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Abstract
Background
Neutrophil gelatinase-associated lipocalin (NGAL) is a recognised biomarker for acute kidney injury (AKI).This study investigated the impact of balanced forced-diuresis using RenalGuard® system (RG), in reducing acute kidney injury (AKI) rates and the associated NGAL levels (6-h post-CPB plasma level) post adult cardiac surgery with cardiopulmonary bypass (CPB).

Methods
Patients included in the study were at high-risk for AKI post cardiac surgery, namely history of diabetes and/or anaemia, e-GFR 20–60 ml/min/1.73 m2, Logistic EuroScore > 5, anticipated CPB time > 120 min. Patients were randomized to either RG (n = 110) or managed as per current practice (control = 110). RIFLE-defined AKI rate (based on serum creatinine level increase) within first 3 days of surgery and 6-h post CPB NGAL levels were the primary and secondary end-points.

Results
Pre and intra-operative characteristics between the two groups were similar (p > 0.05) including the pre-op NGAL levels, the oxygen delivery (ecDO2i) and the carbon dioxide production (ecVCO2i) during CPB. Patients in the RG group had a significantly lower post-operative RIFLE-defined AKI rate compared to control (10% (11/110) v/s 20.9% (23/110), p = 0.03). Overall, median 6-h post CPB NGAL levels in patients with AKI were significantly higher than those who did not develop AKI (211 vs 150 ng/ml, p < 0.001). Patients managed by balanced forced-diuresis had lower post-operative NGAL levels (146 vs 178 ng/ml, p = 0.09). Using previously reported NGAL cut-off level for AKI (142 ng/ml), binary logistic regression analysis confirmed a beneficial effect of the RG system, with an increased risk of AKI of 2.2 times in the control group (OR 2.2, 95% CI 1.14–4.27, p = 0.02).

Conclusions
Overall, the 6-h post-CPB plasma NGAL levels were significantly higher in patients who developed AKI. Patients managed with the novel approach of balanced forced-diuresis, provided by the RenalGuard® system, had a lower AKI rate and lower NGAL levels indicating a lesser degree of renal tissue injury.
Trial registration ClinicalTrials.gov website, NCT02974946, https://​clinicaltrials.​gov/​ct2/​show/​NCT02974946.
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Background
Neutrophil gelatinase-associated lipocalin (NGAL) was first described in 2003 as a urinary marker of ischaemia-related renal injury [1]. It is as a 25-kD protein covalently bound to gelatinase from human neutrophils [2], expressed in stimulated epithelia of kidney (ischemia–reperfusion injury), stomach and colon (inflammation or neoplasia) and in the lungs (chest infections, asthma, emphysema [3]. It promotes proliferation in the kidney cell tubules via cell modulation, inflammation and neoplastic transformation as well as reducing apoptosis [3]. After an ischaemic renal insult, NGAL is expressed by epithelial cells of the thick ascending limb and collecting ducts of the nephrons.
Acute kidney injury (AKI) is well documented after cardiac surgery [4]. It is possibly related to the effect of vasoconstriction and haemodilution when patients are on the cardiopulmonary bypass machine (CPB). Although several strategies have been applied to reduce AKI [5], the latter still accounts for significant morbidity and mortality [6].
Clinical use of NGAL as an early bio-marker of AKI has been investigated especially in the paediatric population undergoing cardiac surgery where the cardiopulmonary bypass machine is used [7]. NGAL levels can be measured in both urine and plasma [8] and can potentially provide early recognition of AKI so that preventive measures could be implemented. One such novel preventive approach can be provided by the RenalGuard® system (RG) (RenalGuard Solutions Inc., Milford, USA). This device uses the principle of forced-diuresis and the operator can set the desired fluid-replacement level to even, positive or negative balance. The various aspects of the device have been described in details previously [9]. Its use in adult cardiac surgery has also been reported and the clinical benefit confirmed [10]. In brief, the RG system is a closed-loop system of urine collection via a Foley’s catheter and an intravenous fluid administration-set interfaced through a monitoring console to adjust for even, positive or negative fluid balance.
This study reports on the impact of forced-diuresis with furosemide and instantaneously-matched even-balanced intravenous rehydration using the RenalGuard® system on its secondary outcomes of the changes in the NGAL levels (6-h post CPB) as well as the clinical outcomes after cardiac surgery.
Materials and methods
Aims and objectives
The primary end-point of the study was recently reported and published [10]. It was the RIFLE-defined AKI rate (criteria definition—50% increase in pre-op “baseline” serum creatinine within first 3 days of surgery) comparing patients managed with the RG system to controls. Baseline serum creatinine level was defined as latest serum creatinine level available prior to surgery. Secondary objectives included changes in plasma NGAL levels (Bioporto Diagnostics, Hellerup, Denmark) at 6-h post-CPB as well as pre-CPB NGAL levels and post-operative complications.
Ethical approval
This study (KIDNEY) was reviewed and approved by the Institutional Research Committee (16CARD13) prior to seeking Ethical committee (16/NI/0246, 2nd December 2016) approval and was registered on ClinicalTrials.gov website (NCT02974946). The study was also supported by the National Institute of Healthcare Research, Clinical Research Network, United Kingdom (NIHR ID: 32769). All recruited patients gave written informed consent to partake in the study. Trial patients were treated according to the Declaration of Helsinki 2013.
Inclusion criteria
Patients with one (or more) of the following risk factors for AKI were recruited for this study: (1) diabetics (insulin or non-insulin dependent diabetes mellitus), (2) haemoglobin level of 12.5 g/dl or below, (3) Logistic Euroscore of 5 or above, (4) estimated glomerular filtration rate (eGFR) of 20–60 mL/min/1.73 m2 and (5) cardiac procedures when CPB-time was likely to exceed 120 min. Recruited patients underwent one of the following procedures: isolated coronary artery bypass grafting (CABG), isolated valve surgery (aortic valve replacement—AVR, mitral valve replacement—MVR, mitral valve repair—MV repair) or combined procedures (CABG, AVR, MV repair, tricuspid valve repair, MVR, Cox-Maze IV atrial fibrillation ablation, ascending aorta replacement, aortic root surgery, left ventricular aneurysmectomy and myxoma surgery in various combinations).
Intervention
Consented patients were randomized using sealed opaque envelopes system generated by a research independent person in the research and development department. Management of patients randomised to the RenalGuard® system has been previously described [10] and included instantaneously-matched balanced forced-diuresis with furosemide and intravenous rehydration with Hartmann’s solution. Patients in the control group were managed as per current medical practice without forced-diuresis with intravenous furosemide in the OR. Otherwise, the management of the patients was similar including the anaesthetic technique and cardiopulmonary bypass run including the need for inotropic support to maintain a MAP (mean arterial pressure) > 65 mmHg. CPB-flow was maintained at cardiac index of 2.4 l/min/m2. Oxygen delivery (ecDO2i) and CO2 production (ecVCO2i) during the CPB were monitored using the System M4 (Spectrum Medical, Gloucester, UK). Post-operatively both groups of patients were transferred to CICU.
NGAL test
The NGAL levels were assessed from plasma (ethylene diamine tetra-acetic acid—EDTA—tube) collected prior to the start of cardiac surgery and at 6-h post cessation of CPB while the patient was recovering on the CICU. Specimens were centrifuged at 2380 g for 10 min at 4 °C on the day of receipt, to pellet cellular material and the supernatants aliquoted and stored at − 80 °C until analysed. The NGAL test was a quantitative particle-enhanced turbimetric immune-assay (PETIA) using the BioPorto Kit (BioPorto Diagnostics A/S, Gentofte, Denmark) and the Abbott Architect C16000 analyser (Abbott Diagnostics, Chicago, USA).
Power calculations and statistical analyses
Based on the data from the department’s cardiac surgery database and previous publications [6], 110 patients per group were deemed adequate to achieve the primary end-point (RIFLE defined AKI rate) with a power of 0.8 and an alpha of 0.05.
Categorical data are expressed as percentages and differences between the two groups assessed using the X2 test of independence. Continuous variables are expressed as mean (standard deviation—SD) or median (minimum, maximum) for normally and skewed distributed data respectively. Group comparison was carried out using two-tailed t-test or Mann–Whitney U test accordingly. Adopting a previously reported NGAL cut-off level (142 ng/ml) for AKI, binary logistic regression analysis was used to assess the beneficial effect of the RG system. The factors included in the model were age, gender, ethnic origin, history of diabetes, left ventricular ejection fraction, pre-operative creatinine level, pre-operative NGAL level, pre-op eGFR level, Log EuroScore, STS Score, study group (RG vs. control), CVP, MAP and lactate levels in OR prior to start of surgery, CPB duration, procedure performed, urine volume produced in OR, CVP, MAP and lactate levels on admission to CICU and blood transfusion. The tests were considered significant at p < 0.05. SPSS version 26.0 (IBM SPSS statistics 26) was used for statistical analyses.
Two patients who were randomized to RG group could not be catheterized per urethrally at the start of the operation and had a supra-pubic catheter inserted at the end of the procedure and hence were not connected to the RG system. Additionally, two patients in the RG group and one patient from the control group had their surgery cancelled and therefore did not have post-operative data. All patients’ data were analysed on an intention- to-treat basis.
Patients were recruited from 1st March 2017 to 4th September 2019 as shown in the Consolidated Standards of Reporting Trials (CONSORT) flow diagram (Fig. 1).[image: ../images/13019_2021_1620_Fig1_HTML.png]
Fig. 1CONSORT flow diagram for recruitment


Results
Two hundred and twenty patients undergoing cardiac surgery were recruited to the study (110 patients per group). The patients’ pre and intra-operative characteristics are detailed in Table 1 and were not significantly different between the two groups.Table 1Pre, peri and post-operative characteristics of patients in the two groups


	 	RG group (n = 110)
	Control group (n = 110)
	p value

	Pre-op creatininea, micromol/L
	99.0 (28.2)
	98.3 (34.7)
	0.29

	Pre-op eGFRa, ml/min/1.73m2
	66.5 (17.2)
	68.2 (20.3)
	0.47

	Pre-op Haemoglobina, g/L
	135 (16)
	134 (18)
	0.72

	Logistic EuroScoreb
	3.8 (0.9, 67.4)
	3.2 (0.9, 32.5)
	0.3

	Agea, years
	67.8 (9.3)
	67.0 (9.2)
	0.33

	Pre-op NGAL levelb, (ng/ml)
	83 (19, 202)
	86(15,459)
	0.64

	Male, (n, %)
	87, 79%
	84, 76%
	0.63

	Non-diabetics, (n, %)
	30, 27%
	30, 27%
	0.66

	Impaired LVEF, (n, %)
	51, 46%
	38, 34%
	0.14

	Urgent surgery, (n, %)
	34, 31%
	24, 22%
	0.13

	Combined operations, (n, %)
	40,37%
	31, 28%
	0.38

	ecDO2ia, ml/min/m2
	300 (52)
	300 (52)
	0.73

	ecVCO2a, ml/min/m2
	70 (24)
	71 (21)
	0.92

	XCT timea, mins
	84 (40)
	79 (42)
	0.25

	Serum lactate during surgeryb, mmol/L
	1.97 (0.78,5.00)
	1.80 (0.87,4.98)
	 < 0.01

	Serum lactate on CICUb, mmol/L
	1.8 (0.60, 6.80)
	1.7 (0.6, 8.70)
	0.14

	CICU stayb, hours
	27 (16, 410)
	28 (8, 486)
	0.92

	Atrial Fibrillation, (n/total, %)
	12/108, (11%)
	10/108, (9%)
	0.62

	Blood transfusion, (n/total, %)
	29/108, (27%)
	21/109, (19%)
	0.16

	Infection, (n/total,%)
	10/108, (9%)
	8/108, (7%)
	0.59

	In-hospital survival, (n/total, %)
	109/110 (99%)
	108/110 (98%)
	0.56


Table showing the patients’ characteristics for the two groups along with the intra-operative data and post-operative complications rates
e-GFR estimated glomerular filtration rate, NGAL neutrophil gelatinase-associated lipocalin, LVEF left ventricular ejection fraction, ecDO2i oxygen delivery, ecVCO2i CO2 production during the CPB, XCT cross clamp time, CICU cardiac intensive care unit
aDenotes mean (SD)
bDenotes median (minimum, maximum)



The average oxygen delivery (ecDO2i) and CO2 production (ecVCO2i) during the CPB were maintained at similar levels for the two groups, Table 1. Likewise the MAP and the central venous pressure (CVP) were not significantly different during CPB being 57.5 (8.9) vs 57.5 (9.4) mmHg and 3 (4.9) vs 3 (4.6) cmH2O respectively. Although the median lactate levels during surgery were statistically different between the two groups, these levels were not clinically significantly different, being around 2 mmol/L (Table 1).
Post-operative AKI rates (as per RIFLE definition) were significantly lower in RG group as compared to control (10% (11/110) v/s 20.9% (23/110), p = 0.025) and has, previously, been reported in details [10].
The secondary end-points confirmed that mean volumes of urine produced during surgery were significantly higher in RG group (2366 ± 877 ml v/s 765 ± 549 ml, p < 0.001). Likewise at 6-h post- CICU admission, patient in the RG group produced a higher volume of urine (1911 ± 904 ml v/s 911 ± 407 ml, p < 0.001). Moreover, the median 6-h post-CPB NGAL levels were significantly higher in the patients who developed AKI (211 vs 150 ng/ml, p < 0.001). Generally, patients managed with balanced forced-diuresis had lower post-op median NGAL levels (146 vs 178 ng/ml, p = 0.09).
When previously reported NGAL cut-off level (142 ng/ml) for AKI was used [11], binary logistic regression analysis confirmed a beneficial effect of the use of the RG system, with an increased risk of AKI of 2.2 times in the control group (OR 2.2, 95% CI 1.14–4.27, p = 0.02). Higher levels of 6-h post-op NGAL were also associated with pre-operative NGAL level, Log EuroScore and being in the control group as noted above. There was no significant direct correlation between the serum creatinine levels and the plasma NGAL levels pre-operatively or post-operatively (Table 2).Table 2Correlation between serum creatinine level and plasma NGAL level


	Pearson correlation
	RG group
	Control group

	Pre-op creatinine and pre-op NGAL
	0.476
	0.43

	RIFLE creatinine and 6-h NGAL (post-op)
	0.518
	0.587

	Creatinine and NGAL changesa
	0.405
	0.163


aDenotes the ratio of the post-op change of the level from baseline



During the post-operative recovery phase, there was no significant difference in incidence of atrial fibrillation rate, blood transfusions and infections (Table 1) between the 2 groups. One patient in RG group and two patients in control group died prior to hospital discharge with the cause of death not related to the use of device.
Discussion
This study confirmed that, in patients at-risk of AKI post cardiac surgery, balanced forced-diuresis as provided by the RenalGuard® system reduces the AKI rate and the associated 6-h post-CPB NGAL levels.
NGAL has been likened to the troponin-equivalent of the kidneys for AKI detection. It is a reflection of tissue damage within the renal system [1]. A rise in the NGAL levels within the first few hours of the insult has provided the possibility of an early diagnosis of AKI post-CPB. Some researchers have even advocated the use of both the pre-operative and post-operative NGAL levels as a means to stratify clinical management strategies [12]. Both urinary and plasma NGAL levels have been evaluated [8, 13] and currently, plasma NGAL is emerging as the most reliable option [14]. In the current study, patients who developed AKI had significantly higher 6 h-post CPB NGAL levels. The use of the RG system was associated with lower NGAL levels post-op but it did not reach statistical significance. This could be a reflection of the fact the study was powered to assess AKI rates rather than the 6 h-post CPB NGAL levels. A larger size study would be needed to confirm these NGAL-level findings. Based on the current data available from this study, a sample size of 200 patients per group would be needed to test this null hypothesis (assessment of a difference in the 6-h post-CPB NGAL levels between RG and control) with a power of 0.8 and an alpha of 0.05.
It is important to ascertain that organ perfusion is optimized during the CPB run. There is good evidence to suggest that AKI during CPB is related to significant impairment of renal oxygenation due to renal vasoconstriction and haemodilution [15]. Traditionally, MAP, CVP, CPB flow-rates and overall blood oxygen saturation had been used as indicators of tissue perfusion but more recently measurement of oxygen delivery has provided an improved level of tissue perfusion assessment. Ranucci et al. have reported that oxygen delivery levels below 272 ml/min/m2 was the strongest predictor of AKI [16]. Similar findings were reported by Rasmussen et al. who reported at least a 2.5 times increase in AKI rate when ecDO2i was less than 272 ml/min/m2 [17]. It has also been reported that ecVCO2i level exceeding 60 ml/min/m2 was associated with hyperlactataemia indicating poor tissue perfusion [18]. In this study, not only the MAP, CVP and CPB flow-rates but also the ecDO2i and ecVCO2i were maintained at appropriate and similar levels for both groups ensuring adequate organ perfusion (Table 1). During this study, the ecDO2i/ecVCO2i ratio was maintained above 5, ensuring effective organ perfusion during the CPB. Furthermore, the median lactate levels during CPB and within the first 6 h on the CICU were less 2 mmol/L for both groups (Table 1).
The mechanisms by which this balanced forced-diuresis, in the RG group, would protect the kidneys is not entirely clear but could be related to the fact that furosemide prevents renal hypoxia at the level of loop of Henle by inhibiting the sodium potassium chloride co-transporter (NKCC2) channels present on the apical membrane of the thick ascending limb (TAL) [19] whilst the forced-diuresis prohibits the build-up of casts within the renal tubules which is well recognized in acute tubular necrosis. The patients in the RG group produced three times as much urine during surgery, and twice as much within the first 6 h on CICU, as compared to controls. This constant high-volume diuresis could potentially prevent the clogging of the renal tubules but could lead to intra-vascular dehydration of the patient. Thus, it is imperative to maintain real-time instantaneous fluid replacement as provided by the RG system.
As expected, there was no significant correlation between the plasma NGAL levels and the serum creatinine levels in the two groups. This is hardly surprising as the serum concentration of creatinine represents a balance between its production (related to muscle mass) and the glomerular filtration rate (GFR) while the plasma NGAL is reflective of ischaemic renal insult leading to NGAL being expressed by epithelial cells of the thick ascending limb and collecting ducts of the nephrons. Serum creatinine level is an insensitive, non-specific and delayed marker of acute kidney injury and the level is influenced by several factors such as muscle mass, muscle damage, nutritional status and body surface area as well as medications which affect the glomerular filtration rate [20]. Plasma NGAL however is a more sensitive marker of acute kidney injury and may become in the near future the new gold standard for assessment of AKI.
Finally, despite the large volume diuresis with the corresponding volume fluid replacement that the RG group had as compared to controls, there was no significant difference in the requirements for blood transfusion between the two groups. Similarly, the rates of atrial fibrillation as well as infections were similar in both groups. This confirms that the use of balanced forced-diuresis is safe in this group of surgical patients.
This study now provides additional information (secondary outcome) regarding the possible mechanisms of the renal-protective effect of a novel therapy using balanced forced-diuresis, provided by the RenalGuard® system, by reducing ischaemic kidney injury as reflected in the lower 6 h-post CPB NGAL levels. It has already reported reduced AKI rates when the RenalGuard® system was used [10].
Limitations
This is a single-centre study and is now reporting on the secondary outcomes. The study was powered for the primary end-point only. Additionally, it was not possible to blind the attending clinical personnel to the study.
Conclusion
Overall, the 6-h post-CPB plasma NGAL levels were significantly higher in patients who developed AKI. RenalGuard® system reduces the 6 h-post CPB NGAL levels by using the principle of balanced forced-diuresis. Patients managed with this novel approach (balanced forced-diuresis) had a lower AKI rate and lower NGAL levels indicating a lesser degree of renal tissue injury.
Acknowledgements
We sincerely acknowledge the assistance of the anaesthetic, surgical and CICU staff at Heart and Lung Centre, Wolverhampton, UK.

Authors' contributions
This study was conceptualised by HL, RG, BW, LB and AMN. Data collection was performed by KN, EhS, EmS and LB. AMN performed the data analysis. All the authors contributed in the writing up of the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by a research grant from RenalGuard Solutions and by the National Institute of Healthcare Research (NIHR), Clinical Research Network, UK [Ref: NIHR CRN No. 32769].

Availability of data and materials
The datasets used and/or analysed during the current study are available from the Research and Development Department, Heart and Lung Centre, Wolverhampton, on reasonable request.

Declarations
Ethics approval and consent to participate
This study was approved by the Ethical committee (16/NI/0246, 2nd December 2016). Informed written consent was obtained from each patient pre-operatively.

Consent for publication
Not applicable.

Competing interests
This study was funded by a research grant from RenalGuard Solutions and there are no other competing interests to declare.


References
	1.
Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang J, et al. Identification of neutrophil gelatinase-associated lipocalin as a novel early urinary biomarker for ischemic renal injury. J Am Soc Nephrol. 2003;14:2534.Crossref

	2.
Kjeldsen L, Cowland JB, Borregaard N. Human neutrophil gelatinase-associated lipocalin and homologous proteins in rat and mouse. Biochim Biophys Acta. 2000;1482:272.Crossref

	3.
Uttenthal LO. NGAL: a marker molecule for the distressed kidney? https://​www.​clinlabint.​com/​fileadmin/​pdf/​pdf_​general/​ngal-a-marker-molecule-for-the-distressed-kidney.​pdf. Accessed 27 Sept 2020.

	4.
Luckraz H, Gravenor MB, George R, Taylor S, Williams A, Ashraf S, et al. Long and short-term outcomes in patients requiring continuous renal replacement therapy post cardiopulmonary bypass. Eur J Cardiothorac Surg. 2005;27:906.Crossref

	5.
Joannidis M, Druml W, Forni LG, Groeneveld ABJ, Honore PM, Hoste E, et al. Prevention of acute kidney injury and protection of renal function in the intensive care unit: update 2017: Expert opinion of the Working Group on Prevention, AKI section, European Society of Intensive Care Medicine. Intensive Care Med. 2017;43:730.Crossref

	6.
Mishra PK, Luckraz H, Nandi J, Nevill A, Giri R, Panayiotou A, et al. Long-term quality of life post acute kidney injury in cardiac surgery patients. Ann Card Anaesth. 2018;2:41.

	7.
Mishra J, Dent C, Tarabishi R, Mitsnefes MM, Ma Q, Kelly C, et al. Neutrophil gelatinase-associated lipocalin (NGAL) as a biomarker for acute renal injury after cardiac surgery. Lancet. 2005;365:1231.Crossref

	8.
Ho J, Tangri N, Komenda P, Kaushal A, Sood M, Brar R, et al. Urinary, plasma, and serum biomarkers’ utility for predicting acute kidney injury associated with cardiac surgery in adults: a meta-analysis. Am J Kidney Dis. 2015;66:993.Crossref

	9.
Luckraz H, Giri R, Wrigley HAM, Nicholas J, Nevill AM. The use of the RenalGuard system in cardiac surgery with cardiopulmonary-bypass: a first in man prospective, observational, feasibility pilot study. Open Heart BMJ. 2017;4:e000669.Crossref

	10.
Luckraz H, Giri R, Wrigley B, Nagarajan K, Senanyake E, Sharman E, et al. Reduction in acute kidney injury post cardiac surgery using balanced forced diuresis: a randomized, controlled trial. Eur J Cardiothorac Surg. 2020. https://​doi.​org/​10.​1093/​ejcts/​ezaa395.CrossrefPubMedCentral

	11.
Tecson KM, Erhardtsen E, Eriksen PM, Gaber AO, Germain M, Golestaneh L, et al. Optimal cut points of plasma and urine neutrophil gelatinase-associated lipocalin for the prediction of acute kidney injury among critically ill adults: retrospective determination and clinical validation of a prospective multicentre study. BMJ Open. 2017;7:e016028.Crossref

	12.
de Geus HR, Ronco C, Haase M, Jacob L, Lewington A, Vincent JL. The cardiac surgery-associated neutrophil gelatinase-associated lipocalin (CSA-NGAL) score: a potential tool to monitor acute tubular damage. J Thorac Cardiovasc Surg. 2016;151:1476.Crossref

	13.
Fanning N, Galvin S, Parke R, Gilroy J, Bellomo R, McGuinness S. A prospective study of the timing and accuracy of neutrophil gelatinase-associated lipocalin levels in predicting acute kidney injury in high-risk cardiac surgery patients. J Cardiothorac Vasc Anesth. 2016;30:76.Crossref

	14.
Friedrich MG, Bougioukas I, Kolle J, Bireta C, Jebran FA, Placzek M, et al. NGAL expression during cardiopulmonary bypass does not predict severity of postoperative acute kidney injury. BMC Nephrol. 2017;18:73.Crossref

	15.
Lannemyr L, Bragadottir G, Krumbholz V, Redfors B, Sellgren J, Ricksten SE. Effects of cardiopulmonary bypass on renal perfusion, filtration, and oxygenation in patients undergoing cardiac surgery. Anesthesiology. 2017;126:205.Crossref

	16.
Ranucci M, Romitti F, Isgrò G, Cotza M, Brozzi S, Boncilli A, et al. Oxygen delivery during cardiopulmonary bypass and acute renal failure after coronary operations. Ann Thorac Surg. 2005;80:2213.Crossref

	17.
Rasmussen SR, Kandler K, Nielsen RV, Cornelius-Jakobsen P, Knudsen NN, Ranucci M, et al. Duration of critically low oxygen delivery is associated with acute kidney injury after cardiac surgery. Acta Anaesthesiol Scand. 2019;63:1290.Crossref

	18.
Ranucci M, Carboni G, Cotza M, de Somer F. Carbon dioxide production during cardiopulmonary bypass: pathophysiology, measure and clinical relevance. Perfusion. 2017;32:4.Crossref

	19.
Arumugham VB, Shahin MH. Therapeutic uses of diuretic agents. 2020 Jun 6. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2020 Jan. Accessed 1st Oct 2020.

	20.
Desanti De Oliveira B, Xu K, Shen TH, Callahan M, Kiryluk K, D’Agati VD, et al. Molecular nephrology: types of acute tubular injury. Nat Rev Nephrol. 2019;15:599.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Balanced forced-diuresis compared to control as a reno-protective approach in cardiac surgery: secondary outcome of a randomized controlled trial, assessment of neutrophil gelatinase-associated lipocalin levels


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/13019_2021_1620_Fig1_HTML.png
Patients underwent surgery during

study period =1902

Patients not eligible = 657 [«

Patients not recruited due to
participation in other studies or not
possible to discuss research with
patient within appropriate time = 940

patients

Inclusion criteria met by 1245

team = 305

Patients screened by research

Excluded
Patients refused = 22
Surgeons refused = 16
Operation changed to OPCAB or
eGFR improved on admission = 15
Other reasons = 32

Patients recruited to the study = 220

Patients in RG group = 110

v

Patients with 6-hr NGAL levels = 108
Patients for data analysis = 110

Patients in Control group = 110

v

Patients with 6-hr NGAL levels = 105
Patients for data analysis = 110






OEBPS/css/sidebar.gif





