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Acute kidney injury (AKI) after liver transplantation (LT) is a common complication, and its development is thought to be multifactorial. We aimed to investigate potential risk factors and build a model to identify high-risk patients. A total of 199 LT patients were enrolled and each patient data was collected from the electronic medical records. Our primary outcome was postoperative AKI as diagnosed and classified by the KDIGO criteria. A least absolute shrinkage and selection operating algorithm and multivariate logistic regression were utilized to select factors and construct the model. Discrimination and calibration were used to estimate the model performance. Decision curve analysis (DCA) was applied to assess the clinical application value. Five variables were identified as independent predictors for post-LT AKI, including whole blood serum lymphocyte count, RBC count, serum sodium, insulin dosage and anhepatic phase urine volume. The nomogram model showed excellent discrimination with an AUC of 0.817 (95% CI: 0.758–0.876) in the training set. The DCA showed that at a threshold probability between 1% and 70%, using this model clinically may add more benefit. In conclusion, we developed an easy-to-use tool to calculate the risk of post-LT AKI. This model may help clinicians identify high-risk patients.
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INTRODUCTION
Liver transplantation (LT) is the only definitive treatment for patients with end-stage liver disease, and the number of patients receiving LT has increased significantly during recent decades (1). Acute kidney injury (AKI) is a frequent but severe complication after LT and is associated with increased morbidity (2, 3). According to the current literature, which applied the 2012 Kidney Disease Improving Global Outcomes (KDIGO) criteria, the incidence of post-LT AKI is high, ranging from approximately 40%–60% (2, 4–8). For LT patients, there is no doubt that postoperative AKI is strongly associated with poor clinical outcomes, including increased graft rejection, longer hospital stay, more healthcare costs and shorter overall survival (2, 3). To avoid or reduce the occurrence of AKI after LT, discovering predisposing factors that can help us to identify high-risk patients is a pressing need.
The development of post-LT AKI is thought to be multifactorial (3). Several preoperative, intraoperative and postoperative variables have been reported, including serum creatinine, graft characteristics, intraoperative hemorrhage, urine output, cold ischemic time, calcineurin inhibitor nephrotoxicity and postoperative intensive care unit (ICU) stay (6, 9–11). Unfortunately, many studies used different postoperative AKI criteria and lack a standard definition; therefore, the above risk variables may not be sufficiently reliable among different studies. On the other hand, as we continue to learn more about the pathogenesis of post-LT AKI, new technique application and individualized treatment improved, and more new factors were identified. For instance, Pulitano and colleagues (12) confirmed that serum endothelin-1 and interleukin-18 levels were significantly predictive of post-LT AKI, which are involved in liver ischemia reperfusion injury (IRI).
A previous study reported that early diagnosis and treatment may improve the outcome of post-LT AKI patients (2). Therefore, constructing an accurate model to predict post-LT AKI becomes particularly meaningful. In this study, we applied the KDIGO criteria to define AKI after LT, identified potential risk factors and then developed a predictive model. We further constructed an easy-to-use online calculator to facilitate the calculation of the probability of AKI at the end of the transplant procedure. The objectives of our study are to help clinicians identify high-risk AKI patients, facilitate clinical decision-making and improve the prognosis of LT patients.
PATIENTS AND METHODS
Study Population
Inclusion criteria were patients who underwent LT in our institution between January 2019 and March 2022. Exclusion criteria were as following: 1) patients who were less than 18 years old; 2) received continuous renal replacement therapy (CRRT); 3) diagnosed with kidney diseases before surgery (including hepato-renal syndrome); 4) died within 48 h after surgery; 5) underwent combined liver-kidney transplantation or retransplantation and 6) missing important data. After the surgery, all patients were followed up daily until the discharge time. Besides, urine output and serum creatinine were used for routinely evaluation of renal function. This manuscript was prepared for publication using the applicable Equator guidelines for quality improvement studies.
Data Collection
We manually extracted preoperative, intraoperative and postoperative data from the electronic medical records by two independent investigators. Then, the patient cohort was randomly divided into two parts at a ratio of 7:3 for training and validation. Of note, we only used preoperative and intraoperative data to construct the model, and postoperative data were only applied to define the end point and outcome analysis. Besides, we failed to extract warm and cold ischemic time as the two variables were not available in our electronic systems. In this study, the liver was almost retrieved from deceased after brain death (DBD) donors.
The preoperative data included demographic information, preoperative comorbidities, etiologies, clinical manifestations, laboratory data, and hemodynamic parameters. Demographic information included sex, age, body mass index (BMI), American Society of Anesthesiologists (ASA) score and personal lifestyle habits (smoking and alcoholism). The preoperative comorbidities included diabetes mellitus, hypertension, cardiovascular diseases (e.g., coronary heart disease) and respiratory diseases (e.g., chronic obstructive pulmonary disease). Etiologies of the studied population included viral hepatitis (e.g., hepatitis B virus), liver cancer (e.g., hepatocellular carcinoma) and others (e.g., alcohol-related liver disease and cholestatic liver disease). The clinical manifestations included symptoms of fluid overload (e.g., ascites) and major organ dysfunction (e.g., encephalopathy). The extent of ascites was graded according to the maximum depth of pelvic ascites measured by ultrasound: no ascites, non-severe ascites (<10 cm), and severe ascites (≥10 cm). Preoperative laboratory data included blood biochemistry, routine blood tests, and coagulation function, which was defined as the last measurement before surgery. The hemodynamic parameters included central venous pressure (CVP) and cardiac output (CO) on the day before surgery. We measured CVP via a central venous catheter, while the cardiac index was measured by the continuous thermodilution cardiac output technique. Meanwhile, the Child–Pugh score and the model for end-stage liver disease (MELD) score were also enrolled preoperatively.
Previous studies have indicated that intraoperative events have a crucial role in the development of post-LT AKI; therefore, we intended to collect as many intraoperative variables as possible (3, 13, 14). The intraoperative data in this study included the operation time, anhepatic time, inferior vena cava occlusion time, intraoperative hypotension, estimated blood loss, fluid administration (crystalloid and colloid), intraoperative transfusion [red blood cell (RBC), fresh frozen plasma (FFP) and platelet], intraoperative drug dosage (furosemide and insulin), total urine volume and anhepatic phase urine volume.
Postoperative data included the length of postoperative hospital stay, length of ICU stay, and in-hospital mortality. In addition, postoperative laboratory data [e.g., serum creatinine and aspartate aminotransferase (AST)] were also obtained.
Sample Size
As previously reported, the effective sample size for prediction generally suggests at least 10 events per variable, where events are defined as the proportion of cases in the least frequent of two outcome categories (15, 16). To our knowledge, the prevalence of AKI after LT, according to the KDIGO criteria, has been reported to be approximately 40%–60%, (4, 5) and we expected a 50% prevalence in our institution. Considering the accuracy and practicability of the nomogram model, 6 or fewer variables is thought to be appropriate, and therefore, 120 patients or more were required after calculation in the training set.
Outcome and Definition
All LT patients underwent a subcostal incision and midline extension under general anesthesia. The classic orthotopic LT was performed in the majority of patients, and we did not apply the veno-venous bypass technique during the anhepatic stage. The main outcome was the occurrence of AKI. Postoperative AKI was defined according to the 2012 KDIGO criteria as previously described, with follow-up limited to the first 7 postoperative days (17). AKI stage was determined for each patient using serum creatinine concentration- and urine output-based KDIGO definitions for stage 1 (≥0.3 mg/dL or 1.5-fold increase; <0.5 ml kg−1 h−1 for 6–12 h), stage 2 (2-fold increase; <0.5 ml kg−1 h−1 for ≥12 h) and stage 3 (≥4 mg/dL or 3-fold increase). The baseline serum creatinine was tested on the day before surgery. As any degree of AKI is associated with increased risk-adjusted mortality, we decided to include all stages of AKI in this study rather than only choosing severe AKI (stages 2 and 3), as previously reported (2, 7, 8, 18, 19). Hypertension and diabetes mellitus were defined according to standard criteria (20, 21). The definition of kidney diseases before surgery was kidney function damage or an estimated glomerular filtration rate (eGFR) < 60 ml/min/1.73 m2. The MELD score was calculated based on the validated logarithmic index of serum bilirubin, creatinine and international normalized ratio (INR) as previously described (22). Intraoperative hypotension was defined as a systolic blood pressure <90 mmHg, a mean blood pressure <60 mmHg and/or a reduction in systolic blood pressure > 40 mmHg from baseline, as well as a duration greater than 15 min (23).
Statistical Analysis
All statistical analyses were performed with R software (version 4.2.0) and SPSS (version 23.0.0.0). Continuous variables are expressed as medians and interquartile ranges, while categorical variables are shown as case numbers and percentages. We applied the Mann-Whitney U test to compare the median of a continuous variable between two groups. To evaluate categorical data between two independent groups, a Chi-square test was used. A least absolute shrinkage and selection operating (LASSO) regression model was performed to select the optimal predictive factors, and the lambda within 1 standard error of the minimum was applied in this study. Those non-zero coefficients factors were then incorporated into the multivariable logistic regression model (24). A predictive nomogram model was developed with the training set based on the results of the multivariable logistic regression analysis. Subsequently, the performance of the model was evaluated by calibration and discrimination in the training and validation sets (25). The calibration ability of the predictive model was used by calibration curves (26). The discriminative ability of the model was determined by the area under the receiver operating characteristic (ROC) curve (AUC) (27, 28). Decision curve analysis (DCA) was also used to evaluate the clinical application value of this predictive model (29). In addition, an interactive web-based calculator based on this nomogram model was programmed with the Shiny package (https://CRAN.R-project.org/package=shiny). For analyses, a p-value < 0.05 was considered to be statistically significant in a 2-tailed test.
RESULTS
Overall Characteristics of Patients
From January 2019 to March 2022, a total of 238 patients who underwent LT in our hospital were enrolled. According to the inclusion criteria, a total of 199 patients were identified in the final analysis, including 149 patients in the training set and 50 patients in the validation set, and the detailed flowchart is provided in Figure 1. The overall characteristics of patients in the two sets are summarized in Table 1. Fifty-three (37.9%) and twenty-one (35.6%) patients developed postoperative AKI in the training and validation cohorts, respectively.
[image: Figure 1]FIGURE 1 | The flowchart of our study.
TABLE 1 | Clinical characteristics of the study population in the training and validation sets.
[image: Table 1]To analyze the postoperative characteristics and outcomes, we divided the patients into two groups (AKI and non-AKI groups) (Table 2). The AKI group had a longer length of ICU stay (p < 0.001) and higher peak AST (p < 0.001) and peak serum creatinine levels (p = 0.049) than the non-AKI group. Notably, the in-hospital mortality of the AKI group was approximately 10 times greater than that of the non-AKI group (p = 0.003).
TABLE 2 | Postoperative characteristics and outcomes of the patients in AKI and non-AKI groups.
[image: Table 2]Variable Selection of AKI After LT
Using the LASSO algorithm, fifty-eight variables were reduced to 9 potential features, with a cross-validated error within 1 standard error of the minimum (Figures 2A, B). Five factors remained independently associated with the risks of AKI in LT patients after multivariate logistic regression analysis (Table 3). Preoperative variables (whole blood serum lymphocyte count, RBC count and serum sodium) and intraoperative variables (insulin dosage and anhepatic phase urine volume) were independent risk factors for post-LT AKI.
[image: Figure 2]FIGURE 2 | Feature selection of LT patients using the LASSO logistic regression model. (A) A Lasso coefficient profile plot was built for the prediction of AKI after LT. (B) The optimal parameter (λ) was selected by the LASSO model using 10-fold cross-validation via 1 standard error of the minimum criteria.
TABLE 3 | Multivariable logistic regression analysis of predicting AKI after LT in the training cohort.
[image: Table 3]Model Construction and Online Calculator Development
We then established a simple-to-use nomogram model based on the above independent risk factors (Figure 3A). The nomogram showed that anhepatic phase urine volume was the most significant predictor for post-LT AKI, followed by preoperative serum sodium and whole blood lymphocyte count. To make this model more convenient for clinicians, we also developed an online calculator (Figure 3B). This online calculator is available at https://caobingbing.shinyapps.io/Nomogram_for_AKI_after_liver_transplantation/.
[image: Figure 3]FIGURE 3 | (A) The post-LT AKI nomogram model was developed. This nomogram was constructed in the training set, with whole blood serum lymphocyte count, RBC count, sodium, intraoperative insulin dosage and anhepatic phase urine volume. (B) Online calculator predicting acute kidney injury after liver transplantation accessible at https://caobingbing.shinyapps.io/Nomogram_for_AKI_after_liver_transplantation/, depicting an example for predicting the probability of an LT patient with normal preoperative whole blood serum lymphocyte count, RBC count and serum sodium. The intraoperative insulin dosage was 50 IU, and anhepatic phase urine volume was 200 ml. Abbreviations: AKI, acute kidney injury; LT, liver transplantation; RBC, red blood cell.
Performance and Validation of the Post-LT AKI Nomogram Model
The AUCs of the predictive nomogram were 0.817 (95% CI: 0.758–0.876) and 0.906 (95% CI: 0.831–0.981) for the training and validation sets, respectively (Figures 4A, B), indicating that this model demonstrates excellent accuracy in estimating the probability of AKI after LT. The calibration curve of the nomogram is presented in Figures 5A, B, which revealed good consistency between prediction and observation.
[image: Figure 4]FIGURE 4 | Diagnostic accuracy of the post-LT AKI nomogram model in the training and validation sets. ROC curves showed AUCs of 0.817 and 0.906 in the training (A) and validation sets (B).
[image: Figure 5]FIGURE 5 | Calibration curves of the post-LT AKI nomogram model in the training (A) and validation sets (B) (Bootstrap = 1,000 repetitions).
Clinical Use of the Post-LT AKI Nomogram Model
Finally, the DCA of AKI after the LT nomogram model is presented in Figures 6A, B. Compared with scenarios where no prediction model was used for a pretreatment decision, the nomogram model provided a favorable net benefit across a wide range, with a threshold probability across 1%–70% and 1%–80% for the training and validation sets, respectively. Overall, the above methods confirmed the clinical utility and reliability of our nomogram.
[image: Figure 6]FIGURE 6 | Decision curve analysis of the nomogram for the estimation of post-LT AKI in the training set (A) and validation set (B).
DISCUSSION
Herein, we describe a nomogram model to predict the probability of AKI in patients who underwent LT and then developed an online calculator for clinical use. In this study, we identified five risk factors as independent predictors for post-LT AKI, including whole blood serum lymphocyte count, RBC count, serum sodium, intraoperative insulin dosage and anhepatic phase urine volume. Moreover, we obtained several new findings in this study. First, the post-LT AKI nomogram model is a useful tool with good discrimination and calibration. Second, the AKI risk of individual patients who underwent LT can be calculated easily at the end of transplantation surgery by using our online calculator. Once clinicians identify high-risk patients, renal protection treatment (e.g., avoiding nephrotoxic medications and adjusting the dose of calcineurin inhibitors) is applied in a timely manner. Third, at a threshold probability between 1% and 70%, using our nomogram model may add more benefit to LT patients, indicating that the model described here may be widely applicable.
In the current study, we noted that AKI is a common issue for LT patients. According to the 2012 KDIGO criteria, we observed that the incidence of post-LT AKI in our center was 37.2%, which is slightly lower than the 40%–60% reported previously (4, 5, 7, 8). However, compared with the other surgical population (e.g., orthopedic and gastrointestinal surgery), which was reported to vary from 2.9% to 11.8%, LT patients have a much higher postoperative AKI incidence. (30, 31) In addition, we also observed that the in-hospital mortality of the AKI group was approximately 10 times greater than that of the non-AKI group. The length of ICU stay was significantly increased in the AKI group. Therefore, as reported in previous studies, we similarly demonstrate that post-LT AKI may lead to serious complications and cause worse prognosis (2, 4, 10, 13, 19, 30).
Many studies have demonstrated that several intraoperative factors can significantly contribute to postoperative AKI (14), and electrolyte/acid-base balance disorder, hypotension, blood or FFP transfusion, lactate concentration and urine output have been associated with an increased incidence of AKI. (4, 5, 7, 8) As we expected, two intraoperative risk factors (insulin dosage and anhepatic phase urine volume) were identified as independent predictors in this study. Regarding such intraoperative factors, clinicians can modify our intraoperative care and improve surgical procedures to reduce the risk of postoperative AKI.
The strongest risk factor in the nomogram model was anhepatic phase urine volume, which has not been reported before. The anhepatic phase is a unique and pivotal time during liver transplantation, and acid-base balance disorder, hemodynamic instability and renal congestion are much more pronounced (1, 14). Xu and colleagues (32) reported that low urine volume was significantly related to AKI, which reflects inadequate renal perfusion. A recent study demonstrated that an intraoperative urine volume < 0.5 ml kg−1 h−1 was associated with postoperative AKI in a major abdominal surgery population (33). Therefore, based on the results of our study, we can assume that a patient with more urine volume of the anhepatic phase during surgery may have better early renal function and a lower risk of postoperative AKI. Although there is debate about intraoperative urine volume reflecting renal function, we did provide a new idea for post-LT AKI. Further study is essential 1) to determine the potential association between anhepatic phase urine volume and AKI in LT patients; 2) to identify an optimal threshold of anhe-patic phase urine volume for predicting the postoperative AKI risk in patients receiving LT.
Another intraoperative factor we found in this study is the dosage of insulin, which is routinely used to maintain normoglycemia and correct acidosis. The intraoperative insulin requirement might reflect hyperglycemia and severe acid-base balance disorder, which can cause hypercoagulability, oxidative stress and endothelial dysfunction. As reported before, perioperative hyperglycemia has been suggested as a risk factor for post-LT AKI and is known to be associated with adverse outcomes in all inpatients, especially in sepsis (2). In this study, we found that insulin dosage, which has a positive correlation with AKI risk, is an important risk factor in LT patients and contributes to the development of post-LT AKI.
Three preoperative risk factors were identified as independent predictors, including whole blood lymphocyte count, RBC count and serum sodium. In general, the whole blood lymphocyte count is considered an indicator of the immune response in patients (34). In addition, lymphocytes, especially T cells, play a vital role in the whole evolution of kidney injury (35). In this study, we found that a higher whole blood lymphocyte count can increase the risk of post-LT AKI, rather than a low whole blood lymphocyte count. The possible explanation for this result may be that both dysregulation or overactivation of the immune response contribute to renal damage. Besides, the hepatitis infection preoperatively and the use of immunosuppressive medications during surgery have potential effect on the level of lymphocyte count. The preoperative whole blood RBC count was also significantly associated with post-LT AKI. The development of RBCs is regulated by erythropoietin, which is mainly produced by the kidneys, and the level of erythropoietin is de-creased in renal dysfunction patients. As preoperative renal dysfunction was previously reported as an independent predictor for post-LT AKI, we hypothesized that the patients in our study may have potential renal dysfunction (36). Meanwhile, a lower RBC count may be related to a higher risk of intraoperative hemorrhage and blood transfusion, which have been identified as risk factors for post-LT AKI. Overall, the fact that reduced RBC count is an interesting observation needing further studies to help us better understand the etio-pathogenesis of AKI. Additionally, we found that serum sodium was independently associated with post-LT AKI, which is consistent with a previous study (37). For patients awaiting liver transplantation, hyponatremia is associated with an increased frequency of complications (e.g., AKI) and reduced short-term survival (38). The occurrence of preoperative hyponatremia is often related to renal impairment, which is characterized by a decreased capacity for solute-free water excretion. Although the MELD score and recipient BMI have been previously reported to predict post-LT AKI, our study failed to show any association with postoperative AKI. This may be the result of our population having relatively low MELD scores, and the majority of recipients were not obese.
Measures should be taken to prevent AKI after identifying high-risk patients. One proposal to decrease the incidence of post-LT AKI is perioperative renal protection, such as promoting hemodynamic stability during the anhepatic phase (2). Another important measure is to reduce hepatic IRI, although this can be a difficult task. Extracorporeal donor liver perfusion is a new approach to reduce hepatic IRI and has been shown to be feasible (39). Taken together, this is not the first prediction nomogram model for post-LT AKI; however, it is the first to develop an online calculator for clinical use, and the discrimination and calibration of the model are excellent. Importantly, we applied the 2012 KDIGO criteria to define AKI instead of the old Risk, Injury, Failure, Loss, and End-stage criteria.
Our current study had several limitations. First, information on long-term survival was not available in this study, and this part of the work is now in progress. Additionally, due to the privacy protection policy, we failed to include donor data from electronic medical records. Next, selection bias may exist, as our study had a retrospective design. Finally, external validation in other populations or countries is needed to demonstrate its applicability. Indeed, a larger, more heterogeneous cohort at our institution is planned in the future to identify more predictors.
In conclusion, we present and validate an easy-to-use nomogram model to predict the probability of AKI in LT patients and then describe an online calculator to predict the AKI risk of each individual patient. This predictive model, including preoperative and intraoperative predictors, is a useful tool with good discrimination and calibration. The great advantage of our model is that it is available for clinicians to identify high-risk AKI patients at the end of surgery and avoid unnecessary postoperative renal injury.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
This work was approved by Sun Yat-sen Memorial Hospital of Sun Yat-sen University Ethics Committee (approval number: SYSKY-2022-041-01) and was registered in the China Clinical Trial Registration Center (trial registration number: ChiCTR2200059927). Given its retrospective design, the requirement for informed consent was waived by the institutional review board.
AUTHOR CONTRIBUTIONS
JZ participated in research design, review of patient charts and data interpretation; QL participated in research design and data collection; QW participated in data collection; LL participated in review of patient charts and data interpretation; XY participated in research design and statistical analysis; JL participated in research design and data analysis; BC participated in review of patient charts, data interpretation and analysis; all authors participated in the writing of the paper.
ACKNOWLEDGMENTS
We thank all the hard-working staffs working in our center, without which this work would not be possible.
REFERENCES
 1. Adam, R, and Hoti, E. Liver Transplantation: the Current Situation. Semin Liver Dis (2009) 29(1):3–18. doi:10.1055/s-0029-1192052
 2. de Haan, JE, Hoorn, EJ, and de Geus, HRH. Acute Kidney Injury after Liver Transplantation: Recent Insights and Future Perspectives. Best Pract Res Clin Gastroenterol (2017) 31(2):161–9. doi:10.1016/j.bpg.2017.03.004
 3. DellaVolpe, J, and Al-Khafaji, A. Acute Kidney Injury before and after Liver Transplant. J Intensive Care Med (2019) 34(9):687–95. doi:10.1177/0885066618790558
 4. Hilmi, IA, Damian, D, Al-Khafaji, A, Planinsic, R, Boucek, C, Sakai, T, et al. Acute Kidney Injury Following Orthotopic Liver Transplantation: Incidence, Risk Factors, and Effects on Patient and Graft Outcomes. Br J Anaesth (2015) 114(6):919–26. doi:10.1093/bja/aeu556
 5. Trinh, E, Alam, A, Tchervenkov, J, and Cantarovich, M. Impact of Acute Kidney Injury Following Liver Transplantation on Long-Term Outcomes. Clin Transplant (2017) 31(1):e12863. doi:10.1111/ctr.12863
 6. Zhang, Y, Yang, D, Liu, Z, Chen, C, Ge, M, Li, X, et al. An Explainable Supervised Machine Learning Predictor of Acute Kidney Injury after Adult Deceased Donor Liver Transplantation. J translational Med (2021) 19(1):321. doi:10.1186/s12967-021-02990-4
 7. Kalisvaart, M, Schlegel, A, Umbro, I, de Haan, JE, Polak, WG, Ijzermans, JN, et al. The AKI Prediction Score: a New Prediction Model for Acute Kidney Injury after Liver Transplantation. HPB (Oxford) (2019) 21(12):1707–17. doi:10.1016/j.hpb.2019.04.008
 8. Guo, D, Wang, H, Lai, X, Li, J, Xie, D, Zhen, L, et al. Development and Validation of a Nomogram for Predicting Acute Kidney Injury after Orthotopic Liver Transplantation. Ren Fail (2021) 43(1):1588–600. doi:10.1080/0886022X.2021.2009863
 9. Lee, HC, Yoon, SB, Yang, SM, Kim, WH, Ryu, HG, Jung, CW, et al. Prediction of Acute Kidney Injury after Liver Transplantation: Machine Learning Approaches vs. Logistic Regression Model. J Clin Med (2018) 7(11):428. doi:10.3390/jcm7110428
 10. Tan, L, Yang, Y, Ma, G, Zhu, T, Yang, J, Liu, H, et al. Early Acute Kidney Injury after Liver Transplantation in Patients with normal Preoperative Renal Function. Clin Res Hepatol Gastroenterol (2019) 43(4):475–82. doi:10.1016/j.clinre.2018.07.009
 11. He, ZL, Zhou, JB, Liu, ZK, Dong, SY, Zhang, YT, Shen, T, et al. Application of Machine Learning Models for Predicting Acute Kidney Injury Following Donation after Cardiac Death Liver Transplantation. Hepatobiliary Pancreat Dis Int (2021) 20(3):222–31. doi:10.1016/j.hbpd.2021.02.001
 12. Pulitano, C, Ho, P, Verran, D, Sandroussi, C, Joseph, D, Bowen, DG, et al. Molecular Profiling of Postreperfusion Milieu Determines Acute Kidney Injury after Liver Transplantation: A Prospective Study. Liver Transpl (2018) 24(7):922–31. doi:10.1002/lt.25178
 13. Berkowitz, RJ, Engoren, MC, Mentz, G, Sharma, P, Kumar, SS, Davis, R, et al. Intraoperative Risk Factors of Acute Kidney Injury after Liver Transplantation. Liver Transplant (2022) 28(7):1207–23. doi:10.1002/lt.26417
 14. Durand, F, Francoz, C, Asrani, SK, Khemichian, S, Pham, TA, Sung, RS, et al. Acute Kidney Injury after Liver Transplantation. Transplantation (2018) 102(10):1636–49. doi:10.1097/TP.0000000000002305
 15. Peduzzi, P, Concato, J, Kemper, E, Holford, TR, and Feinstein, AR. A Simulation Study of the Number of Events Per Variable in Logistic Regression Analysis. J Clin Epidemiol (1996) 49(12):1373–9. doi:10.1016/s0895-4356(96)00236-3
 16. Vittinghoff, E, and McCulloch, CE. Relaxing the Rule of Ten Events Per Variable in Logistic and Cox Regression. Am J Epidemiol (2007) 165(6):710–8. doi:10.1093/aje/kwk052
 17. Kellum, JA, and Lameire, N, KDIGO AKI Guideline Work Group. Diagnosis, Evaluation, and Management of Acute Kidney Injury: a KDIGO Summary (Part 1). Crit Care (2013) 17(1):204. doi:10.1186/cc11454
 18. Joannidis, M, Metnitz, B, Bauer, P, Schusterschitz, N, Moreno, R, Druml, W, et al. Acute Kidney Injury in Critically Ill Patients Classified by AKIN versus RIFLE Using the SAPS 3 Database. Intensive Care Med (2009) 35(10):1692–702. doi:10.1007/s00134-009-1530-4
 19. Barri, YM, Sanchez, EQ, Jennings, LW, Melton, LB, Hays, S, Levy, MF, et al. Acute Kidney Injury Following Liver Transplantation: Definition and Outcome. Liver Transplant (2009) 15(5):475–83. doi:10.1002/lt.21682
 20. Erdine, S, Ari, O, Zanchetti, A, Cifkova, R, Fagard, R, Kjeldsen, S, et al. ESH-ESC Guidelines for the Management of Hypertension. Herz (2006) 31(4):331–8. doi:10.1007/s00059-006-2829-3
 21. Alberti, KG, and Zimmet, PZ. Definition, Diagnosis and Classification of Diabetes Mellitus and its Complications. Part 1: Diagnosis and Classification of Diabetes Mellitus Provisional Report of a WHO Consultation. Diabet Med (1998) 15(7):539–53. doi:10.1002/(SICI)1096-9136(199807)15:7<539:AID-DIA668>3.0.CO;2-S
 22. Kamath, PS, Wiesner, RH, Malinchoc, M, Kremers, W, Therneau, TM, Kosberg, CL, et al. A Model to Predict Survival in Patients with End-Stage Liver Disease. Hepatology (2001) 33(2):464–70. doi:10.1053/jhep.2001.22172
 23. Guo, F, Zhu, G, Shen, J, and Ma, Y. Health Risk Stratification Based on Computed Tomography Pulmonary Artery Obstruction index for Acute Pulmonary Embolism. Sci Rep (2018) 8(1):17897. doi:10.1038/s41598-018-36115-7
 24. Sauerbrei, W, Royston, P, and Binder, H. Selection of Important Variables and Determination of Functional Form for Continuous Predictors in Multivariable Model Building. Stat Med (2007) 26(30):5512–28. doi:10.1002/sim.3148
 25. Balachandran, VP, Gonen, M, Smith, JJ, and DeMatteo, RP. Nomograms in Oncology: More Than Meets the Eye. Lancet Oncol (2015) 16(4):e173–80. doi:10.1016/S1470-2045(14)71116-7
 26. Kramer, AA, and Zimmerman, JE. Assessing the Calibration of Mortality Benchmarks in Critical Care: The Hosmer-Lemeshow Test Revisited. Crit Care Med (2007) 35(9):2052–6. doi:10.1097/01.CCM.0000275267.64078.B0
 27. DeLong, ER, DeLong, DM, and Clarke-Pearson, DL. Comparing the Areas under Two or More Correlated Receiver Operating Characteristic Curves: a Nonparametric Approach. Biometrics (1988) 44(3):837–45. doi:10.2307/2531595
 28. Pencina, MJ, and D'Agostino, RB. Overall C as a Measure of Discrimination in Survival Analysis: Model Specific Population Value and Confidence Interval Estimation. Stat Med (2004) 23(13):2109–23. doi:10.1002/sim.1802
 29. Zhang, Z, Rousson, V, Lee, WC, Ferdynus, C, Chen, M, Qian, X, et al. Decision Curve Analysis: a Technical Note. Ann translational Med (2018) 6(15):308. doi:10.21037/atm.2018.07.02
 30. Prowle, JR, Forni, LG, Bell, M, Chew, MS, Edwards, M, Grams, ME, et al. Postoperative Acute Kidney Injury in Adult Non-cardiac Surgery: Joint Consensus Report of the Acute Disease Quality Initiative and PeriOperative Quality Initiative. Nat Rev Nephrol (2021) 17(9):605–18. doi:10.1038/s41581-021-00418-2
 31. Lankadeva, YR, May, CN, Bellomo, R, and Evans, RG. Role of Perioperative Hypotension in Postoperative Acute Kidney Injury: a Narrative Review. Br J Anaesth (2022) 128(6):931–48. doi:10.1016/j.bja.2022.03.002
 32. Xu, X, Ling, Q, Wei, Q, Wu, J, Gao, F, He, ZL, et al. An Effective Model for Predicting Acute Kidney Injury after Liver Transplantation. Hepatobiliary Pancreat Dis Int (2010) 9(3):259–63.
 33. Myles, PS, McIlroy, DR, Bellomo, R, and Wallace, S. Importance of Intraoperative Oliguria during Major Abdominal Surgery: Findings of the Restrictive versus Liberal Fluid Therapy in Major Abdominal Surgery Trial. Br J Anaesth (2019) 122(6):726–33. doi:10.1016/j.bja.2019.01.010
 34. Zheng, Z, Lin, B, Zhang, J, Yang, Z, Xie, H, Zhou, L, et al. Absolute Lymphocyte Count Recovery at 1 Month after Transplantation Predicts Favorable Outcomes of Patients with Hepatocellular Carcinoma. J Gastroenterol Hepatol (2015) 30(4):706–11. doi:10.1111/jgh.12782
 35. Cao, C, Yao, Y, and Zeng, R. Lymphocytes: Versatile Participants in Acute Kidney Injury and Progression to Chronic Kidney Disease. Front Physiol (2021) 12:729084. doi:10.3389/fphys.2021.729084
 36. Karapanagiotou, A, Kydona, C, Dimitriadis, C, Sgourou, K, Giasnetsova, T, Fouzas, I, et al. Acute Kidney Injury after Orthotopic Liver Transplantation. Transplant Proc (2012) 44(9):2727–9. doi:10.1016/j.transproceed.2012.09.096
 37. Leithead, JA, Rajoriya, N, Gunson, BK, Muiesan, P, and Ferguson, JW. The Evolving Use of Higher Risk Grafts Is Associated with an Increased Incidence of Acute Kidney Injury after Liver Transplantation. J Hepatol (2014) 60(6):1180–6. doi:10.1016/j.jhep.2014.02.019
 38. Ginès, P, and Guevara, M. Hyponatremia in Cirrhosis: Pathogenesis, Clinical Significance, and Management. Hepatology (2008) 48(3):1002–10. doi:10.1002/hep.22418
 39. Vogel, T, Brockmann, JG, Coussios, C, and Friend, PJ. The Role of Normothermic Extracorporeal Perfusion in Minimizing Ischemia Reperfusion Injury. Transpl Rev (Orlando) (2012) 26(2):156–62. doi:10.1016/j.trre.2011.02.004
GLOSSARY
AKI acute kidney injury
ALT alanine aminotransferase
ALB albumin
aPTT activated partial thromboplastin time
ASA American Society of Anesthesiologists
AST aspartate aminotransferase
AUC area under the receiver operator characteristic curve
BMI body mass index
BUN blood urea nitrogen
CO cardiac output
CRRT continuous renal replacement therapy
CVP central venous pressure
DBD deceased after brain death
DCA decision curve analysis
eGFR estimated glomerular fil-tration rate
FFP fresh frozen plasma
GB globulin
Hb hemoglobin
HBV hepatitis B virus
Hct hematocrit
ICU intensive care unit
INR international normalized ratio
IQR interquartile range
IRI ischemia reperfusion injury
IVC inferior vena cava
KDIGO Kidney Disease Improving Global Outcomes
LASSO least absolute shrinkage and selection operator
LT liver transplantation
MELD model for End-Stage Liver Disease
PLT platelet
PT prothrombin time
RBC red blood cell
ROC receiver operator characteristic
sCr creatinine
TBil total bilirubin
TP total protein
TT thrombin time
WBC white blood cell
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Variables Number (percentage, %) or median (IQRs)

AKI (0 = 74) Non-AKI (n = 125)
Peak AST (ULL) 1326.5 (613.3-3459.5) 1,026 (591-1752)
Peak SCr, pmolL 136 (105-188.3) 93 (77-110)
Postoperative hospital stay (day) 26 (21-40.3) 25 (18-31)
Length of ICU stay (day) 7(5-10) 5(4-6)

Died in hospital 7(9.46) 108

p-value

<0.001
0.049
0.057
<0.001
0.003

Continuous variables are expressed as medians and interquartii ranges, while categorical variables are showed as case numbers and percentages. Abbreviations: AST, aspartate

aminotransferase: sCr. creatinine; ICU, intensive care unit.
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Variables

AKI after LT, yes
Sex, male/female
Age, <65/265 years old
BMI, <28/28 kg/m?
ASA score, IIVIVAV
Smoking
Alcoholism
Etiology of liver disease
HBV hepatis
HBV hepatiis + fiver cancer
Liver cancer
Others
Preoperative comorbidities
Diabetes melitus
Hypertension
Cardiovascular diseases
Respiratory diseases
Previous abdorminal surgery
Preoperative scores
MELD score
Child-Pugh score
Encephalopathy
Ascites
No
Non-severe ascites
Severe
Preoperative laboratory data
WBC count, <4/4-10/>10 x10%L

Neutrophils count, <1.8/1.8-6.3/>6.3 x10%L.
Lymphocyte count, <1.1/1.1-3.2/53.2 x10%L

RBC count, <3.5/3.5-6.5/>6.5 x10'/L
Ho level, g/L.
Ht, <40%
PLT count, <40/40-100/>100 x10%/L.
TP, <60 g/
ALB, <385 g/L
TBIL, >21 pmol/L
DBIL, >6.8 pmol/L
IBIL, >17 pmol/L
AST, >40 UL
ALT, 50 UL
BUN, >7.2 mmol/L
Cr, >133 pmolL
PT, >14s
INR, >1.15
aPTT, 5325
T, >21s
FIB, <4 g/l
Potassium, <3.5/3.5-5.5/>5.5 mmol/L
Sodium, <136/135-145/>145 mmollL
Chlorine, <100/100-110/>110 mmol/L.
Preoperative CVP, cmH,0
Preoperative CO, L/min
Preoperative eGFR, (mL/min/1.73 m?)
Intraoperative data
Operation time, minutes
Anhepatic time, minutes
IVC occlusion time, minutes
Intraoperative hypotension
Estimated blood loss, mL.
Fluid administration
Crystalloid, mL
Colloid, mL
Intraoperative transfusion
RBC, U
FFP, ml
PLT, U
Intraoperative drugs dosage
Furosemide, mg
Insulin, 1U
Total urine volume, mi
Anhepatic phase urine volume, mi

Number (percentage, %) or median (IQRs)

Training set (n = 140)

53(37.9)
126/14 (90/10)
124/16 (88.6/11.4)
126/14 (90/10)
43/91/6 (30.7/66/4.3)
36 (25.7)

38 (27.1)

57 (40.7)

50(35.7)
12(8.57)
21 (15)

15 (10.7)
21 (15)
76
19(13.6)
58 (41.4)

13 (9-17)
8(6-9
14 (10)

16 (11.4)
109 (77.9)
15 (10.7)

66/70/4 (47.1/50/2.9)
37/91/12 (26.4/65/8.6)
101/38/1 (72.2/27.1/0.7)
70/69/1 (50/49.3/0.7)
106 (86.8-134.5)
103 (73.6)
26/74/40 (18.6/52.9/28.5)
37 (26.4)

70 (50)

110 (78.6)

107 (76.4)

93 (66.4)
81(57.9)

28 (20)

24 (17.1)

321
100 (71.4)

100 (71.4)

85 (60.7)
34(24.3)

134 (95.7)
25/115/0 (17.9/82.1/0)
35/104/1 (25/74.3/0.7)
30/103/7 (21.4/73.6/5)
9(7-12)

7 (5.4-8.4)

99.4 (78.2-124.2)

425 (383.5-475)
60 (51.8-70)
57.5 (47-63.2)
45 (32.1)
600 (400-1,000)

2000 (1,200-2,800)
300 (200-862.5)

4(0-7.69)
600 (200-1,000)
101

20 (0-20)
35 (0-60)
1,000 (697.5-1,512.5)
65 (20-200)

Validation set (n = 59)

21(35.6)
48/11 (81.4/18.6)
54/5 (91.5/8.5)
51/8 (86.4/13.6)
16/40/3 (27.1/67.8/5.1)
11(18.6)
14(23.7)

24 (40.7)
21(35.6)
2(34)
12(203)

8(13.6)
9(15.2)
2(3.4)
7(119
18 (30.5)

18 (9-19)
8(6-10)
9(15.2)

7(11.9)
45 (76.3)
7(11.9)

28/30/1 (47.5/50.8/1.7)
16/38/5 (27.1/64.4/8.5)
38/20/1 (64.4/33.9/1.7)
20/28/2 (49.2/47.5/3.2)
111 (85-131.5)

45 (76.3)

11/37/1

12(203)

23(38.9)

47 (79.7)

48 (81.4)

39 (66.1)

38 (64.4)

12 (20.3)

9(15.3)

00)

43(72.9)

42(711.2)

40 (67.8)

12 (20.3)
58(98.3)
13/45/1 (22/76.3/1.7)
13/46/0 (22/78/0)
14/45/0 (23.7/76.3/0)
9 (8-13)
7(69-8.1)

100.1 (79.7-131.1)

443 (401.5-499)
64 (62-74.5)
59 (48-69.5)

17 (28.8)

600 (400-1,000)

1875 (1,050-2,700)
300 (200-725)

4(15-68)
600 (400-900)
101

20 (0-35)
20 (0-80)
1,000 (725-1,375)
69 (40-150)

Abbreviations: IQR, interquartile range; AKI, acute kidney injury; LT, lver transplantation; BMI, body mass index; ASA, American Society of Anesthesiologists; HBV, hepatitis B virus; MELD,
model for end-stage liver disease; WBC, white blood cel; RBC, red blood cel; Hb, hemoglobin; Hct, hematocrit; PLT, platelet; TP, total protein; ALB, albumin; TBIL, total biliubin; DBIL,
direct bilirubin; IBIL, indirect bilrubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; sCr, creatinine; PT, prothrombin time; INR, international
normalized ratio; aPTT, activated partial thromboplastin time; TT, thrombin time; FIB, fibrinogen; CVP, centralvenous pressure; CO, cardliac outout; 6GFR, estimated glomerular fitration

rate: IVC, inferior vena cava; FFP, fresh frozen plasma.
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Variables B OR (95% CI) p-value

Intercept -0.397 0.673 (0.152-2.928) 0.59%
Lymphooyte count, x10°/L 1.150 3.159 (1.496-7.031) 0.003
RBC count, x10'%/L. -0.875 0.417 (0.185-0.904) 0.029
s 0596 1.815 (0.794-4.181) 0.157
Sodium, mmolL -1.108 0.330 (0.138-0.762) 0.010
Preoperative CVP, omH,0 0055 1.056 (0.968-1.162) 0.234
Intraoperative hypotension 1.505 4506 (0.755-33.105) 0.110
Intraoperative furosernide dosage, mg 0018 1.018 (1.000-1.038) 0.059
Intraoperative insuiin dosage, IU 0.009 1.009 (1.002-1.019) 0.016
Anhepatic phase urine volume, mi -0.009 0.991 (0.986-0.996) <0.001

Bis the regression coefficient. Abbreviations: AKI, acute kidney injury; LT, liver transplantation; OR, odds ration; Cl, confidence interval; RBC, red blood cel; TT, thrombin time; CVP, central
Venous pressure.
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