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Purpose: Cold ischemia-reperfusion injury (CIRI) is one of the most serious complications following renal transplantation. The current study investigated the feasibility of Intravoxel Incoherent Motion (IVIM) imaging and blood oxygenation level-dependent (BOLD) in the evaluation of different degrees of renal cold ischemia-reperfusion injury in a rat model.
Methods: Seventy five rats were randomly divided into three groups (N = 25 for each group): T0: sham-operated group, T2/T4: CIRI groups with different cold ischemia hours (2, 4 h, respectively). The rat model of CIRI group was established by left kidney cold ischemia with right nephrectomy. All the rats received a baseline MRI before the surgery. Five rats in each group were randomly selected to undergo an MRI examination at 1 h, day 1, day 2 and day 5 after CIRI. The IVIM and BOLD parameters were studied in the renal cortex (CO), the outer stripe of the outer medulla (OSOM), and the inner stripe of the outer medulla (ISOM) followed by histological analysis to examine Paller scores, peritubular capillary (PTC) density, apoptosis rate and biochemical indicators to obtain the contents of serum creatinine (Scr), blood urea nitrogen (BUN), superoxide dismutase (SOD) and malondialdehyde (MDA).
Results: The D, D*, PF and T2* values in the CIRI groups were lower than those in the sham-operated group at all timepoints (all p < 0.05). The prolonged cold ischemia times resulted in gradually lower D, D*, PF and T2* values (all p < 0.05). The D and T2* values of cortex and OSOM in Group T0 and T2 returned to the baseline level (all p > 0.05) except Group T4. The D* and PF values of cortex, OSOM and ISOM in Group T2 and T4 still remained below the normal levels (all p < 0.05) except Group T0. D, D*, PF and T2* values were strongly correlated with histopathological (Paller scores, PTC density and apoptosis rate) and the biochemistry indicators (SOD and MDA) (|r|>0.6, p < 0.001). D*, PF and T2* values were moderately to poorly correlated with some biochemistry indicators (Scr and BUN) (|r|<0.5, p < 0.05).
Conclusion: IVIM and BOLD can serve as noninvasive radiologic markers for monitoring different degrees of renal impairment and recovery after renal CIRI.
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INTRODUCTION
Renal cold ischemia-reperfusion injury (CIRI) is one of the most serious complications following renal transplant (Dugbartey et al., 2021). CIRI has a higher incidence in patients, potentially increasing the risk of acute kidney injury (AKI), chronic kidney disease and transplant failure. The life quality of patients are seriously influenced and the rejection risk of transplanted kidney is conspicuously increased (Hart et al., 2017). The complicated pathological process was initiated which gives rise to decreased blood flow, hypoxia and cellular damage (Zhang W. et al., 2018). However, CIRI can be reversible at early stage, thus it is essential to monitor the progression for improving outcomes (Francis and Baynosa, 2017).
The puncture biopsy is considered as the gold standard to assess kidney injury. Nevertheless, biopsy is invasive and prone to sampling errors (Aaltonen et al., 2020). The serum creatinine (Scr), blood urea nitrogen (BUN) and glomerular filtration rate (GFR) are regularly used to evaluate kidney function. However, these indices are affected by multiple factors and can not be applied to evaluate the dysfunction for individual kidney (Khawaja et al., 2019). For the above reasons, the biopsy and biochemistry indicators were not suitable as routine approaches for dynamic detection of renal CIRI.
Previous several studies, whether contrast-enhanced computed tomography (CT) (Braunagel et al., 2016) or ultrasound (US) (Ryan et al., 2020), are confined to the resolution of images, character of operator dependent and iodine-based contrast media. Multiparametric MRI is a current useful technique for evaluating the tissue microenvironment alternations including structure and function information. To date, most prior studies focused on exploring the mechanisms associated with MRI methods in warm ischemia reperfusion injury (Ko et al., 2017; Zhang et al., 2021). In clinical practice, while, cold ischemia duration commonly lasts longer than warm ischemia (Hart et al., 2017). It is therefore necessary to concentrate on renal cold ischemia reperfusion injury, which is quite significant for preclinical assessment in order to improve the success of surgery and reduce complications.
Multiparametric MRI offers the potential to quantitatively and noninvasively detect renal tissues of ischemia and hypoxia impairment post CIRI. Intravoxel Incoherent Motion diffusion-weighted imaging (IVIM) employs a bi-exponential model to estimate both water molecule diffusion and microcirculation simultaneously, providing measures of the true water molecule diffusion coefficient (D), the perfusion-related diffusion coefficient (D*), and the perfusion fraction (PF). (Le Bihan D et al., 1986). Blood oxygenation level-dependent (BOLD) utilized deoxyhemoglobin to evaluate the blood oxygenation level in tissue by magnetic susceptibility alternations and the provided R2* measurement was sensitive to blood oxygenation, blood flow, and blood volume (Zhao et al., 2021). Although BOLD are currently used to assess renal function in various kidney diseases (Pedersen et al., 2010; Hu et al., 2014), evaluation of renal CIRI has been limited. A previous study (Rheinheimer et al., 2012) has characterized the IVIM MRI measurements on the transplanted kidney of different cold preservation time, however, histopathological and immunohistochemistry results have not obtained. Our present study expanded the scope work on renal CIRI in a dynamic and time-dependent way to explore the micropathologic progression by MRI.
Consequently, the purpose of our study was to determine IVIM and BOLD measurements changes of renal CIRI in a rat model and to compare the quantitative measurements with renal histology and biochemical indicators.
MATERIAL AND METHODS
Experimental design and animal models
This study was approved by Ethics Committee of Nankai University. All researchers strictly adhered to the animal ethical guidelines in performing experiments. The 75 healthy male Sprague Dawley (SD) rats weighing between 200 g to 250 g at 8–10 weeks of age were purchased from the National Institutes for Food and Drug Control. The rats were maintained in a room at a temperature of 24°C–26°C and a humidity of 50%–60%. The rats were housed under conventional conditions with a 12-h light/dark cycle and had free access to standard feed and drinking water. All the rats were randomly divided into three groups (N = 25 for each group), T0: sham-operated group, T2: 2-h cold ischemia group, T4: 4-h cold ischemia group. All the rats received a baseline MRI before the surgery. Five rats in each group were randomly selected to undergo an MRI examination at 1 h, day 1, day 2, day 5 after CIRI (Figure 1).
[image: Figure 1]FIGURE 1 | Flowchart of the experimental procedure.
Cold ischemia reperfusion injury was induced by the following steps (Wei et al., 2019). The rats were anesthetized using 2% isoflurane with a flow rate of 0.5 L/min during operation. First, the abdominal cavity was opened through a middle abdominal incision to expose the left kidney and aorta. The exposed intestines were covered with saline-soaked gauze. The left adrenal vein and gonad vein were dissociated and ligated. The left renal pedicle, the left renal artery and vein, the upper and lower end of abdominal aorta were exposed and dissociated. Then, the non-traumatic microvascular clamps were used in the above locations to induce ischemia. A small slit was cut on the left renal vein. The Ringer’s solution at 0°C–4°C was injected using a 24G needle until the solution from the renal venous slit and the left kidney color became pale. The left renal artery and left renal pedicle were pinched and the clamps of the abdominal aorta were removed to restore the blood flow. The ice saline gauze was placed on the dorsal side of the kidney. The ice debris was placed evenly around the kidney and replenished at any time to maintain low temperature during the cold ischemia period for 2 and 4 h, respectively. Then the clamps were removed, and the left kidney blood flow was restored. Finally the right kidney was removed and the abdomen cavity was closed. The sham-operated group (Group T0) only performed laparotomy and resection of right kidney.
MRI protocol
MRI scans were performed on a 3T MRI system (MAGNETOM Prisma; Siemens Healthcare, Erlangen, Germany) with an 8-channel experimental animal coil (Shanghai Chenguang Medical Technology Co., Ltd., Shanghai, China). The rats were anesthetized using 5% isoflurane with a flow rate of 1 L/min during scanning. In addition, we used usual air and the oxygen fraction was approximately 21%.
A coronal T2-weighted turbo spin-echo (TSE) sequence was performed for morphological evaluation of the kidneys using a repetition time/echo time (TR/TE) of 4,120/100 ms, a field of view (FOV) of 100 × 75 mm2, a slice thickness of 1.5 mm, a matrix of 192 × 192, a reconstructed voxel size of 0.3 × 0.3 × 1.5 mm3 and an acquisition time of 4 min and 13 s.
IVIM MRI was acquired in the coronal plane using a integrated shimming (iShim) multi b-value single-shot diffusion-weighted echo planar imaging sequence with free breathing. The parameters were as follows: a TR/TE of 2,300/74 ms, a FOV of 140 × 114 mm2, a slice thickness of 3.0 mm, a matrix of 120 × 98 and a reconstructed voxel size of 0.6 × 0.6 × 3.0 mm3. Ten b-values (0, 10, 20, 30, 50, 100, 200, 300, 500 and 800 s/mm2) were obtained in three diffusion gradient directions. The acquisition time of IVIM DWI was 7 min and 9 s.
BOLD MRI was performed in an coronal T2* map using a multiple gradient echo sequence. The parameters were as follows: TR of 2500 ms, 6 TEs of 3.22, 5.83, 8.42, 11.01, 13.63, 16.22 ms, FOV of 85 × 62 mm2, a slice thickness of 3.0 mm, a matrix of 160 × 160 and a reconstructed voxel size of 0.5 × 0.5 × 3.0 mm3. The acquisition time of BOLD MRI was 3 min and 57 s.
Image analysis
The IVIM-derived parameters, pure molecular diffusion (D), pseudo-diffusion (D*), and the perfusion fraction (PF), were calculated by using a prototype software (MR Body Diffusion Toolbox, Siemens Healthcare, Erlangen, Germany) based on the bi-exponential model: S(b)/S (0)=(1- f) × exp (- b ×D) + f× exp (- b × D*). S(b) is the signal intensity of the tissue within the diffusion gradient field and S (0) is the signal intensity of the tissue without the diffusion gradient field. BOLD-derived parameters,T2* values were acquired from multi-echo gradient echo images (Figure 2).
[image: Figure 2]FIGURE 2 | Representative images of IVIM and BOLD parametric maps in Group T0, T2 and T4 on day 1. The D, D*, PF and T2* maps showed lower values at 1 h than those on day 5. As cold ischemia time prolonged, the parametric maps showed gradually decreased signals from Group T0 to T4 (the length ratio reference, 1:1).
IVIM and BOLD MRI data were assessed blindly by two specialist radiologists (L.C. and Y.R. with 15 and 6 years of experience in abdominal MRI, respectively). The regions of interest (ROI) were positioned in the cortex (CO), the outer stripe of the outer medulla (OSOM), and the inner stripe of the outer medulla (ISOM). The cortex includes glomerulus, the proximal and distal convoluted tubule segments. The OSOM consists of the S3 segment of the proximal tubule containing much endoplasmic reticulum and the highest brush border of all kidney cells. The ISOM contains the distal straight tubules, some collecting ducts, and loops of Henle. The largest section of kidney was selected and the renal cortex, OSOM, and ISOM region were outlined manually with T2-weighted images as a reference. The voxels in the ROIs were averaged for evaluation based on the non-linear fitting method. (Figure 3).
[image: Figure 3]FIGURE 3 | The orange ROI represented the cortex region. The blue ROI represented the OSOM region. The red ROI represented the ISOM region.
Blood biochemical index measurement
After the acquisition of the MRI scanning, 4 mL blood samples were extracted through the abdominal aorta and centrifuged at 3,000 r/min. The following samples were analyzed: serum creatinine (Scr), blood urea nitrogen (BUN), superoxide dismutase (SOD) and malondialdehyde (MDA).
Histopathological and immunohistochemistry analyses
The left kidneys were removed from renal hilum and stored in 4% paraformaldehyde solution. The renal tissues were sectioned for hematoxylin and eosin staining to analyze the pathomorphological characteristics of the kidneys. The renal tubule injury score was evaluated by the Paller’s standard (PALLER et al., 1984). Peritubular capillary (PTC) density was stained with CD34 (endothelial cell-specific marker) expression and were counted in ten randomly chosen microscopic fields on each section in kidney interstitium and capillary density was presented as the average number of capillaries/mm2 (Ma et al., 2010). Apoptotic cells marking were performed with TUNEL (TdT-mediated biotin-16-dUTP nick-end labeling) staining. Kidney sections were analyzed at a magnification of ×200 in light microscope. The percentage of apoptotic cells (number of apoptotic cells/total number of cells * 100) was calculated as the apoptosis rate (%).
Statistical analysis
Statistical analysis was performed using the statistical package for social science (SPSS) software version 26.0 (SPSS Inc., Chicago, IL, United States), and all measured parameters were presented as mean ± standard deviation (SD). The Shapiro–Wilk test was applied to assess normally distributed data. The intraclass correlation coefficient (ICC) was used to determine the interobserver agreement of IVIM parameters, with ICC <0.50, 0.50≤ ICC <0.75, 0.75≤ ICC <0.90, ICC ≥0.90 indicating poor, moderate, good and excellent agreement, respectively (de Vet et al., 2006). Repeated-measures ANOVA was used to compare IVIM-derived parameters and T2* values in each group at different time points. The multivariate analysis of variance was used to compare MRI parameters between different groups at each time point. Spearman correlation coefficients were calculated to determine the correlation between MRI parameters and histologic and blood biochemical indices. The degree of correlation was defined as poor or no correlation (0 ≤ r < 0.25), fair correlation (0.25 ≤ r < 0.5), moderate to good correlation (0.5 ≤ r < 0.75) and very good to excellent correlation (r ≥ 0.75) (S et al., 2014). P < 0.05 was considered statistically significant. The GraphPad Prism Inc. software version 8.0 was used to plot the results.
RESULTS
ICC analyses
The D, D*, PF and T2* values in the CO showed excellent interobserver agreement with ICCs of 0.953 (0.887–0.980), 0.841 (0.505–0.940), 0.958 (0.796–0.986), and 0.920 (0.826–0.964) respectively. The D, D*, PF and T2* values in the OSOM showed great interobserver agreement with ICCs of 0.881 (0.750–0.946), 0.920 (0.828–0.964), 0.880 (0.748–0.945), and 0.928 (0.845–0.968) respectively. The D, D*, PF and T2* values in the ISOM showed excellent interobserver agreement with ICCs of 0.887 (0.761–0.949), 0.868 (0.724–0.940), 0.903 (0.792–0.956), and 0.916 (0.820–0.962) respectively. (Supplementary Material Table S1).
IVIM parameters analyses
The IVIM parameters on the kidney over time in the Group T0,T2, T4 are summarized in Table 1. At 1 h after CIRI, the values of all parameters decreased to the lowest level (p < 0.05) and then gradually increased. Prolonged cold ischemia times resulted in gradually lower D, D* and PF values at all the operative time points. D values dropped dramatically at 1 h post-operation in all groups (p < 0.05). In the Group T0, D values returned to the baseline levels on day 2. In the Group T2, D values gradually increased to the baseline levels on day 2 in the cortex and day 5 in the OSOM and ISOM, respectively (p < 0.05). However, D values of all regions in the Group T4 remained decreased than Group T0 and T2 (p < 0.001) and did not return to the baseline on day 5 (Figure 4; Table 1).
TABLE 1 | Comparison of MRI parameters from sham-operated and CIRI groups of CO,OSOM and ISOM at different timepoints.
[image: Table 1][image: Figure 4]FIGURE 4 | The temporal changes of IVIM-derived D, D*, PF and BOLD-derived T2* values before and after operation. The values of all groups in the different regions exerted a sharp decrease followed by a gradual increase. CO, cortex; OSOM, the outer stripe of the outer medulla; ISOM, the inner stripe of the outer medulla 1h, 1 hour; 1d, day 1; 2d, day 2; 5d, day 5; D, pure molecular diffusion; D*, pseudo-diffusion; PF, perfusion fraction.
D* values decreased significantly at 1 h then significantly increased from day 1 to day 5 in all groups (p < 0.05). In the Group T0, the D* values of cortex, OSOM and ISOM returned to the baseline levels on day 1 and day 2, respectively. In the Group T2 and T4, the D* values were significantly lower compared with the Group T0 at all postoperative time points (p < 0.001) and still below the baseline on day 5. (Figure 4; Table 1).
PF values declined significantly at 1 h followed by sharply increase to exceed baseline level on day 1 and day 2 in Group T0 (p < 0.05). In the Group T2 and T4, the D* values were significantly lower compared with the Group T0 at all time points (p < 0.001) and still below the baseline on day 5 (Figure 4; Table 1).
BOLD parameter analyses
T2* values of all groups decreased to the lowest level (p < 0.05) and then gradually increased. In the Group T0, T2* values returned to the baseline level on day 1 in cortex and day 2 in OSOM and ISOM. In the Group T2, T2* values of cortex and OSOM elevated to the baseline levels on day 1,5 respectively (p < 0.05), while T2* values of ISOM still below the normal level. In the Group T4, the T2* values were significantly lower than those of the Group T0 at all postoperative time points (p < 0.05) and did not return to the normal level on day 5. (Figure 4; Table 1).
Blood biochemical analyses
Serum creatinine
Scr in the Group T0 showed no obvious changes after operation. In the Group T2 and T4, Scr increased to the top levels on day 2 but remained elevated above the baseline (p < 0.05) (Table 2).
TABLE 2 | Changes in blood biochemical findings from sham-operated and CIRI groups at different timepoints.
[image: Table 2]Blood urea nitrogen
In the Group T0, BUN showed no obvious changes after operation. In the Group T2 and T4, BUN were not significantly different from the baseline at 1 h but progressively increased from day 1–5. The BUN in the Group T4 were greater than those in the Group T0 on day 1,2 and 5 (p < 0.05) (Table 2).
Superoxide dismutase
In the Group T0 and T2, the SOD values dramatically dropped at 1 h (p < 0.05) then gradually increased while the Group T4 continued to decrease on day 1. The SOD values of all groups remained below the normal level until day 5. At all timepoints, the SOD values of Group T4 displayed significantly different compared with Group T0 and T2 (all p < 0.05). The SOD values of Group T2 were significantly different from the Group T0 on day 1 and day 2 (all p < 0.05) (Table 2).
Malondialdehyde
In the Group T0, the MDA values were not significantly different after operation (p > 0.05). In the Group T2 and T4, the MDA values obviously elevated at 1 h (p < 0.05) and progressively increased to the top on day 2 (all p < 0.001). At all post-operation timepoints, the MDA values of Group T0 demonstrated significantly different compared with the Group T2 and T4 (all p < 0.001) (Table 2).
Histologic analyses
Paller score
Paller score rose significantly at 1 h and gradually declined from day 1–5. In the Group T0, the score decreased back to the baseline by day 1. In the Group T2 and T4, Paller scores were significantly larger than the baseline and those of the Group T0 at all timepoints after CIRI (all p < 0.05) (Figure 5; Table 3).
[image: Figure 5]FIGURE 5 | Histological pathology of kidney with HE staining (×400) from the Group T0, T2 and T4. For each timepoint after CIRI, the damage degree of renal tubular epithelial cells in the Group T2 and T4 were more severe than those observed in Group T0: renal tubules dilation, exfoliated cells, brush border desquamation as well as interstitial tissue edema. Tubular necrosis and cellular detachment with tubular cell casts were evident in T2 and T4 groups at day 1 and day 2.
TABLE 3 | Changes in pathological and immunohistochemical findings from sham-operated and CIRI groups at different timepoints.
[image: Table 3]PTC density
PTC density reached the minimum at 1 h followed by increase on day 1 in all groups. In Group T0, the PTC density returned to the baseline by day 2. In Group T4, the PTC density were significantly lower than the baseline and those of the other groups at all postoperative time points. The PTC density in Group T0 were significantly higher than those of the Group T2 and T4 on day 1,2 and 5 (all p < 0.05) (Figure 6; Table 3).
[image: Figure 6]FIGURE 6 | Histological pathology of kidney with CD34 staining (×400). Representative photomicrographs of CIRI groups at 1 h, 1 day, 2 days and 5 days. PTC was stained with CD34 expression and manifestated as brown color. PTC density decreased at 1 h then gradually increased on day 1. For each timepoint after CIRI, PTC density gradually decreased among T0, T2, and T4 groups as cold ischemia time prolonged.
Apoptosis rate
Apoptosis rate increased significantly at 1 h and continuously peaked on day 1 followed by a mild decrease on day 2 in all groups. The apoptosis rate in the Group T0 returned to the baseline on day 5 while the Group T2 and T4 were still higher than the preoperation level (Figure 7; Table 3).
[image: Figure 7]FIGURE 7 | Immunohistochemistry pathology of kidney with TUNEL staining (×400). The cells labeled with green fluorescence were described as apoptotic cells and labeled with blue fluorescence were identified as the total cells. Representative photomicrographs showed that the apoptosis rate increased from 1 h to day 1 and then gradually decreased. For each timepoint after CIRI, the apoptosis rates of Group T2 and T4 were higher than those of Group T0.
Correlation between MRI parameters, histopathology, and biochemical indicators
In the kidney cortex, D, D*, PF and T2* were highly negatively correlated with Paller scores (r = −0.802, −0.877, −0.803, −0.754, respectively), positively correlated with PTC density (r = 0.901, 0.920, 0.847, 0.804, respectively), mildly negatively correlated with apoptosis rate (r = −0.759, −0.789, −0.665, −0.645, respectively).
In the kidney OSOM, D, D*, PF and T2* were highly negatively correlated with Paller scores (r = −0.833, −0.880, −0.836, −0.845, respectively), positively correlated with PTC density (r = 0.914, 0.939, 0.856, 0.911, respectively), mildly negatively correlated with apoptosis rate (r = −0.777, −0.826, −0.698, −0.819, respectively).
In the kidney ISOM, D, D*, PF and T2* were highly negatively correlated with Paller scores (r = −0.795, −0.900, −0.848, −0.875, respectively), positively correlated with PTC density (r = 0.886, 0.938, 0.845, 0.902, respectively), mildly negatively correlated with apoptosis rate (r = −0.788, −0.848, −0.717, −0.809, respectively).
The correlation between MRI parameters and histopathology, blood biochemical indicators were shown in Figure 8.
[image: Figure 8]FIGURE 8 | Correlation maps between IVIM, BOLD parameters of the cortex and medulla and histological, biochemical indices. Scr, serum creatinine; BUN, blood urea nitrogen; SOD, superoxide dismutase; MDA, malondialdehyde; PTC, peritubular capillary.
DISCUSSION
We utilized IVIM and BOLD MRI to evaluate water molecule diffusion, microcirculation and renal oxygenation in the rat renal CIRI model with different cold ischemia times. The study demonstrated that renal D, D*, PF and T2* values showed significantly different changes and were strongly correlated with histological and immunohistochemistry changes. IVIM and BOLD parameters monitored the CIRI alternations more sensitively than the blood biochemical indicators. Thus, multiparametric MRI provided more reliable information for detecting CIRI as noninvasive and quantitative markers.
Most models utilized the WIRI model at certain time points after variable ischemic periods. However, WIRI has limited clinical relevance, as some degree of renal perfusion and oxygen consumption are continued in most clinical scenarios, with variable decline in glomerular filtration and tubular reabsorption. In fact, WIRI might be only relevant to post-cardiac resuscitation. Even aortic clamp operations or cardiac bypass surgeries with total cessation of renal bloods flow are undertaken under hypothermic conditions, and cannot be regarded as renal WIRI. Cold-preserved transplanted kidneys are subjected to protracted cold ischemia and most often associated with tubular injury. While, to a substantial extent, hypothermia reduces tubular metabolism and protects tubular segments with limited capacity to anaerobic glycolysis, transforming damage pattern from principally S3 proximal tubular segments to medullary thick limbs. Our current study expanded the scope of previous work by establishing the model of cold ischemia that the right kidney was resected completely in order to eliminate compensation effect of the contralateral kidney and simulate clinical kidney transplantation environment. The results of our study demonstrated multiparametric MRI can be a potential candidate for noninvasive assessment of renal CIRI.
The D value represents the true water molecule diffusion level (Le Bihan D et al., 1986). In our study, the D values in Group T4 were notebaly lower than those in Group T0 and T2 at the same timepoints, since cellular edema has developed and liquid flow was restricted within the lumen, resulting in limited water diffusion and significant decrease in the D value. At 1 h after CIRI, the D values of cortex and medulla in all the groups declined significantly. Combined with the pathology manifestations of 1 h, we found that damaged brush border shedding in the dilated renal tubules, inflammatory cells casting in the lumen and loss of glomerular capillary structure, which resulted in complex microstructures formation therefore the diffusion of water molecules was greatly restricted (Polichnowski et al., 2020). Our study also showed the D values began to rise significantly on day 1 and remained progressive increase then returned to the normal levels in Group T0 and T2. This D value change trend coincided with reversible renal cell injury post CIRI in pathology view (Wei et al., 2019). Feng et al. (Feng et al., 2021) reported that increased D value could be related to decreased renal tubular epithelial cell edema and reduction in the tubular flow, which was similar to our study.
The D* value reflects the microcirculation perfusion and is related to the liquid flow velocity. The kidney is an important circulatory organ of human body as its blood flow volume accounts for 25% of cardiac output. It is therefore very sensitive to CIRI (Ellison, 2021). In our study, the D* value exhibited a significant decrease at 1 h in all groups, findings consistent with a previous study (Hueper et al., 2017). The D* values did not restore to the baseline levels in Group T2 and T4 demonstrating that the microcirculation was impaired at the early stage of CIRI. Although main renal artery blood flow is reflowed, restoration of renal microvascular perfusion may remain damaged. There are mainly three mechanisms accounting for the microcirculation disorders (Smith et al., 2019). First, the renal capillary networks are compressed resulting from interstitial edema and endothelial cell swelling (Zhang B. et al., 2018). In the present study, we found that the Paller score reached to the peak on day 1 indicating that edema and swelling were the most serious degree. Second, intraluminal flow can be reduced due to generation of vascular contracting substances caused by vascular endothelium dysfunction (Francis and Baynosa, 2017). Third, the “no-reflow phenomenon” resulted from the attenuated vascular relaxation after reperfusion is characterized by increasing impedance of microvascular blood flow (Eltzschig and Eckle, 2011). Above all, the peritubular capillaries may become deformed and the amount decrease thus the D* measurement showed strong correlation with PTC density, which furtherly emphasized the potential of D* in evaluating CIRI.
The PF value represents the percentage of microcirculation blood volume and renal tubular fluid volume in the total tissue fluid volume (Eric et al., 2012). The PF value exhibited a sharp elevation on day 1 and obviously exceeded over the baseline, subsequently decreased on day 2 in Group T0. This may attribute to the compensatory hemodynamics initiation and high filtration in Group T0 on day 1. In our study, the PF measurements in the OSOM and ISOM returned to the baseline levels later than cortex in CIRI groups, suggesting that the cortex recovered quicker than medulla (Pohlmann et al., 2013). Cheung et al. (Cheung et al., 2010) found that the PF value of renal cortex significantly increased from day 1 to day 2 post ischemia - reperfusion injury. This could be possibly explained by the fact that the cortex received the majority (90%–94%) of the renal blood flow and was less susceptible to hypoperfusion and hypoxia than medulla. Liu et al. (Liu et al., 2018) also revealed that medulla was sensitive to hypoperfusion, which was similar to our results. It may be due to the fact that the medulla is nourished from efferent arterioles of deep juxtamedullary glomeruli that receives only 10% of renal blood flow, accounting for the limited oxygen supply to the medulla (Brezis M and Rosen S., 1995). In addition, our micropathology results showed that cellular debris and brush border fell off in the tubules and tube casting formed which may affect tubule fluid dynamics by increasing tubule resistance and fluid velocity, which was in line with Ebrahimi’s study (Ebrahimi et al., 2014). These may be the appropriate explanations for significant correlation between PF values and Paller score. Mao et al. (Mao et al., 2018) found that the PF value of the cortex was well correlated with the renal tubulointerstitial pathological scores, which was consistent with our study. These findings indicated that IVIM imaging could reflect progressive microstructure changes of the renal CIRI and contributed to monitoring the severity of CIRI noninvasively and quantitatively.
BOLD MRI depends on the alternation of local tissue oxygenation level. CIRI could give rise to hypoxia in kidney tissue and leaded to the increase of deoxyhemoglobin concentration which was paramagnetic and produced local magnetic field inhomogeneity, thus T2* relaxation time was shortened. Therefore, T2* value could be an important indicator to reflect the tissue hypoxia. (Zhang et al., 2021). The present study indicated that longer cold ischemia times resulted in decreased T2* values. On one hand, only 10% of the renal blood flow is distributed in the outer medulla and the thick ascending limbs of medulla is mainly responsible for the reabsorption of sodium, which is a process requiring much oxygen. On the other hand, the loss of capillaries around the tubules after CIRI surgery leads to a decrease in oxygenated hemoglobin in the blood vessels. Thus, the limited oxygen supply and high demand make the medulla more susceptible to hypoxia damage. (Zhang et al., 2021). As reperfusion time was prolonged, the T2* values increased gradually. The T2* values of the Group T0 and T2 were restored to the normal level in 2 days indicating that the intrarenal hemoxygenation level may be recovered for the ischemia time less than 2 h. Pan et al. (Pan et al., 2021a) investigated that BOLD MRI can noninvasively evaluate the changes of oxygenation in rats with susceptible renal ischemia and reperfusion injury. Zhang et al. (Zhang et al., 2019)found that the severity of the injury is related to the ischemic duration and in early AKI, which was consistent with our findings. The present study demonstrated that T2* value of the medulla in the Group T4 still declined in day 1 whereas inclined in cortex. It may be due to the fact that the blood supply and partial pressure of oxygen of the renal cortex are much more than those of the medulla. The medulla requires abundant oxygen for energy transmission thus it is vulnerable to hypoxic injury (M and S, 1995). The previous research have mentioned that ISOM might be more sensitive to CIRI and OSOM might be more sensitive to WIRI (Abassi Z, 2019; Heyman S N, 2010). Similarly, in our study, the T2* values of ISOM declined slightly more at 1 h compared to OSOM, indicating that the ISOM may be more sensitive to CIRI and suffer more severe damage for the reason that the thick ascending medullary branches demand large amounts of oxygen to support reabsorption (Heyman S N, 2010). While, there were no significant differences of MRI parameters between ISOM and OSOM, which was considered to contribute to the relatively short ischemia duration. Some literature mentioned that if the cold ischemia time was long enough to exceed 10 h, the damage to ISOM may be more obvious (Heyman S N, 2010).
Histologic analysis showed different degrees of kidney injury among sham-operated and CIRI groups. At 1 h after operation, the pathology results mainly manifested as serious loss of brush border and tubular swelling, accounting for the increased Paller score in the CIRI groups (Group T2 and T4), which were consistent with a previous research (Chang et al., 2019). However, the previous research (Pan et al., 2021b) found that the severity of the brush border destruction and tubular epithelial necrosis were highest at 48 h after reperfusion in the IRI model. We speculated that the ischemia temperature differences are responsible for this varaition. The correlation analysis showed a strong correlation of MRI parameters and Paller scores, supporting its ability to evaluate the renal tubule injury. PTC start from the glomerular outflow arterioles and mainly distributed around the renal tubules with the function of providing oxygen and energy for nephrons (Chen et al., 2020). In our study, the PTC density were dramatically reduced among these groups illustrating that CIRI may cause microcirculation dysfunction, which was consistent with the previous study (Basile et al., 2001). It was notable that D* meaurements were strongly correlated with PTC density furtherly confirmed IVIM could reflect the course of kidney injury in CIRI. Secondly, the loss of peritubular capillaries after IRI led to decreased oxygen content in the vessels. In our study, the apoptosis rate increased progressively then decreased on day 2 after CIRI. Prior studies have shown that proximal renal tubular epithelial cells are involved, the apoptotic protease are activated and metabolic disorder is induced during renal CIRI (Bertheloot et al., 2021). The present study demonstrated that the apoptosis rate reached the peak level on day 1 rather than 1 h after reperfusion, which could be explained by the Jain’s (Jain et al., 2021) research that the activation of some signal transduction pathways and expression of apoptosis-inducing gene take a period of time. Above all, the analysis results showed a strong correlation between MRI parameters and pathology indicators, supporting the ability to assess kidney function recovery after CIRI.
Our study illustrated that there were no obvious differences for Scr and BUN in Group T0 at all timepoints. However, the MRI parameters showed statistically significant difference in various groups. Meanwhile, histological images appeared as corresponding renal damage. A previous study (Wei et al., 2019) reflected that renal function showed no dominant reduction after CIRI only judged by Scr and BUN contents. This was mainly due to the strong compensatory function of the kidney and Scr exhibited abnormal only when more than half of the nephrons were impaired (Yu et al., 2021). The correlation analysis showed no strong correlation between MRI parameters and Scr, BUN. Therefore, the MRI may detect alternation more sensitively and earlier than biomarkers in the early stage of renal CIRI. The current study illustrated that the activity of SOD exhibited a sharp decline followed by gradual incline after CIRI. It may be interpreted that damaged vascular endothelial cells and renal tubular epithelial cells release a large number of reactive oxygen free radicals post CIRI (Winter et al., 2011). SOD could scavenge oxygen free radicals, repair damaged cells in time and improve the ability of antioxidant damage (Ozturk et al., 2018). MDA is a metabolite of lipid peroxidation, which leads to cell damage and forms lipid peroxide. In the Group T2 and T4, MDA elevated obviously at 1 h and continued to increased on day 2. The previous research (Cakir et al., 2017) also revealed that renal ischemia reperfusion injury led to the decrease in SOD activity while increase in MDA, which was consistent with our study.
There are several limitations in the current study. First, to achieve enough histological analysis data, the rats did not undergo dynamic examination of the MR parameters over continuous time points. Second, the small animal number of all groups was a limitation of this study. Further investigations with larger sample size are needed to confirm these results. Third, the use of anesthetics may have a certain protective effect on renal CIRI, which was difficult to completely avoid the influence. We can investigate the MRI changes of how to protect renal CIRI by different anesthetics in the future. Moreover, the observation time was not a long duration so it could not reflect long-term progression. Further studies on prolonging detection time in kidney CIRI models are necessary.
In conclusion, our study demonstrated that IVIM and BOLD are useful for monitoring kidney function impairment and recovery after CIRI. The D, D*, PF and T2* measurements were of great value reflecting that the dynamic changes of renal cell edema, microcirculation and blood oxygenation level. Histologically, these parameters were strongly correlated with the tubular injury scores, PTC density and cell apoptosis rate. In addition, MRI measurements detect the renal function alternations more sensitively than Scr and BUN at the early stage of CIRI. So IVIM and BOLD MRI can be considered as noninvasive and quantitative methods for assessing the renal microstructure and function alternations in CIRI.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Nankai University (2021-SYDWLL-000424).
AUTHOR CONTRIBUTIONS
YR contributed to designing the study, carrying out the experiments, analyzing the data, and drafting the manuscript. LC contributed to data analysis. YY, JX, and FX contributed to carrying out experiments. JZ contributed with MRI protocol and revised the manuscript. WS contributed to designing the study and revising the manuscript. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This study has received funding by the National Natural Science Foundation of China (81873888, 82271971), the Natural Science Foundation of Tianjin (21JCYBJC01640) and Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-041A).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1159741/full#supplementary-material
REFERENCES
 Aaltonen, S., Finne, P., and Honkanen, E. (2020). Outpatient kidney biopsy: A single center experience and review of literature. Nephron Clin. Pract. 144, 14–20. doi:10.1159/000503255
 Basile, D. P., Donohoe, D., Roethe, K., and Osborn, J. L. (2001). Renal ischemic injury results in permanent damage to peritubular capillaries and influences long-term function. Am. J. Physiol. Ren. Physiol. 281, F887–F899. doi:10.1152/ajprenal.2001.281.5.F887
 Bertheloot, D., Latz, E., and Franklin, B. S. (2021). Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell Mol. Immunol. 18, 1106–1121. doi:10.1038/s41423-020-00630-3
 Braunagel, M., Helck, A., Wagner, A., Schupp, N., Bröcker, V., Reiser, M., et al. (2016). Dynamic contrast-enhanced computed tomography: A new diagnostic tool to assess renal perfusion after ischemia-reperfusion injury in mice: Correlation of perfusion deficit to histopathologic damage. Investig. Radiol. 51, 316–322. doi:10.1097/RLI.0000000000000245
 Brezis, M., and Rosen, S. (1995). Hypoxia of the renal medulla-its implications for disease. N. Engl. J. Med. 10, 647–655. 10.1056/NEJM199503093321006.
 Cakir, M., Duzova, H., Baysal, I., Gul, C. C., Kuscu, G., Kutluk, F., et al. (2017). The effect of hypericum perforatum on kidney ischemia/reperfusion damage. Ren. Fail 39, 385–391. doi:10.1080/0886022X.2017.1287734
 Chang, Y., Han, Z., Zhang, Y., Zhou, Y., Feng, Z., Chen, L., et al. (2019). G protein-coupled estrogen receptor activation improves contractile and diastolic functions in rat renal interlobular artery to protect against renal ischemia reperfusion injury. Biomed. Pharmacother. 112, 108666. doi:10.1016/j.biopha.2019.108666
 Chen, L., Wang, Y., Li, S., Zuo, B., Zhang, X., Wang, F., et al. (2020). Exosomes derived from gdnf-modified human adipose mesenchymal stem cells ameliorate peritubular capillary loss in tubulointerstitial fibrosis by activating the sirt1/enos signaling pathway. Theranostics 10, 9425–9442. doi:10.7150/thno.43315
 Cheung, J. S., Fan, S. J., Chow, A. M., Zhang, J., Man, K., and Wu, E. X. (2010). Diffusion tensor imaging of renal ischemia reperfusion injury in an experimental model. Nmr Biomed. 23, 496–502. doi:10.1002/nbm.1486
 de Vet, H. C. W., Terwee, C. B., Knol, D. L., and Bouter, L. M. (2006). When to use agreement versus reliability measures. J. Clin. Epidemiol. 59, 1033–1039. doi:10.1016/j.jclinepi.2005.10.015
 Dugbartey, G. J., Juriasingani, S., Zhang, M. Y., and Sener, A. (2021). H2s donor molecules against cold ischemia-reperfusion injury in preclinical models of solid organ transplantation. Pharmacol. Res. 172, 105842. doi:10.1016/j.phrs.2021.105842
 Ebrahimi, B., Rihal, N., Woollard, J. R., Krier, J. D., Eirin, A., and Lerman, L. O. (2014). Assessment of renal artery stenosis using intravoxel incoherent motion diffusion-weighted magnetic resonance imaging analysis. Investig. Radiol. 49, 640–646. doi:10.1097/RLI.0000000000000066
 Ellison, D. H. (2021). Sglt2 inhibitors, hemodynamics, and kidney protection. Am. J. Physiol. Ren. Physiol. 321, F47–F49. doi:10.1152/ajprenal.00092.2021
 Eltzschig, H. K., and Eckle, T. (2011). Ischemia and reperfusion—From mechanism to translation. Nat. Med. 17, 1391–1401. doi:10.1038/nm.2507
 Eric, E. S., Pierre-Hugues, V., Dabang, S., Nicole A, L., Kristopher, T., et al. (2012). Intravoxel incoherent motion and diffusion-tensor imaging in renal tissue under hydration and furosemide flow challenges. Radiology 3, 758–769. doi:10.1148/radiol.12111327
 Feng, Y., Chen, X., Cheng, Z., Lin, Q., Chen, P., Si-Tu, D., et al. (2021). Non-invasive investigation of early kidney damage in streptozotocin-induced diabetic rats by intravoxel incoherent motion diffusion-weighted (ivim) mri. Bmc Nephrol. 22, 321. doi:10.1186/s12882-021-02530-8
 Francis, A., and Baynosa, R. (2017). Ischaemia-reperfusion injury and hyperbaric oxygen pathways: A review of cellular mechanisms. Diving Hyperb. Med. 47, 110–117. doi:10.28920/dhm47.2.110-117
 Hart, A., Gustafson, S. K., Skeans, M. A., Stock, P., Stewart, D., Kasiske, B. L., et al. (2017). Optn/srtr 2015 annual data report: Early effects of the new kidney allocation system. Am. J. Transpl. 17, 543–564. doi:10.1111/ajt.14132
 Hu, L., Chen, J., Yang, X., Senpan, A., Allen, J. S., Yanaba, N., et al. (2014). Assessing intrarenal nonperfusion and vascular leakage in acute kidney injury with multinuclear (1) H/(19) F MRI and perfluorocarbon nanoparticles (1) h/(19) f mri and perfluorocarbon nanoparticles. Magn. Reson Med. 71, 2186–2196. doi:10.1002/mrm.24851
 Hueper, K., Schmidbauer, M., Thorenz, A., Brasen, J. H., Gutberlet, M., Mengel, M., et al. (2017). Longitudinal evaluation of perfusion changes in acute and chronic renal allograft rejection using arterial spin labeling in translational mouse models. J. Magn. Reson Imaging 46, 1664–1672. doi:10.1002/jmri.25713
 Jain, S., Plenter, R., Nydam, T., Gill, R. G., and Jani, A. (2021). Deletion of tlr4 reduces apoptosis and improves histology in a murine kidney transplant model. Sci. Rep. 11, 16182. doi:10.1038/s41598-021-95504-7
 Khawaja, S., Jafri, L., Siddiqui, I., Hashmi, M., and Ghani, F. (2019). The utility of neutrophil gelatinase-associated lipocalin (ngal) as a marker of acute kidney injury (aki) in critically ill patients. Biomark. Res. 7, 4. doi:10.1186/s40364-019-0155-1
 Ko, S., Yip, H., Zhen, Y., Lee, C., Lee, C., Huang, S., et al. (2017). Severe bilateral ischemic-reperfusion renal injury: Hyperacute and acute changes in apparent diffusion coefficient, t1, and t2 mapping with immunohistochemical correlations. Sci. Rep. 7, 1725. doi:10.1038/s41598-017-01895-x
 Le Bihan, D., Breton, E., Lallemand, D., Grenier, P., Cabanis, E., and Laval-Jeantet, M. (1986). Mr imaging of intravoxel incoherent motions: Application to diffusion and perfusion in neurologic disorders. Radiology 2, 401–407. doi:10.1148/radiology.161.2.3763909
 Liu, X., Murphy, M. P., Xing, W., Wu, H., Zhang, R., and Sun, H. (2018). Mitochondria-targeted antioxidant mitoq reduced renal damage caused by ischemia-reperfusion injury in rodent kidneys: Longitudinal observations of t2 -weighted imaging and dynamic contrast-enhanced mri. Magn. Reson Med. 79, 1559–1567. doi:10.1002/mrm.26772
 Ma, Y., Sun, D., Li, J., and Yin, Z. (2010). Transplantation of endothelial progenitor cells alleviates renal interstitial fibrosis in a mouse model of unilateral ureteral obstruction. Life Sci. 86, 798–807. doi:10.1016/j.lfs.2010.03.013
 Mao, W., Zhou, J., Zeng, M., Ding, Y., Qu, L., Chen, C., et al. (2018). Chronic kidney disease: Pathological and functional evaluation with intravoxel incoherent motion diffusion-weighted imaging. J. Magn. Reson Imaging 47, 1251–1259. doi:10.1002/jmri.25861
 Ozturk, H., Cetinkaya, A., Duzcu, S. E., Tekce, B. K., and Ozturk, H. (2018). Carvacrol attenuates histopathogic and functional impairments induced by bilateral renal ischemia/reperfusion in rats. Biomed. Pharmacother. 98, 656–661. doi:10.1016/j.biopha.2017.12.060
 Paller, M. S., Hoidal, J. R., and Ferris, T. F. (1984). Oxygen free radicals in ischemic acute renal failure in the rat. J. Clin. investigation 74, 1156–1164. doi:10.1172/JCI111524
 Pan, L., Chen, J., Zha, T., Zou, L., Zhang, J., Jin, P., et al. (2021a). Evaluation of renal ischemia-reperfusion injury by magnetic resonance imaging texture analysis: An experimental study. Magn. Reson Med. 85, 346–356. doi:10.1002/mrm.28403
 Pan, L., Chen, J., Zha, T., Zou, L., Zhang, J., Jin, P., et al. (2021b). Evaluation of renal ischemia-reperfusion injury by magnetic resonance imaging texture analysis: An experimental study. Magn. Reson Med. 85, 346–356. doi:10.1002/mrm.28403
 Pedersen, M., Laustsen, C., Perot, V., Basseau, F., Moonen, C., and Grenier, N. (2010). Renal hemodynamics and oxygenation in transient renal artery occluded rats evaluated with iron-oxide particles and oxygenation-sensitive imaging. Z. für Med. Phys. 20, 134–142. doi:10.1016/j.zemedi.2010.02.002
 Pohlmann, A., Hentschel, J., Fechner, M., Hoff, U., Bubalo, G., Arakelyan, K., et al. (2013). High temporal resolution parametric mri monitoring of the initial ischemia/reperfusion phase in experimental acute kidney injury. Plos One 8, e57411. doi:10.1371/journal.pone.0057411
 Polichnowski, A. J., Griffin, K. A., Licea-Vargas, H., Lan, R., Picken, M. M., Long, J., et al. (2020). Pathophysiology of unilateral ischemia-reperfusion injury: Importance of renal counterbalance and implications for the aki-ckd transition. Am. J. Physiol. Ren. Physiol. 318, F1086–F1099. doi:10.1152/ajprenal.00590.2019
 Rheinheimer, S., Schneider, F., Stieltjes, B., Morath, C., Zeier, M., Kauczor, H. U., et al. (2012). Ivim–dwi of transplanted kidneys: Reduced diffusion and perfusion dependent on cold ischemia time. Eur. J. Radiol. 81, e951–e956. doi:10.1016/j.ejrad.2012.06.008
 Ryan, C. G., B, P., Mohamed, R., Ray, S., Polichnowski, A. J., Sullivan, J. C., et al. (2020). Ultrasound measurement of change in kidney volume is a sensitive indicator of severity of renal parenchymal injury. Am. J. Physiol. Ren. Physiol. 3, F447–F457. doi:10.1152/ajprenal.00221.2020
 Sungmin, W., Jeong Min, L., Jeong He, Y., Ijin, J., and Joon Koo, H. (2014). Intravoxel incoherent motion diffusion-weighted mr imaging of hepatocellular carcinoma: Correlation with enhancement degree and histologic grade13, 758–767. doi:10.1148/radiol.13130444
 Smith, S. F., Hosgood, S. A., and Nicholson, M. L. (2019). Ischemia-reperfusion injury in renal transplantation: 3 key signaling pathways in tubular epithelial cells. Kidney Int. 95, 50–56. doi:10.1016/j.kint.2018.10.009
 Wei, J., Wang, Y., Zhang, J., Wang, L., Fu, L., Cha, B. J., et al. (2019). A mouse model of renal ischemia-reperfusion injury solely induced by cold ischemia. Am. J. Physiol. Ren. Physiol. 317, F616–F622. doi:10.1152/ajprenal.00533.2018
 Winter, J. D., Lawrence, St.K. S., and Cheng, H. M. (2011). Quantification of renal perfusion: Comparison of arterial spin labeling and dynamic contrast-enhanced mri. J. Magn. Reson Imaging 34, 608–615. doi:10.1002/jmri.22660
 Yu, Y., Xie, S., Wang, K., Zhang, F., Jiang, C., Qiu, C., et al. (2021). Perfusion analysis of kidney injury in rats with cirrhosis induced by common bile duct ligation using arterial spin labeling mri. J. Magn. Reson Imaging 55, 1393–1404. doi:10.1002/jmri.27917
 Zhang, B., Dong, Y., Guo, B., Chen, W., Ouyang, F., Lian, Z., et al. (2018a). Application of noninvasive functional imaging to monitor the progressive changes in kidney diffusion and perfusion in contrast-induced acute kidney injury rats at 3.0 t. Abdom. Radiol. (Ny) 43, 655–662. doi:10.1007/s00261-017-1247-8
 Zhang, B., Wang, Y., Wang, C., Wang, H., Kong, H., Zhang, J., et al. (2019). Comparison of blood oxygen level-dependent imaging and diffusion-weighted imaging in early diagnosis of acute kidney injury in animal models. J. Magn. Reson Imaging 50, 719–724. doi:10.1002/jmri.26617
 Zhang, J., Chen, J., Chen, Q., Chen, J., Luo, K., Pan, L., et al. (2021). Can r2 ’ mapping evaluate hypoxia in renal ischemia reperfusion injury quantitatively? An experimental study. Magn. Reson Med. 86, 974–983. doi:10.1002/mrm.28696
 Zhang, W., Zhao, J., Cao, F., and Li, S. (2018b). Regulatory effect of immunosuppressive agents in mice with renal ischemia reperfusion injury. Exp. Ther. Med. 16, 3584–3588. doi:10.3892/etm.2018.6642
 Zhao, K., Pohlmann, A., Feng, Q., Mei, Y., Yang, G., Yi, P., et al. (2021). --Physiological system analysis of the kidney by high-temporal-resolution T 2 - monitoring of an oxygenation step response. Magn. Reson Med. 85, 334–345. doi:10.1002/mrm.28399
Conflict of interest: Author JZ is employed by MR collaborations, Siemens Healthcare Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Ren, Chen, Yuan, Xu, Xia, Zhu and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1159741-g005.gif





OPS/images/fphys-14-1159741-g006.gif





OPS/images/fphys-14-1159741-g003.gif





OPS/images/fphys-14-1159741-g004.gif
3 40
iy





OPS/images/fphys-14-1159741-t001.jpg
D(x10°m’. D(x10°mm?/s)

n

Buscline | 1582003 161004 1552006 051 | 1632032  ISS7:068 1590 0498 12552053 12472031 1265 | 0784 | 3842177 SLI95163 3796243 0620
2052 2036

h 1286001 | 0795004 | 026004 | <0001 | 12115047 | 674055 3956050 <0001 | 948032  GAE038 | 477094 | <0001 | 3020s207 2826212 | 23608261 0002

u L4005 | 1015006 | 0805004 <0001 | 14515044 | 9924076  SS6:047 <0001 | ISTOSLSH 0426036 | 696047 <0001 | 4R3I 3LEOS36H | 275522100 0001

x 1505003 | L40S004 | 099008 <0001 | 16915060  1L0S07° 68002 <0001 | 14108051 992:046" | 7332090° <0001 | I963+L6S 3506083 | 27842225 <0001

sd 1615006 | 156:001 | 130:003 <0001 | 1788:081 12200710 78S048C <0001 | 1355110 1090:091°  B3=L17 <0001 | 41973363 3901329 | 2838LI <0001

Fralue ooy | wem | s 75 0os 563325 30468 S6is 89l 13008 15655 3971

P value 001 <o <oon <0001 <0001 <0001 <0001 <0001 <0001 <000 <0001 <0001

osom D10 i) P value D10 mls) P value. PEOY) P value T2:(ms) P value

Time T n i T £ T T ks ™ T kY ™

Buscline | 1522003 1513006 | 1513005 099 | 1404030 14073046 1406 0997 | 12462044 1227022 12512038 | 0552 | 3428158 BA7ELSE | 3452199 0634
=058

n L1005 | 068:004° | 031:005% <0001 | 990:036 | 570:043%  313:036" <0001 | 788076 5085076 3SS036C <0001 | 2762120 2335081 2148093 <0001

u 375004 | 0995005 | 0685003 | <0001 | 11735052 | SOIS0S2 | ASSH0A <0001 | 1473051 7255056 SO07:036% <0001 | 30708170 2674512 | 22015087 <0001

x 1455004 | 1265003 | 075:005 <0001 | IBSTA0E7 | 927+038% AN <0001 | 12645077 B73:060° | S76:052% <0001 | 33I0:176 2764149 | 23608172 <0001

sd 1555003 | L3003 | 1275003 <0001 | 1618:057 | 1075037 675:045° <0001 | 1285:076  1073:052° 7.62:046" <0001 | 35405128 3074108 | 20155108 <0001

Fralue S8 235068 590746 9135 amsss | sisa 706 12795 | 20361 20352 3015 71563

P value 0001 | <oom | <oom <0001 <0001 <0001 <0001 <0001 <0001 <000 <0001 <0001

150M D10 mmls) P value D10 mls) P value. PO P value. T2:(me) P value

Time T n i T n T T ks ™ T kY ™

Buscline | 1512003 156:006  155:004 0691 | 1585:030  1575:071 1610 067 1247:044 12393013 1259005 0515 | 3637:176 3583193 3615:088 0863
=066

h 1305004 | 0575004 | 0295007 <0001 | 1LA7H071 | 538:072  286:058" <0001 | BODH070 | SOI0BH | 300497 <0001 | 97ILIC 2412097 20605157 <0001

u LA05001" | 050:006° | 0526006 | <0001 | 13595052 | 7215074 4326039 <0001 | 1491066 660:092 | 425:040% | <0001 | 32626197 2417:089° 2255 <0001

u 1515004 | 1265005 | 0778007 <0001 | 14285141 | B36H02"  495:049% <0001 | 12926068  BOS:0SE | 5620497 <0001 | 3508l47 | 26926151° 235150797 <0001

sd 1632003 | 1355001 L19:006° <0001 | 1683:055 | 102:035° 665:050° <0001 | 1322060  1090:057° 774206 <0001 | 37862167 29715109 | 2352003 <0001

Fvalue 579 2e70 | 278806 62016 waz | a2y a9 san | 206% 977 esa9 17251

P value w01 | <00 | <000l <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001

P < 005 versus basine.
P < 0001 versus basline.
0O, cortexs OSOM, the outer stripe of the outer medulla; ISOM, the inner stripe of the outer medulls: 1h, 1 bours 1d, day 1: 2d, day 2: 54, day 5.






OPS/images/fphys-14-1159741-g007.gif





OPS/images/fphys-14-1159741-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Evaluation of renal cold ischemia–reperfusion injury with intravoxel incoherent motion diffusion-weighted imaging and blood oxygenation level-dependent MRI in a rat model		Introduction

		Material and methods		Experimental design and animal models

		MRI protocol

		Image analysis

		Blood biochemical index measurement

		Histopathological and immunohistochemistry analyses

		Statistical analysis





		Results		ICC analyses

		IVIM parameters analyses

		BOLD parameter analyses

		Blood biochemical analyses

		Histologic analyses

		PTC density

		Apoptosis rate

		Correlation between MRI parameters, histopathology, and biochemical indicators





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Physiology

Evaluation of renal cold
ischemia—reperfusion injury
with intravoxel incoherent
motion diffusion-weighted
imaging and blood oxygenation
level-dependent MRI in a rat
model





OPS/images/fphys-14-1159741-g001.gif





OPS/images/fphys-14-1159741-g002.gif





OPS/images/fphys-14-1159741-t003.jpg
Paller Score PTC Density(/mm?)

T2
Baseline 1520£1.10 16.00£2.65 18.00 £2.92 476.40+4.83
1h 248£396° | 46.20249*% 56.8£7.66° 417.00£12.51*
1d 212463 44604391% | 682£1043° | 436.65£15.02%
2d 20.247.05 [ 42.0047.97% 45.6£8.11* [ 445.20£14.01
5d 16.8+4.49 40.20£3.03% 438476 469.20£21.17

“P < 0,05 versus baseline.
**P < 0.001 versus baseline.
1h, 1 howrs 1. duy 1530 av 3 5, day BVIE vecitibdir captlingy:

T2
481.60+12.03
375.0045.74*
402.31£8.73%

410.80£10.13*

431.60£5.46*

480.40+7.50

319.80£18.24*

339.8£10.08*

358.79+8.63*

370.40£9.84%

Apoptosis Rate(%)

0.59£0.09

09720.18

1.42£0.30°

1.26£0.26*

077£0.31

T2
0512010
2.74£034%%
371£032%%
341£0.48*

1.54£032%

T4
0.57+£0.07
249:0.19*
4.60£0.46%
4.39+0.38*

2.65£0.38*





OPS/images/fphys-14-1159741-t002.jpg
SOD (U/ml) MDA (nmol/mi)

T2 T

SOTALIOTS | SSOISI0S  SASASOS | RASSLGL | S9LE | S2e13 | DOASTS | 293951 | JSA07H2M6 | 30E0SI | 306 34205
" 25725 MU 9N | 90076 | SASHAL | BIG06 | DSESSS | DAM60r | 073N | 401092 LOSLIS | 14815090
u 208679 | 869961 SSIGIN M2l LGNS0 | ISGHLI | MOZSISIN L4965t IOZE7SIT | 380x06 43276 18712307
2 P7EI075 | 0020750 109262329 | 9692151 12035071 7SS US273S | DSENS | IMNMET | AMS06) 16902 18952208
st SISO | 976ITAY 1063641258 | 10455078 | 12776120 | 09551790 | 1SS0S | LTGHSIS | IR3SSOXT | 3015040 | 1SS M6

P < 005 versus basine.
P < 0001 versus basline,
b R S A A e S e e i B R s e i i, s R










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





