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Background: Rhabdomyolysis (RM)-induced acute kidney injury (AKI) is a common renal disease with 
low survival rate and inadequate prognosis. In this study, we investigate the feasibility of chemical exchange 
saturation transfer (CEST) magnetic resonance imaging (MRI) for assessing the progression of RM-induced 
AKI in a mouse model.
Methods: AKI was induced in C57BL/6J mice via intramuscular injection of 7.5 mL/kg glycerol (n=30). 
Subsequently, serum creatinine (SCr), blood urea nitrogen (BUN), and hematoxylin-eosin (HE) and Masson 
staining, were performed. Longitudinal CEST-MRI was conducted on days 1, 3, 7, 15, and 30 after AKI 
induction using a 7.0-T MRI system. CEST-MRI quantification parameters including magnetization transfer 
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Introduction

Rhabdomyolysis (RM) is a medical condition involving 
rapid destruction of skeletal muscles induced by physical 
or chemical damage (1), such as physical trauma, drug 
toxicity, infections, and physical exertion (2,3). Acute kidney 
injury (AKI) is one of the most severe complications (with 
an incidence rate of 15–50%) in RM patients (4,5), and 
accounts for approximately 7–10% of all cases of acute 
renal failure (6). RM-induced AKI is associated with the 
prolonged stay of patients in intensive care units and can 
lead to a mortality rate of up to 37% (7). Therefore, early 
diagnosis and long-term evaluation of RM-induced AKI are 
crucial for effective disease management and therapeutic 
intervention.

Currently, measurement of blood urea nitrogen (BUN) 
and serum creatinine (SCr) are regularly performed 
to clinically assess kidney injury. Although quick and 
economical, their sensitivity is rather low as they only detect 
reductions in glomerular filtration rate (8-10). Renal biopsy 
is the gold standard for definitive diagnosis, but it is invasive 
and associated with risks such as bleeding and infection, and 
subject to sampling bias (11). 

Magnetic resonance imaging (MRI) techniques have 
been employed for the noninvasive assessment of renal 
disorders (12). In addition to the measurement of renal 
morphology (13,14), MRI facilitates the assessment of 

various functional features. Blood oxygen level-dependent 
MRI is sensitive to intrarenal oxygenation (15,16), the MRI 
of water diffusion is sensitive to renal fibrosis (17,18), and 
arterial spin labeling assesses renal blood perfusion (19). 

Dynamic contrast-enhanced MRI can be used to assess 
changes in renal perfusion and the permeability of the 
blood vessels (20,21). However, these MRI techniques do 
not provide information on metabolites.

Chemical exchange saturation transfer (CEST) is an 
emerging molecular MRI technology. After irradiation 
by radio frequency (RF) pulses, saturated protons in 
biomolecules are exchanged with water protons, resulting 
in a detectable reduction of the water signal. This technique 
is sensitive to the concentration and the exchange rate of 
endogenous metabolites, and their environment (22,23). 

Exogenous CEST can detect pH changes using pH-
responsive clinically approved iodinated contrast agents 
(24,25) in RM-induced AKI (26), ischemia-reperfusion (27),  
and unilateral ureteral obstruction (28). Endogenous 
CEST contrast includes amides (on proteins), amines 
(on glutamate and creatine), and hydroxyl proton (on 
glucose and glycogen). It has been shown that the CEST 
signal of hydroxyl protons facilitates the monitoring of 
the progression of diabetic nephropathy (29), and that the 
amide transfer signal changes significantly in early sepsis-
induced AKI (30).

ratio (MTR), MTR asymmetric analysis (MTRasym), apparent amide proton transfer (APT*), and apparent 
relayed nuclear Overhauser effect (rNOE*) were used to investigate the feasibility of detecting RM-induced 
renal damage.
Results: Significant increases of SCr and BUN demonstrated established AKI. The HE staining revealed 
various degrees of tubular damage, and Masson staining indicted an increase in the degree of fibrosis in the 
injured kidneys. Among CEST parameters, the cortical MTR presented a significant difference, and it also 
showed the best diagnostic performance for AKI [area under the receiver operating characteristic curve (AUC) 
=0.915] and moderate negative correlations with SCr and BUN. On the first day of renal damage, MTR 
was significantly reduced in cortex (22.7%±0.04%, P=0.013), outer stripe of outer medulla (24.7%±1.6%, 
P<0.001), and inner stripe of outer medulla (27.0%±1.5%, P<0.001) compared to the control group. 
Longitudinally, MTR increased steadily with AKI progression. 
Conclusions: The MTR obtained from CEST-MRI is sensitive to the pathological changes in RM-
induced AKI, indicating its potential clinical utility for the assessment of kidney diseases.
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This study aimed to investigate the feasibility of using 
CEST-MRI to assess renal injury and the progression 
of RM-induced AKI. For this purpose, we established 
a RM-induced AKI mouse model using intramuscular 
glycerol injection and performed longitudinal renal CEST-
MRI. Amide proton transfer (APT) and relayed nuclear 
Overhauser enhancement (rNOE) effects were quantified 
based on the CEST-MRI signals using the magnetization 
transfer ratio (MTR), MTR asymmetric analysis (MTRasym), 
and the 3-point method. These metrics were correlated 
with animal characteristics, blood parameters, and histologic 
assessments. We also evaluated the diagnostic performance 
of quantitative CEST parameters in the detection of RM-
induced renal injury. 

Methods

Animals

Experiments were performed under a project license (No. 
2016-0167) granted by Institutional Animal Care and Use 
Committee of Southern Medical University, in compliance 
with Southern Medical University institutional guidelines 
for the care and use of animals. Male mice were used in the 
experiments, and all the mice were kept in a 12/12 h light-
dark cycle environment with adequate chow and water. 
Before induction of RM, the mice were deprived of water 
for 12 hours (25). All C57BL/6J mice (8–10 weeks old) 
were anesthetized using isoflurane (1–2%) and randomly 
assigned to either an AKI group or a healthy control group. 
Each mouse was weighed before injection. The AKI group 
received a bilateral intramuscular injection of 50% glycerol 
solution (7.5 mL/kg body weight, n=30), whereas the 
control group was administered the same volume of 0.9% 
normal saline (n=10). Mice were longitudinally weighed and 
imaged on days 1, 3, 7, 15, and 30 after injection.

Blood testing and histology examination

Blood and kidney specimens were collected from euthanized 
mice. Serum was obtained from supernatant liquid after 
extracted blood was centrifuged at 3,500 rpm for 12 minutes  
at 4 ℃. SCr and BUN levels were measured using an 
automatic biochemical analyzer. To measure the kidney 
water content, the right kidney was dried to a constant 
weight in an oven at 60 ℃. Paraffin tissue sections were 
processed from the left kidney using standard procedures. 

The kidney sections were stained using hematoxylin-eosin 
(HE) and Masson. Renal histological analysis and collagen 
deposition was assessed by 2 experienced nephropathologists 
who were blinded to the animal’s group identity.

In vivo MRI studies

All MRI experiments were conducted using a 7.0-T animal 
MRI scanner (Bruker BioSpec, Ettlingen, Germany) 
equipped with a 40 mm volume RF coil (transmission) and a 
4-channel phased array surface RF coil (reception). For the 
MRI examination, each mouse was anesthetized (isoflurane 
1–2%) and immobilized on a heated animal bed maintained 
at 37 ℃. Respiratory gating was used to continuously 
monitor the respiration and to synchronize data acquisition 
with the respiratory cycle to suppress breathing artifacts, 
maintaining a rate of 60±2 respiration cycles per minute 
by controlling the flow (L/min) of gas (air and isoflurane). 
All imaging protocols used a single coronal slice with a 
field of view (FOV) of 30×30 mm2. The coronal slice was 
positioned near the center of the kidney with the largest 
cross-section on both kidneys by using the sagittal and axial 
scout images. For correct delineation of regions of interest 
(ROIs) in the kidney, T2-weighted images were acquired 
using 2-dimensional (2D) rapid acquisition with relaxation 
enhancement (RARE) [repetition time (TR) =2.5 s, effective 
echo time (TE) =60 ms, slice thickness =1 mm, matrix size 
=256×256, RARE factor =16, number of averages (NA) =2, 
and total acquisition time =100 s].

CEST-MRI was conducted using a modified 2D RARE 
variant with a continuous-wave pre-saturation RF pulse: 
duration of saturation pulse =3 s, saturation power (B1) 
=1.5 μT, TR =6 s, effective TE =3.6 ms, matrix size =90×90, 
RARE factor =36, partial Fourier in phase direction=1.8, 
NA =2. Fat-suppression was applied with a frequency-
selective saturation pulse at a frequency offset of −3.5 ppm 
relative to the water. Saturation images were obtained at 53 
frequency offsets (Δω =−10.0, −9.0, −8.0, −7.0, −6.0, −5.0, 
−4.4, −4.2, −4.0, −3.8, −3.6, −3.4, −3.2, −3.0, −2.5, −2.0, 
−1.8, −1.6, −1.4, −1.2, −1.0, −0.8, −0.6, −0.4, −0.2, −0.1, 0, 
0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, 3.2, 
3.4, 3.6, 3.8, 4.0, 4.2, 4.4, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 ppm). 
An unsaturated image was obtained at 100 ppm. The total 
acquisition time was 11 minutes 48 seconds. To correct 
for B0 inhomogeneity, water saturation shift referencing 
(WASSR) data (31) were acquired using B1 =0.3 μT and 
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intervals of 0.02 ppm to cover a range of ±0.5 ppm.

Data processing

All data were processed using MATLAB (MathWorks, 
Natick, MA, USA). The weight of each mouse was recorded 
prior to euthanasia. The organ index of the kidney was 
calculated as follows:

( )
( )

Weight of kidneys g
Organ index of kidney

Body weight g
=  [1]

The Z-spectra were B0-corrected using WASSR and 
normalized to the control scan, and spline interpolation was 
applied for accurate quantification. The MTR was obtained 
as follows:

( ) ( )
0

3.6 ppm
MTR 3.6 ppm 1 satS

S
= −  [2]

where Δω is the offset frequency of the applied RF pulses 
with respect to water peak, Ssat (±Δω) is the water saturation 
signal intensity obtained at ±Δω, and S0 is the unsaturated 
water signal intensity. The conventional MTRasym was 

calculated as follows:

( ) ( ) ( )
asym

0 0

3.6 ppm 3.6 ppm
MTR 3.6 ppm sat satS S

S S
−

= −  [3] 

The apparent APT (APT*) and apparent rNOE (rNOE*) 
were calculated using the 3-point method (29). APT* maps 
were calculated from label image collected at 3.6 ppm and 2 
boundary images acquired at 3.0 and 4.2 ppm with:

( ) ( )
( )* 0 0

0

3.0 ppm 4.2 ppm
3.6 ppm

APT
2

sat sat

sat

S S
SS S

S

+
= −

 [4]

rNOE* maps were obtained similarly from three images 
acquired at −5.0, −2.0, and −3.6 ppm with:

( ) ( )
( )* 0 0

0

2.0 ppm 5.0 ppm
3.6 ppm

rNOE
2

sat sat

sat

S S
SS S

S

− −
+

−
= −

 [5]

High-resolution T2-weighted images were used to 
delineate ROIs including the cortex, the outer stripe of 
the outer medulla (OSOM), the inner stripe of the outer 
medulla (ISOM), and the inner medulla and pelvis (IM 
+ P) for regional data analyses (Figure 1). The IM + P 
were integrated for regional quantification because of the 
difficulty in separating them, especially in the AKI groups. 
These ROIs were applied to all the maps to determine the 
averaged values corresponding to the renal layers. 

Statistical analysis

For statistical analysis, GraphPad Prism 8 software 
(GraphPad Software, La Jolla, CA, USA) and MedCalc 
(MedCalc Software, Ostend, Belgium) were used. The 
data were expressed as the mean ± standard deviation. An 
unpaired, two-tailed Student’s t-test was used to compare 
the difference between control and AKI groups. Pearson 
correlation coefficients were obtained for comparisons 
between the CEST parameters, physiologic characteristics, 
blood parameters, and fibrosis score. Receiver operating 
characteristic (ROC) curve analysis was used to compare 
diagnostic performance. The area under the ROC curve 
(AUC) was compared using DeLong’s method (32) and 
the Youden index (33) was used to calculate sensitivity 
and specificity for the detection of AKI at the optimal 
threshold value. We used *P<0.05, **P<0.01, ***P<0.001, 

Figure 1 Placement of ROIs on T2-weighted images obtained 
from MRI. For ROI placement four anatomical layers of kidney, 
cortex (yellow), OSOM (red), ISOM (green), and IM + P (blue) 
were used. ROI, region of interest; MRI, magnetic resonance 
imaging; OSOM, outer stripe of outer medulla; ISOM, inner stripe 
of outer medulla; IM + P, inner medulla and pelvis.
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and ****P<0.0001 to represent the degree of statistical 
significance. 

Results

Animal characteristics, blood parameters, and histologic 
assessment

The results for the body weight, SCr, BUN, and histology 
are shown in Figure 2 and Figure 3. The body weight of the 
AKI mice decreased during the first 3 days after glycerol 
injection, then gradually increased, whereas the control 
mice steadily gained weight (Figure 2A). The BUN and 
SCr levels were increased significantly from day 1 to day 7 
after glycerol injection. Thereafter, it gradually returned 
to physiological values (Figure 2B). The organ index of the 

kidney and renal water content exhibited similar trends to 
the SCr and BUN (Figure 2C).

The results of the histologic assessments of the HE- and 
Masson-stained renal sections are shown in Figure 3A,3B. 
Tubular epithelium edema (red arrows), large tubular 
epithelial nuclei (blue arrows), eosinophilic changes (green 
arrows), and hyaline tubular patterns (orange arrows) were 
observed in the HE-stained samples of the injured kidneys 
during the period of days 3–15. Cellular shedding was 
occasionally observed in the lumen (yellow arrows). The 
purple region of the Masson-stained sections was enlarged 
with the progression of AKI, corresponding to fibrosis 
scores obtained on day 1, 3, 7, 15 and 30 of 1, 1, 1, 2, and 
2, respectively. These scores confirmed the increase in 
collagen deposition and interstitial fibrosis.
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Figure 2 Animal characteristics and blood assessment of injured kidneys. Changes in (A) control (red) and AKI (blue) mice body weight over 
time, (B) blood SCr (red) and BUN (blue) levels over time, (C) organ index of kidneys (red) and mono-renal water content (blue) over time. 
The number of mice in the control group and AKI group at each time point was 5 and 6, respectively. *, P<0.05; **, P<0.01 in comparison to 
day 0 values. AKI, acute kidney injury; SCr, serum creatinine; BUN, blood urea nitrogen.

Figure 3 Animal histologic assessment of injured kidneys. HE (A) and Masson (B) stains (×400) of representative control and AKI mice. 
Red arrows indicate moderate-to-severe edema. Blue arrows indicate enlarged nuclei of tubular cells. Yellow arrows indicate exfoliated cells 
visible in lumen. Green arrows indicate eosinophilic change. Orange arrows indicate transparent tube type formation. HE, hematoxylin-
eosin; AKI, acute kidney injury.
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CEST-MRI for RM-induced AKI

Figure 4 shows the Z-spectra and CEST images at different 
time points. The Z-spectra of the entire kidney are smooth 
and without the apparent fluctuations caused by respiratory 
motion (Figure 4A).  There were substantial signal 
reductions at frequency offsets of 3.6 and −3.6 ppm, which 
indicated the feasibility of reliable APT and rNOE signal 
quantification, respectively. Representative MTR, MTRasym, 
APT*, and rNOE* maps acquired for the control and the 
AKI mice are shown in Figure 4B. The renal structure was 
distinct in various maps of the control group, but was lost 
after the injury progressed. Injured kidneys exhibited a 
lower MTR signal, whereas the MTRasym increased. The 
APT* and rNOE* images did not exhibit overt changes.

Figure 5 summarizes the results derived from MTR, 
MTRasym, APT*, and rNOE* quantification in cortex, 
OSOM, ISOM, and IM + P. After AKI induction, the MTR 
decreased significantly and reached the lowest value at day 1 
in cortex (22.7%±0.04%, P=0.013), OSOM (24.7%±1.6%, 
P<0.001), and ISOM (27.0%±1.5%, P<0.001). The 
most pronounced MTR changes (−19.5% compared to 
control) occurred in cortex at day 1. Subsequently, the 
MTR exhibited recovery without a significant difference 
compared to the control group at day 30. Figure 5B 
demonstrates that the MTRasym increased significantly with 
AKI progression, and reached a maximum at day 7 in ISOM 
(−3.2%±2.0%, P=0.02), and day 15 in cortex (−6.1%±2.3%, 
P<0.001) and OSOM (−6.1%±3.1%, P=0.02). The largest 
MTRasym changes (−51.1% compared to the control) 
occurred in cortex at day 1. Figure 5C shows that APT* 
increased significantly at day 3 in cortex (1.4%±0.3%, 
P=0.006), and at day 7 in OSOM (1.5%±0.3%, P=0.031). 
The APT* obtained in cortex was significantly reduced 
at day 30 (0.5%±0.2%, P<0.001), and the APT* of ISOM 
(1.1%±0.2%, P=0.006) and IM + P (0.9%±0.3%, P=0.002) 
also showed a significant decrease at day 30 compared to 
the control group. Figure 5D demonstrates that rNOE* 
decreased in injured kidneys, and reached a minimum at 
day 7. However, there is no significant difference when 
compared to the control group. 

Correlation between CEST parameters, animal 
characteristics, blood parameters, and histology

Figure 6 shows the Pearson correlation between various 
cortical CEST parameters (including MTR, MTRasym, 
APT*, and rNOE*), organ index of kidney, renal water 
content, BUN/SCr levels, and fibrosis score. Moderately 

negative correlations were obtained between MTR and SCr 
(r=−0.59, P<0.01), and BUN (r=−0.57, P<0.01). MTRasym 
showed weak positive correlations with SCr (r=0.48, 
P=0.02). Weak negative correlations were obtained between 
APT* and fibrosis (r=−0.41, P=0.04), and moderately 
negative correlations were obtained between rNOE* and 
fibrosis (r=0.53, P=0.01). The correlation results for ISOM, 
OSOM, and IM + P are shown in Figure S1. The Pearson 
correlations between the CEST-MRI signal and the blood 
parameters for ISOM and OSOM were similar to that 
obtained for cortex, with ISOM exhibiting the highest 
correlation. For example, there was a stronger correlation 
between MTR and SCr for ISOM (r=−0.62, P<0.01) than 
for OSOM (r=−0.43, P=0.04) (Figure S1). Considering the 
metrics obtained from CEST-MTR, MTR showed the 
strongest correlation with pathological changes (especially 
in BUN and SC) for RM-induced AKI.

Diagnostic performance in differentiating between healthy 
and damaged kidneys

The results of the ROC curve analysis for RM-induced AKI 
diagnosis are shown in Table 1. MTR exhibited the best 
diagnostic performance in cortex (AUC =0.915), OSOM 
(AUC =0.885), and ISOM (AUC =0.883). However, the 
CEST parameters could not be used to detect renal damage 
in IM + P. These results indicate that CEST-MRI is suitable 
for the detection of renal injury induced by RM.

Discussion

CEST-MRI is sensitive to the exchangeable proton 
concentration and the exchange rate, and is a promising 
technique for the detection of pathophysiological changes 
in an intrarenal environment and endogenous metabolite 
concentrations. Our work contributes to the literature 
by investigating the application of CEST-MRI for the 
assessment of RM-induced AKI. Our results demonstrate 
that MTR decreased significantly in AKI on day 1, 
followed by a steady increase with AKI development. 
This observation indicates that MTR-CEST is a sensitive 
surrogate for the detection of renal injury during the acute 
stage of RM injury and for the assessment of its progression 
during the recovery stage.

Interpretation of CEST signal changes

We observed substantial APT and rNOE effects related 

https://cdn.amegroups.cn/static/public/QIMS-23-699-Supplementary.pdf
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Figure 4 Z-spectral analysis and CEST images of control and AKI kidneys. (A) Renal Z-spectral for all mice. Asterisks indicate CEST 
effects. (B) Longitudinal comparison of renal MTR (3.6 ppm) (first column), MTRasym (3.6 ppm) (second column), APT* (third column), 
rNOE* (last column) maps in representative mice. Ssat, water saturation signal intensity; S0, unsaturated water signal intensity; AKI, acute 
kidney injury; MTR, magnetization transfer ratio; MTRasym, asymmetric MTR; APT*, apparent amide proton transfer; rNOE*, apparent 
relayed nuclear Overhauser enhancement; CEST, chemical exchange saturation transfer. 
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to renal injury at ±3.6 ppm in the Z-spectra derived from  
the AKI. 

The main factors that contribute to APT changes include 
mobile protein and peptide concentrations (23) and in vivo 
pH (25,34). First, owing to the base catalysis of in vivo  
amide protons, a low pH leads to a decrease in APT (35). It 
was determined in a previous study that the pH increases, 
peaks at day 3, and subsequently recovers at day 21 in 
glycerol-induced AKI mice (25). Consequently, pH variation 
may contribute to the changes in APT contrast during RM-
induced AKI progression. Second, an increase in the water 
content, related to the edema caused by inflammation leads 
to a decrease in protein concentration and APT signal 
reduction (36). Inflammation was evident in the RM-
induced AKI model (37). Based on the experiments, it was 
determined that the water content increased significantly 
during days 1–3 and gradually recovered thereafter. This 
finding suggests that water content changes may affect APT 
signals during AKI progression. Third, apoptosis of tubular 

epithelial cells occurs in RM-induced renal injury (37),  
which induces cell lysis that alters the concentration of 
macromolecules in the renal microstructure. As such, cell 
apoptosis might also contribute to the reduction of APT. 
Thus, the APT-weighted contrast at +3.6 ppm might be 
primarily influenced by edema, apoptosis, and pH. 

The origin of the signal obtained at −3.6 ppm in the 
renal Z-spectra is complex and challenging to interpret (38).  
Based on previous studies, the decrease in the signal 
at −3.6 ppm was generally attributed to rNOE effects, 
which originated from membrane lipids and mobile 
macromolecules (lipoproteins) (39-41). In our study, a fat 
suppression technique was used to exclude the effect of 
lipids on rNOE. Second, blood contains plentiful albumin 
and hemoglobin with side-chain aliphatic protons, and was 
determined to have a large rNOE signal (35). RM leads 
to a large release of myoglobin that indirectly induces 
vasoconstriction and by reduces blood flow (36). This 
may explain the decrease in the rNOE signal in our study. 
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Third, apoptosis also leads to cell membrane rupturing, 
and discharge of their phospholipids, which then decreases 
the rNOE signal (41). Overall, the changes in the rNOE 
signal at −3.6 ppm observed in this study might be primarily 
influenced by apoptosis and renal blood flow.

Comparison of multiple CEST quantitative parameters

Various quantification methods for the Z-spectra obtained 
from CEST-MRI can generate quantitative metrics. We 
quantified 4 parameters including MTR, MTRasym, APT*, 
and rNOE*. MTRasym is susceptible to B0-inhomogeneity 
and rNOE effects (42). Our finding that rNOE effects 
significantly change in injured kidneys may conflict with the 
use of MTRasym as a metric to assess CEST effects. APT* and 
rNOE* were determined using the 3-point method, which 
is highly specific and can minimize the effect associated 
with magnetization transfer contrast and direct water  

saturation (43). However, the APT and rNOE signals were 
broadened in our study, causing an underestimation of the 
APT* and rNOE* parameters. MTR primarily combines 
magnetization transfer and APT effects without rNOE 
effects (44). In our study, MTR in cortex and the outer 
medulla exhibited a distinct decrease at day 1, and thus 
may be more sensitive than the increase in BUN and SCr, 
which peaked only at day 3. Following the initial decrease, 
MTR gradually increased with the stage of fibrosis. This 
observation concurs with the finding that renal fibrosis 
detected via MTR is consistent with the results of renal 
Sirius-red staining sections (45). Therefore, MTR can be 
considered a reliable parameter for detecting renal injury 
and assessing the progression of RM-induced AKI. 

Potential of the transition from animal models to patients

The glycerol-based animal model is a relatively well-
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Table 1 Results of the ROC curve analysis to evaluate the feasibility of the CEST-MRI parameters for detecting AKI in different renal layers 

Parameters AUC 95% CI Sensitivity (%) Specificity (%) P value

CO

MTR 0.915 0.783–0.980 73.33 100.00 <0.0001

MTRasym 0.863 0.718–0.951 73.33 90.00 <0.0001

APT* 0.523 0.360–0.683 70.00 0 0.8032

rNOE* 0.667 0.478–0.856 66.67 83.33 0.2029

OSOM

MTR 0.885 0.744–0.964 70.00 100.00 <0.0001

MTRasym 0.783 0.625–0.898 70.00 100.00 0.0001

APT* 0.612 0.445–0.761 50.00 90.00 0.2027

rNOE* 0.575 0.354–0.797 56.67 66.67 0.5666

ISOM

MTR 0.883 0.742–0.963 63.33 100.00 <0.0001

MTRasym 0.840 0.690–0.936 70.00 100.00 <0.0001

APT* 0.503 0.341–0.665 83.33 0 0.9739

rNOE* 0.598 0.423–0.773 51.72 100.00 0.4568

IM + P

MTR 0.593 0.427–0.746 40.00 100.00 0.3037

MTRasym 0.582 0.415–0.735 60.00 80.00 0.3576

APT* 0.530 0.366–0.689 100.00 30.00 0.8006

rNOE* 0.514 0.270–0.758 20.00 100.00 0.9155

ROC, receiver operating characteristic; CEST, chemical exchange saturation transfer; MRI, magnetic resonance imaging; AKI, acute kidney 
injury; AUC, area under the ROC curve; CI, confidence interval; CO, cortex; MTR, magnetization transfer ratio; MTRasym, asymmetric MTR; 
APT*, apparent amide proton transfer; rNOE*, apparent relayed nuclear Overhauser enhancement; OSOM, outer stripe of outer medulla; 
ISOM, inner stripe of outer medulla; IM + P, inner medulla and pelvis.

established method for studying the pathogenesis of AKI 
caused by RM. In this model, an intramuscular glycerol 
injection was used to induce reproducible renal lesions (46).  
The intramuscular injection of glycerol (47) results in 
myoglobin release into blood. After glomerular filtration, 
the concentration of myoglobin in the tubules results 
in tubular obstruction, and the consequent increase in 
intrarenal pressure compresses intrarenal blood vessels, 
leading to renal tissue ischemia. This is aggravated by 
the vasoconstrictive effects of myoglobin. The model’s 
appearance, distribution, and reversibility are similar to the 
clinical RM phenomenon, in particular, the lesions observed 
in humans in the case of acute renal failure owing to crush 
injury (48). Therefore, we inferred that endogenous CEST 

would be helpful for the assessment of comparable renal 
pathologies as caused by allogeneic transfusion and crush 
syndrome in humans (46).

Limitations

There are several limitations of this study. First, AKI 
model was induced only in male mice by a single specific 
injection of glycerol. Although the gender and the dose 
were consistent with previously reported values in the 
literature (49,50), experiments with different doses of 
both genders could have been conducted to evaluate 
the feasibility of using CEST-MRI for the assessment 
of AKI severity. Second, the change in the CEST-MRI 
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signals associated with injury was related to edema, pH 
changes, apoptosis, and changes in blood flow. However, 
corresponding validation examinations based on terminal 
deoxynucleotidyl transferase deoxyuridine triphosphate 
(dUTP) nick end labeling (TUNEL) staining and dynamic 
contrast-enhanced MRI were not performed (51,52). Third, 
only semi-quantitative CEST analysis was performed in 
this study. Quantitative CEST (53,54) may provide more 
details on the biochemical basis of alterations. For example, 
fractional concentration can be used as a parameter for 
metabolic information, and the exchange rate can be used as 
a parameter associated with pH value (55). Finally, no other 
MRI-based contrasts [such as T1, T2, T1rho, diffusion-
weighted imaging (DWI), diffusion tensor imaging (DTI), 
etc.] was examined and compared with the CEST analysis. 
It has been discussed in the literature that the CEST 
approaches might not have shown pure CEST effect, but 
rather water relaxation shine-through effects (56).

Conclusions

Longitudinally CEST-MRI in a mouse model of RM-
induced AKI revealed that the MTR metric is sensitive to 
pathophysiological changes associated with RM-induced 
renal injury in the acute stage and its gradual recovery. 
The APT and rNOE effects at ±3.6 ppm are related to 
pathological changes in RM-induced AKI. The MTR value 
obtained from CEST-MRI can potentially be used to assess 
renal injury in RM.
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Supplementary
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Figure S1 Pearson correlations between CEST-MRI parameters [MTR (3.6 ppm), MTRasym (3.6 ppm), APT* and rNOE*] obtained for 
OSOM, ISOM, and IM + P and animal characteristics, blood indexes, and histology. The lower triangle represents the values, and the upper 
triangle represents the correlation coefficients. SCr, serum creatinine; BUN, blood urea nitrogen; MTR, magnetization transfer ratio; APT*, 
apparent amide proton transfer; rNOE*, apparent relayed nuclear Overhauser enhancement; CEST, chemical exchange saturation transfer; 
MRI, magnetic resonance imaging; OSOM, outer stripe of outer medulla; ISOM, inner stripe of outer medulla; IM + P, inner medulla and 
pelvis.


