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Abstract: Acute kidney injury (AKI) is a frequent complication after living donor liver transplantation
(LDLT), and is associated with increased mortality. However, the association between intraoperative
oliguria and the risk of AKI remains uncertain for LDLT. We sought to determine the association
between intraoperative oliguria alone and oliguria coupled with hemodynamic derangement and
the risk of AKI after LDLT. We evaluated the hemodynamic variables, including mean arterial
pressure, cardiac index, and mixed venous oxygen saturation (SvO2). We reviewed 583 adult patients
without baseline renal dysfunction and who did not receive hydroxyethyl starch during surgery.
AKI was defined using the Kidney Disease Improving Global Outcomes criteria according to the
serum creatinine criteria. Multivariable logistic regression analysis was performed with and without
oliguria and oliguria coupled with a decrease in SvO2. The performance was compared with respect
to the area under the receiver operating characteristic curve (AUC). Intraoperative oliguria <0.5 and
<0.3 mL/kg/h were significantly associated with the risk of AKI; however, their performance in
predicting AKI was poor. The AUC of single predictors increased significantly when oliguria was
combined with decreased SvO2 (AUC 0.72; 95% confidence interval (CI) 0.68–0.75 vs. AUC of oliguria
alone 0.61; 95% CI 0.56–0.61; p < 0.0001; vs. AUC of SvO2 alone 0.66; 95% CI 0.61–0.70; p < 0.0001).
Addition of oliguria coupled with SvO2 reduction also increased the AUC of multivariable prediction
(AUC 0.87; 95% CI 0.84–0.90 vs. AUC with oliguria 0.73; 95% CI 0.69–0.77; p < 0.0001; vs. AUC
with neither oliguria nor SvO2 reduction 0.68; 95% CI 0.64–0.72; p < 0.0001). Intraoperative oliguria
coupled with a decrease in SvO2 may suggest the risk of AKI after LDLT more reliably than oliguria
alone or decrease in SvO2 alone. Intraoperative oliguria should be interpreted in conjunction with
SvO2 to predict AKI in patients with normal preoperative renal function and who did not receive
hydroxyethyl starch during surgery.
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1. Introduction

The incidence of acute kidney injury (AKI) after orthotopic liver transplantation has been reported
to be as high as 64% [1–4]. AKI is an important complication associated with poor graft survival and
increased mortality [1,2,5–8]. Furthermore, post-transplant AKI is associated with the development of
chronic kidney disease [3,9,10].

Diagnosis of AKI is based on elevation of serum creatinine and/or decrease in urine output
in the currently available KDIGO (Kidney Disease Improving Global Outcomes) criteria [7,11].
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However, serum creatinine and urine output criteria have been criticized due to inaccurate reflection
of glomerular filtration rate, insensitivity to detect acute change in renal function, [12,13] and being
influenced by many factors including use of diuretics and volume status. In this regard, biomarkers
to detect the development of AKI early after surgery have been investigated and showed promising
performance for early detection [14]. However, the accuracy of the biomarkers are still controversial
and there is still no biomarker with performance as good as that of troponin for detecting myocardial
infarction [14].

The current urine output criteria of AKI suggest that a urine flow rate of <0.5 mL/kg/h
lasting for more than 6 h indicates stage 1 AKI [7,11]. A rate of 0.3 mL/kg/h indicates stage
3 AKI. These criteria are widely regarded as the cutoff values to determine AKI in critically ill
patients [15,16]. However, urine output criteria are regarded as unreliable in predicting AKI after
surgery, because oliguria may develop during surgery due to decreased preload or nephrotoxic drug
in addition to intrarenal oliguria [17]. AKI may develop in the absence of oliguria and oliguria
may develop due to external obstruction of urinary tract [18,19]. Furthermore, during living donor
liver transplantation (LDLT), urine output is influenced by many other factors, including baseline
hepatorenal syndrome, cardiac preload condition, hemodynamics, sympathetic tone, and endocrine
factors such as anti-diuretic hormones and aldosterone. Therefore, clinical significance of oliguria that
is associated with postoperative AKI may be different from the currently available diagnostic criteria.

The etiology of acute kidney injury during surgery includes hemodynamic instability that
may result in decreased renal perfusion. During LDLT, intraoperative hemodynamic variables
including continuous arterial pressure, cardiac index, and mixed venous oxygen saturation (SvO2) from
pulmonary artery catheter are frequently monitored, although less invasive monitoring is increasingly
used. Oliguria coupled with the deterioration in these hemodynamic variables may predict AKI better
than oliguria alone because the other causes of oliguria that are not associated with AKI could be
excluded. Oliguria developed from poor renal perfusion and oxygen delivery may be more strongly
associated with AKI after LDLT.

Therefore, in the present study, we aimed to investigate the specific impact of intraoperative
oliguria on the risk of AKI after LDLT determined by KDIGO criteria. We also hypothesized that
oliguria coupled with low mean arterial blood pressure, low cardiac index, or low SvO2 may predict
AKI after LDLT better than oliguria alone. The objective of this retrospective study was to compare the
association of intraoperative oliguria alone with oliguria observed with hemodynamic deterioration
on the risk of AKI after LDLT.

2. Materials and Methods

2.1. Study Design

This retrospective observational study was approved by the institutional review board of
Seoul National University Hospital (1608-073-784). We reviewed the electronic medical records
of 1211 consecutive adult patients who had undergone liver transplantation at our institution between
2004 and 2015. The need for informed consent was waived because the study had a retrospective
design. Patients who received deceased donor liver transplantation (n = 367), those who had baseline
renal dysfunction with an estimated glomerular filtration rate of <60 mL/min/1.73m2 and/or with
hepatorenal syndrome (n = 73), and those who received hydroxyethyl starch during surgery (n = 188)
were excluded from the analysis. The remaining 583 patients who had undergone LDLT were analyzed.

2.2. Anesthesia, Surgical Technique and Immunosuppression

During the study period, the anesthesia protocol of our institution was as follows. Anesthesia
was induced and maintained using propofol, rocuronium, and sevoflurane. Volume-controlled
ventilation was maintained, with a tidal volume of 6–8 mL kg−1 and a FiO2 of 0.5. Arterial-line
catheters were inserted into the radial and femoral arteries. A Swan-Ganz catheter was inserted
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through a 9-Fr Advanced Venous Access catheter (Edward Lifesciences, Irvine, CA, USA) that was
placed in the right internal jugular vein. Continuous cardiac index and right ventricle-associated
variables were monitored using the Vigilance II monitor (Edward Lifesciences, Irvine, CA, USA).
The cause of hypotension was determined on the basis of cardiac index, stroke volume variation,
SvO2 and systemic vascular resistance and was treated using either (1) ephedrine and continuous
dopamine, (2) phenylephrine and norepinephrine, and/or (3) epinephrine. Donor grafts were
prepared using a histidine-tryptophan-ketoglutarate solution. The piggyback technique was used to
anastomose the graft and donor vessels. End-to-end anastomosis of the hepatic artery and duct-to-duct
anastomosis of the bile duct were carried out in succession. During surgery, immunosuppression
was induced using 500 mg of methylprednisolone (Solumedrol, Pfizer, Ballerup, Denmark) and
20 mg of intravenous basiliximab (Simulect, Novartis Pharma B.V., Arnhem, The Netherlands).
During the postoperative period, immunosuppression was induced using calcineurin inhibitors
of either tacrolimus or cyclosporine with mycophenolate mofetil.

When intraoperative oliguria occurred during the study period, we administered crystalloid
solutions to increase preload when surgical bleeding is evident or preload indices including central
venous pressure, pulmonary artery occlusion pressure, and/or right ventricular end-diastolic volume
indicated intravascular hypovolemia. Vasopressor was used to increase renal perfusion pressure when
urine output decreased with euvolemia. Diuretics were used only when intravascular volume overload
was suspected with elevated central venous pressure, pulmonary artery occlusion pressure, and/or
right ventricular end-diastolic volume. Diuretics were not used to treat intraoperative oliguria.

The following crystalloid fluids were used to optimize the preload during LDLT before 2010:
lactated Ringer’s solution, normal saline, and plasmalyte, and hydroxyethyl starch (Voluven, Fresenius
Kabi, Germany). The administration rate of crystalloid during LDLT was adjusted according to
the hemodynamic preload index of central venous pressure, pulmonary artery occlusion pressure,
and stroke volume variation. The hematocrit threshold for red blood cell transfusion was 20% during
LDLT throughout the study period. Intraoperative diuretics (furosemide; 10–20 mg) were used in
patients with persistent positive fluid balance and when volume overload was suspected due to a
pulmonary artery wedge pressure greater 18 mmHg.

2.3. Data Collection

Based on previous literature, demographic and perioperative variables known to be related
to postoperative renal dysfunction or AKI were collected [1,4,5,20–22]. Preoperatively, the Model
for End-stage Liver Disease (MELD) score, the Child-Turcotte-Pugh (CTP) score, and the Child
classification were determined for all recipients [23]. The following variables were also collected:
history of hypertension, diabetes mellitus, ABO blood type incompatibility, preoperative serum
albumin, preoperative diuretic medication, graft macrosteatosis, graft ischemic time, postoperative
platelet count, intraoperative blood loss, intraoperative transfusion volume, intraoperative diuretics
use, and mean tacrolimus trough concentration during the first week after surgery [20,24]. The mean
urine output during surgery was calculated by averaging the intraoperative data obtained from
the electronic medical records. Urine output was measured hourly in a urine bag connected to a
Foley catheter.

The resting arterial blood pressure before anesthesia induction was used as baseline blood
pressure. The initially measured cardiac index and SvO2 by pulmonary artery catheter and the
Vigilance II monitor were used as a baseline. Sudden decrease in mean arterial pressure, cardiac index,
and SvO2 lower than 20% from baseline for at least one measurement was identified and recorded as a
categorized variable.

The primary outcome variable was postoperative AKI, as defined using the KDIGO criteria,
which have been validated in patients undergoing LDLT [10]. We determined postoperative AKI
based on the maximal change in serum creatinine level during the first seven postoperative days [25].
No urine output criteria were used due to the purpose of our study. Although the oliguria criteria of
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KDIGO requires that oliguria last more than 6 h, oliguria was determined based on the average urine
out during surgery, regardless of its duration, in our study.

2.4. Statistical Analysis

SPSS software version 23.0 (IBM Corp., Armonk, NY, USA) and STATA/MP version 15.1
(StataCorp, College Station, TX, USA) were used to analyze the data. In all analyses, p-values < 0.05
were considered statistically significant. The Kolmogorov-Smirnov test was used to determine the
normality of the data. All the continuous covariates listed in Table 1 followed non-parametric
distribution. To compare all continuous variables in Table 1 and the urine output between those
with and without AKI, the Mann-Whitney U test was used. Data were missing in fewer than 5% of
records. We imputed the missing values according to the incidence of missing data. If the incidence of
missing was < 1%, the missing data were substituted by the mean for continuous variables and by the
mode for incidence variables. Missing values of variables with a ratio of missing data >1% and <5%
were replaced by hot-deck imputation.

Table 1. Patient characteristics and perioperative parameters.

Characteristic No AKI Group (n = 378) AKI Group (n = 205) p-Values

Demographic data

Age, years 53 (47–58) 53 (49–58) 0.405
Female, n 85 (22.5) 63 (30.7) 0.029
Body-mass index, kg/m2 22.9 (21.0–24.8) 23.3 (21.6–26.1) 0.008

Background medical status

Hypertension, n 39 (10.3) 12 (5.9) 0.069
Diabetes mellitus, n 47 (12.4) 22 (10.7) 0.544
Alcoholic liver cirrhosis, n 44 (11.6) 25 (12.2) 0.843
HBV hepatitis, n 159 (42.1) 71 (34.6) 0.080
HCV hepatitis, n 25 (6.6) 12 (5.9) 0.719
Hepatocellular carcinoma, n 209 (55.3) 113 (55.1) 0.969
Cholestatic disease, n 7 (1.9) 6 (2.9) 0.401
Preoperative hemoglobin, g/dL 11.5 (9.7–13.2) 10.2 (8.9–11.9) <0.001
Preoperative serum albumin level, g/dL 3.0 (2.5–3.6) 2.8 (2.5–3.2) 0.002
Preoperative serum creatinine, mg/dL 0.90 (0.75–1.10) 0.85 (0.68–1.04) 0.014
Preoperative estimated glomerular filtration rate, mL/min 88 (70–109) 94 (75–122) 0.021
MELD score 13 (9–21) 17 (11–21) 0.001
Child-Turcotte-Pugh score 8 (6–11) 9 (7–11) <0.001

Child class, n (A/ B/ C) 109 (33.5)/96 (29.5)/120
(36.9)

28 (16.2)/61 (35.3)/84
(48.6) <0.001

Preoperative LVEF. % 65 (61–68) 65 (62–68) 0.254
Preoperative beta-blocker, n 29 (7.7) 13 (6.3) 0.645
Preoperative diuretics, n 16 (4.2) 12 (5.9) 0.382

Donor/ graft factors

Age, years 31 (23–41) 30 (23–38) 0.302
Estimated GRWR 1.17 (1.01–1.46) 1.16 (1.00–1.41 0.396
ABO incompatible, n 19 (5.0) 10 (4.9) 0.937

Operation and anesthesia details

Operation time, h 7.0 (6.1–8.2) 7.6 (6.5–8.6) 0.001
Cold ischemic time, min 71 (58–83) 78 (65–95) <0.001
Warm ischemic time, min 31 (23–40) 32 (26–41) 0.142
Intraoperative furosemide use, n 71 (18.8) 52 (25.4) 0.063
Intraoperative furosemide dose, mg 0 (0–0) 0 (0–5) 0.040
Intraoperative use of epinephrine, n 148 (39.2) 81 (39.5) 0.933
Intraoperative dose of epinephrine, mcg 0 (0–10) 0 (0–5) 0.603
Intraoperative mean blood glucose, mg/dL 163 (144–178) 164 (145–183) 0.216
Intraoperative highest blood glucose, mg/dL 211 (194–230) 218 (200–238) 0.012
Mean trough level of tacrolimus during posmiddleerative

first week (ng/mL) 6.2 (3.2–8.5) 6.5 (3.4–9.1) 0.098
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Table 1. Cont.

Characteristic No AKI Group (n = 378) AKI Group (n = 205) p-Values

Bleeding and transfusion amount

pRBC transfusion, units 4 (0–10) 6 (3–12) <0.001
FFP transfusion, units 4 (0–8) 6 (2–12) <0.001
Blood loss per body weight, mL/kg 33 (18–64) 47 (23–91) <0.001

Input and output during surgery

Intraoperative average urine flow rate, mL/kg/h 1.36 (0.89–2.08) 1.15 (0.76–1.72) 0.007
Crystalloid administration, mL/kg 53 (37–73) 57 (40–85) 0.007
Net fluid balance during surgery, mL/kg 31 (13–52) 36 (18–59) 0.072

The values are expressed as the mean (standard deviation) or median [interquartile range] or number (%).
AKI = acute kidney injury; MELD score = model for end-stage liver disease score; GRWR = graft to recipient
body weight ratio; pRBC = packed red blood cell; FFP = fresh frozen plasma. Net fluid balance was calculated by
total input subtracted by total output.

The following is a summary of our statistical analysis. First, we determined the cutoff of
intraoperative mean urine output by multivariable logistic regression analysis. Second, according to
oliguria using the cutoff, we compared the predictive ability of the oliguria alone with that of oliguria
coupled with a decrease in mean arterial pressure, cardiac index, and SvO2. Third, we evaluated
whether the oliguria coupled with hemodynamic derangement could enhance the AUC of the
multivariable prediction model for AKI after LDLT.

Multivariable logistic regression analysis was performed (1) to find an optimal cutoff of
oliguria, and (2) to evaluate the association between perioperative variables and postoperative AKI.
The following variables were considered potential risk factors of AKI after LDLT in addition to
oliguria and hemodynamic variables: age, sex, body-mass index, year of operation, MELD score,
CTP score, hypertension, diabetes mellitus, preoperative hemoglobin level, preoperative serum
albumin, preoperative serum creatinine, ABO blood type incompatibility, operation time, graft ischemic
time, preoperative diuretics use, intraoperative blood loss, intraoperative crystalloid and colloid
administration, transfusion amount and total dose of diuretics administered during surgery. We did
not perform any univariable screening before the multivariable analysis. A p-value < 0.20 was
used to select for significant predictors in the multivariable analysis, with the backward stepwise
variable selection. We also performed multivariable logistic regression analysis without stepwise
variable selection.

Three different cutoffs of intraoperative mean intraoperative urine flow rate including 1.0, 0.5,
and 0.3 mL/kg/h were evaluated, because oliguria less than these cutoffs was significantly associated
with postoperative AKI in our preliminary multivariable logistic regression analysis using perioperative
baseline variables with mean urine output with different cutoffs (Supplemental Table S1).

To compare the predictive ability of oliguria using these cutoffs with that of oliguria coupled with
three hemodynamic variables, the area under the receiver operating characteristic curve (AUC) was
calculated for every single potential predictor. Also, performance measurements including sensitivity,
specificity, positive predictive value (PPV), and negative predictive value (NPV) were compared.

Multivariable logistic regression analysis was performed again by adding the predictors of oliguria
coupled with hemodynamic variables. Then, the AUCs of a multivariable prediction model with and
without these oliguria coupled with hemodynamic variables were compared to evaluate whether
these combined predictors could increase the predictive ability of multivariable prediction model.
The comparison between AUCs was performed using De Long’ s method [26].

3. Results

During the first postoperative week, AKI, as determined using the KDIGO criteria, occurred
in 205 patients (35.2%), and stage ≥2 AKI occurred in 43 patients (7.4%). Patient demographics
and perioperative variables were compared between the patients with and without AKI in Table 1.
The distribution of mean intraoperative mean urine flow rate is shown in Supplemental Figure S1.



J. Clin. Med. 2019, 8, 29 6 of 14

The median (interquartile ranges) of mean urine output were 1.15 (0.76–1.71) for those with AKI and
1.36 (0.89–2.08) for those without AKI. The mean intraoperative urine output was significantly lower
in patients with AKI than in those without AKI (p = 0.007).

The odds ratios, 95% CI and their p-values according to oliguria with different cutoffs are shown
in Supplemental Table S1. Multivariable logistic regression analysis showed that oliguria <0.5 and
<0.3 mL/kg/h were significantly associated with AKI.

The performances to predict postoperative AKI of a single variable of oliguria, a single variable of
20% decrease in hemodynamic variables, and their combined variables were compared in terms of
AUC, sensitivity, specificity, PPV, and NPV (Table 2). Three different cutoffs of 0.3, 0.5, and 1.0 mL/kg/h
were used, and hemodynamic variables included mean arterial pressure, cardiac index, and SvO2.
AUC was largest for oliguria <0.5 mL/kg/h with SvO2 reduction (AUC = 0.72, 95% CI 0.68–0.75).

Table 2. Comparisons of performance of risk factors between the oliguria with different cutoffs alone,
20% decreased hemodynamic variables alone, and their combined variables.

Oliguria Coupled Hemodynamic
Variable AUC (95% CI) p-Value Sensitivity Specificity PPV NPV

<0.3 None 0.55 (0.50–0.60) 0.031 16.1 94.7 62.3 60.5
<0.5 None 0.60 (0.56–0.64) <0.001 49.8 56.6 50.1 64.7
<1.0 None 0.55 (0.50–0.60) 0.040 53.7 48.7 38.3 69.8
No SvO2 0.66 (0.61–0.70) <0.001 57.1 79.1 59.7 77.3
No Cardiac index 0.56 (0.52–0.61) 0.011 62.0 50.8 40.6 71.1
No Mean arterial pressure 0.53 (0.48–0.58) 0.219 52.2 54.0 38.1 67.5
<0.3 SvO2 0.61 (0.56–0.66) <0.001 11.3 97.4 82.5 50.0
<0.3 Cardiac index 0.55 (0.50–0.60) 0.046 16.1 93.9 58.9 67.4
<0.3 Mean arterial pressure 0.53 (0.48–0.58) 0.191 13.2 91.4 51.9 66.5
<0.5 SvO2 0.72 (0.68–0.75) <0.001 59.1 86.5 69.6 78.8
<0.5 Cardiac index 0.56 (0.52–0.60) 0.011 37.6 75.1 45.0 68.9
<0.5 Mean arterial pressure 0.53 (0.49–0.57) 0.276 29.3 73.2 40.0 65.5
<1.0 SvO2 0.58 (0.53–0.63) 0.001 37.1 79.1 49.0 69.9
<1.0 Cardiac index 0.52 (0.47–0.57) 0.418 39.5 64.6 37.7 66.3
<1.0 Mean arterial pressure 0.50 (0.45–0.55) 0.929 30.2 69.3 34.8 64.7

AUC = area under the receiver operating characteristic curve, CI = confidence interval, SvO2 = mixed venous
oxygen saturation, PPV = positive predictive value, NPV = negative predictive value. Coupled hemodynamic
variables mean 20% decrease of the hemodynamic variables compared to baseline. AUC of the univariable analysis
was reported. P-value are the results of testing the null hypothesis of AUC is 0.50.

The AUCs of four single predictors of oliguria <0.5 mL/kg/h alone, oliguria coupled with mean
arterial pressure reduction, oliguria with cardiac index reduction, and oliguria with SvO2 reduction
were compared in Figure 1. AUC of oliguria ≤0.5 mL/kg/h with SvO2 20% reduction was significantly
greater than all other variables (oliguria with SvO2 reduction: AUC 0.72, 95% CI 0.68–0.75 vs. oliguria
alone: 0.60, 95% CI 0.56–0.64, p < 0.001; vs. oliguria with mean arterial pressure reduction: 0.53, 95% CI
0.49–0.57, p < 0.001; vs. oliguria with cardiac index reduction: 0.56, 95% CI 0.52–0.60, p < 0.001).

The results of multivariable logistic regression analysis to predict postoperative AKI with
and without including oliguria <0.5 mL/kg/h coupled with SvO2 reduction are shown in Table 3.
The Nagelkerke’s R2 of the model with and without oliguria with SvO2 reduction were 0.16
and 0.39, respectively. Both models showed good calibration (Hosmer-Lemeshow goodness of fit:
chi-square = 2.33, 8.76 and p = 0.264, 0.567, respectively). The results of multivariable logistic regression
analysis without stepwise variable selection are shown in Supplemental Table S1.

The AUCs of (1) the multivariable prediction without oliguria or SvO2, (2) multivariable prediction
with oliguria <0.5 mL/kg/h, and (3) multivariable prediction with oliguria <0.5 mL/kg/h coupled
with SvO2 reduction are compared in Figure 2 (AUC of oliguria coupled with SvO2 reduction: 0.87,
95% CI 0.84–0.90 vs. AUC without oliguria or SvO2 reduction: 0.68, 95% CI 0.64–0.72, p < 0.0001;
vs. AUC with oliguria: 0.73, 95% CI 0.69–0.77, p < 0.0001).
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used a cutoff of 0.5 mL/kg/h and hemodynamic variables used 20% reduction from their baseline 
values. AUC of oliguria ≤ 0.5 mL/kg/h with SvO2 20% reduction was significantly greater than all 
other variables (oliguria coupled with SvO2 reduction: AUC 0.72, 95% CI 0.68–0.75 vs. oliguria alone: 
0.60, 95% CI 0.56–0.64, p < 0.001; vs. oliguria coupled with mean arterial pressure reduction: 0.53, 95% 
CI 0.49–0.57, p < 0.001; vs. oliguria coupled with cardiac index reduction: 0.56, 95% CI 0.52–0.60, p < 0.001). 

Table 3. Multivariable logistic regression analysis to predict acute kidney injury after liver 
transplantation with and without oliguria or hemodynamic variables.  

Variable Odds Ratio  95% CI p-Value 
Without urine output or hemodynamic variables  

Body-mass index, kg/m2 1.09 1.03–1.16 0.004 
Preoperative hemoglobin, g/dL 0.86 0.77–0.95 0.004 
Preoperative albumin, g/dL 0.88 0.68–1.15 0.158 
Operation time, h 1.07 0.94–1.22 0.123 
Cold ischemic time, min 1.02 1.01–1.03 <0.001 
Red blood cell transfusion, unit 1.10 1.05–1.12 0.010 
Crystalloid administration, per 10 mL/kg 1.07 1.00–1.15 0.068 

Including urine output coupled with hemodynamic variables  
Body-mass index, kg/m2 1.12 1.05 - 1.20 0.001 
Preoperative hemoglobin, g/dL 0.89 0.79 - 0.99 0.041 
Preoperative diuretics 1.68 0.58–4.89 0.139 
Operation time, h 1.12 0.91 - 1.34 0.236 
Cold ischemic time, min 1.02 1.01 - 1.03 0.003 
Crystalloid administration, per 10 mL/kg 1.08 1.02 - 1.15 0.011 
SvO2 reduction with oliguria <0.5 mL/kg/h 7.64 4.82–12.11 <0.001 

Two separate logistic regression analysis was performed with and without intraoperative mean urine 
flow rate and intraoperative hemodynamic variables. CI = confidence interval. Stepwise backward 
variable selection was used and cutoff of p < 0.20 was used to select the variables.  

Figure 1. Comparison of area under the receiver operating characteristic curve between the four
predictors of oliguria alone and oliguria coupled with hemodynamic variables including mean arterial
pressure (MAP), cardiac index (CI), and mixed venous oxygen saturation (SvO2). Oliguria used a cutoff
of 0.5 mL/kg/h and hemodynamic variables used 20% reduction from their baseline values. AUC of
oliguria ≤ 0.5 mL/kg/h with SvO2 20% reduction was significantly greater than all other variables
(oliguria coupled with SvO2 reduction: AUC 0.72, 95% CI 0.68–0.75 vs. oliguria alone: 0.60, 95% CI
0.56–0.64, p < 0.001; vs. oliguria coupled with mean arterial pressure reduction: 0.53, 95% CI 0.49–0.57,
p < 0.001; vs. oliguria coupled with cardiac index reduction: 0.56, 95% CI 0.52–0.60, p < 0.001).

Table 3. Multivariable logistic regression analysis to predict acute kidney injury after liver
transplantation with and without oliguria or hemodynamic variables.

Variable Odds Ratio 95% CI p-Value

Without urine output or hemodynamic variables

Body-mass index, kg/m2 1.09 1.03–1.16 0.004
Preoperative hemoglobin, g/dL 0.86 0.77–0.95 0.004
Preoperative albumin, g/dL 0.88 0.68–1.15 0.158
Operation time, h 1.07 0.94–1.22 0.123
Cold ischemic time, min 1.02 1.01–1.03 <0.001
Red blood cell transfusion, unit 1.10 1.05–1.12 0.010
Crystalloid administration, per 10 mL/kg 1.07 1.00–1.15 0.068

Including urine output coupled with hemodynamic variables

Body-mass index, kg/m2 1.12 1.05–1.20 0.001
Preoperative hemoglobin, g/dL 0.89 0.79–0.99 0.041
Preoperative diuretics 1.68 0.58–4.89 0.139
Operation time, h 1.12 0.91–1.34 0.236
Cold ischemic time, min 1.02 1.01–1.03 0.003
Crystalloid administration, per 10 mL/kg 1.08 1.02–1.15 0.011
SvO2 reduction with oliguria <0.5 mL/kg/h 7.64 4.82–12.11 <0.001

Two separate logistic regression analysis was performed with and without intraoperative mean urine flow rate and
intraoperative hemodynamic variables. CI = confidence interval. Stepwise backward variable selection was used
and cutoff of p < 0.20 was used to select the variables.
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4. Discussion

To our knowledge, the present study was the first to evaluate the association between
intraoperative mean urine output, hemodynamic variables, and AKI after LDLT. Although there was a
significant association between oliguria <1.0, <0.5 and <0.3 mL/kg/h and risk of AKI, the predictive
ability of oliguria alone was relatively poor and did not add substantial additional discriminative power
in multivariable prediction. However, when oliguria developed in association with decreased SvO2,
the AUC of a single predictor significantly increased, while oliguria coupled with mean arterial blood
pressure or cardiac index failed to increase the AUC. These results suggested that oliguria accompanied
by a reduction in SvO2 during LDLT may be more strongly associated with the development of AKI
than oliguria or reduction in SvO2 alone. The AUC of multivariable prediction showed similar
results and the model including oliguria coupled with decreased SvO2 showed significantly higher
performance in terms of AUC and Nagelkerke’s R2. Although oliguria alone is not specific and has
little value in predicting AKI after LDLT, oliguria coupled with a decrease in cardiac output or SvO2

could significantly increase the sensitivity and predictive ability for AKI after LDLT. However, our
results should not be applied to the patients with poor baseline renal function including hepatorenal
syndrome and the patients who received hydroxyethyl starch during surgery. Also, our results should
be interpreted cautiously, because our oliguria was determined by the intraoperative mean value and
the duration of oliguria was not considered.

The urine output criteria of the RIFLE criteria (Risk, Injury, Failure, Loss of function, and End-stage
renal disease) and the AKIN (AKI network) criteria are widely used to diagnose AKI [7]. The clinical
implications of the oliguria criteria have been validated in a critical care setting [27,28]. However,
intraoperative oliguria is regarded as less predictive of postoperative AKI compared to non-surgical
settings [29]. AKI determined by serum creatinine may develop without oliguria, and AKI may not
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develop despite the intraoperative oliguria. Furthermore, recent studies have suggested that the urine
output criteria for AKI in surgical patients may be different from the previous commonly used value
of 0.5 mL/kg/h [30,31].

Several studies have attempted to derive urine output thresholds that identify AKI in surgical
patients [30–32]. Using a methodology that was similar to ours, one retrospective study in cardiac
surgical patients undergoing cardiopulmonary bypass identified a urine flow rate of <1.5 mL/kg/h as
a cutoff that was associated with AKI risk [30]. Another retrospective study involving major abdominal
surgery reported that <0.3 mL/kg/h was the threshold of the risk of AKI [31]. As such, the threshold
urine output to diagnose AKI may vary depending on the surgical setting. Therefore, we first identified
the optimal cutoff of oliguria that is significantly associated with AKI after LDLT in our study sample.
However, in these studies, the predictive ability of intraoperative oliguria has not been evaluated fully.

Along with the usual <0.5 or <0.3 mL/kg/h cutoff of oliguria, our analysis suggested significant
associations between low urine flow rate of <1.0 mL/kg/h and risk of AKI after LDLT. We evaluated
the cutoff of oliguria up to 3.0 mL/kg/h because previous studies reported different cutoffs of oliguria
during surgery [30–32] (Supplemental Table S2). The significant threshold of <1.0 mL/kg/h may be
influenced by the intraoperative diuretics use. More than 20% of our patients received diuretics before
or intraoperatively. Our subgroup analysis after excluding all patients who administered diuretics
pre- or intraoperatively (n = 435) showed that <1.0 mL/kg/h was not significantly associated with
postoperative AKI (Supplemental Table S3).

The performance of oliguria in predicting AKI defined by creatinine criteria was poor at any cutoff
(Table 2). AUC was only between 0.55 to 0.60, with low sensitivity and specificity. Addition of oliguria
<1.5 mL/kg/h did not significantly improve the predictive ability of multivariable prediction model
for AKI. It seems that oliguria during LDLT is neither a sensitive nor specific marker of AKI—i.e.,
the patients with the same mean urine flow rate may or may not develop AKI. Although hemodynamic
variables of SvO2 showed a slightly better performance as a single predictor, the other hemodynamic
variables did not. However, oliguria coupled with a decrease in SvO2 showed a significantly better
performance as a single predictor and enhanced the predictive ability of multivariable prediction when
included in the multivariable logistic model.

A low SvO2 may suggest poor oxygen delivery to the kidney [33]. During LDLT, decreased
preload by intraoperative bleeding may decrease cardiac output and thereby impair renal
perfusion. An ischemia/reperfusion injury of the kidney may develop especially during liver graft
reperfusion [34]. A low SvO2 during LDLT reflects decreased oxygen delivery by low cardiac output to
the major organs including kidney. When oliguria developed in a patient who experienced a decrease
in SvO2, the oliguria of the patient is more likely to be caused by poor renal perfusion and oxygen
delivery to the kidney. Meanwhile, the oliguria alone may not be associated with poor oxygen delivery
to the kidney but associated with an extrarenal cause such as a transient decrease in preload or urinary
tract obstruction.

However, decrease in cardiac index or mean arterial pressure combined with oliguria did not
increase AUC to predict AKI after LDLT. Mean arterial pressure is not a sensitive marker to measure
the cardiac output and oxygen delivery to the major organ especially in patients with significant
cirrhosis or during and after reperfusion with unequal vasodilation [35]. Cardiac index could be more
important than mean arterial pressure. However, in patients with liver cirrhosis, 20% decrease in
cardiac index may not be meaningful in patients with cirrhosis and hyperdynamic hemodynamics
with already elevated baseline cardiac output. Also, a previous study reported that there was a poor
correlation between cardiac index and SvO2 during liver transplantation [36].

Several urinary or serum biomarkers were reported to be sensitive to predict AKI after
surgery [37–39]. The performance of neutrophil gelatinase-associated lipocalin (NGAL) to predict AKI
after surgery in terms of AUC was reported to be 0.82 to 0.83 after cardiac surgery [40]. The AUC
of urinary NGAL on postoperative day one to predict AKI after liver transplantation was 0.79 [41].
Considering these AUC, the performance of our multivariable prediction could be regarded as similar
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to that of NGAL. In addition to NGAL, many other promising biomarkers have been reported
including kidney injury molecule-1 (KIM-1), interleukin-18, liver-type fatty-acid binding protein
(L-FABP), angiotensinogen [42], tissue inhibitor of metalloproteinase-2 (TIMP-2), and insulin-like
growth factor-binding protein-3 (IGFBP-3) [38,43]. Two recent studies reported that biomarker-guided
implementation of KDIGO interventions could decrease the incidence of AKI after cardiac and major
abdominal surgery [44,45]. However, the performance of these biomarkers are still controversial [46]
and there seems to be a long way to go before incorporating the biomarkers into our routine
perioperative practice.

Hemodynamic optimization may protect renal function in surgical patient [47]. Our results may
suggest that hemodynamic goals should not be managed step-by-step—i.e., firstly, optimize preload;
secondly, optimize contractility; thirdly, optimize afterload, and so on—and should be interpreted
comprehensively. Goal-directed therapy algorithm usually establishes several hemodynamic goals first
and do not pay attention to the remaining goals until the first goal, usually preload index, is achieved.
However, hemodynamic goals including preload, afterload, and oxygenation index, as well as urine
output, are associated with each other. Therefore, we suggest that intraoperative urine flow rate
should be interpreted in conjunction with other hemodynamic parameters such as cardiac index or
SvO2. However, routine use of pulmonary artery catheter has been a subject of debate. A previous
multicenter trial reported no difference in mortality in high-risk surgical patients with and without
hemodynamic management guided by pulmonary artery catheter [48]. Pulmonary artery catheter was
associated with higher risk of pulmonary embolism. The use of less invasive monitoring with central
venous oxygen saturation may substitute the SvO2 monitoring with pulmonary artery catheter [49].

There was a significant difference in gender distribution between the patients with and without
AKI (Table 1). The incidence of female was significantly higher in the AKI group compared to the
no-AKI group, which was consistent with a previous study [50], albeit not in other studies [1,20].
However, female was not an independent predictor in our multivariable analysis, suggesting that
female gender is associated with other significant covariates. We compared the independent predictors
identified in our multivariable analysis between male and female groups (Supplemental Table S3)
and found that female was associated with significantly lower preoperative hemoglobin, and larger
intraoperative crystalloid administration compared to male group in our study population.

The present study had several limitations. Firstly, it was a single-center retrospective analysis, and
urine flow rate data collected from the medical records may have been inaccurate. Furthermore, our
cutoff for urine output may not be extrapolated to other institutions with different fluid management
strategy and different baseline medical conditions, although multivariable adjustment was performed
in this study. The intraoperative urine output may differ markedly depending on the intraoperative
goal of fluid management, transfusion amount and intraoperative diuretics or hydroxyethyl starch
use. Secondly, in our analysis, we used a mean urine flow rate during surgery rather than hourly
urine output. However, oliguria lasting for longer than 6 h is required for the KDIGO criteria.
Furthermore, there may be critical periods during LDLT, such as the anhepatic or reperfusion
period, which involve unstable hemodynamics and severe metabolic acidosis [34]. In future studies,
duration of oliguria as well as phases of LDLT when oliguria developed should be considered when
investigating the association of oliguria with AKI. Different oliguria cutoffs should be considered
including 1.0 mL/kg/h. Thirdly, we did not consider the duration of a decrease in hemodynamic
variables. We evaluated the association between the decrease in hemodynamic variables for at
least one measurement and AKI. Our electronic record has data of most hemodynamic variables in
5-min intervals. Further studies may investigate the possible dose-response relationship between
the duration of hemodynamic deterioration and the risk of AKI. Fourthly, since our study was a
retrospective analysis and intraoperative mean urine output was used for analysis, the temporal
relationship between oliguria and decrease in hemodynamic variables could not be identified. The risk
of AKI may be different between oliguria following deterioration in hemodynamic variables and
oliguria with no temporal relationship hemodynamic derangement.



J. Clin. Med. 2019, 8, 29 11 of 14

5. Conclusions

Intraoperative oliguria alone could not accurately predict AKI after LDLT determined by
creatinine criteria, although there were significant associations using a cutoff of oliguria <1.0, <0.5 and
<0.3 mL/kg/h. However, when oliguria with these cutoffs was found with decreased intraoperative
SvO2, the performance to predict AKI improved significantly and the predictive ability of multivariable
prediction model was significantly enhanced. Decrease in cardiac index or mean arterial blood pressure
combined with oliguria did not significantly increase the AUC to predict AKI after LDLT. Intraoperative
oliguria interpreted in conjunction with a decrease in SvO2 may suggest the risk of AKI after LDLT
more reliably in patients with normal baseline renal function and who did not receive hydroxyethyl
starch during transplantation surgery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/1/29/s1,
Supplemental Table S1. Multivariable logistic regression analysis to predict acute kidney injury after liver
transplantation without stepwise variable selection. Supplemental Table S2. Odds ratios (95% confidence intervals)
and their P-values according to the categorized intraoperative urine flow rate with different cutoffs determined by
both the univariable and multivariable logistic regression analysis for acute kidney injury. Supplemental Table S3.
Subgroup analysis for the patients who had not received diuretics either before or during surgery (n = 435). Odds
ratios (95% confidence intervals) and their p-values according to the categorized intraoperative urine flow rate
with different cutoffs determined by both the univariable and multivariable logistic regression analysis for acute
kidney injury were shown. Supplemental Table S4. Comparisons of independent predictors of the multivariable
logistic regression analysis of our study between male and female. Supplemental Figure S1. Distribution of mean
urine flow rate during liver transplantation surgery in all patients (upper), and box and whisker plots of urine
flow rate during liver transplantation surgery with and without postoperative acute kidney injury (lower).

Author Contributions: W.H.K.: conceptualization, data curation, formal analysis, investigation, methodology,
visualization, writing—original draft; H.C.L.: data curation, formal analysis, writing—review and editing;
C-W.J.: supervision, writing—review and editing; L.L., H.-G.R.: writing—review and editing.

Funding: This study was not supported by any external funding.

Conflicts of Interest: The authors declared that they have no conflicts of interest.

References

1. Utsumi, M.; Umeda, Y.; Sadamori, H.; Nagasaka, T.; Takaki, A.; Matsuda, H.; Shinoura, S.; Yoshida, R.;
Nobuoka, D.; Satoh, D.; et al. Risk factors for acute renal injury in living donor liver transplantation:
Evaluation of the RIFLE criteria. Transpl. Int. 2013, 26, 842–852. [CrossRef] [PubMed]

2. Zhu, M.; Li, Y.; Xia, Q.; Wang, S.; Qiu, Y.; Che, M.; Dai, H.; Qian, J.; Ni, Z.; Axelsson, J.; et al. Strong impact of
acute kidney injury on survival after liver transplantation. Transplant. Proc. 2010, 42, 3634–3638. [CrossRef]
[PubMed]

3. Ferreira, A.C.; Nolasco, F.; Carvalho, D.; Sampaio, S.; Baptista, A.; Pessegueiro, P.; Monteiro, E.; Mourão, L.;
Barroso, E. Impact of RIFLE classification in liver transplantation. Clin. Transplant. 2010, 24, 394–400.
[CrossRef] [PubMed]

4. Chen, J.; Singhapricha, T.; Hu, K.Q.; Hong, J.C.; Steadman, R.H.; Busuttil, R.W.; Xia, V.W. Postliver transplant
acute renal injury and failure by the RIFLE criteria in patients with normal pretransplant serum creatinine
concentrations: A matched study. Transplantation 2011, 91, 348–353. [CrossRef] [PubMed]

5. Lebron Gallardo, M.; Herrera Gutierrez, M.E.; Seller Perez, G.; Curiel Balsera, E.; Fernandez Ortega, J.F.;
Quesada Garcia, G. Risk factors for renal dysfunction in the postoperative course of liver transplant.
Liver Transpl. 2004, 10, 1379–1385. [CrossRef] [PubMed]

6. Barri, Y.M.; Sanchez, E.Q.; Jennings, L.W.; Melton, L.B.; Hays, S.; Levy, M.F.; Klintmalm, G.B. Acute kidney
injury following liver transplantation: Definition and outcome. Liver Transpl. 2009, 15, 475–483. [CrossRef]
[PubMed]

7. Thomas, M.E.; Blaine, C.; Dawnay, A.; Devonald, M.A.; Ftouh, S.; Laing, C.; Latchem, S.; Lewington, A.;
Milford, D.V.; Ostermann, M. The definition of acute kidney injury and its use in practice. Kidney Int. 2015,
87, 62–73. [CrossRef]

8. Gameiro, J.; Agapito Fonseca, J.; Jorge, S.; Lopes, J.A. Acute Kidney Injury Definition and Diagnosis:
A Narrative Review. J. Clin. Med. 2018, 7, 307. [CrossRef]

http://www.mdpi.com/2077-0383/8/1/29/s1
http://dx.doi.org/10.1111/tri.12138
http://www.ncbi.nlm.nih.gov/pubmed/23855657
http://dx.doi.org/10.1016/j.transproceed.2010.08.059
http://www.ncbi.nlm.nih.gov/pubmed/21094830
http://dx.doi.org/10.1111/j.1399-0012.2009.01087.x
http://www.ncbi.nlm.nih.gov/pubmed/19744093
http://dx.doi.org/10.1097/TP.0b013e31820437da
http://www.ncbi.nlm.nih.gov/pubmed/21127462
http://dx.doi.org/10.1002/lt.20215
http://www.ncbi.nlm.nih.gov/pubmed/15497160
http://dx.doi.org/10.1002/lt.21682
http://www.ncbi.nlm.nih.gov/pubmed/19399734
http://dx.doi.org/10.1038/ki.2014.328
http://dx.doi.org/10.3390/jcm7100307


J. Clin. Med. 2019, 8, 29 12 of 14

9. Paramesh, A.S.; Roayaie, S.; Doan, Y.; Schwartz, M.E.; Emre, S.; Fishbein, T.; Florman, S.; Gondolesi, G.E.;
Krieger, N.; Ames, S.; et al. Post-liver transplant acute renal failure: Factors predicting development of
end-stage renal disease. Clin. Transplant. 2004, 18, 94–99. [CrossRef]

10. Trinh, E.; Alam, A.; Tchervenkov, J.; Cantarovich, M. Impact of acute kidney injury following liver
transplantation on long-term outcomes. Clin. Transplant. 2017, 31, e12863. [CrossRef]

11. Shin, S.R.; Kim, W.H.; Kim, D.J.; Shin, I.W.; Sohn, J.T. Prediction and Prevention of Acute Kidney Injury after
Cardiac Surgery. Biomed. Res. Int. 2016, 2016, 2985148. [CrossRef] [PubMed]

12. Bellomo, R.; Kellum, J.A.; Ronco, C. Defining acute renal failure: Physiological principles. Intensive Care Med.
2004, 30, 33–37. [CrossRef] [PubMed]

13. Murray, P.T.; Le Gall, J.R.; Dos Reis Miranda, D.; Pinsky, M.R.; Tetta, C. Physiologic endpoints (efficacy) for
acute renal failure studies. Curr. Opin. Crit. Care 2002, 8, 519–525. [CrossRef] [PubMed]

14. Alge, J.L.; Arthur, J.M. Biomarkers of AKI: A review of mechanistic relevance and potential therapeutic
implications. Clin. J. Am. Soc. Nephrol. 2015, 10, 147–155. [CrossRef] [PubMed]

15. Chenitz, K.B.; Lane-Fall, M.B. Decreased urine output and acute kidney injury in the postanesthesia care
unit. Anesthesiol. Clin. 2012, 30, 513–526. [CrossRef] [PubMed]

16. Katayama, S.; Koyama, K.; Goto, Y.; Koinuma, T.; Tonai, K.; Shima, J.; Wada, M.; Nunomiya, S. Body weight
definitions for evaluating a urinary diagnosis of acute kidney injury in patients with sepsis. BMC Nephrol.
2018, 19, 101. [CrossRef] [PubMed]

17. Gaffney, A.M.; Sladen, R.N. Acute kidney injury in cardiac surgery. Curr. Opin. Anaesthesiol. 2015, 28, 50–59.
[CrossRef] [PubMed]

18. Anderson, R.J.; Linas, S.L.; Berns, A.S.; Henrich, W.L.; Miller, T.R.; Gabow, P.A.; Schrier, R.W. Nonoliguric
acute renal failure. N. Engl. J. Med. 1977, 296, 1134–1138. [CrossRef] [PubMed]

19. Klahr, S. Pathophysiology of obstructive nephropathy. Kidney Int. 1983, 23, 414–426. [CrossRef] [PubMed]
20. Park, M.H.; Shim, H.S.; Kim, W.H.; Kim, H.J.; Kim, D.J.; Lee, S.H.; Kim, C.S.; Gwak, M.S.; Kim, G.S. Clinical

Risk Scoring Models for Prediction of Acute Kidney Injury after Living Donor Liver Transplantation: A
Retrospective Observational Study. PLoS ONE 2015, 10, e0136230. [CrossRef] [PubMed]

21. Lee, H.C.; Yoon, S.; Yang, S.M.; Kim, W.; Ryu, H.G.; Jung, C.W.; Suh, K.S.; Lee, K. Prediction of Acute Kidney
Injury after Liver Transplantation: Machine Learning Approaches vs. Logistic Regression Model. J. Clin. Med.
2018, 7, 428. [CrossRef] [PubMed]

22. Chen, Y.Y.; Wu, V.C.; Huang, W.C.; Yeh, Y.C.; Wu, M.S.; Huang, C.C.; Wu, K.D.; Fang, J.T.; Wu, C.J.; CAKS
Group. Norepinephrine Administration Is Associated with Higher Mortality in Dialysis Requiring Acute
Kidney Injury Patients with Septic Shock. J. Clin. Med. 2018, 7, 274. [CrossRef] [PubMed]

23. Selzner, M.; Kashfi, A.; Cattral, M.S.; Selzner, N.; McGilvray, I.D.; Greig, P.D.; Levy, G.A.; Renner, E.L.;
Grant, D.R. Live donor liver transplantation in high MELD score recipients. Ann. Surg. 2010, 251, 153–157.
[CrossRef] [PubMed]

24. Goren, O.; Matot, I. Perioperative acute kidney injury. Br. J. Anaesth. 2015, 115 (Suppl. S2), ii3–ii14. [CrossRef]
[PubMed]

25. Cockcroft, D.W.; Gault, M.H. Prediction of creatinine clearance from serum creatinine. Nephron 1976,
16, 31–41. [CrossRef] [PubMed]

26. DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated
receiver operating characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837–845. [CrossRef]
[PubMed]

27. Guerin, C.; Girard, R.; Selli, J.M.; Perdrix, J.P.; Ayzac, L. Initial versus delayed acute renal failure in the
intensive care unit. A multicenter prospective epidemiological study. Rhone-Alpes Area Study Group on
Acute Renal Failure. Am. J. Respir. Crit. Care Med. 2000, 161, 872–879. [CrossRef]

28. Teixeira, C.; Garzotto, F.; Piccinni, P.; Brienza, N.; Iannuzzi, M.; Gramaticopolo, S.; Forfori, F.; Pelaia, P.;
Rocco, M.; Ronco, C.; et al. Fluid balance and urine volume are independent predictors of mortality in acute
kidney injury. Crit. Care 2013, 17, R14. [CrossRef]

29. Alpert, R.A.; Roizen, M.F.; Hamilton, W.K.; Stoney, R.J.; Ehrenfeld, W.K.; Poler, S.M.; Wylie, E.J. Intraoperative
urinary output does not predict postoperative renal function in patients undergoing abdominal aortic
revascularization. Surgery 1984, 95, 707–711. [CrossRef]

http://dx.doi.org/10.1046/j.1399-0012.2003.00132.x
http://dx.doi.org/10.1111/ctr.12863
http://dx.doi.org/10.1155/2016/2985148
http://www.ncbi.nlm.nih.gov/pubmed/27419130
http://dx.doi.org/10.1007/s00134-003-2078-3
http://www.ncbi.nlm.nih.gov/pubmed/14618231
http://dx.doi.org/10.1097/00075198-200212000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12454536
http://dx.doi.org/10.2215/CJN.12191213
http://www.ncbi.nlm.nih.gov/pubmed/25092601
http://dx.doi.org/10.1016/j.anclin.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22989592
http://dx.doi.org/10.1186/s12882-018-0895-4
http://www.ncbi.nlm.nih.gov/pubmed/29716530
http://dx.doi.org/10.1097/ACO.0000000000000154
http://www.ncbi.nlm.nih.gov/pubmed/25486486
http://dx.doi.org/10.1056/NEJM197705192962002
http://www.ncbi.nlm.nih.gov/pubmed/854045
http://dx.doi.org/10.1038/ki.1983.36
http://www.ncbi.nlm.nih.gov/pubmed/6842965
http://dx.doi.org/10.1371/journal.pone.0136230
http://www.ncbi.nlm.nih.gov/pubmed/26302370
http://dx.doi.org/10.3390/jcm7110428
http://www.ncbi.nlm.nih.gov/pubmed/30413107
http://dx.doi.org/10.3390/jcm7090274
http://www.ncbi.nlm.nih.gov/pubmed/30213107
http://dx.doi.org/10.1097/SLA.0b013e3181bc9c6a
http://www.ncbi.nlm.nih.gov/pubmed/19858705
http://dx.doi.org/10.1093/bja/aev380
http://www.ncbi.nlm.nih.gov/pubmed/26658199
http://dx.doi.org/10.1159/000180580
http://www.ncbi.nlm.nih.gov/pubmed/1244564
http://dx.doi.org/10.2307/2531595
http://www.ncbi.nlm.nih.gov/pubmed/3203132
http://dx.doi.org/10.1164/ajrccm.161.3.9809066
http://dx.doi.org/10.1186/cc12484
http://dx.doi.org/10.1097/00132586-198504000-00041


J. Clin. Med. 2019, 8, 29 13 of 14

30. Hori, D.; Katz, N.M.; Fine, D.M.; Ono, M.; Barodka, V.M.; Lester, L.C.; Yenokyan, G.; Hogue, C.W. Defining
oliguria during cardiopulmonary bypass and its relationship with cardiac surgery-associated acute kidney
injury. Br. J. Anaesth. 2016, 117, 733–740. [CrossRef]

31. Mizota, T.; Yamamoto, Y.; Hamada, M.; Matsukawa, S.; Shimizu, S.; Kai, S. Intraoperative oliguria predicts
acute kidney injury after major abdominal surgery. Br. J. Anaesth. 2017, 119, 1127–1134. [CrossRef] [PubMed]

32. Kunst, G.; Ostermann, M. Intraoperative permissive oliguria - how much is too much? Br. J. Anaesth. 2017,
119, 1075–1077. [CrossRef] [PubMed]

33. Mayer, K.; Trzeciak, S.; Puri, N.K. Assessment of the adequacy of oxygen delivery. Curr. Opin. Crit. Care
2016, 22, 437–443. [CrossRef] [PubMed]

34. Adelmann, D.; Kronish, K.; Ramsay, M.A. Anesthesia for Liver Transplantation. Anesthesiol. Clin. 2017,
35, 491–508. [CrossRef] [PubMed]

35. Rudnick, M.R.; Marchi, L.D.; Plotkin, J.S. Hemodynamic monitoring during liver transplantation: A state of
the art review. World, J. Hepatol. 2015, 7, 1302–1311. [CrossRef] [PubMed]

36. Acosta, F.; Sansano, T.; Palenciano, C.G.; Roqués, V.; Clavel, N.; González, P.; Robles, R.; Bueno, F.S.;
Ramírez, P.; Parrilla, P. Does mixed venous oxygen saturation reflect the changes in cardiac output during
liver transplantation? Transplant. Proc. 2002, 34, 277. [CrossRef]

37. De Geus, H.R.; Betjes, M.G.; Bakker, J. Biomarkers for the prediction of acute kidney injury: A narrative
review on current status and future challenges. Clin. Kidney, J. 2012, 5, 102–108. [CrossRef] [PubMed]

38. Parikh, C.R.; Moledina, D.G.; Coca, S.G.; Thiessen-Philbrook, H.R.; Garg, A.X. Application of new acute
kidney injury biomarkers in human randomized controlled trials. Kidney Int. 2016, 89, 1372–1379. [CrossRef]
[PubMed]

39. Merchant, M.L.; Brier, M.E.; Slaughter, M.S.; Klein, J.B.; McLeish, K.R. Biomarker enhanced risk prediction
for development of AKI after cardiac surgery. BMC Nephrol. 2018, 19, 102. [CrossRef] [PubMed]

40. Haase-Fielitz, A.; Haase, M.; Devarajan, P. Neutrophil gelatinase-associated lipocalin as a biomarker of acute
kidney injury: A critical evaluation of current status. Ann. Clin. Biochem. 2014, 51, 335–351. [CrossRef]
[PubMed]

41. Baron-Stefaniak, J.; Schiefer, J.; Miller, E.J.; Berlakovich, G.A.; Baron, D.M.; Faybik, P. Comparison of
macrophage migration inhibitory factor and neutrophil gelatinase-associated lipocalin-2 to predict acute
kidney injury after liver transplantation: An observational pilot study. PLoS ONE 2017, 12, e0183162.
[CrossRef] [PubMed]

42. Yang, X.; Chen, C.; Tian, J.; Zha, Y.; Xiong, Y.; Sun, Z.; Chen, P.; Li, J.; Yang, T.; Ma, C.; et al. Urinary
Angiotensinogen Level Predicts AKI in Acute Decompensated Heart Failure: A Prospective, Two-Stage
Study. J. Am. Soc. Nephrol. 2015, 26, 2032–2041. [CrossRef] [PubMed]

43. Meersch, M.; Schmidt, C.; Van Aken, H.; Martens, S.; Rossaint, J.; Singbartl, K.; Görlich, D.; Kellum, J.A.;
Zarbock, A. Urinary TIMP-2 and IGFBP7 as early biomarkers of acute kidney injury and renal recovery
following cardiac surgery. PLoS ONE 2014, 9, e93460. [CrossRef] [PubMed]

44. Göcze, I.; Jauch, D.; Götz, M.; Kennedy, P.; Jung, B.; Zeman, F.; Gnewuch, C.; Graf, B.M.; Gnann, W.; Banas, B.;
et al. Biomarker-guided Intervention to Prevent Acute Kidney Injury After Major Surgery: The Prospective
Randomized BigpAK Study. Ann. Surg. 2018, 267, 1013–1020. [CrossRef] [PubMed]

45. Meersch, M.; Schmidt, C.; Hoffmeier, A.; Van Aken, H.; Wempe, C.; Gerss, J.; Zarbock, A. Prevention of
cardiac surgery-associated AKI by implementing the KDIGO guidelines in high risk patients identified by
biomarkers: The PrevAKI randomized controlled trial. Intensive Care Med. 2017, 43, 1551–1561. [CrossRef]
[PubMed]

46. Meersch, M.; Schmidt, C.; Zarbock, A. Perioperative Acute Kidney Injury: An Under-Recognized Problem.
Anesth Analg. 2017, 125, 1223–1232. [CrossRef] [PubMed]

47. Brienza, N.; Giglio, M.T.; Marucci, M.; Fiore, T. Does perioperative hemodynamic optimization protect renal
function in surgical patients? A meta-analytic study. Crit. Care Med. 2009, 37, 2079–2090. [CrossRef]

48. Sandham, J.D.; Hull, R.D.; Brant, R.F.; Knox, L.; Pineo, G.F.; Doig, C.J.; Laporta, D.P.; Viner, S.; Passerini, L.;
Devitt, H.; et al. A randomized, controlled trial of the use of pulmonary-artery catheters in high-risk surgical
patients. N. Engl. J. Med. 2003, 348, 5–14. [CrossRef]

http://dx.doi.org/10.1093/bja/aew340
http://dx.doi.org/10.1093/bja/aex255
http://www.ncbi.nlm.nih.gov/pubmed/29136086
http://dx.doi.org/10.1093/bja/aex387
http://www.ncbi.nlm.nih.gov/pubmed/29156029
http://dx.doi.org/10.1097/MCC.0000000000000336
http://www.ncbi.nlm.nih.gov/pubmed/27467272
http://dx.doi.org/10.1016/j.anclin.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28784222
http://dx.doi.org/10.4254/wjh.v7.i10.1302
http://www.ncbi.nlm.nih.gov/pubmed/26052376
http://dx.doi.org/10.1016/S0041-1345(01)02762-2
http://dx.doi.org/10.1093/ckj/sfs008
http://www.ncbi.nlm.nih.gov/pubmed/22833807
http://dx.doi.org/10.1016/j.kint.2016.02.027
http://www.ncbi.nlm.nih.gov/pubmed/27165835
http://dx.doi.org/10.1186/s12882-018-0902-9
http://www.ncbi.nlm.nih.gov/pubmed/29720115
http://dx.doi.org/10.1177/0004563214521795
http://www.ncbi.nlm.nih.gov/pubmed/24518531
http://dx.doi.org/10.1371/journal.pone.0183162
http://www.ncbi.nlm.nih.gov/pubmed/28813470
http://dx.doi.org/10.1681/ASN.2014040408
http://www.ncbi.nlm.nih.gov/pubmed/25722365
http://dx.doi.org/10.1371/journal.pone.0093460
http://www.ncbi.nlm.nih.gov/pubmed/24675717
http://dx.doi.org/10.1097/SLA.0000000000002485
http://www.ncbi.nlm.nih.gov/pubmed/28857811
http://dx.doi.org/10.1007/s00134-016-4670-3
http://www.ncbi.nlm.nih.gov/pubmed/28110412
http://dx.doi.org/10.1213/ANE.0000000000002369
http://www.ncbi.nlm.nih.gov/pubmed/28787339
http://dx.doi.org/10.1097/CCM.0b013e3181a00a43
http://dx.doi.org/10.1056/NEJMoa021108


J. Clin. Med. 2019, 8, 29 14 of 14

49. El-Masry, A.; Mukhtar, A.M.; el-Sherbeny, A.M.; Fathy, M.; el-Meteini, M. Comparison of central venous
oxygen saturation and mixed venous oxygen saturation during liver transplantation. Anaesthesia 2009,
64, 378–382. [CrossRef]

50. Hilmi, I.A.; Damian, D.; Al-Khafaji, A.; Planinsic, R.; Boucek, C.; Sakai, T.; Chang, C.C.; Kellum, J.A. Acute
kidney injury following orthotopic liver transplantation: Incidence, risk factors, and effects on patient and
graft outcomes. Br. J. Anaesth. 2015, 114, 919–926. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1365-2044.2008.05793.x
http://dx.doi.org/10.1093/bja/aeu556
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Anesthesia, Surgical Technique and Immunosuppression 
	Data Collection 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

