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<ABSTRACT> 

Imaging biomarkers using creatine chemical exchange saturation 

transfer cardiovascular magnetic resonance in rat models with 

diabetic cardiomyopathy 

 

Jae Min Shin 

Department of Medicine 

The Graduate School, Yonsei University 

 
Directed by Professor Tae Hoon Kim 

 

Purpose: 

To evaluate the potential effectiveness of creatine (Cr) chemical 

exchange saturation transfer (CrCEST) cardiovascular magnetic resonance 

(CMR) imaging in detecting early metabolic changes before cardiac function 

and structural changes occur in a diabetic cardiomyopathy (DCM) rat model.  

 

Background: 

The clinical diagnosis of DCM is based on detecting structural or 

functional myocardial abnormalities with echocardiography or conventional 

CMR at the advanced stage of DCM. Detecting metabolic changes in the 

myocardium is necessary for the early diagnosis and management of DCM. 

 

Materials and methods: 

Nine-week-old male Sprague-Dawley rats were randomly assigned to 

undergo CMR scans before and at 4, 8, 12, and 16 weeks after being 

intraperitoneally injected with streptozotocin to induce diabetes. Cine, T1 

mapping, and CrCEST MR images were obtained. Cardiac function and 

myocardial strain were semiautomatically assessed on the cine MR images. The 
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regions of interest for myocardial T1 values, extracellular volume fraction, and 

CrCEST signals were located in the interventricular septum. Data were 

analyzed using the linear mixed model. The intra- and interobserver agreements 

on the CrCEST signal were assessed with the intraclass correlation coefficient 

(ICC). Shortly after the CMR scan, the myocardium of sacrificed rats in each 

group was histologically evaluated. Cardiac function, T1 mapping images, 

CrCEST images, and histological examination of myocardium of the five 

groups were compared.   

 

Results: 

The blood glucose levels of the rats increased rapidly 1 week after the 

streptozotocin injections. The CrCEST signals (magnetization transfer ratio 

asymmetry) were significantly lower in the diabetic groups than in the 

prediabetic group (P<0.001). The pairwise comparisons showed significant 

differences between the prediabetic group and each of the four diabetic groups 

(P<0.001). The ICCs for intra- and interobserver agreements on the CrCEST 

signal were 0.953 and 0.927, respectively. The left ventricular ejection fraction 

was significantly different between the groups (P<0.001). The pairwise 

comparison showed a significant difference between the prediabetic and 

16-week diabetic groups (P<0.001). Stroke volumes, cardiac output, and left 

ventricular myocardial mass were not significantly different between the five 

groups. The global radial peak strain and longitudinal peak strain were 

decreased significantly in the 12-week (P=0.049 and P=0.004, respectively) and 

16-week diabetic groups (P=0.003 and P<0.001, respectively). The global 

circumferential peak strain was lower in the 16-week diabetic group (P=0.005) 

than in the prediabetic group. The myocardial native T1 values and extracellular 

volume fractions were higher in the 12- and 16-week diabetic groups than in the 

prediabetic group (P<0.001). Myocardial histology revealed subendocardial 

fibrosis in the 12- and 16-week diabetic rats. Transmission electron microscopy 
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revealed mitochondrial paracrystalline inclusion bodies since 4 weeks after the 

onset of diabetes. The mean area of the mitochondria was significantly 

increased in the 16-week diabetic rats, compared to that of the other rat groups 

(P<0.001). 

 

 

 

Conclusions: 

CrCEST CMR revealed metabolic changes in early diabetic 

cardiomyopathy before cardiac function and structural changes occurred. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: cardiac imaging technique; magnetic resonance imaging; diabetic 

cardiomyopathy; creatine kinase; molecular imaging; metabolism; diabetes 

mellitus; rat 
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Directed by Professor Tae Hoon Kim 

 

I. INTRODUCTION 

 

The global prevalence rate of diabetes mellitus (DM), one of the most 

common chronic diseases in the world, increased from 4.7% in 1980 to 9.3% in 

2019. By 2030, it will increase to approximately 10.2% [1-3]. The mortality rate 

of DM-related cardiovascular disease is approximately 65%. DM is generally 

recognized as a leading cause of heart failure. Diabetic cardiomyopathy (DCM) 

is a DM-related myocardial dysfunction in the absence of coronary artery 

disease, valvular heart disease, hypertension, or other known cardiac disease 

[4-7]. The pathophysiology of DCM remains poorly understood, but the large 

and extended literature is gradually clarifying this concept [8-12].  

A clinical diagnosis of DCM is based on the detection of structural or 

functional myocardial abnormalities and the exclusion of other causes of 

cardiomyopathy [6]. Myocardial fibrosis is characteristic of DCM [13]. 

However, a myocardial biopsy is not indicated because of its invasiveness. 

Noninvasive imaging techniques such as echocardiography or cardiovascular 

magnetic resonance (CMR) are diagnostic tools [6]. They detect myocardial 

hypertrophy and left ventricular (LV) diastolic dysfunction with or without 
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systolic dysfunction in DCM [6,7,14]. However, these structural and overt 

functional changes occur at the advanced stages of the DCM [8]. Several 

patients with DCM have no symptoms and only substructural myocardial 

changes in the early stages [8]. Metabolic changes presumably precede 

structural or functional changes [4,15,16]. Therefore, early diagnosis and 

prompt management of DCM are clinically critical to slow the progression of 

heart failure and intensify lifestyle and pharmacological intervention [4,15].  

Chemical exchange saturation transfer (CEST) is a novel MR imaging 

(MRI) technique for metabolic imaging; it is widely used to map the 

distribution of various metabolites in vivo and to provide molecular information 

for detecting pathological tissues [17-27]. In CEST imaging, a radiofrequency 

pulse corresponding to the resonance frequency of the targeted metabolite 

protons reaches saturation and the saturated protons of the targeted metabolite 

are exchanged with unsaturated water protons [18,19,27]. Therefore, CEST 

imaging detects subsequent reductions in the water signals that can indirectly 

measure the concentration of the targeted metabolite [18,19,27]. Creatine (Cr) 

has an essential role in the physiological function of the cardiac muscle; thus, 

CrCEST imaging reflects cardiac metabolic changes in DCM [28-32]. To the 

best of our knowledge, no study using DCM rat models has applied in vivo 

CrCEST MRI to detect early metabolic changes in the myocardium. Therefore, 

this study aimed to evaluate the potential effectiveness of the CrCEST CMR in 

detecting early metabolic changes and compare the results of CrCEST CMR 

with cine MR, T1 mapping imaging, and histological findings in a DCM rat 

model. 

  

II. MATERIALS AND METHODS 

 

1. Phantom study 

An in vitro validation study was conducted using a phantom before 
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applying the CEST imaging to the animals. The phantom was prepared using Cr 

and agarose (Sigma, St. Louis, MO, USA). Cr was added to distilled water to 

reach a concentration of 0 mM, 10 mM, 25 mM, 50 mM, 75 mM, and 100 mM. 

Agarose was added to constitute 3% of the mixed solution. The mixed solution 

was heated, boiled, placed in a plastic container at room temperature, and 

solidified before MR scanning. The CEST imaging was performed at 37℃ for 

all phantoms.  

Figure 1 shows the pulse sequence diagram for CEST imaging. 

Motion‐robust radial readouts were used to apply CEST imaging to the rat heart. 

The golden angle radial trajectory was used to eliminate respiratory motion 

effects from the navigation echo. Magnetization transfer (MT) pulse trains were 

used for the CEST effect, and the MT pulses using Gaussian pulses had a 270o 

flip angle and 200-Hz bandwidth properties. The segmented radial scan was 

conducted at the mid‐diastolic phase for 20 seconds with a CEST pulse of >100 

heart beats, thereby providing a sufficient CEST effect. The CEST saturation 

offsets range from -5.00 ppm to 5.00 ppm with a step size of 0.25 ppm. 

Additional images were acquired without the CEST saturation for the 

normalization reference. 

Retrospective respiratory gating was conducted with pencil beam 

navigation pulses placed on the diaphragm and the following image gradient 

pulses. A 3-second waiting time was required for the T1 recovery. The scanning 

time was approximately 8 minutes and the navigator efficiency reached 40%. 

The CEST imaging parameters were as follows: repetition time/echo time 

(TR/TE), 4.0/2.2 ms; flip angle, 15°; slice thickness, 1.5 mm; acquisition matrix, 

128 × 128; field of view, 40 mm × 40 mm; and resolution, 0.31 mm. 
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Figure 1. Pulse sequence diagram for chemical exchange saturation 

transfer imaging in the rat heart 

The magnetization transfer (MT) pulse, using the Gaussian pulse with a flip 
angle of 270° and bandwidth of 200Hz, was applied to give a chemical 
exchange saturation transfer (CEST) effect. The MT pulses operated shortly 
after the electrocardiogram trigger to the mid-diastolic phase. Owing to the 
rapid heartbeat and respiratory movement of the rat heart, motion-robust golden 
angle radial acquisition was conducted in the mid-diastolic phase, followed by 
navigation echo. Navigation echo was applied to remove respiratory movement. 
A 3-second quiescent time was for the T1 recovery. (Adapted, with permission, 
from Kim et al. [2018, March]. Golden angle radial chemical exchange 
saturation transfer for the rat heart. Poster presented at the joint annual meeting 
ISMRM-ESMRMB 2018, Seoul, Korea) 
 

2. Animal preparation 

All animal-related procedures were approved by the Institutional 

Committee for the Care and Use of Animals at the Yonsei University Health 

System (Seoul, Republic of Korea; approval number: 2017–0199) and the 

experiments were conducted under the guidelines of the U.S. National Institute 

of Health [33]. The experiment used 9-week-old Sprague-Dawley male rats 

(n=22) weighing 283.0–509.0 g. All animals had free access to their diet and 

water. Twelve rats were randomly assigned to prediabetic CMR scanning at the 

age of 9 weeks. Two rats were sacrificed for histologic examination. The 

remaining 20 rats were injected intraperitoneally with 65 mg/kg of 

streptozotocin (STZ) (Sigma, St. Louis, MO, USA) contained in a 0.1M citrate 
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buffer at pH 4.4. All rats were fed the standard chow diet before the injection of 

STZ, and were fed a 60 kcal% fat diet 2 hours after the STZ injection. After a 

4-hour fast, the tail blood glucose level was measured using a glucose meter 

(Roche Diagnostics Corp., Indianapolis, IN, USA). The blood glucose level and 

body weight of all rats were monitored weekly. CMR imaging was randomly 

conducted on the rats at 4 (n=8), 8 (n=7), 12 (n=7), and 16 (n=6) weeks after the 

STZ injection. During the MRI acquisition, the rats were anesthetized with 

1.5–2.5% isoflurane inhalation through nose cones. Nine incidental deaths 

occurred during the experiment. The hearts of all of these rats were 

histologically evaluated. All rats that survived until week 16 were sacrificed for 

histologic evaluation after the CMR scan (Figure 2). 

 

 
Figure 2. Experimental overview flow of the animal study 

Rats were randomly assigned to the baseline cardiovascular magnetic resonance 
(CMR) scans and the CMR scans at 4, 8, 12, and 16 weeks after inducing 
diabetes. Diabetes was induced in rats by intraperitoneal injection of 
streptozotocin. At least two rats in the prediabetic group and each of the diabetic 
groups were sacrificed for histologic examination shortly after the CMR scans. 
TEM, transmission electron microscope. 
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3. Image acquisition 

All experiments were conducted with a 9.4 T MRI scanner (Bruker 

Biospec; Bruker Biospin Billerica, MA, USA) equipped with a 1H 

transmit-receive volume coil with a 40-mm inner diameter. The heart was 

localized using the fast low-angle shot sequence with electrocardiography and 

respiratory gating. CEST imaging was accomplished using the same sequence 

and parameters used in the phantom study described previously.  

After accomplishing CEST imaging, native T1 mapping was achieved 

by using the respiratory-navigated Look-Locker sequence. Three short-axis T1 

maps (i.e., basal, mid and apical) of the left ventricle were obtained before 

administering the gadolinium contrast agent. The imaging parameters were as 

follows: TR/TE, 12/1.35 ms; flip angle, 8°; slice thickness, 1.5 mm; acquisition 

matrix, 108×128; and FOV, 50×50 mm. After the acquisition of the native T1 

imaging, a 0.1 mmol/kg intravenous dose of gadolinium contrast agent was 

injected into the tail vein of the rat. 

After the contrast agent injection, cine images of the two-chamber, 

four-chamber, and short-axis planes were obtained for cardiac functional 

analysis, using the steady-state free precession sequence with the following 

parameters: TR/TE, 5.0/2.3 ms; flip angle, 10°; 25 phases; slice thickness, 1 

mm; acquisition matrix, 128×100; and field of view, 50×50 mm. Twelve 

minutes after the contrast agent injection, the postcontrast T1 mapping was also 

acquired using the respiratory-navigated Look-Locker sequence. Three slices of 

T1 maps (i.e., basal, mid, and apical) of the LV were also obtained. The imaging 

parameters were the same as those used for the native T1 mapping. 

 

4. Image analysis 

a. CrCEST MR image analysis 

Post-processing was conducted with the custom-written programs of 

Matlab (Mathworks, Natick, MA, USA). The CEST images were corrected 
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using multiple Lorentzian-line fittings for B0, B1 inhomogeneity and other 

competitive effects such as magnetization transfer contrast and direct water 

saturation [18,20,34]. The Z-spectrum was generated for each region of interest 

(ROI) as the signal intensity of each image acquired at the different saturation 

frequency offsets and normalized using the reference image. For denoising the 

Z-spectrum, principle component analysis was utilized to extract the relevant 

signals and improve the signal-to-noise ratio without averaging [35]. The CEST 

signal was defined as the normalized signal intensity of the fitted curve in the 

Z-spectrum. Magnetization transfer ratio asymmetry (MTRasym), the most 

commonly used metric in the CEST experiments to eliminate the magnetization 

transfer contrast and direct water saturation effects, was calculated by 

subtracting the CEST signal at a certain frequency (Δω) from the CEST signal 

at the opposite frequency (-Δω) in which Δω is the frequency difference with 

water [17,18,36]. The CrCEST maps were generated using the peak values of 

the MTRasym at ±1.75 ppm, the chemical shift of the Cr amine protons. In the 

phantom image analysis, the Z-spectra were generated and the MTRasym was 

calculated for each phantom at different Cr concentrations, using the previously 

described method. CrCEST maps were also generated. 

The ROIs were placed on the whole area of each phantom. In the 

CrCEST images of the rats, the ROIs were placed in the interventricular septa. 

Two radiologists (P.C.H. and S.J.M, with 14 and 6 years of experience in the 

field of cardiothoracic radiology, respectively) independently assessed all 

CrCEST images to evaluate the intra- and interobserver agreements. 

 

b. Functional analysis 

All cine MR images were transferred to commercially available MR 

analysis software (cvi42; Circle Cardiovascular Imaging, Inc., Calgary, AB, 

Canada). LV function was evaluated on the short-axis cine MR images with the 

Simpson method [37-39]. The endocardial and epicardial borders of the LV 
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walls were manually delineated on the end-diastolic and end-systolic images. 

The papillary muscles and trabeculae were excluded. The stroke volume, LV 

ejection fraction (LVEF), cardiac output (CO), and LV diastolic myocardial 

masses were automatically calculated. 

 

c. Myocardial strain analysis 

Myocardial strain was also measured on the cine images using the 

cvi42 software (Circle Cardiovascular Imaging, Inc.): the two-chamber, 

four-chamber, and short-axis images covered the entire LV. The endocardial and 

epicardial borders were drawn manually in the end-diastolic images. The 

contours in the other phases were then automatically tracked through the entire 

cardiac cycle. These contours were reviewed in all phases, manually corrected 

as needed for optimal endocardial/epicardial tracking, and excluded the 

papillary muscles and endocardial trabeculae. The short-axis images were used 

to quantify global radial and circumferential strain values. Global longitudinal 

strain values were assessed using vertical and horizontal long-axis images. 

Global strain values through the entire cardiac cycle were automatically 

calculated. The global radial, circumferential, and longitudinal peak strains were 

determined. 

 

d. T1 mapping analysis 

All native and postcontrast T1 mapping images were transferred to 

cvi42 software (Circle Cardiovascular Imaging, Inc.). The measurements were 

conducted on the short-axis images of the LV midcavity. The endocardial and 

epicardial borders were drawn manually, and the myocardium was divided 

semiautomatically into anterior, anteroseptal, anterolateral, inferoseptal, inferior, 

and inferolateral segments. The native and postcontrast T1 values of the LV 

blood pool were measured by using circular ROIs (>3 mm2) in the LV cavity, 

which avoided the papillary muscles. The native and postcontrast T1 values of 
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the myocardium were measured using ROIs drawn in the interventricular septa. 

The myocardial extracellular volume fraction (ECV) was also automatically 

calculated with the following equation using the hematocrit and the native and 

postcontrast T1 values of the LV myocardium and blood pool: 

 

ECV = (1-Hct) x  

 

5. Histological analysis 

Shortly after the MR scan, the rats randomly assigned to be euthanized 

for histologic evaluation were placed for 5 minutes in a closed gas chamber 

containing carbon dioxide. The heart was excised and collected shortly after 

euthanasia. A piece of the myocardium (3 mm2) was harvested for electron 

microscopic examination and fixed for 12 hours in 2% glutaraldehyde-2% 

paraformaldehyde in 0.1M phosphate buffer (pH 7.4). The sample was washed 

in 0.1M phosphate buffer, postfixed in 1% osmium tetroxide, dehydrated in 

graded ethanol, infiltrated with propylene oxide, and embedded in epoxy resin. 

Ultrathin sections were stained with 3% uranyl acetate and 3% lead citrate.  

The tissues were examined with a transmission electron microscope 

(JEM-1011; JEOL, Tokyo, Japan) while changing from low to high 

magnification. In each group, 10 micrographs at high magnification (×25,000) 

obtained from two rats were randomly selected. The percentage of the area 

occupied by one mitochondrion in the whole micrograph was measured for 

three mitochondria in each micrograph. Mitochondria were drawn manually 

using open-source image processing and analysis software (ImageJ; National 

Institute of Health, Bethesda, MD, USA); the software automatically calculated 

the areas.  

The rest of the heart was fixed for 1 week with 10% 

phosphate-buffered paraformaldehyde, and then dissected at the midventricle 
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level along the short-axis of the LV. These fragments were dehydrated in 

alcohol solutions, cleaned with xylene, and embedded in paraffin. The 6 

μm-sections were obtained from the midventricle in the short-axis plane. They 

were stained with hematoxylin and eosin (H&E) and Masson’s trichrome. The 

histological analysis was conducted by a pathologist (C.Y.J.) who was blinded 

to the MR findings of the rats. 

 

6. Statistical analysis 

All variables are presented as the mean (95% confidence interval [CI]). 

The mean, standard error, and 95% CI were calculated by using a linear mixed 

model that accounted for the correlation structure because of the inclusion of 

repeated MR scans from the same rats. The overall and pairwise differences 

between the prediabetic group and the 4-, 8-, 12-, and 16-week diabetic groups 

were estimated using these linear mixed models. A value of P<0.05 was 

statistically significant. Intra- and interobserver agreements on measuring the 

peak values of MTRasym curves were evaluated by using the intraclass 

correlation coefficient (ICC). The ICCs were interpreted as “poor” (<0.40), 

“fair” to “good” (0.40–0.75), and “excellent” (0.76–1.00). Statistical analyses 

were conducted using commercially available software (version 4.0.2; R Project 

for Statistical computing, R Foundation for Statistical Computing, Vienna, 

Austria). 

 

III. RESULTS 

 

1. Body weight and blood glucose level 

The mean body weight and blood glucose levels of rats before the 

CMR scan are summarized in Table 1. Body weight did not differ among the 

five groups. However, after the STZ injection, the blood glucose level was 

significantly higher in the diabetic rats than in the prediabetic rats (P<0.001).  
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Table 1. Body weight and blood glucose level data of the rats 

 
Pre- 

diabetic  
(n=12) 

DM, 4th 
week 
(n=8) 

DM, 8th 
week 
(n=7) 

DM, 12th 
week 
(n=7) 

DM, 16th 
week 
(n=6) 

p-value 

Blood 
glucose 

level 
(mg/dl) 

136.92  
(104.08, 
169.76) 

460.06 
(420.92, 
499.20) 

486.33  
(444.02, 
528.63) 

513.58 
(471.87, 
555.29) 

481.38  
(436.60, 
526.16) 

<0.001* 

Body 
weight (g) 

405.97 
(376.97, 
435.89) 

374.41 
(342.45, 
406.38) 

395.70 
(361.31, 
430.09) 

405.99 
(372.86, 
439.12) 

417.30 
(382.80, 
451.80) 

0.053 

 

Data are presented as the mean (95% confidence interval). In the diabetic 
groups, the blood glucose level increased rapidly within 1 week after the 
intraperitoneal injection of streptozotocin and is maintained. The body weights 
among the five groups was not significantly different.  
 

2. Myocardial CrCEST imaging 

a. Phantom study 

The Z-spectra and the MTRasym curves, based on the Cr concentration 

of the phantoms, are shown in Figure 3. The peaks of MTRasym were observed at 

1.75 ppm in all phantoms. The peak values of MTRasym demonstrated Cr 

concentration dependence. Color maps using the MTRasym value at 1.75 ppm 

were also generated (Figure 3). The MTRasym increased in proportion to the Cr 

concentration of the phantom. 
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Figure 3. Z-spectra, magnetization transfer ratio asymmetry curves, and 

color maps of the phantoms, based on the creatine concentration 

The chemical exchange saturation transfer (CEST) signal and magnetization 
transfer ratio asymmetry (MTRasym) of the phantom were shown along the range 
of CEST saturation offset from -5.00 to 5.00 ppm. The MTRasym measured at 
1.75 ppm is increased with the creatine concentration of the phantom. Color 
maps were produced using the MTRasym value of 1.75 ppm, which is the 
chemical shift of creatine amine protons. (Adapted, with permission, from Kim 
et al. [2018, March]. Golden angle radial chemical exchange saturation transfer 
for the rat heart. Poster presented at the joint annual meeting 
ISMRM-ESMRMB 2018, Seoul, Korea) 
 

b. Animal study 

Figure 4 presents the mean Z-spectra and the mean MTRasym curves of 

the five groups. The peak values of MTRasym curves in all 40 CMR images were 

analyzed (Figures 4 and 5; Table 2) and observed from 1.64 ppm to 1.92 ppm 

(mean, 1.76 ppm). The mean peak value of the MTRasym in the myocardium was 

significantly higher in the prediabetic group (10.86%) than in the 4-week 

(6.04%), 8-week (3.76%), 12-week (2.80%), and 16-week (3.34%) diabetic 

groups (P<0.001) (Figures 4 and 5; Table 2). The pairwise comparison showed 

significant differences between the prediabetic group and each of the four 

diabetic groups (P<0.001). The mean peak value of MTRasym in the 4-week 

diabetic group was also significantly different from that of the 8-week, 12-week, 
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and 16-week diabetic groups (P=0.002, P<0.001, and P<0.001, respectively). 

 The MTRasym color maps of the representative rats of each group are 

shown in Figure 6. The color map of the prediabetic rats is distinct from the 

maps of the other diabetic rats. The intra- and interobserver agreement in 

measuring the peak values of MTRasym curves was excellent with ICCs of 0.953 

(95% CI, 0.912–0.975) and 0.927 (95% CI, 0.867–0.961), respectively. 

 

 
Figure 4. Z-spectra and magnetization transfer ratio asymmetry curves of 

the prediabetic group and the four diabetic groups 

The mean values of chemical exchange saturation transfer (CEST) signals and 
magnetization transfer ratio asymmetry (MTRasym) in the five groups were 
shown according the CEST saturation offsets ranging from -5.00 ppm to 5.00 
ppm with a step size of 0.25 ppm. The mean peak value of the MTRasym is 
significantly higher in the prediabetic group than in the four diabetic groups 
(P<0.001). 
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Figure 5. Boxplot showing the comparison of the peak values of 

magnetization transfer ratio asymmetry between the groups 

The boxes represent the interquartile range. The cross and bar inside the box 
represent the mean and median, respectively, and the whiskers represent the 
95% range. The mean peak value of the magnetization transfer ratio asymmetry 
(MTRasym) is significantly higher in the prediabetic group than in the four 
diabetic groups (P<0.001). 
 

Table 2. Evaluation of the peak values of magnetization transfer ratio 

asymmetry with creatine chemical exchange saturation transfer images of 

the rats 

 
Pre- 

diabetic  
(n=12) 

DM, 4th 
week 
(n=8) 

DM, 8th 
week 
(n=7) 

DM, 12th 
week 
(n=7) 

DM, 16th 
week 
(n=6) 

p-value 

MTRasym 
(%) 

10.86  
(9.46, 
12.26) 

6.04 
(4.57, 
7.50) 

3.76  
(2.21, 
5.32) 

2.80 
(1.29, 
4.30) 

3.34 
(1.79, 
4.89) 

<0.001* 

 

Data are presented as the mean (95% confidence interval). The peak values of 
magnetization transfer ratio asymmetry (MTRasym) show significant overall 
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differences between the groups. In the pairwise comparisons, the values are 
significantly higher in the prediabetic group than in the four diabetic groups. 
 

 
Figure 6. Color maps using the magnetization transfer ratio asymmetry at 

±1.75 ppm in creatine chemical exchange saturation transfer imaging 

Color maps were generated using the magnetization transfer ratio asymmetry 
(MTRasym) value at 1.75 ppm, the chemical shift of the creatine amine protons. 
The color map of the prediabetic rat is visually distinct from the maps of the 
diabetic rats, which is consistent with the result showing that the mean peak 
value of the MTRasym in the prediabetic group is significantly higher than those 
in the four diabetic groups.  
 

3. Cardiac function 

Cardiac function was analyzed using all CMR cine images (n=40) 

(Table 3). The mean LVEF was significantly different between the five groups 

(P<0.001). It was significantly decreased in the 16-week diabetic group, 

compared to the prediabetic group (P<0.001). The mean LVEF in the 16-week 

diabetic group was also significantly lower than that of the other three diabetic 

groups (P<0.001). The mean heart rate, stroke volume, CO, and LV myocardial 

mass were not significantly different between the groups. 
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Table 3. Evaluation of cardiac function with cine cardiac magnetic 

resonance images of the rats 

 
Pre- 

diabetic  
(n=12) 

DM, 4th 
week 
(n=8) 

DM, 8th 
week 
(n=7) 

DM, 12th 
week 
(n=7) 

DM, 16th 
week 
(n=6) 

p-value 

Heart Rate 
(bpm) 

314.17 
(291.40, 
336.94) 

283.89 
(256.34, 
311.44) 

278.52 
(248.89, 
308.15) 

277.81 
(248.38, 
307.25) 

281.36 
(249.67, 
313.04) 

0.164 

Stroke 
volume (μl) 

436.95 
(395.95, 
477.96) 

466.75 
(417.68, 
515.83) 

444.19 
(391.22, 
497.16) 

488.11 
(435.78, 
540.44) 

449.34 
(393.11, 
505.56) 

0.435 

Ejection 
fraction 

(%) 

75.53 
(73.27, 
77.79) 

74.66 
(72.01, 
77.31) 

72.90 
(70.02, 
75.77) 

73.11 
(70.29, 
75.92) 

62.53 
(59.52, 
65.55) 

<0.001* 

Cardiac 
output 

(ml/min) 

138.33 
(123.60, 
153.06) 

134.04 
(117.09, 
150.99) 

121.25 
(102.78, 
139.71) 

133.79 
(115.84, 
151.74) 

126.99 
(107.86, 
146.13) 

0.514 

LV 
myocardial 
mass (mg) 

647.31 
(594.37, 
700.25) 

639.89 
(578.04, 
701.74) 

649.18 
(581.98, 
716.38) 

699.20 
(633.53, 
764.87) 

690.30 
(620.05, 
760.55) 

0.391 

 

Data are presented as the mean (95% confidence interval). The left ventricular 
(LV) ejection fraction (LVEF) shows an overall difference among the five 
groups. In the pairwise comparison, the LVEF at week 16 is significantly 
decreased in the diabetic group, compared to the prediabetic group. However, 
the heart rate, stroke volume, cardiac output and LV myocardial mass are not 
significantly different among the groups.  

 

4. Myocardial strain 

Myocardial strain was analyzed in all 40 CMR scans (Table 4). The 

mean radial, circumferential, and longitudinal peak strains were significantly 

different between the five groups (P=0.026, P=0.048, and P=0.002, 

respectively). The global radial peak strain was significantly lower in the 

12-week and 16-week diabetic groups than in the prediabetic group (P=0.049 

and P=0.003, respectively). The global longitudinal peak strain was 

significantly lower in the 12-week and 16-week diabetic groups than in the 

prediabetic group (P=0.004 and P<0.001, respectively). The global 
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circumferential peak strain was significantly lower in the 16-week diabetic 

group than in the prediabetic group (P=0.005). 

 

Table 4. Evaluation of myocardial strain with cine cardiac magnetic 

resonance images of the rats 

 
Pre- 

diabetic  
(n=12) 

DM, 4th 
week 
(n=8) 

DM, 8th 
week 
(n=7) 

DM, 12th 
week 
(n=7) 

DM, 16th 
week 
(n=6) 

p-value 

Radial  
peak strain (%)  

41.63  
(38.82, 
44.44) 

38.76 
(35.26, 
42.26) 

39.52 
(35.79, 
43.24) 

36.91 
(33.16, 
40.66) 

33.66 
(29.58, 
37.73) 

0.026* 

Circumferential 
peak strain (%)  

-21.74 
(-22.70, 
-20.79) 

-20.76 
(-21.94, 
-19.57) 

-20.70 
(-21.97, 
-19.44) 

-20.29 
(-21.56, 
-19.01) 

-19.23 
(-20.61, 
-17.84) 

0.048* 

Longitudinal 
peak strain (%)  

-22.95 
(-24.15, 
-21.74) 

-21.55 
(-23.05, 
-20.05) 

-21.95  
(-23.54, 
-20.35) 

-19.83 
(-21.43, 
-18.22) 

-18.90 
(-20.64, 
-17.15) 

0.002* 

 

Data are presented as the mean (95% confidence interval). The radial, 
circumferential, and longitudinal peak strains measured in the CMR cine images 
show significant overall differences among the groups (n=40). In the pairwise 
comparison, the radial and longitudinal peak strains are significantly decreased 
in the 12-week and 16-week diabetic groups, compared to the prediabetic group. 
The circumferential peak strain is significantly decreased in the 16-week 
diabetic group. 

 

5. T1 mapping 

Myocardial native T1 values, postcontrast T1 values, and ECV were 

analyzed in the CMR scans with native and postcontrast T1 mapping images 

(n=29) (Table 5). The mean myocardial native T1 values and ECV increased 

with the duration of DM and demonstrated significant differences among the 

groups (P<0.001). The myocardial native T1 value and ECV were significantly 

higher in the 12-week and 16-week diabetic groups than in the prediabetic 

group (P<0.001). The myocardial postcontrast T1 values were not significantly 

different between the groups. 
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Table 5. Evaluation of myocardial T1 values and extracellular volume 

fraction with native and postcontrast T1 mapping images of the rats 

 
Pre- 

diabetic  
(n=7) 

DM, 4th 
week 
(n=7) 

DM, 8th 
week 
(n=6) 

DM, 12th 
week 
(n=6) 

DM, 16th 
week 
(n=3) 

p-value 

Myocardial  
native T1 

(ms) 

1014.00 
(954.05, 
1073.94) 

1012.57 
(951.92, 
1073.22) 

1076.50 
(1011.01, 
1141.99) 

1239.67 
(1173.96, 
1305.38) 

1321.00 
(1225.93, 
1416.17) 

<0.001* 

Myocardial  
post-contra
st T1 (ms) 

920.57 
(837.85, 
1003.29) 

941.00 
(857.31, 
1024.69) 

870.33 
(779.95, 
960.71) 

982.17 
(891.49, 
1072.85) 

969.67 
(891.49, 
1072.85) 

0.399 

ECV (%) 
12.00  

(10.18, 
13.82) 

12.57 
(10.73, 
14.41) 

14.67 
(12.68, 
16.66) 

23.17 
(21.17, 
25.16) 

28.00 
(25.11, 
30.89) 

<0.001* 

 

Data are presented as the mean (95% confidence intervals). The myocardial 
native T1 value and extracellular volume fraction (ECV) were significantly 
different among the groups. In the pairwise comparison, the myocardial native 
T1 value and ECV significantly increased in the 12-week and 16-week diabetic 
groups compared to the prediabetic group. 

 

6. Histologic assessment 

The myocardium, stained with H&E and Masson’s trichrome, showed 

no remarkable changes in the diabetic rats euthanized in weeks 4 and 8 (Figure 

7c-7f), compared to the myocardium of the prediabetic rats (Figure 7a, 7b). 

However, the 12-week and 16-week diabetic rats had subendocardial fibrosis 

(Figure 7g, 7i). The 16-week diabetic rats also had interstitial inflammation in 

the LV myocardium (Figure 7i). Masson’s trichrome stain revealed increased 

collagen deposition in diabetic rats euthanized in weeks 12 and 16 (Figure 7h, 

7j).     

The ultrastructures of cardiomyocytes were evaluated using 

transmission electron microscopy. In a low magnification electron microscope 

(×3000), the extracellular space of the myocardium was widened in the 16-week 

diabetic rats (Figure 8i). At high electron microscope magnification (×25,000), 

numerous square-shaped electron dense substructures—paracrystalline 
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inclusion bodies–were in the mitochondria of diabetic rat hearts in the diabetic 

groups from week 4 onward (Figures 8d, 8f; not shown in Figures 8h and 8j). 

These structures were not in the myocardium of the prediabetic rats (Figure 8b). 

In the myocardium of the 8-week, 12-week, 16-week diabetic rats, 

multiple lipid accumulations were in the cardiomyocytes outside of the 

mitochondria (Figures 8f, 8h, and 8j). Cardiomyocyte mitochondria were 

significantly enlarged in the 16-week diabetic rats (mean, 12.99%; 95% CI, 

11.33–14.66) (Figure 8j), compared to the mitochondria in the prediabetic rat 

hearts (5.45%; 95% CI, 4.30–6.60) and the diabetic rat hearts at 4 weeks 

(4.50%; 95% CI, 3.06–5.93), 8 weeks (4.05%; 95% CI, 2.53–5.57), and 12 

weeks (4.83%; 95% CI, 3.30–6.36) (P<0.001) (Figures 8b, 8d, 8f, and 8h). 
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Figure 7. Hematoxylin and eosin and Masson’s trichrome staining of the 

myocardium of the prediabetic and diabetic rats 

The findings of the myocardial histologic samples (magnification, ×100) stained 
with hematoxylin and eosin (H&E) (a, c, e, g, i) and Masson’s trichrome (b, d, f, 
h, j) are shown: prediabetic rats (a, b) and diabetic rats sacrificed in week 4 (c, 
d), 8 (e, f), 12 (g, h), and 16 (i, j). The myocardium of the prediabetic rats (a, b) 
and the diabetic rats in weeks 4 and 8 (c-f) show no remarkable change. 
Collagen deposition is visible in the subendocardium in the 12-week and 
16-week diabetic rats (h, j, arrows). In week 16, inflammatory cell infiltration (i, 
arrows) is visible in the subendocardium of the diabetic rat. 
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Figure 8. Findings of the transmission electron microscope of the 

myocardium of prediabetic and diabetic rats 

The transmission electron microscopic findings of prediabetic rats (a, b) and the 
diabetic rats in weeks 4 (c, d), 8 (e, f), 12 (g, h), and 16 (i, j). At low 
magnification (×3000; a, c, e, g, i), the volume of extracellular space is widened 
in the myocardium of the diabetic rats in week 16 (i). High magnification 
electron micrography (×25,000; b, d, f, h, j) reveals square-shaped 
paracrystalline inclusion bodies (arrows) inside myocardial mitochondria of the 
diabetic rats in weeks 4 (d) and 8 (f). Lipid accumulations (L) are visible in the 
cardiomyocytes of the diabetic rats at weeks 8 (f), 12 (h), and 16 (j). The 
mitochondria in the myocardium are larger in the 16-week diabetic rat group (j) 
than in the other rat groups. 
 

IV. DISCUSSION 

 

Our study had five main findings. First, in the CrCEST MR images, 

the peak of the MTRasym showed a significant decrease in the myocardium 

within 4 weeks after inducing diabetes, which suggested a significant decrease 

in Cr. Second, the LVEF, measured using cine images, was preserved for 12 

weeks after inducing diabetes, but it decreased significantly by 16 weeks. Third, 

the global radial peak strain and longitudinal peak strain measured in the cine 

images were also decreased in week 12. Fourth, within 12 weeks after inducing 

diabetes, the myocardial ECVs and native T1 values increased significantly. 

Finally, the myocardial histological examination revealed subendocardial 

fibrosis in weeks 12 and 16 of diabetes. However, electron microscopy showed 

mitochondrial abnormalities from week 4 onward. 

When the myocardium has functional and structural changes, the 

characteristic symptoms of heart failure begin to appear [8]. Early diagnosis and 

prompt treatment intervention are critical to delay the onset of heart failure and 

maintain the patients’ quality of life [4,15,16]. Accordingly, this study 

demonstrated the feasibility of using CrCEST CMR to diagnosed DCM early.  
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Cr was used in this study as a target metabolite with amine protons 

saturated in CEST imaging. The creatine kinase (CK) system is essential for 

myocardial energetics. Adenosine triphosphate (ATP) is produced by converting 

phosphocreatine (PCr) and adenosine diphosphate into Cr by the CK. ATP is an 

essential energy source for myocardial contraction, and PCr is a primary energy 

reserve compound in the myocardium [28-30]. Therefore, maintaining ATP and 

PCr at appropriate levels in the myocardium is critical for normal cardiac 

function [31,32]. The link between Cr, PCr, and ATP reduction in the 

myocardium and heart failure, cardiomyopathy, and diabetes has been 

demonstrated in previous studies [15,20,26,40-45]. Cardiac metabolic 

disturbance is considered the cause of cardiac disease rather than being the 

result of cardiac disease [46]. 

Detection of cardiac metabolic impairment in DCM is important to 

better understand the basic mechanisms of cardiac disease and establish 

optimized therapeutic intervention to prevent heart failure [4,46]. Magnetic 

resonance spectroscopy (MRS), a standard noninvasive imaging tool for in vivo 

CK metabolite measurements on conventional MR systems, has been conducted 

with CrCEST to validate the changes in Cr concentration [20,26,27,47,48,49]. 

In ex vivo lamb and swine myocardial tissues, CrCEST signals are decreased in 

the infarcted regions compared to the normal regions, and a corresponding 

decrease in the Cr concentration measured with proton MRS has also been 

demonstrated [20]. In vivo phosphorus-31 MRS of the myocardium of diabetic 

patients reportedly revealed a significant reduction in high-energy PCr 

metabolism [15]. In our study, in vivo myocardial MRS was not conducted on 

rats with a small heart size and high heart rate (mean, 289.40/min) under 

prolonged anesthesia. However, to validate the reliability of the CrCEST images, 

CrCEST imaging using the same parameters and conditions of the rat 

experiment was conducted on a phantom with different Cr concentrations. The 

phantom study demonstrated an increase in the peak values of MTRasym at 1.75 



 

28 

 

ppm as the Cr concentration in the phantom increased. This finding confirmed 

that the saturation transfer from the Cr amine protons rather than from other 

metabolites primarily contributed to the peak of the MTRasym at 1.75 ppm.  

In our study, the resonant frequencies of the maximum MTRasym were 

not always observed exactly at 1.75 ppm, which is the resonant frequency of Cr 

amine proton. The range varied from 1.64 ppm to 1.92 ppm. Unlike the 

phantom, the rat heart was pulsating during scanning and the ROI for the 

CrCEST analysis consequently changed slightly every second. Therefore, when 

ventricles or tissues other than the myocardium were included in the ROI, the 

peaks of MTRasym could be broadened and not purely represent Cr concentration 

but represent a mixture of compounds [26,27,41]. The peak values of MTRasym 

observed around 1.75 ppm in diabetic rats was decreased, compared to those in 

the prediabetic rats. The longer the duration of diabetes, the more likely the 

values tended to be reduced. These results suggested that the myocardial energy 

metabolism in DCM may potentially decrease within 4 weeks after inducing 

diabetes in rats, and the degree of metabolic impairment may increase with the 

duration of diabetes.  

Unlike the peak of MTRasym, which changed within 4 weeks after 

inducing diabetes, cine functional analysis revealed that the LVEF after 

inducing diabetes was preserved in weeks 4, 8, and 12 and was decreased 

significantly in week 16. In addition, the global radial and longitudinal strain 

analyzed using cine images showed a significant decrease in week 12. These 

results suggested that the concentration of Cr, the primary metabolite in the 

heart, decreased before cardiac dysfunction was observed on the cine MR 

images in DCM. Myocardial systolic dysfunction can be detected at the 

advanced stage based on CMR, but not at the early stage [4,8,50]. However, 

several studies [51-53] have reported reduced myocardial strain, especially 

global longitudinal strain, as an early marker of LV dysfunction and adverse LV 

remodeling in DCM patients with a preserved ejection fraction. Based on our 
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findings, metabolic disturbance, reflected by Cr depletion in the myocardium, 

occurs much earlier than a decrease in myocardial strain. Therefore, our 

findings suggested that CrCEST imaging has the potential to allow an early 

diagnosis of DCM, which may delay the progression to heart failure through 

early therapeutic intervention.  

T1 mapping analysis, along with myocardial strain, is also a useful 

quantitative technique to detect early changes in DCM [54-56]. Our study 

demonstrated that, in weeks 12 and 16 of diabetes, myocardial ECVs and native 

T1 values increased with a decrease of global longitudinal strain and radial 

strain. A significant increase in myocardial ECV indicated myocardial 

extracellular interstitial expansion and interstitial fibrosis [54-56]. In our study, 

the diabetic rat hearts had an increase in the myocardial extracellular space by 

week 16, based on transmission electron microscope. Subendocardial fibrosis 

was visible in weeks 12 and 16, based on H&E and Masson’s trichrome staining. 

In week 16, the subendocardium had interstitial inflammation. Based on our 

findings, T1 mapping analysis may allow the detection of myocardial changes 

in DCM earlier than does cardiac function analysis using cine images. However, 

CrCEST imaging revealed the changes much earlier than did T1 mapping. 

In the advanced stages of DCM, exposure to hyperglycemia, 

hyperinsulinemia, diabetes-related microvasculopathy, increased oxidative 

stress, and upregulated inflammation caused histopathologically hypertrophy of 

cardiomyocyte, myocardial interstitial inflammation, and perivascular fibrosis 

[4,16]. The histologic examination in our study revealed subendocardial 

interstitial inflammation and fibrosis. Consistent with the CrCEST results, 

mitochondrial dysmorphism of the myocardium was observed beginning at 

week 4 of diabetes. The diabetic rat hearts contained intramitochondrial 

paracrystalline inclusion bodies. The pathophysiological significance of these 

substructures is unclear, although a previous report [57] indicated they appear in 

giant mitochondria of adult rat cardiomyocytes cultivated in Cr-deficient 
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medium. They have also been observed in giant mitochondria in skeletal muscle 

with energy deprivation induced by ischemia or Cr depletion [58-61]. In our 

study, no mitochondrion was sufficiently large to be categorized as a “giant 

mitochondrion” or “megamitochondria” (diameter, >4 μm) [62]. However, the 

areas of myocardial mitochondria were significantly increased in the diabetic 

rats in week 16, compared to other rat groups. The pathogenic mechanism of 

giant mitochondria remains unclear; however, increased size due to growth or 

organelle fusion is a mitochondrial response to metabolic disturbances [62,63].  

Intramyocellular lipid accumulation in the diabetic rat hearts were 

noted in week 8 of diabetes. In cardiac tissue, mitochondrial ATP is supplied by 

the respiratory chain and the tricarboxylic acid cycle [64,65]. Elevated levels of 

intramyocellular lipids or cardiac steatosis suggest a failure in the respiratory 

chain and an increase in improper fatty acid metabolism in the mitochondria, 

which has a role in the development of DCM [64,66-68]. This change is an 

early manifestation of DCM and is preceded by heart failure [67,68].   

This study had several limitations. First, 22 rats were included in this 

study. However, not all rats could undergo five sequential CMR scans. Only 12 

rats underwent prediabetic CMR scans before the STZ injection. Four, 8, 12, 

and 16 weeks after the STZ injection, eight, seven, seven, and six rats, 

underwent CMR scans, respectively. Such small sample sizes can result in low 

statistical power in functional analysis in which one parameter can show 

significant differences. More comprehensive studies are needed to confirm the 

effectiveness of CrCEST CMR in the early diagnosis of DCM. Second, baseline 

prediabetic CMR scans were not conducted in 10 rats before inducing diabetes; 

therefore, their baseline cardiac function and CrCEST signals were unknown 

and impossible to compare with the results obtained after inducing diabetes. 

However, the blood glucose levels and body weights of the 10 rats were 

measured at baseline before inducing diabetes. We compared the blood glucose 

levels and body weights of these rats with those of 12 rats that had undergone 
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prediabetic CMR scanning. No significant differences existed. Therefore, we 

assumed that the 10 rats without prediabetic CMR scans would likely have 

results similar to those of the 12 rats with prediabetic CMR scans. Third, as 

described previously, problems that were not always observed in rat 

experiments with a peak value of MTRasym exactly at 1.75 ppm will likely 

require further research to improve image quality. Fourth, postcontrast T1 

imaging was successful in 29 of the 40 CMR scans. The remaining 11 CMR 

scans included four uncompleted scans because of the incidental death of the 

rats, three interrupted scans because of the poor condition of rats caused by 

prolonged anesthesia, and four scans with insufficient or lack of contrast 

enhancement. Finally, histopathological corroboration of the myocardium was 

not performed in all rats matching each CMR scan because not all rats were 

sacrificed for a histologic examination after each scan. The tissues 

corresponding to the images should ideally be observed to identify mechanisms 

that could lead to changes in the CMR images. Despite these limitations, this 

study appears to be the first to apply the CrCEST imaging techniques to the in 

vivo heart of the diabetic rat. The findings revealed some step-by-step changes 

that occur over the duration of the disease in DCM by comparing them with 

cine imaging, T1 mapping, and histological examination. 

 

V. CONCLUSION 

 

This study demonstrated that a significant decrease in MTRasym in the 

diabetic rat myocardium is preceded by changes in cardiac function and 

structure. Therefore, CrCEST CMR can be used to detect metabolic changes in 

early DCM before cardiac functional and structural changes occur in the DCM 

rat model.  
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ABSTRACT (IN KOREAN) 

크레아틴 화학적 교환 포화 천이 기법을 이용한 심혈관 자기공명 
영상 기법을 통한 당뇨병성 심근 병증 쥐모델에서의 이미징 

바이오마커 구축 
 

<지도교수: 김 태 훈> 
 

연세대학교 대학원 의학과 
 

신 재 민 
 

실험 목적 
당뇨병성 심근 병증 (diabetic cardiomyopathy, DCM) 쥐 모델을 
사용하여 심장 기능 및 구조의 변화 전에 일어나는 DCM 
초기의 물질대사 변화를 감지하는 데 있어 크레아틴 화학적 
교환 포화 천이 (creatine-chemical exchange saturation transfer, 
CrCEST) 심혈관 자기 공명 (cardiovascular magnetic resonance, 
CMR) 영상의 효율성을 평가한다. 
 
실험 배경  
당뇨병의 유병률은 전 세계적으로 증가하고 있으며 이는 
심부전의 주요 원인 중 하나이다. 현재 DCM의 임상 진단은 
심초음파 또는 기존의 CMR 기법을 사용하여 구조적 또는 
기능적 심근 이상을 감지하는 것에 기반한다. 그러나 구조적 
또는 기능적 심근 변화는 DCM이 매우 진행된 단계에서나 
관찰된다. DCM의 조기 진단과 심부전 예방을 위한 치료를 
위해서는 DCM 초기의 심근 물질대사 변화를 감지할 수 있어야 
한다. 
 
실험 방법 
9주령 수컷 Sprague-Dawley 쥐를 무작위로 배정하여 당뇨병 
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유발 전 (n = 12)과 당뇨병 유발 후 4, 8, 12, 16주차 (각각 n = 8, n 
= 7, n = 7, n = 6) 에 CMR을 촬영했다. 쥐에게 당뇨병을 유도하기 
위해 스트렙토조토신 (Streptozotocin, STZ)이라는 약물을 복강 
내로 65mg/kg 용량으로 주사했다. 쥐의 체중과 혈당 수치는 
매주 측정했다. Cine, T1 지도화 영상 및 CrCEST 영상을 9.4 T 
자기공명영상 스캐너를 사용하여 촬영했다. 심장 기능 및 심근 
strain은 cine 이미지에서 상업적으로 이용 가능한 소프트웨어를 
사용하여 반자동으로 측정했다. 심근 T1값, 세포외 부피 분율 
(extracellular volume fraction, ECV) 및 CrCEST 신호 분석을 
시행할 영역은 심실 중격으로, 손으로 영역을 그려주면 역시 
소트프웨어가 값을 측정했다. 모든 데이터는 선형 혼합 모델을 
사용하여 통계 분석했다. CrCEST 신호에 대한 관찰자 내 및 
관찰자 간 일치도는 Intraclass correlation coefficient (ICC)로 
평가했다. 심근의 조직학적 평가는 각 그룹에서 최소 3 마리의 
쥐에 대해 수행했다. 심장 기능 및 심근 strain, T1 지도화 영상, 
CrCEST 영상 및 조직학적 검사를 5개 그룹에서 비교했다. 
 
실험 결과 
STZ 주사 후 모든 쥐에서 1주일 내에 혈당 수치가 급격히 상승 
및 유지되어 당뇨병은 성공적으로 유도되었다. CrCEST 신호 
(magnetization transfer ratio asymmetry, MTRasym)는 당뇨 4주, 8주, 
12주, 16주차 군에서 (각각 평균 6.04 %, 3.76 %, 2.80 %, 
3.34 %)에서 당뇨 유발 전 그룹 (10.86 %)보다 유의미하게 
낮았다 (p<0.001). 군간 대응 비교 분석에서는 당뇨 유발 전 
그룹과 당뇨 그룹 각각 사이에 유의미한 차이를 보였다 
(p<0.001). MTRasym에 대한 관찰자 내 및 관찰자 간 일치도 
평가에서 ICC는 각각 0.953 및 0.927이었다. 좌심실 박출율은 
군간 유의미한 차이가 있었고 (p<0.001), 군간 대응 비교 
분석에서 당뇨 유발 전 그룹과 당뇨 16주차 그룹간에 유의미한 
차이를 보였다 (p<0.001). 일회 박출량, 심박출량 및 좌심실 
심근량은 5개 그룹간에 유의미한 차이가 없었다. Global radial, 
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longitudinal peak strain은 당뇨 유발 전 그룹과 비교했을 때 당뇨 
12주차 (각각 p=0.049, p=0.004) 및 16주차 (각각 p=0.003, 
p<0.001) 그룹에서 유의미하게 감소했고, Global circumferential 
peak strain은 당뇨 16주차 그룹 (p=0.005) 그룹에서 유의미하게 
감소했다. 심근의 native T1 값과 ECV는 당뇨 유발 전 그룹에 
비해 당뇨 12주차 및 16주차 그룹에서 증가했다 (p<0.001). 
조직학적 소견상 당뇨 12주차 및 16주차 쥐에서 subendocardial 
fibrosis, inflammation이 관찰되었다. 투과전자현미경에서 
미토콘드리아 내 paracrystalline inclusion body는 당뇨 4주차 
쥐에서부터 발견되었고, 미토콘드리아의 평균 면적은 다른 
쥐들에 비해서 당뇨 16주차 쥐에서 증가되는 것을 확인했다 
(p<0.001). 
 
결론 
우리의 연구는 CrCEST CMR이 심장 기능 및 구조의 변화 전에 
초기 DCM에서의 물질대사 변화를 감지하여 DCM의 조기 
진단에 유용하다는 것을 보여주었다.  
 
 
 
 
 
 
 
 
 
 
 
 
 
핵심되는 말: 심장, 자기 공명 영상, 당뇨병성 심근 병증, 크레

아틴 키나아제, 물질대사, 분자영상, 쥐 


