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Abstract

:

Contrast-induced nephropathy (CIN) resembles an important complication of radiographic contrast medium (XCM) displayed by a rise in creatinine levels 48–72 h after XCM administration. The purpose of the current study was to evaluate microstructural renal changes due to CIN in high-risk patients by diffusion weighted (DWI) and diffusion tensor imaging (DTI). Fifteen patients (five CIN and ten non-CIN) scheduled for cardiological intervention were included in the study. All patients were investigated pre- and post-intervention on a clinical 3T scanner. After anatomical imaging, renal DWI was performed by a paracoronal echo-planar-imaging sequence. Renal clinical routine serum parameters and advanced urinary injury markers were determined to monitor renal function. We observed a drop in cortical and medullar apparent diffusion coefficient (ADC) and fractional anisotropy (FA) before and after XCM administration in the CIN group. In contrast, the non-CIN group differed only in medullary ADC. The decrease of ADC and FA was apparent even before serum parameters of the kidney changed. In conclusion, DWI/DTI may be a useful tool for monitoring high-risk CIN patients as part of multi-modality based clinical protocol. Further studies, including advanced analysis of the diffusion signal, may improve the identification of patients at risk for CIN.
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1. Introduction


The application of iodine-containing radiographic contrast medium (XCM) is mandatory in many modern diagnostic and therapeutic procedures, including computed tomography (CT) scans, interventional radiology, vascular surgery, and interventional cardiology. XCM is eliminated through the kidneys, leading to a complication referred to as contrast-induced nephropathy (CIN). The Kidney-Disease-Improving-Global-Outcomes (KDIGO) and the Acute-Kidney-Injury-Network (AKIN) guidelines [1] classify CIN criteria as non-oliguria (<0.5 mL/kg/h for 6–12 h) and a rise in serum creatinine (>0.3 mg/dL or 1.5–2 of the base-line value) 48–72 h following XCM administration. Depending on the definition and the characteristics of the population studied, the reported incidence of CIN ranges from 10% to 30% [2,3,4]. In recent decades, individual patient risk factors for CIN prior to intervention were discussed and published in the form of various scoring systems [2,5,6,7,8,9]. These scoring systems include parameters such as age, gender, comorbidities such as heart failure, diabetes mellitus, pre-existing renal insufficiency indexed by serum creatinine, as well as the type of medical procedure planned. However, this practice is associated with inappropriately; ow rates of potential life-saving interventions in the patient cohort at risk for CIN due to an unfortunate trend coined “renalism” [10].



Evidently, CIN deteriorates patient prognosis, causes longer hospitalization, and ultimately leads to higher costs [11]. Physiologically, XCM induces vasocontraction and a rise of blood osmolarity in renal arteries. This leads to perfusion reduction, hypoxia, and ischemia, especially in the proximal and distal tubular system of the medulla [3,12]. Furthermore, the increased absorption of XCM into the tubular interstitial space is toxic for the tubular cells and leads to the apoptosis and necrosis of the tubular cells [13]. Currently, the only CIN prophylaxis consists of adequate hydration of patients with eGFR < 30 mL/min prior to the application of XCM [14]. However, this can be very challenging in patients with combined cardiac and renal insufficiency due to the need for volume monitoring and is currently controversial, as discussed in the literature [15,16]. Furthermore, individual kidney protective approaches for the CIN-management are also discussed widely [14,15,17,18,19]. For these individual approaches, a further stratification of high-risk CIN-risk patients after application of XCM is important. In this regard, advanced urinary injury markers, e.g., neutrophil gelatinase-associated lipocalin (NGAL), Dickkopf-3 (DKK3), tissue inhibitor of metalloproteinase 2 (TIMP2), insulin-like growth factor binding protein 7 (IGFBP-7), and kidney injury molecule-1 (KIM-1), which are considered to reflect tubular and glomerular renal damage more precisely, were recently introduced for monitoring acute kidney injury (AKI) [20,21,22,23,24]. However, the urinary injury markers are based on ELISA (Enzyme-linked Immunosorbent Assay) analysis. ELISA leads to higher costs for the urinary analysis and, importantly, excludes ad-hoc kidney monitoring, making advanced urinary injury markers unsuitable for quick diagnosis.



In conclusion, one of the main issues in management of CIN is still unsolved: the delayed diagnosis of CIN after 48–72 h, during which time renal damage has already progressed. Diagnostic tools identifying high-risk CIN patients with still reversible renal damage might improve the outcome of these patients and reduce the aforementioned clinical “renalism”. Non-invasive, functional renal MRI biomarkers might be a promising approach in this regard [25]. In particular, diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) have been shown to potentially reflect acute changes in renal microstructure in animal and human studies [26,27].



The purpose of the current study is to evaluate microstructural renal changes by diffusion weighted imaging (DWI) and diffusion tensor imaging (DTI) triggered by CIN in high-risk patients undergoing cardiological interventional treatment with XCM administration.




2. Materials and Methods


2.1. Patient Collective


The local ethics committee approved the study, and written informed consent was obtained from all patients. A total of 15 patients (5 females and 10 males, mean age 76.3 ± 8.1 years, range 54 to 84 years) with known history of chronic kidney disease (CKD) and Mehran score > 10 [5] were included in the study. All patients planned to undergo cardiological interventional treatment with the administration of iodine-containing XCM. Following the recommendations for XCM application in high risk patients [19,28,29], all patients received an iodine-containing, low-osmolality (0.64 Osm/kg H2O) XCM (Accupaque 300 mg J/mL, GE Healthcare Buchler GmbH & Co.KG, Germany) [30]. Renal protective hydration before the intervention was performed in all patients according to the current guidelines [14,15,18].



All patients were investigated twice, prior to the intervention to obtain renal MRI baseline parameters and shortly after intervention to obtain possible renal microstructural changes due to the XCM administration.




2.2. MRI Protocol


Both MRI measurements were performed with the same clinical 3T MR-scanner (MAGNETOM Skyra Siemens Healthcare, Erlangen, Germany) in the supine position using an 18-channel body and a 30-channel spine coil integrated in the patient table.



For anatomical imaging, four T2-weighted HASTE (Half-Fourier Acquired Single-Shot Turbo Spin Echo) sequences were acquired with following imaging parameters:



Coronal: 40 slices; slice thickness: 5 mm; field of view (FOV): 380 × 380 mm2; TR/TE: 1200/99 ms; matrix: 512 × 358; parallel imaging factor: 2.



Axial: 40 slices; slice thickness: 4 mm; field of view (FOV): 380 × 297 mm2; TR/TE: 1400/96 ms; matrix: 320 × 259; parallel imaging factor: 2.



Sagittal: 2 × 5 slices; slice thickness: 4 mm; field of view (FOV): 380 × 297 mm2; TR/TE: 1400/96 ms; matrix: 320 × 259; parallel imaging factor: 2.



Paracoronal: 40 slices; slice thickness: 5 mm; field of view (FOV): 380 × 380 mm2; TR/TE: 1200/99 ms; matrix: 512 × 358; parallel imaging factor: 2.



For diffusion weighted imaging, a paracoronal EPI (Echo Planar Imaging) sequence was acquired with following parameters: 15 slices; slice thickness: 5 mm; FOV 400 × 400 mm2; TR/TE 3000/78 ms; matrix size 176 × 176; b—values 0, 50, 400, 800 s/mm2; 6 diffusion weighted directions.



No respiratory or cardiac triggering was used for the acquisition. The total acquisition time was 7.28 min.




2.3. Post-Processing


Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) parameter maps were calculated inline. Regions of interest (ROI)-based analyses of the parameter maps were performed for all datasets by two experienced radiologists, who were blinded to the patients’ clinical conditions, immediately following the MRI examination, (B.V. 4 years; A.L. 11 years of experience in renal imaging, respectively). A continuous ROI including the entire cortex (140 ± 11 pixel) as well as 5 medullar ROIs (16 ± 4 pixel each) were drawn in a central slice of each kidney, respectively.




2.4. Clinical Parameters


In addition to the MRI scans, a total of five blood and urine samples were collected from all patients for the clinical monitoring of renal function: one day prior (sample 1), on the day of the intervention (sample 2), and on three following days after the intervention (sample 3, 4, 5). Additionally, routine serum parameters eGFR, creatinine and cystatin C, along with advanced urinary injury markers, NGAL, DKK-3, KIM-1, TIMP-2, and IGFBP7 were determined in urine samples.




2.5. Statistical Analysis


Statistical analyses of all acquired MRI and clinical parameters were carried out in R (V 4.0.4, R Core Team 2021). The normal distribution of all data was tested using the Kolmogorov–Smirnov test. Subsequently, all pre- and post-interventional data were analyzed using Student t-tests.





3. Results


3.1. Clinical Characteristics


All image acquisitions pre and post the intervention were completed successfully in all 15 patients. MRI measurements were performed 4.6 ± 2.2 h pre and 5.1 ± 2.4 h post intervention, respectively. The clinical characteristics of the patients are summarized in Table 1.



Five out of 15 (33%) patients had alterations of serum creatinine > 0.3 mg/dL (AKIN stage I) after the administration of XCM (Table 1). One of five patients had severe kidney damage with a transient loss of kidney function and required dialysis (AKIN stage III) (Table 1). Considering the renal damage after the intervention, the patients were divided into two groups: patients without renal involvement (non-CIN, n = 10) and CIN group (n = 5).



The amount of XCM applied per kg of body weight did not differ significantly between non-CIN and CIN patients, at 1.8 ± 0.7 mL/kg and 1.9 ± 0.5 mL/kg, respectively (Table 1).



According to the definition of CIN, a significant difference was determined between the pre- and post-interventional clinical routine serum parameters, eGFR, creatinine, and cystatin C in the CIN group (p < 0.05). The pre- and post-interventional clinical renal routine parameters of the non-CIN group were not significantly different (p > 0.05) (Table 1). Changes of renal microstructure due to the application of XCM were also reflected by the advanced urinary injury markers for tubular damage (NGAL, DKK-3 and KIM-1) and glomeruli damage (TIMP-2 and IGFBP-7). The available advanced urinary injury markers in patients were significantly different pre- and post-XCM, respectively (p < 0.05). However, a statistical differentiation between non-CIN and CIN group for the advanced urinary injury markers was not possible due to the limited availability of the parameters in the CIN patients (Table 1).




3.2. MRI Parameters


Table 2 summarizes the acquired cortical and medullar diffusion values for non-CIN and CIN patients pre- and post-XCM administration. The mean cortical and medullar diffusion values for CIN and non-CIN patients were not significantly different (p > 0.05). However, in the CIN group, a significant drop of cortical and medullar ADC and FA values pre- and post-XCM administration was identified (p < 0.05). In contrast, the non-CIN group showed significant differentiation pre- and post-XCM for the medullary ADC values (p < 0.05). All other diffusion values were not significantly different pre- and post-intervention (p > 0.05).



Boxplots displaying the mean cortical and medullar diffusion values, ADC and FA for non-CIN (A) and CIN (B) patients, respectively, are shown in Figure 1.



Figure 2 shows an example of ADC and FA parameter maps of a non-CIN and CIN patient pre- and post-XCM, respectively.



Pearsons correlation index could not identify a significant correlation between acquired functional renal MRI parameters and the amount of the XCM applied during the intervention (p > 0.05).





4. Discussion


CIN is a common complication after XCM administration, especially in high-risk patients characterized by multiple comorbidities, older age, and pre-existing renal insufficiency. Oliguria and a rise of serum creatinine 48–72 h post XCM are typical symptoms of renal structural changes, which can lead to a temporal or permanent loss of kidney function and are strongly linked to patients’ outcome. Early (<48 h) diagnosis and identification of patients-at-risk for CIN are desirable to prevent irreversible damage of the renal microstructure. In the current study, we evaluated renal functional diffusion imaging, DWI and DTI, to identify patients at risk for CIN after XCM administration during cardiological intervention. Our study shows the potential of DWI and DTI to discriminate patients developing CIN from patients without renal complications.



A significant drop of the cortical and medullar pre- and post-interventional diffusion parameters ADC and FA were detected in patients with CIN after XCM administration in the current study (p < 0.05). MRI measurements were performed 5.1 ± 2.4 h after intervention. In the same patients, the clinical manifestation of CIN could be detected by a decrease of eGFR and increase in creatinine (>0.3 mg/dL) 48–72 h post intervention. A comparison of pre- and post-interventional periods reveals the potential of functional renal diffusion MRI for the early detection of CIN and may help facilitate the appropriate therapy in at- risk patients. In our study, 33% of the patients showed alterations of renal function after XCM administration (minimum AKIN stage I [1]), which is in the expected range for this patient cohort [2,3,4]. Only older and multi-morbid patients were included in the current study, who are at high risk for the development of renal complications due to a high Mehran score (>10 out of 11 for all patients in the current study) [5]. This may be the reason for the high renal complication rate of the current study. Overall, the diffusion values ADC and FA of the current study are consistent with the reported values in the literature for patients with impaired renal function [27,31].



XCM administration leads to a reduction of renal perfusion and tubular flow and is toxic to tubular cells, leading further to tubular necrosis [13,19,28]. We hypothesize that the significant drop of the medullar diffusion parameters ADC and FA in CIN patients might be due to XCM induced toxic oedema of tubular cells and could mark the beginning of tubular necrosis [11,13]. Both the significant differences of medullar ADC and the lack of serious renal complications, such as tubular necrosis in non-CIN patients, reflected by insignificant difference between pre and post medullar FA values can be explained by this hypothesis as well. Considering previous studies in mice [13,26] and the physiology of CIN development [3,12], a significant drop of cortical diffusion parameters can possibly be explained by the reduction of renal perfusion, especially in afferent and efferent arterioles. The addition of further functional renal imaging techniques to evaluate renal perfusion, e.g., arterial spin labelling (ASL) [32,33] or blood-oxygen level dependent (BOLD) [34,35], might lead to a better analysis of the underlying pathology and may improve the identification of patients at risk for CIN.



Another possible explanation for diffusion signal alterations might be the remaining hyperosmolar XCM in the tubular system. Several phantom studies demonstrated a change in MR signal intensity and especially in ADC values [36,37,38] after the application of XCM, indicating a relation between ADC decrease and the remaining XCM amount. Therefore, a significant decrease of renal MRI diffusion parameters in CIN patients might be an indicator for the prolonged passage of XCM through the tubular system in these patients, leading to tubular damage and finally different stages of AKIN. The lack of correlation between MRI diffusion parameters and the amount of XCM applied during the intervention in the high-risk patient cohort of the current study show that the measurement of prolonged XCM passage by MRI diffusion parameters might help to identify patients at risk for CIN development.



Clinical renal routine parameters, such as eGFR, creatinine, and cystatin C, are indirect renal functional parameters and reflect the renal function with a temporal delay [39,40]. Advanced urinary injury markers for tubular (NGAL, DKK-3 and KIM-1) and glomerular damage (TIMP-2 and IGFBP-7) were recently introduced for monitoring acute kidney injury [20,21,22,23,24]. These biomarkers reflect the cell damage more specifically as they are expressed directly in the tubular or glomerular cells and released following renal damage [41,42]. Changes of the renal microstructure due to the application of XCM were also reflected by advanced urinary injury markers in the current study, which were significantly different pre- and post-XCM in available patients (p < 0.05). However, recent multi-center studies consider advanced urinary injury markers as controversial for the prediction of patient outcomes [43,44,45]. The determination of urinary injury markers is based on complex, time consuming, and expensive ELISA analysis. The complexity of the urinary analysis is certainly a disadvantage of this method, which prevents a quick diagnosis of CIN and is the reason for the incomplete availability of urinary injury markers in some patients in the current study.



Not only the diagnosis but also the therapy of CIN remains challenging. All patients in the current study received prophylactic hydration prior to the application of XCM [14]. However, five of fifteen high-risk patients still showed alterations of renal function (AKIN stage I) and one of five patients needed dialysis (AKIN stage III), demonstrating the clear disadvantage of this unselective renal protective approach [15,16]. More individual therapeutic approaches are discussed in the literature [14,15,17,18,19]. To enable an individual therapy, an identification of patients at risk out of the high-risk collective is necessary shortly after XCM administration. Based on the results of the current study, functional renal diffusion MRI might be a possible tool in this regard, e.g., as a part of a multi-modality-based score system, including clinical information, renal routine parameters, and advanced urinary injury markers. However, there are limitations of MRI as well that need to be considered. Firstly, the availability of scan time to perform MRI scans twice a day could be a challenge. Secondly, possible MRI contraindications of multi-morbid patients could limit clinical use in this patient cohort. However, if the MRI examinations are limited to a selected patient cohort (e.g., Mehran score > 10) enough scan slots might be available. The individual treatment of patients-at-risk through this possible prevention of CIN can shorten hospitalization times and reduce overall costs.



A further limitation of the current study is the employed scan protocol; since two examinations need to be performed within short time in an older and multi-morbid patient cohort, the MRI acquisition protocol was kept as short as reasonably achievable.



Consequently, only a limited number of b-values was acquired. Acquisition of more b-values would allow a more precise analysis of the diffusion signal decay and potentially increase the level of discrimination between patients-at-risk for CIN and patients without complications. Further, no respiratory triggering was used during the acquisition time. In particular, after the intervention, patients tend to breath irregularly, due to potential discomfort and retirement. Respiratory triggering might improve the image quality, but also significantly increase the acquisition time. An optimization of the acquisition protocol considering the clinically justified examination time should be the subject of further studies.



In conclusion, the results of the current study show the potential of renal diffusion weighted imaging to identify patients at risk for CIN development in a high-risk patient cohort. Pathological changes in the DWI parameters seem to occur before alterations in laboratory parameters like eGFR or creatinine appear. Further studies are necessary to optimize the acquisition protocol for probing renal microstructure with a short acquisition time.







Author Contributions


Conceptualization, A.L., R.W., F.B. and H.-J.W.; methodology, A.L., H.-J.W., R.W., F.B., A.S., J.S., T.A.T., T.X.; software, T.A.T., J.S., T.X., E.B., A.S., B.V.; validation, A.L., H.-J.W., R.W., F.B; formal analysis, T.A.T., T.X., E.B., A.S., B.V., A.L.; investigation, T.A.T., J.S., T.X., E.B., B.V., A.L.; resources, A.L., H.-J.W., R.W., F.B; data curation, T.A.T., J.S., T.X., F.B., R.W., A.L.; writing—original draft preparation, T.A.T., A.L., J.S.; writing—review and editing, T.X., E.B., A.S., B.V., F.B., R.W., H.-J.W.; visualization, T.A.T., A.L., B.V., T.X., E.B.; supervision, A.L., H.-J.W., R.W., F.B; project administration, J.S., R.W., A.L., H.-J.W., F.B. All authors have read and agreed to the published version of the manuscript.




Funding


A.L. is supported by an internal research grant of the local Research Committee of the Medical Faculty of Heinrich-Heine-University Düsseldorf.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Heinrich Heine University Düsseldorf (no. EK: 2019-487 and 5891R). Further information is available online on clinicaltrials.gov with trial identifier NCT04321148.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare that they have no conflict of interested. In addition, all authors have no financial relationship with any organization.




References


	



Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group. KDIGO Clinical Practice Guideline for Acute Kidney Injury. Kidney Int. Suppl. 2012, 2, 1–138. [CrossRef]

	



Tsai, T.T.; Patel, U.D.; Chang, T.I.; Kennedy, K.F.; Masoudi, F.A.; Matheny, M.E.; Kosiborod, M.; Amin, A.P.; Weintraub, W.S.; Curtis, J.P.; et al. Validated Contemporary Risk Model of Acute Kidney Injury in Patients Undergoing Percutaneous Coronary Interventions: Insights from the National Cardiovascular Data Registry Cath-PCI Registry. J. Am. Heart Assoc. 2014, 3, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Mehran, R.; Nikolsky, E. Contrast-Induced Nephropathy: Definition, Epidemiology, and Patients at Risk. Kidney Int. 2006, 69, S11–S15. [Google Scholar] [CrossRef] [PubMed]

	



KDIGO CKD Work Group. KDIGO 2012 Clinical Practice Guideline for the Evaluation and Managment of Chronic Kidney Disease. Kidney Int. Suppl. 2013, 3, 1–150. [Google Scholar]

	



Mehran, R.; Aymong, E.D.; Nikolsky, E.; Lasic, Z.; Iakovou, I.; Fahy, M.; Mintz, G.S.; Lansky, A.J.; Moses, J.W.; Stone, G.W.; et al. A Simple Risk Score for Prediction of Contrast-Induced Nephropathy after Percutaneous Coronary Intervention: Development and Initial Validation. J. Am. Coll. Cardiol. 2004, 44, 1393–1399. [Google Scholar] [CrossRef]

	



Bartholomew, B.A.; Harjai, K.J.; Dukkipati, S.; Boura, J.A.; Yerkey, M.W.; Glazier, S.; Grines, C.L.; O’Neill, W.W. Impact of Nephropathy after Percutaneous Coronary Intervention and a Method for Risk Stratification. Am. J. Cardiol. 2004, 93, 1515–1519. [Google Scholar] [CrossRef]

	



Gurm, H.S.; Seth, M.; Kooiman, J.; Share, D. A Novel Tool for Reliable and Accurate Prediction of Renal Complications in Patients Undergoing Percutaneous Coronary Intervention. J. Am. Coll. Cardiol. 2013, 61, 2242–2248. [Google Scholar] [CrossRef]

	



Brown, J.R.; DeVries, J.T.; Piper, W.D.; Robb, J.F.; Hearne, M.J.; Ver Lee, P.M.; Kellet, M.A.; Watkins, M.W.; Ryan, T.J.; Silver, M.T.; et al. Serious Renal Dysfunction after Percutaneous Coronary Interventions Can Be Predicted. Am. Heart J. 2008, 155, 260–266. [Google Scholar] [CrossRef]

	



Laskey, W.K.; Jenkins, C.; Selzer, F.; Marroquin, O.C.; Wilensky, R.L.; Glaser, R.; Cohen, H.A.; Holmes, D.R. Volume-to-Creatinine Clearance Ratio. A Pharmacokinetically Based Risk Factor for Prediction of Early Creatinine Increase After Percutaneous Coronary Intervention. J. Am. Coll. Cardiol. 2007, 50, 584–590. [Google Scholar] [CrossRef]

	



Chertow, G.M.; Normand, S.L.T.; McNeil, B.J. “Renalism”: Inappropriately Low Rates of Coronary Angiography in Elderly Individuals with Renal Insufficiency. J. Am. Soc. Nephrol. 2004, 15, 2462–2468. [Google Scholar] [CrossRef]

	



Fähling, M.; Seeliger, E.; Patzak, A.; Persson, P.B. Understanding and Preventing Contrast-Induced Acute Kidney Injury. Nat. Rev. Nephrol. 2017 133 2017, 13, 169–180. [Google Scholar] [CrossRef]

	



McCullough, P.A.; Capasso, P. Patient Discomfort Associated with the Use of Intra-Arterial Iodinated Contrast Media: A Meta-Analysis of Comparative Randomized Controlled Trials. BMC Med. Imaging 2011, 11, 12. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.Z.; Viegas, V.U.; Perlewitz, A.; Lai, E.Y.; Persson, P.B.; Patzak, A.; Sendeski, M.M. Iodinated Contrast Media Differentially Affect Afferent and Efferent Arteriolar Tone and Reactivity in Mice: A Possible Explanation for Reduced Glomerular Filtration Rate. Radiology 2012, 265, 762–771. [Google Scholar] [CrossRef] [PubMed]

	



ESUR Guidelines. Available online: https://www.esur.org/esur-guidelines/ (accessed on 3 August 2021).

	



Nijssen, E.C.; Rennenberg, R.J.; Nelemans, P.J.; Essers, B.A.; Janssen, M.M.; Vermeeren, M.A.; van Ommen, V.; Wildberger, J.E. Prophylactic Hydration to Protect Renal Function from Intravascular Iodinated Contrast Material in Patients at High Risk of Contrast-Induced Nephropathy (AMACING): A Prospective, Randomised, Phase 3, Controlled, Open-Label, Non-Inferiority Trial. Lancet 2017, 389, 1312–1322. [Google Scholar] [CrossRef]

	



Rodeheaver, D.P.; Schnellmann, R.G. Extracellular Acidosis Ameliorates Metabolic-Inhibitor-Induced and Potentiates Oxidant-Induced Cell Death in Renal Proximal Tubules. J. Pharmacol. Exp. Ther. 1993, 265, 1355–1360. [Google Scholar] [PubMed]

	



Wiora, J.; Westenfeld, R. Kontrastmittelinduziertes Nierenversagen: Sinnvolle Schutzmaßnahmen Vor Kontrastmittelgabe. Internist 2019, 60, 996–1003. [Google Scholar] [CrossRef] [PubMed]

	



Vanmassenhove, J.; Kielstein, J.; Jörres, A.; Biesen, W. Van. Management of Patients at Risk of Acute Kidney Injury. Lancet 2017, 389, 2139–2151. [Google Scholar] [CrossRef]

	



Bahrainwala, J.Z.; Leonberg-Yoo, A.K.; Rudnick, M.R. Use of Radiocontrast Agents in CKD and ESRD. Semin. Dial. 2017, 30, 290–304. [Google Scholar] [CrossRef]

	



Mishra, J.; Dent, C.; Tarabishi, R.; Mitsnefes, M.M.; Ma, Q.; Kelly, C.; Ruff, S.M.; Zahedi, K.; Shao, M.; Bean, J.; et al. Neutrophil Gelatinase-Associated Lipocalin (NGAL) as a Biomarker for Acute Renal Injury after Cardiac Surgery. Lancet 2005, 365, 1231–1238. [Google Scholar] [CrossRef]

	



Zewinger, S.; Rauen, T.; Rudnicki, M.; Federico, G.; Wagner, M.; Triem, S.; Schunk, S.J.; Petrakis, I.; Schmit, D.; Wagenpfeil, S.; et al. Dickkopf-3 (DKK3) in Urine Identifies Patients with Short-Term Risk of EGFR Loss. J. Am. Soc. Nephrol. 2018, 29, 2722–2733. [Google Scholar] [CrossRef]

	



Schunk, S.J.; Zarbock, A.; Meersch, M.; Küllmar, M.; Kellum, J.A.; Schmit, D.; Wagner, M.; Triem, S.; Wagenpfeil, S.; Gröne, H.J.; et al. Association between Urinary Dickkopf-3, Acute Kidney Injury, and Subsequent Loss of Kidney Function in Patients Undergoing Cardiac Surgery: An Observational Cohort Study. Lancet 2019, 394, 488–496. [Google Scholar] [CrossRef]

	



Yin, C.; Wang, N. Kidney Injury Molecule-1 in Kidney Disease. Ren. Fail. 2016, 38, 1567–1573. [Google Scholar] [CrossRef] [PubMed]

	



Siddiqui, K.; Al-Malki, B.; George, T.P.; Nawaz, S.S.; Rubeaan, K.A. Urinary N-Acetyl-Beta-d-Glucosaminidase (NAG) with Neutrophil Gelatinase-Associated Lipocalin (NGAL) Improves the Diagnostic Value for Proximal Tubule Damage in Diabetic Kidney Disease. 3 Biotech 2019, 9, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Mendichovszky, I.; Pullens, P.; Dekkers, I.; Nery, F.; Bane, O.; Pohlmann, A.; de Boer, A.; Ljimani, A.; Odudu, A.; Buchanan, C.; et al. Technical Recommendations for Clinical Translation of Renal MRI: A Consensus Project of the Cooperation in Science and Technology Action PARENCHIMA. Magn. Reson. Mater. Physics, Biol. Med. 2020, 33, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Hueper, K.; Rong, S.; Gutberlet, M.; Hartung, D.; Mengel, M.; Lu, X.; Haller, H.; Wacker, F.; Meier, M.; Gueler, F. T2 Relaxation Time and Apparent Diffusion Coefficient for Noninvasive Assessment of Renal Pathology after Acute Kidney Injury in Mice: Comparison with Histopathology. Invest. Radiol. 2013, 48, 834–842. [Google Scholar] [CrossRef] [PubMed]

	



Caroli, A.; Schneider, M.; Friedli, I.; Ljimani, A.; De Seigneux, S.; Boor, P.; Gullapudi, L.; Kazmi, I.; Mendichovszky, I.A.; Notohamiprodjo, M.; et al. Diffusion-Weighted Magnetic Resonance Imaging to Assess Diffuse Renal Pathology: A Systematic Review and Statement Paper. Nephrol. Dial. Transplant 2018, 33, ii29–ii40. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, R. The Role of Osmolality in the Incidence of Contrast-Induced Nephropathy: A Systematic Review of Angiographic Contrast Media in High Risk Patients. Kidney Int. 2005, 68, 2256–2263. [Google Scholar] [CrossRef] [PubMed]

	



Mehran, R.; Dangas, G.D.; Weisbord, S.D. Contrast-Associated Acute Kidney Injury. N. Engl. J. Med. 2019, 380, 2146–2155. [Google Scholar] [CrossRef]

	



Kontrastmittel. Available online: https://www.gehealthcare.de/Products/Contrast%20Media/Contrast%20media%20DE (accessed on 5 August 2021).

	



Bane, O.; Wagner, M.; Zhang, J.L.; Dyvorne, H.A.; Orton, M.; Rusinek, H.; Taouli, B. Assessment of Renal Function Using Intravoxel Incoherent Motion Diffusion-Weighted Imaging and Dynamic Contrast-Enhanced MRI. J. Magn. Reson. Imaging 2016, 44, 317–326. [Google Scholar] [CrossRef]

	



Odudu, A.; Nery, F.; Harteveld, A.A.; Evans, R.G.; Pendse, D.; Buchanan, C.E.; Francis, S.T.; Fernández-Seara, M.A. Arterial Spin Labelling MRI to Measure Renal Perfusion: A Systematic Review and Statement Paper. Nephrol. Dial. Transplant 2018, 33, ii15–ii21. [Google Scholar] [CrossRef]

	



Nery, F.; Buchanan, C.E.; Harteveld, A.A.; Odudu, A.; Bane, O.; Cox, E.F.; Derlin, K.; Gach, H.M.; Golay, X.; Gutberlet, M.; et al. Consensus-Based Technical Recommendations for Clinical Translation of Renal ASL MRI. Magn. Reson. Mater. Physics, Biol. Med. 2020, 33, 141–161. [Google Scholar] [CrossRef] [PubMed]

	



Pruijm, M.; Milani, B.; Burnier, M. Blood Oxygenation Level-Dependent Mri to Assess Renal Oxygenation in Renal Diseases: Progresses and Challenges. Front. Physiol. 2017, 7, 667. [Google Scholar] [CrossRef]

	



Bane, O.; Mendichovszky, I.A.; Milani, B.; Dekkers, I.A.; Deux, J.F.; Eckerbom, P.; Grenier, N.; Hall, M.E.; Inoue, T.; Laustsen, C.; et al. Consensus-Based Technical Recommendations for Clinical Translation of Renal BOLD MRI. Magn. Reson. Mater. Physics, Biol. Med. 2020, 33, 199–215. [Google Scholar] [CrossRef] [PubMed]

	



Morales, H.; Lemen, L.; Samaratunga, R.; Nguyen, P.; Tomsick, T. Effects of Iodinated Contrast on Various Magnetic Resonance Imaging Sequences and Field Strength: Implications for Characterization of Hemorrhagic Transformation in Acute Stroke Therapy. World J. Radiol. 2016, 8, 588. [Google Scholar] [CrossRef] [PubMed]

	



Ogura, A.; Hayakawa, K.; Miyati, T.; Maeda, F. Effects of Iodinated Contrast Agent on Diffusion Weighted Magnetic Resonance Imaging. Acad. Radiol. 2009, 16, 1196–1200. [Google Scholar] [CrossRef]

	



Jost, G.; Lenhard, D.C.; Sieber, M.A.; Lengsfeld, P.; Hütter, J.; Pietsch, H. Changes of Renal Water Diffusion Coefficient after Application of Iodinated Contrast Agents: Effect of Viscosity. Invest. Radiol. 2011, 46, 796–800. [Google Scholar] [CrossRef]

	



Levey, A.S.; Bosch, J.P.; Lewis, J.B.; Greene, T.; Rogers, N.; Roth, D. A More Accurate Method to Estimate Glomerular Filtration Rate from Serum Creatinine: A New Prediction Equation. Ann. Intern. Med. 1999, 130, 461–470. [Google Scholar] [CrossRef]

	



Bikbov, B.; Purcell, C.A.; Levey, A.S.; Smith, M.; Abdoli, A.; Abebe, M.; Adebayo, O.M.; Afarideh, M.; Agarwal, S.K.; Agudelo-Botero, M.; et al. Global, Regional, and National Burden of Chronic Kidney Disease, 1990–2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 2020, 395, 709–733. [Google Scholar] [CrossRef]

	



Fassett, R.G.; Venuthurupalli, S.K.; Gobe, G.C.; Coombes, J.S.; Cooper, M.A.; Hoy, W.E. Biomarkers in Chronic Kidney Disease: A Review. Kidney Int. 2011, 80, 806–821. [Google Scholar] [CrossRef]

	



Nickolas, T.L.; Barasch, J.; Devarajan, P. Biomarkers in Acute and Chronic Kidney Disease. Curr. Opin. Nephrol. Hypertens. 2008, 17, 127–132. [Google Scholar] [CrossRef]

	



Hsu, C.; Xie, D.; Waikar, S.S.; Bonventre, J.V.; Zhang, X.; Sabbisetti, V.; Mifflin, T.E.; Coresh, J.; Diamantidis, C.J.; He, J.; et al. Urine Biomarkers of Tubular Injury Do Not Improve on the Clinical Model Predicting Chronic Kidney Disease Progression. Kidney Int. 2017, 91, 196–203. [Google Scholar] [CrossRef]

	



Liu, K.D.; Yang, W.; Anderson, A.H.; Feldman, H.I.; Demirjian, S.; Hamano, T.; He, J.; Lash, J.; Lustigova, E.; Rosas, S.E.; et al. Urine Neutrophil Gelatinase-Associated Lipocalin Levels Do Not Improve Risk Prediction of Progressive Chronic Kidney Disease. Kidney Int. 2013, 83, 909–914. [Google Scholar] [CrossRef]

	



Zhou, L.T.; Lv, L.L.; Pan, M.M.; Cao, Y.H.; Liu, H.; Feng, Y.; Ni, H.F.; Liu, B.C. Are Urinary Tubular Injury Markers Useful in Chronic Kidney Disease? A Systematic Review and Meta Analysis. PLoS ONE 2016, 11, e0167334. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 04573 g001 550] 





Figure 1. Boxplots of cortical and medullar apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values pre- and post-XCM. Patients were divided into two groups (non-Contrast-Induced Nephropathy (non-CIN), n = 10 (A); CIN, n = 5 (B)). Points indicate the values for each individual and boxplots represent the mean over all patients of the group. Lines connecting the individual points represent the pre/post ADC and FA difference of the single patients. For the non-CIN group, only pre- and post-medullar ADC values were significantly different (* p < 0.05). All other diffusion parameters of the non-CIN patients did not differ significantly pre- and post-XCM administration. A significant drop of all diffusion parameters was identified for the CIN group (* p < 0.05). ** p < 0.01. 
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Figure 2. Examples of apparent diffusion coefficient (ADC) (first row) and fractional anisotropy (FA) (second row) parameter maps of a non-Contrast-Induced Nephropathy (non-CIN) and a CIN patient pre- and post-XCM. First two columns (patient 14): 82-years old male non-CIN patient with stable renal function measured by eGFR (62 to 69 mL/min), creatinine (1.11 to 1.02 mg/dL), and cystatin C (1.37 to 1.31 mg/L) in the post-interventional period. Second two columns (patient 13): 84-years old male CIN patient with a significant alteration of eGFR (71 to 49 mL/min), creatinine (0.97 to 1.33 mg/dL), and cystatin C (1.37 to 1.93 mg/L) 48 h post XCM administration. 
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Table 1. Characteristics of all patients. Gender (female (F), male (M)), age, amount of radiographic contrast medium (XCM) applied (in mL), patients’ weight (in kg), and Acute-Kidney-Injury-Network (AKIN) stage of contrast-induced nephropathy (CIN) due to Kidney-Disease-Improving-Global-Outcomes (KDIGO) [1,17] are shown. Furthermore, clinical renal routine parameter eGFR (mL/min), creatinine (mg/dL), and cystatin C (mg/L) and advanced urinary injury markers, NGAL, DKK-3, KIM-1, TIMP-2, IGFBP-7 (ng/mL) before and at the time point of the strongest measured deviation (48–72 h) after interventional are displayed.
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Patient.

	
Gender

	
Age

	
XCM

	
Weight

	
AKIN Stage of

	

	
eGFR

	
Cystatin C

	
Creatinine

	
NGAL

	
DKK-3

	
KIM-1

	
TIMP-2

	
IGFBP7




	
#

	

	

	
(mL)

	
(kg)

	
CIN

	

	
(mL/min)

	
(mg/L)

	
(mg/dL)

	
(ng/mL)

	
(ng/mL)

	
(ng/mL)

	
(ng/mL)

	
(ng/mL)






	
1

	
M

	
77

	
162

	
69

	
-

	
Pre

	
64

	
1.66

	
1.11

	
-

	
-

	
-

	
-

	
-




	

	

	

	

	

	

	
Post

	
50

	
1.99

	
1.35

	
-

	
-

	
-

	
-

	
-




	
2

	
F

	
77

	
200

	
86

	
III

	
Pre

	
26

	
2.22

	
1.84

	
-

	
-

	
-

	
-

	
-




	

	

	

	

	

	

	
Post

	
0

	
3.18

	
4.57

	
-

	
-

	
-

	
-

	
-




	
3

	
F

	
80

	
80

	
50

	
-

	
Pre

	
68

	
1.18

	
0.82

	
7.911

	
0.930

	
0.215

	
0.531

	
0.125




	

	

	

	

	

	

	
Post

	
77

	
1.19

	
0.74

	
23.730

	
1.096

	
0.897

	
1.260

	
0.212




	
4

	
M

	
83

	
135

	
82

	
I

	
Pre

	
41

	
1.84

	
1.55

	
10.002

	
0.000

	
0.063

	
0.016

	
0.026




	

	

	

	

	

	

	
Post

	
29

	
1.89

	
2.07

	
55.970

	
0.148

	
0.268

	
0.551

	
0.096




	
5

	
F

	
79

	
160

	
62

	
-

	
Pre

	
51

	
1.31

	
1.08

	
26.253

	
0.040

	
0.236

	
0.300

	
0.191




	

	

	

	

	

	

	
Post

	
59

	
1.17

	
0.88

	
164.211

	
0.269

	
1.629

	
0.799

	
0.794




	
6

	
M

	
71

	
130

	
143

	
-

	
Pre

	
50

	
1.85

	
1.41

	
10.699

	
0.523

	
1.102

	
1.035

	
0.200




	

	

	

	

	

	

	
Post

	
52

	
1.77

	
1.38

	
50.213

	
1.321

	
3.547

	
1.260

	
0.794




	
7

	
M

	
78

	
190

	
82

	
-

	
Pre

	
53

	
1.57

	
1.28

	
30.174

	
0.005

	
0.000

	
0.027

	
0.000




	

	

	

	

	

	

	
Post

	
54

	
1.55

	
1.26

	
150.336

	
4.197

	
0.933

	
1.260

	
0.228




	
8

	
M

	
60

	
69

	
115

	
-

	
Pre

	
39

	
1.76

	
1.82

	
27.594

	
0.202

	
0.308

	
0.489

	
0.051




	

	

	

	

	

	

	
Post

	
41

	
1.68

	
1.76

	
53.215

	
0.358

	
1.204

	
0.729

	
0.432




	
9

	
M

	
76

	
140

	
80

	
-

	
Pre

	
82

	
1.26

	
0.91

	
3.757

	
0.036

	
0.000

	
0.000

	
0.000




	

	

	

	

	

	

	
Post

	
83

	
1.27

	
0.88

	
35.355

	
0.624

	
0.630

	
0.831

	
0.018




	
10

	
F

	
77

	
144

	
70

	
I

	
Pre

	
63

	
1.60

	
0.89

	
23.612

	
0.000

	
0.000

	
0.025

	
0.000




	

	

	

	

	

	

	
Post

	
42

	
2.04

	
1.23

	
184.652

	
1.783

	
0.154

	
1.260

	
0.277




	
11

	
M

	
54

	
290

	
100

	
-

	
Pre

	
27

	
2.50

	
2.57

	
-

	
0.000

	
-

	
0.000

	
0.511




	

	

	

	

	

	

	
Post

	
33

	
2.03

	
2.18

	
-

	
0.535

	
-

	
0.982

	
0.799




	
12

	
M

	
81

	
90

	
79

	
I

	
Pre

	
30

	
3.46

	
2.00

	
-

	
0.000

	
-

	
0.557

	
0.639




	

	

	

	

	

	

	
Post

	
22

	
4.52

	
2.59

	
-

	
0.879

	
-

	
1.013

	
0.989




	
13

	
M

	
84

	
160

	
72

	
I

	
Pre

	
71

	
1.37

	
0.97

	
-

	
0.000

	
-

	
0.492

	
0.991




	

	

	

	

	

	

	
Post

	
49

	
1.93

	
1.33

	
-

	
2.471

	
-

	
1.109

	
2.156




	
14

	
M

	
81

	
145

	
96

	
-

	
Pre

	
62

	
1.37

	
1.11

	
-

	
-

	
-

	
-

	
-




	

	

	

	

	

	

	
Post

	
69

	
1.31

	
1.02

	
-

	
-

	
-

	
-

	
-




	
15

	
F

	
80

	
227

	
58

	
-

	
Pre

	
42

	
1.22

	
1.16

	
-

	
-

	
-

	
-

	
-




	

	

	

	

	

	

	
Post

	
46

	
1.49

	
1.14

	
-

	
-

	
-

	
-

	
-
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Table 2. Mean cortical and medullar diffusion values (apparent diffusion coefficient (ADC), fractional anisotropy (FA)), and standard deviation pre- and post-administration of iodine-containing XCM are displayed. A significant drop of cortical and medullar ADC and FA values was identified for the contrast-induced nephropathy (CIN) group (p < 0.05).
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ADC (×10−3 mm2/s)

	
FA (a.u.)




	

	

	
Cortex

	
Medulla

	
Cortex

	
Medulla






	
non-CIN (n = 10)

	
pre

	
1795.7 ± 114.8

	
1859.2 ± 204.7

	
0.27 ± 0.06

	
0.29 ± 0.08




	
post

	
1753.2 ± 176.0

	
1793.6 ± 165.2

	
0.26 ± 0.06

	
0.27 ± 0.06




	
CIN (n = 5)

	
pre

	
1868.2 ± 38.4

	
1880.6 ± 51.2

	
0.26 ± 0.10

	
0.28 ± 0.07




	
post

	
1706.2 ± 72.4

	
1703.2 ± 90.7

	
0.21 ± 0.12

	
0.21 ± 0.07
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