and the calcium transients could explain these cardiac complications. It has been 

recently shown that ablations or mutations of proteins of the sarcoplasmic reticulum (SR) 

can alter Ca2+ handling and ultimately cardiac hypertrophy in the murine heart (30–32).

Manganese-enhanced MRI (MEMRI) uses the contrast agent and functional calcium analog 

manganese (Mn). Mn has an ionic radius similar to that of calcium, and is handled similarly 

in many biological systems (33). Divalent manganese ions (Mn2+) can enter cells through 

voltage-gated calcium channels (33) and are known to do so by this mechanism. Like Ca2+, 
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Mn2+ can become sequestered in mitochondria and secretory granules (34) and has been 

used as a tool to better understand Ca2+ pathways. Mn is also an excellent NMR contrast 

agent due to its T1 relaxation properties (35–38) and was used as the first MRI contrast 

agent by Lauterbur and coworkers (39). Early work in MRI contrast agent targeting utilized 

liposomes to deliver Mn to the liver (40), as well as detecting active regions of the brain(41) 

and heart (42). Preclinical experiments by Hu et al. have shown that changes in calcium 

influx in cardiac myocytes due to altered cardiac inotropy are detectable using MEMRI (42), 

however MEMRI has not previously been applied to investigate calcium changes associated 

with cardiac hypertrophy. In this study, we demonstrate that manganese-enhanced MRI 

(MEMRI) can be used to detect changes in calcium influx in the murine heart associated 

with cardiac hypertrophy and creatine kinase ablation. The techniques described in this 

paper can be immediately applied to in vivo monitoring of cardiac hypertrophy in animal 

models. In the United States, the lack of FDA approval of MnCl2 for use in human patients 

currently limits the clinical applicability of the method. However, recent work illustrates that 

MnCl2 can be safely administered to humans (43), and Nordhøy et al. have suggested based 

on theoretical models that low micromolar concentrations will likely provide effective 

contrast enhancement in humans without compromising cardiac function (44).

Methods and Materials

In Vivo Studies

Male C57BL/6 (n=11, age range 11 – 12 wk, mean age 11.0 ± 1.7 wk) and male creatine 

kinase (M-/Mito-CK−/−) double knockout mice (DBKO, n=12, age range 8 – 12 wk, mean 

age 9.8 ± 1.3 wk) were imaged using the following protocol. Mice were anesthetized with 

1–2% isoflurane and 100% oxygen, placed supine in a 35 mm quadrature volume coil, and 

imaged in a 9.4 T animal scanner (Bruker Biospec). Body temperature, ECG and respiration 

were monitored (SA Instruments, Billerica, MA), and ECG data were exported and saved 

following the experiment. Animals were infused for 30 minutes with 125 mM of MnCl2 

using an intraperitoneal (IP) line. The infusion rate was determined by the mass of the 

mouse and the equation , where r is the infusion rate in μL/min and 

m is the mass of the mouse in g. This infusion protocol insures each mouse receives a Mn2+ 

dose of approximately 500 nmol/g body weight (BW). For contrast and signal reference 

purposes, a standard containing 100μM Mn2+ was placed adjacent to the mouse. Ten days 

following the initial imaging isoproterenol (ISO) was administered via subcutaneously 

implanted osmotic pumps (Alzet model 1003D) at a dose of 47 mg/kg/day for 3 days, at 

which time the pumps were removed and the mice re-imaged (45).

To verify that changes in Mn uptake were due to hypertrophy, a small number of sham mice 

of both strains were imaged using the above protocol. However, sham mice were not 

subjected to ISO treatment before re-imaging. For the C57 sham mice, a sample size of n=5 

was used for pre-hypertrophic data and n=2 for post-hypertrophic data; for the DBKO mice, 

a sample size of n=4 was used for pre-hypertrophic data and n=3 for post-hypertrophic data. 

All procedures were carried out in compliance with our institution’s Institutional Animal 

Care and Use Committee.
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Baseline myocardial T1 measurements were obtained using a single mid-ventricular slice 

(short-axis view) in the left-ventricular free wall (LVFW) and in the intraventricular septum 

using a saturation recovery Look-Locker sequence (SRLL) (46) with the following 

parameters: FOV=2.56cm2, TR=4000 ms, TE=2.4 ms, flip angle=10°, slice thickness=1mm, 

matrix size=64x64, 50 samples. Equilibrium magnetization (M0) was measured using a 

FLASH sequence with the following parameters: FOV=2.56cm2, TR=3000 ms, TE=2.4 ms, 

flip angle=10°, slice thickness=1 mm, matrix size=64x64. Acquisitions were triggered on 

each heartbeat 5 ms after the R-wave with values of sampling interval τ ranging from ~80 – 

150 ms, depending on the R-R interval. To ensure accurate curve fitting, the ECG data were 

retrieved after the experiment in order to calculate the mean R-R interval during the window 

of SRLL data acquisition. This mean R-R interval gave the sampling interval τ for curve 

fitting. For each mouse, the mean heart rate during the time of the infusion was calculated 

using ECG data from our physiological monitoring station (Table 2).

For each mouse scan, the reconstructed image that best visualized the left-ventricle and 

septum was chosen as the image on which regions-of-interest (ROIs) were manually drawn. 

Single-slice ROIs were drawn in the LVFW (mean size ≈ 27 pixels), septum (mean size ≈ 

24 pixels), and the standard (mean size ≈ 62 pixels). For each ROI location, the mean voxel 

intensity within the ROI was calculated for each for the 50 sample points to produce a T1* 

recovery curve; Levenberg-Marquardt three-parameter fitting was then performed on the 

intensity versus time curve as described in Li et al. (46). T1 values were calculated using 

customized Matlab software (The MathWorks, Inc., Natick, MA) by using the values from 

the three-parameter fit and the mean voxel intensity within the corresponding ROI in the 

equilibrium magnetization image (M0). Example T1 maps are illustrated in Figure 1. An 

example T1 curve fit is shown in Figure 2 along with several images representative of raw 

saturation recovery Look-Locker data acquisitions.

To estimate the time scale for detectable changes in calcium flux we performed a 

preliminary experiment using a single C57 mouse given an ≈18 hour exposure of 

isoproterenol at a dose of 47 mg/kg/day via a subcutaneously implanted osmotic pump.

The ParaVision software package (Bruker Biospec) was used to measure the interior 

diameter of the left ventricular for measurement of left-ventricular end diastolic diameter to 

body weight ratio (LVEDd/BW). The diastolic diameter was measured using a mid-

ventricular, short-axis view. This interior diameter result was then divided by the body 

weight, with values given in Table 1.

Statistical Analysis

The change in relaxivity, ΔR1 = 1/T1,post-contrast − 1/T1,pre-contrast, was used as the measure 

of contrast agent uptake. For non-sham mice, statistical analysis on ΔR1 values was 

performed using a Wilcoxon Signed Rank test to test significance (p < 0.05) within each 

strain after hypertrophy, and a Wilcoxon Rank Sum test was used to test for differences 

between the two strains. Rather than pre-hypertrophic and post-hypertrophic data sets, data 

from sham mice were separated into control and re-imaged data sets since sham mice were 

not exposed to isoproterenol and thus were not made hypertrophic. Tests for differences 

between the control and re-imaged data sets were performed using the Wilcoxon Rank Sum 
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test. All p-values were corrected for multiple comparisons using the Benjamini-Hochberg 

post-hoc test. Mean heart rate data were analyzed using Wilcoxon Rank Sum and Signed 

Rank tests with Benjamini-Hochberg correction for multiple comparisons.

Linear regression analysis was conducted on ΔR1 vs. heart weight to body weight ratio 

(HW/BW) measurements. For left-ventricular end diastolic diameter to body weight ratio 

(LVEDd/BW), a paired Student’s t-test was used to test for changes within each strain after 

hypertrophy, and an unpaired Student’s t-test was used to test for differences between the 

two strains. All statistical analyses were performed using the R programming environment 

(http://www.r-project.org/).

Results

Significant differences in mean ΔR1 values were found between control and hypertrophic 

mice in the left-ventricular free wall (LVFW) and septum of both the C57 and DBKO strains 

(p < 0.05, Figure 3). No significant differences in ΔR1 values were found between the two 

strains (i.e. C57 vs DBKO) in either the LVFW or the septum (also in Figure 3). Figure 4 

shows data from our sham mice experiments. We again tested the change in relaxivity, ΔR1, 

for changes before and after hypertrophy in the LVFW and septum and did not find any 

statistically significant differences. As an internal control the standard was also examined 

for changes in ΔR1, yielding no statistically significant results and demonstrating the 

consistency of the data across all acquisitions.

For each strain of mouse, Figure 5 shows the relationship between the degree of 

hypertrophy, measured in terms of the heart weight to body weight ratio (HW/BW), and ΔR1 

for both the LVFW and septum. The grey shaded areas indicate the 95% of confidence 

interval of the fitted linear regression line. No statistically significant relationship between 

ΔR1 and HW/BW was found for either strain in either the LVFW or the septum.

Measurements of left-ventricular end-diastolic diameter to body weight ratio (LVEDd/BW) 

are given in Table 1. Significant differences were found in hypertrophic C57 versus control 

C57, for hypertrophic DBKO versus control DBKO, and for hypertrophic DBKO versus 

hypertrophic C57 (p < 0.05). Table 2 provides data regarding the mean heart rate of each 

group of mice during the Mn infusion. No statistically significant differences in heart rate 

were found among the four groups of mice.

For the experiment utilizing a single C57 mouse exposed to approximately 18 hours of 

isoproterenol treatment a LVFW ΔR1 = 1.05 ± 0.70 sec−1 was measured, demonstrating a 

marked reduction from the mean ΔR1=3.27 ± 1.0 sec−1 for C57 control mice. In this same 

experiment we found that the HW/BW = 5.26 mg/g BW, which was less than the mean 6.25 

± 0.81 mg/g BW for C57 mice treated with isoproterenol for 3 days; however, we found that 

LVEDd/BW=1.86 ± 0.21 mm/g BW, indicating dilatation of the heart and the development 

of hypertrophy with a much shorter window of stimulation.

To support our results we also attempted to measure left-ventricular blood R1 signal from 

our 11 C57 mice. Using manual segmentation, we found that blood R1 signal in 

hypertrophic mice is approximately 63% ± 15% of that in non-hypertrophic controls 
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following Mn administration. However, the R1 measurements acquired using the SRLL 

pulse sequence depend on data sampled over a time period of several minutes. During this 

time period variations in heart rate can cause substantial differences in the amount of blood 

observed in the left-ventricular lumen which can cause large variations in apparent R1. 

Furthermore, cardiac motion itself results in partial volume and averaging effects within the 

lumen which contribute additional uncertainty and also act to lower the apparent R1 of 

blood. For these reasons blood R1 signal within the left-ventricular lumen cannot be 

accurately measured using our present data.

Discussion

Significant differences in mean ΔR1 were detected between control (i.e., pre-hypertrophic) 

and hypertrophic mice of both strains (Figure 3). Although changes in calcium handling 

have been previously associated with cardiac hypertrophy (13,15,17,47,48), we believe we 

are the first to show the relationship of hypertrophy to changes in ΔR1 using MEMRI.

Although expected, there were no significant differences in ΔR1 between mouse strains, i.e., 

C57 and DBKO mice, either before or after hypertrophy. There are several possible 

explanations for this. One possible scenario is that DBKO mice have adapted to the absence 

of CK by up- or down-regulating other genes involved in calcium handling in order to 

achieve normal calcium homeostasis. Jameel and Zhang demonstrated that although CK flux 

decreased in a canine model of left-ventricular hypertrophy, total CK activity remained at 

normal levels (27). It is also possible that the perturbation to calcium homeostasis caused by 

the ablation of CK is too small or too fast to be detected using the MEMRI technique. In 

previous studies in murine skeletal muscle with CK-M ablation, differences in CK function 

was only observed at high temporal resolution following brief muscle contraction (49). A 

similar scenario would be difficult to perform in the heart in vivo. It is likely that an exercise 

stress test performed in the hypertrophic or infarcted heart may reveal a functional 

difference in the DBKO mice. The data from our sham mice experiments showed no 

significant changes in ΔR1. This is consistent with the literature that calcium regulation is 

altered due to the induction of hypertrophy rather than exposure to the contrast agent itself. 

We showed only very negligible changes in ΔR1 of the Mn-containing standard, again 

demonstrating the consistency of data acquisition and the quality of our data.

Our mean left-ventricular T1 and R1 measurements were similar to other values in the 

literature for mice (50,51) and rats (52), although a wide range of values have been reported. 

In particular, our results differed from Li et al. (46) who used the saturation recovery Look-

Locker (SRLL) sequence with similar concentrations of Mn. Coolen et al. have suggested 

that the phrase “apparent T1” be used to describe myocardial T1 measurements due to 

dependence of the measurement on the inflow of magnetized blood (50). Wansapura and co-

authors have shown that the average drop in T1 from end-systole to end-diastole due to the 

presence of blood in the LV lateral wall in human patients at 3 T is 43±13% (53). Our 

technique differs from Li et al. in that rather than attempting to hold the mouse’s heart rate 

constant by varying the temperature, we have chosen to hold the temperature constant and 

allow the heart rate of the mouse to vary as described in the Methods section. Moreover, we 

acquired 50 data points and sampled more of the recovery curve than did Li et al. In addition 
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to these factors, with the relatively low matrix size used, we cannot rule out partial volume 

effects where blood signal has been included in the ROI.

Two recent papers have examined the issues surrounding the accuracy of T1 mapping 

sequences. Stikov et al. evaluated 3 common methods for T1 mapping, including Look-

Locker, using Bloch equation simulations, phantoms, and human subjects (54). They found 

that T1 measurements performed in vivo on white matter brain tissue did not agree. They 

concluded that inaccurate B1 field mapping and incomplete spoiling were the likely causes. 

Kellman and Hansen examined the question of accuracy and precision of cardiac T1 

measurements specifically and found a number of factors which affect the outcome of 

measurements and can lead to inter-observer discrepancies, including choice of parameters, 

flip angle, shimming, flow, and magnetization transfer effects (55). Measurements on our 

standard have proved consistent throughout data acquisition, and because relative changes in 

relaxivity are considered rather than absolute, the differences in relaxivity measurements 

among different observers should not affect the results reported here.

As the severity of hypertrophy increases, one might expect larger decreases in ΔR1. We 

tested this hypothesis using a linear regression model (Figure 3) and no significant 

relationship was found between the severity of isoproterenol-induced hypertrophy, as 

measured by the heart weight to body weight ratio (HW/BW), and ΔR1. Experimental 

results from a single C57 mouse exposed to approximately 18 hours of isoproterenol 

treatment showed that the development of hypertrophy and decreases in ΔR1 are manifested 

within a relatively short period of time following the initiation of beta adrenergic 

stimulation. This suggests that further studies should examine the effects of different 

amounts of isoproterenol stimulation and correlate them with measured changes in ΔR1 in 

order to obtain a better understanding of the relationship between morphological change and 

changes in ionic regulation.

Work by Nahrendorf et al. has shown that CK knockout mice develop left ventricular 

hypertrophy and dilatation, even without external stimulation (29). Our measurements of 

LVEDd/BW showed larger ventricular dilatation for DBKO mice, consistent with the results 

of Nahrendorf et al. However, our results showed no detectable difference in calcium uptake 

between CK deficient DBKO mice and C57 mice either before or after hypertrophy as 

measured by Mn uptake. It should also be noted that the Nahrendorf study used 41 wk old 

CK deficient mice on a mixed C57BL/6 - 129/SVJ background, whereas our study used 8–

12 wk old CK deficient mice backcrossed to a pure C57BL/6 background; it is therefore 

possible that improved ability to detect changes in Mn uptake would be observed by using 

older mice. Data from Shah and collaborators showed that 129SV/J mice differ from C57 

mice in sarcoplasmic reticulum calcium content, left-ventricular ejection fraction, fractional 

shortening, and cellular volume (56). Prior work from our laboratory demonstrated increased 

sensitivity to isoproterenol-induced cardiac hypertrophy in 129SV/J mice, as measured by 

the heart weight to body weight ratio (57). Although no differences between the strains were 

observed under baseline conditions, it is possible that increased cardiac stress due to 

exercise or to positive inotropic stimulation (e.g., dobutamine) could reveal differences not 

appreciated here.
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A recent paper by Coelho-Filho et al. investigated the detection of cardiac myocyte 

hypertrophy directly by measuring the intracellular lifetime (τic) of water molecules. This 

was done by infusing mice with gadolinium diethylenetriaminepentacetic acid (Gd-DTPA) 

(58). Using a two-compartment exchange model between the extracellular volume (ECV) 

and cardiac myocytes, they showed a significantly increased τic in hypertrophic mice versus 

control mice. The relationship between blood R1 and myocardial R1 determines τic, which 

can then be related to myocyte volume. Our results showed increased R1 following 

hypertrophy, as indicated by the observed reduction in ΔR1. These results are consistent 

with Coelho-Filho et al., whose observations show reduced R1 in tissue compared to blood 

in hypertrophic mice. The changes in R1 observed in Coelho-Filho et al., however, are 

attributed to changes in myocyte volume that affect the amount of water exchange between 

myocytes and the ECV.

A recent paper examining the effects of isoproterenol on myocardial perfusion in the rat 

heart demonstrated significantly higher myocardial blood flow following isoproterenol 

treatment (59) and suggests consideration of the delivery pathway of Mn. Intraperitoneal 

(IP) rather than intravenous (IV) infusion of Mn performed in these experiments means that 

Mn is available for direct absorption by multiple organs including the liver, pancreas, and 

kidneys. Potential increases in the amount of perfusion or Mn uptake in these other organ 

systems following isoproterenol treatment represents an alternative explanation for the 

decrease in R1 observed in this experiment If changes in perfusion were the dominant effect 

in determining the amount of Mn uptake by the heart then the perfusion of other organ 

systems must increase in kind and exceed that of the heart. Isoproterenol treatment is not 

known to significantly increase perfusion to these other organ systems, and our results 

showed no statistically significant differences in heart rate before and after hypertrophy in 

both the experimental and sham groups. Furthermore, the high concentration (125 mM) and 

dose (500 nmol/kg) of Mn ensure Mn availability is not limiting. Additionally, these results 

are consistent with other investigations demonstrating decreased calcium uptake in the heart 

following isoproterenol treatment (57,60). Thus, the conclusion that the measured decrease 

in Mn uptake is due to isoproterenol-induced hypertrophy and not to changes in the relative 

changes in perfusion or Mn uptake to other organ systems remains the most parsimonious 

interpretation of these data. The analysis presented here can be expanded and improved 

upon in several different ways. Prolonged exposure to the anesthetic isoflurane is known to 

affect myocardial blood flow (61) and calcium channels (62), however how isoflurane 

affects the magnitude of the results reported here remains unknown. The experiments should 

be repeated with lower concentrations of manganese to see if the dynamic range of the 

technique can be improved. Dobutamine has been shown to increase image contrast in T1-

weighted MEMRI experiments and, due to the increased energy demands of the 

myocardium under stress, would be useful for probing possible differences between C57 and 

DBKO mice (42). Our preliminary results using only one day of isoproterenol treatment 

suggest measurable changes in ΔR1 occur in as few as ≈18 hours, suggesting that lower 

doses and/or shorter durations of isoproterenol could be used to detect altered calcium 

homeostasis in pre-hypertrophic mice. Isoproterenol-induced hypertrophy is a limited model 

in which chronic β-adrenergic signaling is used as the initiating stimulus. Absolute 

quantification of Mn concentrations in the heart and other organ systems by means of mass 
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spectrometry was not investigated as part of this experiment but would provide useful 

information on absolute changes in Mn in the heart following isoproterenol treatment. This 

may also help to verify that the observed changes in this experiment are not due to increased 

Mn uptake in other organ systems. Investigation of other models of cardiac hypertrophy, 

such as aortic banding and angiotensin II, would serve to widen the scope of this 

investigation and make its results more generalizable to the human population.

In this paper, we have shown that MEMRI can be applied to study alterations in calcium 

handling in preclinical models of cardiac hypertrophy. Our results have demonstrated 

significant reduction in ΔR1 in hypertrophic mice versus non-hypertrophic controls. 

Moreover, the detection of hypertrophy by changes in R1 alone is completely non-invasive 

in that it does not require the use of blood samples to measure hematocrit (58). We 

investigated whether the ablation of CK produces measurable differences in ΔR1 by 

studying both C57BL/6 and M-/Mito-CK−/− double knockout (DBKO) mice and found no 

difference between the two strains. Finally, we have found no measurable correlation 

between heart weight to body weight ratio and ΔR1. Because changes to calcium handling 

typically precede changes in gross morphology, this study represents an important initial 

step toward the early detection of cardiac hypertrophy. Moreover, it opens the possibility of 

detecting different signal changes in ΔR1 for different pathways of hypertrophy. This may 

allow more targeted and effective treatment or improved identification of patients at risk for 

sudden cardiac death. Although the administration of free manganese to human patients 

lacks FDA approval, mangafodipir trisodium (Teslascan®), a chelated, hepatocyte-specific 

manganese-based contrast agent, has been approved. Recent human trials have shown free 

manganese can be administered without adverse side-effects (43), leaving open the 

possibility for future human studies using the techniques presented in this paper.
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Figure 1. 
Representative short-axis T1 maps from C57 mouse during diastole before and after 

manganese contrast. (a) Normal heart, pre-contrast (b) Normal heart, post-contrast (c) 

Hypertrophic heart, pre-contrast (d) Hypertrophic heart, post contrast.

Andrews et al. Page 16

NMR Biomed. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Example of raw data from saturation recovery Look-Locker (SRLL) sequence. A series of 

50 images (single mid-ventricular slice, short-axis view) was acquired after an initial 

saturation pulse. Time delay between sequential images was τ and was computed as the 

average R-R interval during the acquisition. The images shown here were acquired at (a) 1τ 

≈ 125ms (b) 3τ ≈ 375ms (c) 6τ ≈ 750ms (d) 10τ ≈ 1250ms (e) 25τ ≈ 3125ms (f) 50τ ≈ 

6250ms. Frame (g) shows an example T1* recovery curve fitted from these data from a 

region-of-interest (ROI) taken in the left-ventricular free wall. Error bars indicate the 

standard deviation of the intensity within the ROI.
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Figure 3. 
Mean ΔR1 by region-of-interest (ROI) for C57 and DBKO mice. ROIs used were: left-

ventricular free wall (LVFW), septum and a 100μM MnCl2 standard placed next to the 

mouse. Error bars represent SEM. Significant differences in ΔR1 are found in both C57 and 

DBKO mice for the LVFW and septum. No significant differences were found between the 

two strains in any of the ROIs. Asterisks indicate significance by Wilcoxon Signed Rank test 

with Benjamini-Hochberg correction for multiple comparisons: * p < 0.01, ** p < 0.001

Andrews et al. Page 18

NMR Biomed. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Mean ΔR1 by region-of-interest (ROI) for sham C57 and DBKO mice. ROIs used were: left-

ventricular free wall (LVFW), septum and a 100μM MnCl2 standard placed next to the 

mouse. Error bars represent SEM. No significant differences were found in any of the ROIs 

considered for either strain of mice (Wilcoxon Rank Sum test with Benjamini-Hochberg 

correction for multiple comparisons). These data are consistent with our interpretation that 

the induction of hypertrophy is responsible for the observed changes in calcium handling.

Andrews et al. Page 19

NMR Biomed. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
ΔR1 vs. heart weight/body weight ratio for C57 and DBKO mice in the left-ventricular free 

wall (LVFW) and septum. For each strain and region-of-interest (ROI) a linear model is 

used to test for correlation between the two parameters. Shaded gray areas represent 95% 

confidence intervals on the linear models. No significant differences were found between 

either strain or ROI.
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Table 1

Left ventricular end-diastolic diameter (LVEDd) normalized to body weight in C57BL/6 and DBKO (M-/

Mito-CK −/−) mice, as measured in short-axis MR images. Results are given as mean ± standard deviation in 

units of mm/g. These results indicate DBKO mice have greater LV dilatation post-hypertrophy vs. C57 mice.

Control Hypertrophic

C57 0.15 ± 0.015 0.17 ± 0.019 †

DBKO 0.17 ± 0.017 0.19 ± 0.013 ‡*

†
Significant vs. C57 Control (p=0.0023),

‡
Significant vs. DBKO Control (p=0.0013),

*
Significant vs. C57 Hypertrophic (p=0.0136). Significance is determined by p < 0.05 by Student t- test (C57 Control vs DBKO control, C57 

Hypertrophic vs. DBKO Hypertrophic) or paired Student t-test (C57 Control vs. C57 Hypertrophic, DBKO Control vs. DBKO Hypertrophic).
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Table 2

Mean heart rate (HR) in beats per minute (bpm) for each experimental group. Results are given as mean ± 

SEM. No statistically significant differences were found between any of the experimental groups (Wilcoxon 

Rank Sum and Signed Rank tests with Benjamini-Hochberg correction for multiple comparisons).

Strain C57 DBKO

Cardiac State

Normal 487 ± 17 526 ± 8

Hypertrophic 485 ± 15 510 ± 8
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