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Abstract

Purpose—Quantitative, multi-parametric MRI (mpMRI) methods may allow the assessment of 

renal injury and function in a sensitive and objective manner. This study aimed to evaluate an array 

of MRI methods that exploit endogenous contrasts including relaxation rates, pool size ratio (PSR) 

derived from quantitative magnetization transfer (qMT), chemical exchange saturation transfer 

(CEST), nuclear Overhauser enhancement (NOE) and apparent diffusion coefficient (ADC), for 

their sensitivity and specificity in detecting abnormal features associated with kidney disease in a 

murine model of unilateral ureter obstruction (UUO).

Methods—MRI scans were performed in anesthetized C57BL/6N mice 1, 3 or 6 days after UUO 

at 7T. Paraffin tissue sections were stained with Masson trichrome following MRI.

Results—Compared to contralateral kidneys, the cortices of UUO kidneys showed decreases of 

relaxation rates R1 and R2, PSR, NOE and ADC. No significant changes in CEST effects were 

observed for the cortical region of UUO kidneys. The MRI parametric changes in renal cortex are 

related to tubular cell death, tubular atrophy, tubular dilation, and urine retention, and interstitial 

fibrosis in the cortex of UUO kidneys.

Conclusion—Measurements of multiple MRI parameters provide comprehensive information 

about the molecular and cellular changes produced by UUO.
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INTRODUCTION

Obstructive nephropathy is a primary source of renal impairment in infants and children (1). 

Animal models of unilateral ureter obstruction (UUO) have enabled the elucidation of the 

cellular and molecular events involved in obstructive renal injury. Of particular importance 

to this study, UUO in mice induces serial changes in renal structure and recapitulates key 

features of tubular dilation, tubular damage, apoptosis, and renal fibrosis (2,3). This model 

has been extensively studied using histological methods, and previous histological results 

demonstrate that the range of pathological features observed during UUO is valuable for 

interpreting changes detected by MRI (4,5).

Non-invasive MRI techniques have been important in evaluating the functional, structural, 
and metabolic integrity of the compromised kidney in a wide variety of renal pathologies (6–

11). The application of non-invasive imaging methods in mice could be useful for the serial 

evaluation of disease progression, particularly given the importance of mouse models for the 

biological investigation of renal disease. Numerous studies have used contrast agents to 

assess renal physiology including blood flow, blood volume or glomerular filtration rates 

(12–14). However, the use of exogenous MRI contrast agents such as gadolinium-based 

agents in human studies should be limited because it may trigger the development of 

nephrogenic systemic fibrosis (15). Therefore, it is valuable to explore endogenous contrast 

mechanisms to assess renal properties. Previously only limited in vivo studies have applied 

quantitative MRI measures for evaluating murine renal diseases without contrast agent 

administration. Previous murine studies have investigated oxygen delivery using blood 

oxygenation level dependent MRI, along with microstructural features and bulk water 

transport using diffusion weighted MRI (5,9,16). Changes in renal cortical thickness and 

corticomedullary contrast via T1, T2, and magnetization transfer (MT) imaging have also 

been reported for renal diseases (4,17). While single metrics could provide information on 

one aspect of renal function and injury, multi-parametric MRI (mpMRI) methods may allow 

a more comprehensive assessment of renal disease in a more sensitive and objective manner. 

However, to date there have been few mpMRI studies that have investigated murine renal 

diseases. Thus this study aimed to evaluate an array of MRI methods that exploit 

endogenous contrasts including T1 and T2 relaxations, pool size ratio (PSR) obtained from 

quantitative magnetization transfer (qMT) imaging, chemical exchange saturation transfer 

(CEST) effects, nuclear Overhauser enhancement (NOE) effects, and apparent diffusion 

coefficient (ADC) obtained using diffusion weighted imaging (DWI), for their sensitivity 

and specificity in detecting abnormal features associated with kidney disease in a murine 

model of UUO.

Multiple endogenous MRI contrast mechanisms could provide a variety of information on 

renal morphology, tissue microstructure and/or composition. For example, the longitudinal 

and transverse relaxation rates (R1 and R2) of tissues depend on the macromolecular and 

water contents, and are often sensitive to cellular changes such as apoptosis and urine 

retention. ADC is sensitive to tissue cellularity (5). MT imaging is (18,19) sensitive to the 

influence of large and immobile macromolecules distributed within tissue that may change 

in conditions such as apoptosis and fibrosis (20–22). Simple magnetization transfer ratio 

(MTR) measures have been applied to assess changes in macromolecular composition 
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(4,23,24). However, the sensitivity and reproducibility of MTR measures can be influenced 

by various experimental parameters. To increase specificity and sensitivity, qMT methods 

have been developed to measure intrinsic MT parameters such as PSR (the ratio of the 

macromolecular proton pool to the free water pool) independent of relaxation and exchange 

rates (25–27). Kidney disease may also be associated with changes in tissue metabolites 

such as glucose, glycogen, glycosaminoglycan, and creatine that may exhibit significant 

chemical exchange saturation transfer (CEST) effects in MRI. CEST has previously been 

used to study amide proton levels in brain and spinal cord (28–30), tissue pH (31,32) and 

glycogen deposition (33,34). Recently, this method has been applied to the detection of 

glucose/glycogen (35) and pH level (36) in kidneys of rodents. In addition, nuclear 

Overhauser enhancement (NOE) effects, from through-space dipolar couplings of non-

exchangeable protons and water, may be detected in upfield CEST Z-spectra and may 

provide insight into injury and membrane changes (37,38).

The present study aims to explore the potential of the above non-invasive quantitative 

mpMRI for monitoring structural, cellular, and molecular properties changes of UUO 

kidneys.

METHODS

Animal preparation

All procedures were approved by the Institutional Animal Care and Use Committee of 

Vanderbilt University. For unilateral ureteral obstruction, fourteen 8-week-old C57BL/6N 

mice (Jackson Laboratory) were anesthetized with 2% isoflurane and their left kidneys were 

exposed through the site of a left flank incision. The ureter was obstructed completely near 

the renal pelvis using a 4-0 silk tie suture at two points. UUO mice (around 22 grams) were 

scanned on day 1, day 3 and day 6 following surgery.

In vivo imaging

MRI studies were performed on a 16-cm bore Varian DirectDrive horizontal 7T magnet with 

a volume coil. Anesthesia was induced and maintained with a 1.5%/98.5% isoflurane/

oxygen mixture. A constant body temperature of 37.5 °C was maintained using heated air 

flow. A gradient echo sequence was employed for T1-weighted imaging (TR = 65 ms; TE = 

2.25 ms; flip angle = 35°; number of excitations (NEX) = 8, resolution = 0.2x0.2x1 mm3). A 

fast spin-echo (FSE) sequence (TR = 5500 ms; RARE-factor = 4, resolution = 

0.167x0.167x1 mm3) was used to achieve T2 contrast and calculate R2 (=1/T2) maps 

(multiple TE at 14, 42, 70, 96, 126 ms).

Quantitative MRI data were obtained from a single 1-mm axial slice incorporating both 

kidneys. QMT data were collected using a 2D MT-weighted spoiled gradient recalled-echo 

sequence (TR = 24 ms, flip angle = 7°, resolution = 0.167x0.167x1 mm3, NEX = 16). 

Gaussian-shaped saturation pulses (flip angles = 220° and 820°, pulse width = 10 ms) were 

used, with 7 or more different RF offsets between 1 and 80 kHz with a constant logarithmic 

interval. CEST acquisitions were obtained using a continuous wave (CW) 5.0 s irradiation 

pulse followed by spin-echo echo-planar-imaging (SE-EPI, 2 segments, TR = 7.5 s, TE = 
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17.6 ms, matrix of 64×64, resolution = 0.5x0.5x1 mm3). Z-spectra were acquired with RF 

offsets from −1500 Hz to 1500 Hz with an interval of 50 Hz and a saturation pulse 

amplitude Bcw = 1.0 μT (Sup. Fig. S1). Reference scans were performed at the beginning 

and the end of the acquisitions with RF offset = 100 kHz. DW imaging was performed by 

using the SE-EPI sequence (TR/TE=3000/38 ms, resolution 0.25x0.25x1 mm3), and 

diffusion gradients (duration/separation = 5/20 ms) were on all three axes with 11 b-values 

ranging from 0 to 1000 sec/mm2. In addition, two DWI scans were collected, each with an 

opposite gradient polarity, and averaged to eliminate the presence of gradient cross-terms 

that may bias ADC measurements. Fat saturation was applied at the RF offset −1042 Hz. An 

extra navigator echo per readout train was collected without any phase encoding prior to 

acquisition of the actual image data. This navigator echo was used to correct for phase 

variations, typically caused by motion. Respiration gating was also applied with 500-ms 

delay and 100-ms duration to synchronize data acquisition and reduce motion artifacts.

Histology

Kidneys were removed from euthanized mice (normal, and day 1, day 3, and day 6 after 

UUO surgery) and fixed overnight in 10% buffered formalin. Paraffin tissue sections were 

stained with Masson trichrome using standard procedures.

Data analysis

All imaging data were analyzed using MATLAB (MathWorks, Natick, MA, USA). All intra-

session images used in quantification were coregistered using a rigid registration algorithm 

based on mutual information (39).

ADC maps were obtained from mono-exponential fitting to the data using only b-values 

>300 sec/mm2 to reduce intra-voxel incoherent motion (IVIM) effects in kidneys (5). We did 

not apply bi-exponential fitting using all eleven b-values in this work due to the uncertain 

impact of the inter-subject physiological variations on the high uncertainty of perfusion 

parameters (40), especially considering both blood and urine flow in kidneys. Longitudinal 

relaxation rate R1 was obtained using the dual-angle approach (41), while transverse 

relaxation rate R2 was obtained using exponential fitting.

Henkelman-Ramani’s model was used in qMT fitting to calculate PSR (25,42). The fitting 

quality at each pixel was evaluated by the root mean squares (RMS) of the residuals at all 

RF offsets.

Due to the overlap of peaks, the CEST spectrum was fit to six components over the offset 

range from −1500 to 1500 Hz. In addition to the four peaks (43) representing amide (3.5 

ppm), amine (2.2 ppm), free water (0 ppm), and aliphatic peaks (−3.5 ppm), two additional 

peaks for hydroxyl (1.2 ppm) (35) and methyl from choline phospholipids (−1.6 ppm) 

(37,38) were added. In previous studies (35,37), CEST effect at 1.2 ppm RF offset and NOE 

effect around −1.6 ppm RF offset have shown specificity and sensitivity in detecting 

abnormal tissues, based on multiple-pool fitting algorithm. CEST Z-spectra were fit 

(35,37,43) to a 6-pool model consisting of Lorentzian peaks to estimate the magnitudes of 

CEST effects at 1.2, 2.2 and 3.5 ppm RF offsets, direct saturation (DS) effects at 0.0 ppm RF 

offset, and NOE effects at −1.6 and −3.5 ppm RF offsets.
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High-resolution T1-weighted and T2-weighted images were used to select ROIs (regions of 

interests) including cortex, outer medulla (OM), inner medulla and papilla (IM+P), and 

pelvis with obstructed urine (4,13). In T1-weighted and T2-weighted images of murine 

kidneys, IM and papilla could not be differentiated, the contrast between cortex and outer 

strip of outer medulla (OSOM) is small, and the contrast between OSOM and inner strip of 

outer medulla (ISOM) is big (4,13). Pearson correlations between parameters derived from 

MRI were calculated. Student’s t-tests were used to compare the differences between 

measurements. FDR (false discovery rate) corrected p < 0.05 was considered significant.

RESULTS

Histological presentation of UUO-induced abnormal features

Serial Masson trichrome staining of UUO kidney cortex tissues revealed typical features of 

UUO renal disease (Fig. 1). The relative volume of kidney occupied by abnormal tubules 

increased dramatically, as indicated by tubular atrophy, tubular dilation, and destructive and 

altered morphology of renal tubules. Tubular dilation was observed from day 1. Tubular 

atrophy and tubules with denuded basement membranes were evident on day 3, while 

interstitial fibrosis showed up (light blue area indicated by black arrow in Fig. 1) at this 

stage. Interstitial fibrosis was evident 6 days after UUO, with serious tubular necrosis and 

pronounced membrane denudation. Previous histologic studies of UUO progression also 

revealed these abnormal features in the cortex of UUO kidneys (2–4,44).

Changes in ADC and relaxation rates

ADC and relaxation rates changed in UUO kidneys after surgery. For example, Figure 2 

shows results of a mouse 3 days after UUO. The regional distributions of ADC values were 

compared intra- and inter- CL and UUO kidneys (Fig. 2a). In CL kidney, ADC values 

increased continuously from cortex to IM+P (1.247±0.126 (mean and standard deviation 

across voxels), 1.518±0.212 and 1.838±0.283 μm2/ms for cortex, OM, and IM+P 

respectively). In UUO kidney, although the regional trend of ADC values was maintained, 

ADC values decreased compared to CL kidney (0.949±0.130, 1.093±0.198 and 1.219±0.281 

μm2/ms for cortex, OM, and IM+P respectively). Differences in changes of relaxation rates 

between CL and UUO kidneys were also observed, with UUO showing lower regional R1 

and R2 (Fig. 2b). The pelvis expanded with collected urine after surgery, and showed 

hypointense signals in T1-weighted images, hyperintense signals in T2-weighted images, 

very high ADC values (2.337±0.235 μm2/ms, across voxels), and very long T1 (2.597±0.474 

s) and T2 (97.4±11.6 ms) relaxation times. The cortical differences and their distributions 

between CL and UUO kidneys are compared in Figure 3. Compared to what was observed in 

CL cortex, regional mean ADC, R1 and R2 decreased in UUO cortex at this stage (Fig. 3).

QMT detected PSR changes in UUO kidney

With MT saturation, IM+P appeared to be brighter than OM and cortex in CL kidney, while 

the pelvis showed hyperintense signal in UUO kidney after surgery (example shown for a 

mouse 6 days after UUO surgery, Fig. 4a and Sup. Fig. S2). Compared to the PSR map of 

CL kidney (Fig. 4a), UUO kidney showed a low PSR region for pelvis with obstructed urine. 

Figure 4b showed the fitting of the data obtained from selected voxels in CL and UUO 
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cortices at different MT saturation powers (θsat = 220° and 820°) and 12 frequency offsets. 

UUO kidney showed decrease of PSR in renal cortex (Figs. 4a,c), compared to CL kidney. 

In CL kidney, PSR values decreased continuously from cortex to IM+P (0.102±0.019, 

0.083±0.025 and 0.036±0.014 for cortex, OM, and IM+P respectively). In UUO kidney, the 

regional trend of PSR values was maintained, and PSR values decreased significantly in 

cortex and OM (0.057±0.014, 0.048±0.014 and 0.027±0.013 for cortex, OM, and IM+P 

respectively), compared to those of CL kidney.

Z-spectra revealed changes in UUO kidneys

The characteristic regional features of Z-spectra for CL and UUO kidneys are shown in 

Figure 5 (example shown for a mouse 6 days after UUO surgery). The characteristic regular 

cortical Z-spectrum of CL kidney is shown in Figure 5b. CEST effects were observed at RF 

offsets around 1.2, 2.2 and 3.5 ppm (asterisks), which are generally from exchangeable 

hydroxyl (pool III), amine (pool II) and amide (pool I) protons in mobile molecules, 

respectively. Non-CEST features were also apparent in the Z-spectra of cortex in CL kidney, 

including contributions from semi-solid MT effects and possible intramolecular and 

intermolecular NOEs (pools V and VI in Fig. 5b). OM spectra differed from those of cortex, 

and IM+P showed much lower NOE and semi-solid MT effects than OM and cortex (Fig. 

5c) in CL kidney.

CEST, NOE and solid MT effects were also observed in the averaged regional Z-spectra of 

cortex and OM in UUO kidneys (Fig. 5c and Table 1). The Z-spectra became more 

asymmetric from cortex to IM+P (Fig. 5c), and pelvis showed the most asymmetric Z-

spectrum. While the regional signals were unaltered from 1 to 3 ppm RF offset, signals from 

3 to 5 ppm, and from −5 to −1 ppm RF offset were higher in OM, IM+P and pelvis of UUO 

kidney. Model fitting revealed distinct regional changes of six pool amplitudes (Table 1). 

UUO cortex exhibited significant decreased amplitudes for pools V and VI (NOE effects) 

but increased amplitude for pool IV (DS effect) compared to those of CL cortex. However, it 

did not show evident amplitude changes for pools I–III (CEST effects). In contrast, OM, IM

+P, and pelvis of UUO kidney showed significant amplitude changes for pools I–VI 

compared to those of CL tissues (Table 1).

A pixel-by-pixel correlation analysis of the Z-spectra was used to evaluate regional 

differences in molecular composition (Fig. 5a). With the averaged Z-spectrum of kidney 

tissue selected as a reference, a correlation map was obtained for the global comparison of 

the features from Z-spectra. While the pixels in OM and cortex regions showed Pearson 

correlation coefficients (PCC) values close to 1, the regions for IM+P and pelvis showed 

lower PCC values (Fig. 5a), indicating quite different composition. These regions exhibited 

weaker correlation to kidney tissue perhaps because of higher levels of urine, which has 

much lower MT and NOE, but higher CEST effects from fast exchanging pools than those of 

kidney tissue (Fig. 5c).

Intra-subject multi-parametric mapping of UUO

Figure 6 shows maps of the 6 peak amplitudes (as percentages) from pixel-by-pixel fitting of 

Z-spectra along with other MRI measures. On day 6 after surgery, all the MRI measures of 
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the CL kidney appeared to be normal (Fig. 6). In contrast, the MRI measures of the UUO 

kidney showed evident changes. The expanded pelvis on the UUO side showed significantly 

smaller NOE effects, bigger DS effects, bigger CEST effects for fast exchanging pools (1.2 

and 2.2 ppm RF offsets), lower CEST effects for slowly exchanging pools (3.5 ppm RF 

offset), lower relaxation rates, lower PSR and higher ADC than those of renal tissues. The 

cortical regions of UUO kidney also showed changes in most MRI measures except for 

CEST effects, compared to those of CL kidney.

Unilateral cortical changes of multiple MRI measures

The cortical differences between UUO and CL kidneys day 6 after surgery (N=8) are 

compared in Figure 7 and Supporting Figure S3. PSR, R1, R2, ADC, and NOE showed 

significant decreases, while DS showed significant increase in UUO kidneys. Among all 

these MRI parameters, PSR showed the highest sensitivity, based on pairwise comparisons. 

Measures of ADC, R2 and DS were more sensitive than R1 and NOE in detecting UUO-

associated changes. CEST effects increased slightly for fast exchanging pools (1.2 and 2.2 

ppm RF offsets) and decreased for slowly exchanging pools (3.5 ppm RF offset) between the 

cortices of UUO and CL kidneys. However, these changes were not significant.

The correlations between cortical changes in different parameters were compared (Fig. 8). 

The cortical changes in PSR showed strong negative correlation with changes in DS (r = 

−0.899, p < 1x10−5), strong positive correlation with changes in R1 (r = 0.845, p < 1x10−4) 

and R2 (r = 0.759, p < 1x10−3), moderate positive correlations with NOE variations at −3.5 

and −1.6 ppm RF offsets (r = 0.632 and r = 0.634 respectively, p < 0.01), and moderate 

positive correlation with ADC changes (r = 0.648, p < 0.01). No significant correlations 

were observed between cortical changes in CEST effects and other MRI parameters.

Longitudinal cortical changes of selected MRI parameters

Because no evident changes were observed for CEST effects in the cortex of UUO kidneys 

on day 6 after surgery (Figs. 6 and 7), we did not apply CEST imaging of UUO mice at day 

1 and day 3. Serial quantitative MRI imaging of UUO mice (day 1, 3 and 6) revealed 

dynamic cortical changes from day 1 to day 6 after surgery (Fig. 9). The cortical areas of CL 

kidneys remained unaltered over time, and were used as controls for comparison. On day 1, 

PSR showed evident changes in UUO cortex. On day 3, while PSR kept decreasing, the 

values of ADC, R1 and R2 also decreased significantly. Among these measures, PSR showed 

the highest sensitivity for detecting cortical changes on day 1 and 3 after the surgery. The 

MRI measures of PSR, ADC, R1 and R2 were all highly sensitive to the cortical changes of 

UUO kidneys on day 6. Longitudinally, PSR correlated significantly (p < 0.05) with other 

parameters such as R1, R2, and ADC, with correlation coefficients 0.838, 0.712, and 0.705 

respectively.

DISCUSSION

Regional distributions and correlations of changes in MRI parameters

The gradient of MRI parameters from cortex, OM to papilla (Fig. 6) is a consequence of 

distinct, ordered and directional microstructural differences, including vessels and tubules in 
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kidneys. PSR is an indirect marker of macromolecular content of different regions in kidney, 

which is inversely related to tissue water content and T1, so it has a strong negative 

correlation with DS effect (Fig. 8). Relaxation rates usually depend directly on concentration 

of macromolecules such as proteins, so R1 and PSR are highly correlated (r = 0.845, p < 

1x10−4). Similarly, R2 decreases as PSR decreases. The ADC value reflects the regional 

diffusivity of water, and is sensitive to cell density, and the dimensions and permeability of 

water compartments. Increased interstitial fibrosis, tubular necrosis and restricted urinary 

flow may be the causes of the observed ADC reduction. The positive correlations between 

ADC and PSR and R1 may indicate a reduction in cell permeability due to tubular atrophy 

with decreased overall macromolecular content. NOE effects are in general from the 

contents of cellular compounds such as macromolecules with aliphatic protons, 

phospholipids containing choline head groups (37,45), and mobile membrane proteins 

having α protons (43). The regional distributions of NOE effects (Fig. 6) in CL are related to 

the regional tissue and tubular organizations in normal kidneys, and are positively correlated 

with PSR. The cortical NOE decrease in UUO also follows the decrease in PSR, potentially 

reflects the tubular cell membrane denudation. This is consistent with previous studies that 

show NOE is strongly correlated with PSR or MTR (29,38). CEST effects are reported to be 

sensitive to the presence of mobile proteins/peptides or the by-products of amino acids from 

degradation of macromolecules. CEST effects are not significantly correlated with PSR 

changes after UUO, which indicates that they may be from different sources.

Interpretation of abnormal renal properties using MRI parameters

MRI measures are indirect indicators of tissue pathology, so considerations of the signal 

source and possible contributors are critical for the interpretation of the findings. 

Anatomically, the pelvis expanded while the cortex and OM shrank and urine retention 

became more serious as UUO progressed (4,44). In the pelvis of UUO kidneys, the high DS, 

and low R1, R2, PSR and NOE, and high ADC indicate low cellularity, low compositions of 

macromolecules, and less restricted water diffusion. The high CEST effects around 1.2 and 

2.2 ppm RF offsets likely indicate urine accumulation in pelvis, given the fact that CEST 

effects from 1 to 3 ppm RF offset are associated with the constituents in urine (i.e. urea, 

creatine, and amino acid, etc.).

In the cortical region of UUO kidney, the PSR became lower compared to that in CL kidney 

on day 1, and showed a longitudinal decrease thereafter (Fig. 9). Decreased PSR indicates 

reduced macromolecular content. This may be related to the tubular dilation starting on day 

1 and the subsequent apoptosis and tubular atrophy of local tissues in the UUO. Apoptosis 

produces changes at the molecular and cellular levels, including the breakdown of 

membranes and proteins. Urine retention and tubular dilation increases cortical water 

content. T2 prolongation could be related to a considerable increase in the extracellular water 

space, which presumably expands due to tubular dilation and atrophy. R1 decreases as the 

PSR decreases (r = 0.855), as the concentration of macromolecules decreases. Histological 

results (Fig. 1) indicate several factors that may contribute to the longitudinal ADC decrease. 

The ADC decrease on day 1 could be associated with obstructed urinary flow (Fig. 1) and 

decreased renal perfusion including tubular uptake (44), if ADC includes the effects of bulk 

fluid incoherent motions. The decrease of ADC from day 3 to day 6 could be due to both 
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fibrosis (Fig. 1) and a further reduction of renal perfusion, when tubular necrosis became 

more serious. R1, R2, PSR and ADC values of the UUO cortex significantly differed from 

those of CL kidneys on UUO day 6, indicating severe cortical changes by day 6 after 

surgery. These observations underscore the importance of mpMRI for the study of 

pathogenesis after UUO.

Sensitivity and specificity of PSR measure

We have shown that several MRI parameters have high sensitivity for monitoring urine 

obstructed in the pelvis of UUO kidney. PSR, R1, R2, ADC, NOE and DS all showed 

significant cortical changes on day 6. However, CEST effects come from a relatively small 

portion of exchanging protons, and the sensitivities were relatively low for detecting cortical 

changes after UUO, though evident increases of CEST effects were observed for pelvis, IM

+P, and OM regions of UUO kidneys on day 6. R1, R2, ADC and PSR were all sensitive for 

detecting cortical changes on UUO day 3, the middle stage during UUO progression.

Among MRI parameters measured, PSR showed the highest sensitivity for detecting cortical 

changes (Figs. 7 and 9). PSR is known to be a specific and reliable indicator of the content 

of macromolecules (21,46). PSR showed significant changes on day 1 before other 

measures, suggesting that PSR may provide an early biomarker of UUO induced pathology 

(Fig. 9). Tubular enlargement was the first abnormal cortical event (Fig. 1), associated with 

urine retention after UUO. This caused a significant decrease of PSR on day 1. Tubular 

membrane denuding and tubular atrophy became evident from day 1 to day 3 (Fig. 1). These 

events caused PSR to decrease further. Fibrosis appeared on day 3, with tubular atrophy, 

membrane denudation, and urine retention becoming more serious from day 3 to day 6. The 

net effect of these changes caused an even further decrease of PSR. From these findings, 

PSR may be the preferred imaging matric to reveal the abnormal cortical changes in early 

stages of UUO progression.

Advantages of mpMRI in investigating kidney disease

In principle, different MRI parameters reflect different aspects of tissue abnormalities. PSR 

reflects the level of macromolecules. CEST could be sensitive to metabolites. NOE is 

associated with the composition of mobile macromolecules such as membrane proteins and 

lipids. R1 and R2 provide the best regional contrasts in murine kidneys among all the 

measures (Fig. 6), and they also correlate with PSR for evaluating macromolecular level 

(Fig. 8). The combination of multiple MRI parameters provides comprehensive spatial and 

longitudinal information on renal morphology, tissue microstructure, and composition.

The observed differential multiple parametric patterns during UUO progression highlighted 

the fact that each stage exhibited its predominant pathological events and severity (Figs. 1 

and 9). The number of MRI parameters with significant variations can reveal the 

complications of kidney disease. The significant cortical decrease of PSR alone on day 1 

may indicate single abnormal event (tubular enlargement with urine accumulation). The 

detected changes in more parameters (PSR, R1, R2 and ADC) on day 3 are caused by 

additional pathological events (tubular atrophy and fibrosis, etc.). In addition, the severity of 

UUO progression can be indicated by the significance of the parametric changes (Fig. 9). 
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Importantly, a combination of MRI measures enables great sensitivity for detecting changes 

in the cellular and molecular composition of kidneys, and provides comprehensive measures 

to evaluate the stages of kidney disease.

Challenges in quantitative MRI of murine kidney at high field

Even though the higher SNR available at high fields permits high resolution imaging, partial 

volume averaging still may have an impact on regional quantification in small mouse 

kidneys. In the renal cortex, measured changes in MRI parameters in each voxel reflect the 

net effect of a host of biological changes including tubular dilation, urine retention, denuded 

basement membranes, tubular atrophy, proliferation of myofibroblasts, and fibrosis (2,5). 

For example, tubular dilation, denudation of the basement membrane and tubular atrophy 

may decrease PSR values, while fibrosis may have the opposite effect, but only their 

integrated effects are detected. At different stages during the progression of kidney disease, 

specific events may dominate, and result in a decrease or increase of PSR.

CONCLUSIONS

Our results demonstrate that mpMRI measurements are reliable and sensitive for detecting 

changes in tissue properties in UUO kidneys. While PSR is more specific for characterizing 

urine retention, tubular atrophy and denuded basement membranes, ADC is more sensitive 

to urinary flow and fibrosis. The combination of qMT imaging with other MRI methods 

such as relaxation, DWI and CEST provides complementary information about the 

pathophysiological basis of UUO progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative histological sections from normal and UUO kidney cortices (Masson 

trichrome stain). The urine retention and tubular dilation substantially increased, as indicated 

by destructive morphology of renal tubules (*), tubular atrophy (green arrows), tubules with 

denuded basement membrane (blue arrows), and interstitial fibrosis (light blue areas 

indicated by black arrows).
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Figure 2. 
Representative mapping of ADC and relaxation. (a) ADC from fitting. The regional signals 

of cortex, OM, IM+P, and pelvis are indicated by circles, squares, triangles, and diamonds, 

respectively. The curves represent the mono-exponential fitting results. Only b-values > 300 

s/mm2 were used in fitting. CL-contralateral, UUO-unilateral ureter obstruction. (b) ADC, 

R1 and R2 maps. T1W: T1-weighted, T2W: T2-weighted. ROIs were identified in T1W and 

T2W images. 1-cortex, 2-OM, 3-IM+P, 4-pelvis with obstructed urine. Data were from a 

mouse 3 days after UUO.
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Figure 3. 
Comparison of representative cortical distributions of measured MRI parameters of CL and 

UUO kidneys. Cortical Mean ± SD (standard deviation) values across voxels were shown, 

with CL in gray and UUO in red. *p < 0.05, and **p < 0.01. Data were from a mouse 3 days 

after UUO.
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Figure 4. 
QMT imaging. (a) Image with magnetization transfer contrast (MTC) and PSR map. 1-

cortex, 2-OM, 3-IM+P, 4-pelvis with obstructed urine. ROIs were defined in the respective 

T1-weighted image, and then applied to MTC image and PSR map (solid white outlines). 

The contrast between OSOM and ISOM is big, indicated by the dashed white outlines. (b) 

The fitting of the model to in vivo MT data of cortical tissues in the CL and UUO kidneys at 

two flip angles of 820° and 220°. Curves were normalized to maximum intensity. (c) 

Cortical PSR distributions across voxels in CL (gray) and UUO (red) kidneys, with regional 

Mean ± SD values of PSR shown. Data were from a mouse 6 days after UUO.
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Figure 5. 
Renal Z-spectroscopic features of UUO. (a) T1-weighted image and PCC map showing 

Pearson correlation coefficient between Z-spectra at each voxel. The averaged Z-spectrum of 

CL cortex was selected as the seed for correlation analysis. ROIs were defined in T1-

weighted image (solid white outlines). 1-cortex, 2-OM, 3-IM+P, 4-pelvis with obstructed 

urine. The contrast between OSOM and ISOM is big, indicated by the dashed white outlines. 

(b) Characteristic spectroscopic features of normal cortical tissue. Asterisks indicate CEST 

effects, 1-head arrows indicate NOE effects, and 2-head arrow indicates semi-solid MT 

effect. Pool I, II, III, IV, V and VI were separated from 6-peak Lorentzian fitting. (c) 

Comparison of the regional spectra in UUO and CL kidneys. Black circles: cortex, blue 

squares: OM, purple triangles: IM+P, and red crosses: pelvis with obstructed urine. Data 

were from a mouse 6 days after UUO.
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Figure 6. 
Multi-parametric maps of UUO mouse on day 6 after surgery. T1-weighted (T1W) and 

magnetization transfer contrast (MTC) images showed hypointensity and hyperintensity 

respectively for the pelvis with obstructed urine in UUO kidney (red arrows). NOE, DS and 

CEST effects were peak amplitudes from the fitting of CEST Z-spectra. RF offsets for NOE, 

DS, and CEST effects were indicated.
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Figure 7. 
Cortical MRI measures 6 days after UUO surgery. Boxplots show the comparison between 

CL and UUO kidneys. Middle lines indicate median and circles indicate mean values across 

subjects (N=8). RF offsets for NOE, DS, and CEST effects were indicated. *p < 0.05, **p < 

5x10−3, ***p < 5x10−4, and ****p < 5x10−5 vs. CL measures.
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Figure 8. 
Correlations between cortical changes in MRI parameters 6 days after UUO surgery. 

Correlation coefficient r is shown with respective p value. Note that p value in dark red is 

not significant (p ≥ 0.05). In the r and p plots, 1-PSR, 2-R1, 3-R2, 4-ADC, 5-NOE (-3.5 

ppm), 6-NOE (-1.6 ppm), 7-DS (0.0 ppm), 8-CEST (1.2 ppm), 9-CEST (2.2 ppm), 10-CEST 

(3.5 ppm).
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Figure 9. 
Temporal variations of selected MRI measures. CL cortical measures showed consistent 

values over time and were used as controls for comparison. *p < 0.05, **p < 1x10−2, ***p < 

1x10−3, and ****p < 1x10−4.
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