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Abstract 

Background 

Derangements of the renin–angiotensin–aldosterone system (RAAS) may 

contribute to circulatory dysfunction in cirrhosis. We hypothesized that renin is elevated 

in patients undergoing liver transplantation (LT) and is associated with vasopressor 

requirements and postoperative organ dysfunction.  

Materials and Methods 

We collected serum from 138 patients before LT and measured renin by enzyme-

linked immunosorbent assays. Eligible patients were adults with cirrhosis undergoing LT 

from a deceased or living donor. Detailed clinical data was obtained from a 

perioperative data warehouse. The primary outcome was vasopressor dosage during 

the dissection phase of LT. The secondary outcomes were postoperative acute kidney 

injury (AKI) and early allograft dysfunction.  

Results 

Renin was elevated up to 100-fold above normal and strongly correlated with 

MELD-Na. A 10-fold increase in renin was associated with a 0.03 mcg·kg-1·min-1 (95% 

CI 0.01-0.05) higher vasopressor dose during dissection measured in norepinephrine 

equivalents. Renin was unassociated with early allograft dysfunction but strongly 

associated with AKI. A 10-fold increase in renin was associated with an odds ratio of 

1.77 (95% CI 1.12-2.77) for AKI. The association with AKI persisted in a sensitivity 

analysis limited to 105 patients with preoperative estimated glomerular filtration rate ³ 60 

mL·min⁻¹·1.73 m⁻² (OR 1.74, 95% CI 1.05-2.88).  
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Conclusion 

RAAS perturbations may contribute to negative outcomes after LT. Elevated 

renin may help predict postoperative AKI even when kidney function is preserved before 

LT. Since renin is associated with increased vasopressor requirements, measuring 

renin may help identify patients for consideration of treatment with infusion of novel 

vasopressor angiotensin II during LT.  
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1. Introduction 

The renin-angiotensin-aldosterone system (RAAS) has evolved to maintain blood 

pressure and organ perfusion through systemic vasoconstriction and sodium 

retention1,2. In patients with cirrhosis, the RAAS plays a vital role in both the splanchnic 

and systemic circulations3.  Liver fibrosis results in altered hepatic blood flow and 

increased portal venous pressure4. The resultant portal hypertension leads to 

splanchnic vasodilation and renal hypoperfusion that may strongly stimulate renin 

secretion from the juxtaglomerular apparatus5. Angiotensin II (AngII) deficiency is 

another potential factor that drives renin secretion by relieving negative feedback 

mechanisms6–9. Indeed, angiotensin peptide levels and angiotensin converting enzyme 

activity are known to be altered in patients with decompensated cirrhosis, particularly in 

those with low systemic vascular resistance and high cardiac output (a hyperdynamic 

circulatory state)10. However, the net effect of these RAAS perturbations on serum renin 

levels in patients presenting for liver transplantation (LT) and the impact of renin on 

postoperative outcomes remain unknown. 

Because low systemic vascular resistance in patients undergoing LT may be 

partially attributable to AngII deficiency, we hypothesized that renin levels would identify 

patients who require higher vasopressor doses during LT. Exogenous AngII is now US 

Food and Drug Administration-approved for vasopressor infusion and is used to treat 

vasoplegia in the critical care and cardiac surgery settings7,9,11. So far, the use of AngII 

as a vasopressor in LT has been limited by a lack of evidence from prospective trials 

and an incomplete understanding of RAAS physiology in this setting12–14.  
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Renin may help identify patients at increased risk of organ injury15. This 

hypothesis is true in other settings, such as critical illness, where renin predicts mortality 

and major adverse kidney events9,16. The kidneys and the new liver graft are key organs 

at risk of hypoperfusion during the perioperative period. Therefore, we further 

hypothesized that preoperative renin would be associated with posttransplant acute 

kidney injury (AKI) and early allograft dysfunction (EAD). To test these hypotheses, we 

measured serum renin in a cohort of patients presenting for LT. Our objective was to 

determine the association of preoperative renin levels with intraoperative vasopressor 

requirements and postoperative AKI and EAD following LT. 
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2. Materials and Methods 

2.1.  Study population 

Eligible patients were aged 18 years or older and underwent LT at a single 

academic transplant center between July 2018 and August 2023. All patients were 

prospectively enrolled and provided written informed consent for the collection of 

biological specimens for research.  The local Institutional Review Board approved all 

study procedures (IRB #17-22384, 20-30179, and 20-30948). We excluded patients 

who were intubated before LT, in acute liver failure, who lacked decision-making 

capacity without an available surrogate, or for whom the consent materials were not 

accessible in their preferred language. Consent documents were available in English, 

Spanish, and Chinese. 

All patients received calcineurin inhibitors for immunosuppression after 

transplant. The calcineurin inhibitor was normally started on postoperative day 1 or 2, 

but could have been delayed until postoperative day 3 in patients with rising creatinine 

at the surgeon’s discretion. 

 

2.2.  Biospecimen collection 

Anesthesia and surgical care were performed according to local standards and 

protocols17.  Blood was drawn from a radial artery catheter after induction of anesthesia 

and before the surgical incision with the patient in the supine position. Serum aliquots 

were prepared and stored as previously described18. Serum aliquots were thawed once, 

and the renin concentration was measured using an enzyme-linked immunosorbent 
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assay (DRG International, Springfield, NJ, EIA5125R). The upper limit of normal for this 

renin assay in healthy adults in the supine position is 54 pg mL-1 (the 97.5th percentile). 

If the first renin measurement was out of range for the assay, additional serum aliquots 

were thawed and diluted in assay buffer until they fell within the linear range. 

 

2.3.  Primary and secondary outcomes 

The primary outcome was defined as the total vasopressor dose administered 

during the dissection phase (between the surgical incision and portal vein clamping). To 

account for multiple vasopressors used at our center (typically norepinephrine as the 

first line and vasopressin as the second-line infusion), vasopressor doses were totaled 

and converted to norepinephrine equivalent dosage (NED)19. The secondary outcomes 

were postoperative AKI of stage 1 or greater within 48 hours of the end of transplant 

and EAD. AKI was defined according to the Kidney Disease: Improving Global 

Outcomes (KDIGO) creatinine-based definition, as recommended for patients with 

cirrhosis20. AKI was staged according to the following KDIGO definitions: stage 1, peak 

creatinine ≥ 1.5× baseline or an absolute increase ≥ 0.3 mg dL-1; stage 2, peak 

creatinine > 2× baseline; stage 3, peak creatinine ≥ 3× baseline, ≥ 4.0 mg dL-1, or 

initiation of renal replacement therapy. The baseline creatinine was defined as the 

lowest value within 48 hours before transplant. Severe AKI was defined as KDIGO 

stage 2 or 3. EAD was determined by the Olthoff criteria21. 

 

2.4.  Clinical variables and data extraction 
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Clinical data were extracted from the institutional Transplant Outcomes in 

Anesthesia Database, a data warehouse comprising perioperative information on both 

liver donors and recipients22. The clinical dataset includes perioperative variables such 

as demographics, diagnoses, laboratory values, fluids, transfusions, medications, and 

hemodynamics; surgical parameters such as warm and cold ischemia times; and key 

donor variables such as donor type (living, deceased, or donor after cardiac death). The 

estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI equation, 

based on the lowest creatinine value within 48 hours before surgery. Patients with 

calculated eGFR ≥ 60 mL·min⁻¹·1.73 m⁻² were defined as having “preserved” renal 

function before transplant, while those with eGFR < 60 were defined as having 

“impaired” renal function. 

 

2.5.  Statistical analysis 

Renin concentrations were log10-transformed before analysis. To describe clinical 

factors associated with serum renin, the cohort was divided into equal groups based on 

the median value (“low-renin” versus “high-renin”). Patient and surgical characteristics 

were summarized using the table1_mc package in Stata 18 (StataCorp LLC, College 

Station, TX), and standardized mean differences were calculated using the stddiff 

package. The associations of log10[renin] with the Model for End-Stage Liver Disease 

sodium score (MELD-Na) and vasopressor doses were analyzed by unadjusted linear 

regression. Mann-Whitney U tests were also used to compare renin levels between 

patients with and without AKI, and those with and without EAD. The associations 

between log10[renin] and secondary outcomes were analyzed using unadjusted logistic 
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regression. AKI analyses were repeated for the subsets of patients with preserved and 

impaired renal function before transplant. Patients who received preoperative renal 

replacement therapy or underwent joint liver and kidney transplantation were excluded 

from the AKI analyses. Statistical significance was defined as α = 0.05. All analyses 

were conducted using Stata 18 or GraphPad Prism version 10.0.1 (GraphPad Software, 

Boston, MA). 

 

3. Results 

 

3.1.  Patient characteristics  

Serum renin was measured in 138 patients undergoing liver transplantation. The 

median age was 60 years (Q1-Q3, 53-67), and the median MELD-Na score was 18 

(Q1-Q3, 12-28). The most common diagnoses were alcoholic cirrhosis, metabolic 

dysfunction-associated steatohepatitis, and hepatitis C. Additional patient 

characteristics are shown in Table 1. The majority (82%) of patients received a graft 

from a deceased donor, and 13% were admitted to the hospital before transplant (Table 

2).  

 

3.2.  Distribution and characterization of serum renin levels  

In the overall cohort, preoperative renin concentrations ranged from 3 to 8935 pg 

mL-1, with a median of 138 pg mL-1 (Q1-Q3, 22-510 pg mL-1, Figure 1). The high-renin 

group had a higher proportion of non-white race and Hispanic or Latino ethnicity (Table 
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1). The high-renin group was younger, had more alcoholic or metabolic dysfunction-

associated steatohepatitis cirrhosis, and had less hepatocellular carcinoma. Patients in 

the high-renin group were also more likely to use spironolactone before transplant and 

have a history of ascites requiring large-volume paracentesis.  

Notably, MELD-Na scores were substantially higher in the high-renin group. We 

explored this association using unadjusted linear regression of log10[renin] on MELD-

Na. There was a strong positive association (F(1,136) = 60.76, p < 0.001) with an R2 = 

0.31 and a slope of 0.051 (95% CI 0.038-0.064), corresponding to a 12.5% increase 

(95% CI, 9.2-15.9%) in serum renin for a one-point increase in MELD-Na (Figure 2). 

Preoperative international normalized ratio and bilirubin were positively correlated with 

renin, while serum sodium levels were negatively correlated (Figure S1). Notably, 

preoperative serum creatinine was not associated with renin. Intraoperative and surgical 

factors were similar between groups, except for slightly higher blood product 

transfusions in the high-renin group (Table 2). 

 

3.3.  Primary outcome: vasopressor dose  

The high-renin group received more vasopressors (median 0.05 mcg kg-1 min-1 

NED, Q1-Q3 0.02-0.10) during the dissection phase of LT as compared with the low-

renin group (0.03 mcg kg-1 min-1 NED, Q1-Q3 0.01-0.05, p = 0.023, Mann-Whitney U-

test). In unadjusted linear regression, there was a positive correlation between 

log10[renin] and vasopressor dosage (F (1,136) = 10.51, p = 0.002), with an R2 of 0.07 
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and a slope of 0.03 (95% CI 0.01 to 0.05, Figure 3). Thus, a 10-fold increase in renin 

corresponded to a 0.03 mcg kg-1 min-1 increase in NED. 

 

3.4.  Secondary outcomes 

After excluding five patients who required preoperative renal replacement 

therapy, 85 of 133 (64%) patients developed postoperative AKI. Renin levels were 

higher in patients who developed postoperative AKI (median 244 pg mL-1, Q1-Q3 26-

720) compared with those who did not (54 pg mL-1, Q1-Q3 16-286, p = 0.014, Mann-

Whitney U test, Figure 4A). The difference in renin levels was even more accentuated 

when comparing those who developed severe postoperative AKI (304 pg mL-1, Q1-Q3 

195-747) with those who had no AKI or AKI stage 1 (69 pg mL-1, Q1-Q3 19-384, p = 

0.003, Table S1). There was no association between renin and EAD (Table 3 and Table 

S1). In an unadjusted logistic regression including all 133 patients, regardless of 

preoperative eGFR, a 10-fold increase in serum renin was associated with 

postoperative AKI (OR 1.77; 95% CI 1.12-2.77; Table 3). A 10-fold increase in renin 

was associated with higher odds of severe AKI (OR 2.13; 95% CI 1.27–3.57). 

 

3.5.  Subgroup analysis of AKI in patients with preserved renal function before 

transplant 

28 of 133 patients (21%) who were not on preoperative renal replacement 

therapy had impaired renal function before surgery. The baseline characteristics of 

these patients compared to those with preserved renal function are shown in Table S2. 
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In the 105 patients with preserved preoperative renal function, renin was significantly 

higher in those who developed postoperative AKI (median 278 pg mL-1, Q1-Q3 24-772) 

compared with those who did not (median 52 pg mL-1, Q1-Q3 14-325, p = 0.039, Mann-

Whitney U test, Figure 4B). A similar trend was seen in the 28 patients with impaired 

preoperative renal function (postoperative AKI: median renin 190 pg mL-1, Q1-Q3 83-

415; no AKI: median renin 61 pg mL-1, Q1-Q3 30-248), but the difference was not 

statistically significant (p = 0.23, Figure 4C). The sensitivity analysis of the 105 patients 

with preserved preoperative renal function using an unadjusted logistic regression 

model showed associations between renin and postoperative AKI (OR 1.74; 95% CI 

1.05-2.88; Table 4) and between renin and severe AKI (OR 2.22; 95% CI 1.25-3.93). 
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4. Discussion 

In a cohort of 138 patients with cirrhosis undergoing LT, serum renin at the start 

of surgery was markedly elevated in most patients. The renin levels we observed are 

considerably higher than those previously reported for other critically ill, non-transplant 

populations. For instance, in a mixed population of critically ill patients, the top tertile of 

renin levels ranged from 180 to 1032 pg per mL16, whereas in our study, the top tertile 

ranged from 325 to 8935 pg mL-1. Only six of our patients were in the ICU before 

surgery, demonstrating that renin is drastically elevated in many LT patients even when 

not critically ill. 

We observed higher preoperative serum renin levels with increasing severity of 

liver disease as measured by the MELD-Na score. Bilirubin and international normalized 

ratio were positively correlated with renin. Serum sodium was negatively correlated with 

renin, likely because RAAS activation drives fluid retention and the release of 

antidiuretic hormone, which together lead to hyponatremia. Surprisingly, we found no 

association between preoperative serum creatinine and renin. The juxtaglomerular 

apparatus in the kidney secretes renin in response to renal hypoperfusion. Our 

observation that renin and creatinine are uncorrelated indicates that renin elevation may 

precede a clinically apparent decrease in eGFR or indicate situations in which 

compensatory mechanisms have effectively maintained renal filtration. 

Because elevated renin can indicate low systemic vascular resistance23, we 

hypothesized that preoperative renin levels would indicate a greater difficulty 

maintaining adequate mean arterial blood pressure during the LT. Therefore, renin 
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levels should correlate with the vasopressor dose administered. This question is of 

interest because renin may help identify patients at risk of profound vasodilation, some 

of whom may have a relative AngII deficiency and be candidates for AngII infusion 

during LT (see below)12,13,24. We limited our vasopressor analysis to the dissection 

phase, because hypotension during this phase is not confounded by vasodilation from 

liver graft reperfusion. We found a statistically significant association between 

preoperative renin levels and vasopressor dose during dissection. However, renin 

accounted for only a small portion of the variance in vasopressor dose. This is likely due 

to multiple additional factors contributing to hypotension during the dissection phase, 

such as blood loss, compression of hepatic vasculature, and anesthetics. 

Preoperative renin was associated with both the incidence and severity of 

postoperative AKI in our cohort, but not early allograft dysfunction. A 10-fold increase in 

serum renin levels was associated with an odds ratio of 1.77 for AKI. The association 

remained significant in a sensitivity analysis excluding the 28 patients with significant 

renal impairment before transplant. These findings suggest that renin may help identify 

patients at risk of posttransplant AKI, even when renal function appears intact by eGFR. 

We propose renin as a candidate marker of circulatory impairment that increases the 

risk of postoperative AKI after LT, as observed after cardiac surgery25. It would be 

valuable to determine if renin predicts AKI in a larger, multicenter cohort of patients 

undergoing LT, especially given the importance of AKI to long-term patient outcomes 

such as progression to chronic kidney disease26. 

We demonstrate that preoperative serum renin is associated with higher 

intraoperative vasopressor requirements and posttransplant AKI. However, we do not 
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yet know whether intervening upon the RAAS pathway in LT patients can improve 

outcomes. Intriguing data exists from other clinical settings using AngII as a 

vasopressor, including cardiac surgery and kidney transplantation27–29. AngII was 

approved by the US Food and Drug Administration in 2017 as an intravenous 

vasopressor for patients with vasodilatory shock11. In a post hoc analysis of patients in 

the ATHOS-3 trial, patients with elevated renin who received AngII therapy had lower 

mortality than those receiving placebo7. Patients with high renin also had an elevated 

angiotensin I/AngII ratio, indicating a relative deficit in AngII6. We hypothesize that an 

AngII deficiency may also exist in our LT population and drive renin secretion by 

relieving negative feedback, but this has not yet been measured. Our group is currently 

conducting a randomized, double-blind, placebo-controlled pilot trial of AngII infusion in 

patients with MELD-Na ³ 25 to investigate the efficacy of this vasopressor in LT14. The 

findings of this trial may help elucidate whether AngII is a useful vasopressor in patients 

undergoing LT. 

Point-of-care renin measurements are not currently available, which creates a 

barrier to integrating this marker into clinical decision-making. Our finding of a strong 

positive correlation between MELD-Na and renin is helpful for identifying patients with 

elevated renin before LT. While MELD-Na is a strong correlate of renin, it is not the only 

factor. Medications such as spironolactone, a mineralocorticoid antagonist that blocks 

aldosterone from binding to its receptor, will also increase renin through feedback 

mechanisms and should be considered.  

This study has several limitations. First, the serum samples were collected at a 

single time point before the start of LT. We do not know the trajectory of serum renin in 
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our cohort, either before or after the start of surgery. Fluctuations may occur. Renin 

levels at unmeasured time points, or the change in renin in response to vasopressor 

therapy7, may be more causally related to postoperative organ injury. A second limitation 

is the relatively small sample size of our single-center study. We deemed our cohort to 

be too small to adjust for known risk factors and assess whether preoperative renin is 

independently associated with posttransplant AKI, especially given the large number 

and variation of risk factors across published studies22,30,31. Preoperative comorbidities 

such as metabolic-dysfunction associated steatotic liver disease or diabetes mellitus, 

donor characteristics such as donor risk index and use of normothermic machine 

perfusion, and intraoperative characteristics such as transfusions or vena cava 

technique are a few of the variables that should be analyzed in larger future studies of 

renin and posttransplant AKI. Finally, we were unable to determine the exact etiology of 

preoperative renal dysfunction in our patients, which is known to be multifactorial. 

In conclusion, our findings suggest that renin may be an important marker of 

cardiovascular impairment and indicate an elevated risk of AKI after LT, even in patients 

with preserved renal function before surgery. The robust association of renin with post-

transplant AKI and the potential to intervene with AngII as a vasopressor infusion 

suggest that a deeper characterization of the RAAS during LT is a promising area for 

future study and may help improve patient outcomes. 
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Figure Legends 

Figure 1. Distribution of serum renin in 138 patients at the start of liver transplantation. 

Dark bars indicate median (138 pg mL-1) and Q1-Q3 (22-510 pg mL-1). 

 

Figure 2. Linear regression of MELD-Na and log10[renin]. Solid line indicates the best-fit 

regression line (F (1,136) = 60.76, p < 0.001), with an R2 = 0.31 and a slope of 0.051 

(95% CI 0.038-0.064). Dashed lines indicate 95% CI. 

 

Figure 3. Linear regression of log10[renin] and Norepinephrine Equivalent Dosage (NED) 

during the dissection phase of LT. Solid line indicates the best-fit regression line (F 

(1,136) = 10.51, p = 0.002), with an R2 of 0.07 and a slope of 0.03 (95% CI 0.01-0.05). 

Dashed lines indicate 95% CI. 

 

Figure 4. Association of preoperative serum renin with postoperative acute kidney injury 

(AKI). Box-and-whiskers plots are calculated according to the Tukey method. (A) All 

patients in the cohort, excluding five who received preoperative renal replacement 

therapy. (B) Patients with preserved preoperative renal function, defined as preoperative 

eGFR ≥ 60 mL·min⁻¹·1.73 m⁻². (C) Patients with impaired preoperative renal function, 

defined as eGFR < 60 mL·min⁻¹·1.73 m⁻². * p < 0.05, Mann-Whitney U test. 

 



Table 1: Recipient and Donor Characteristics. Low and high renin indicate patients above and 

below the median value. 

Variable Total Low [Renin] High [Renin] |SMD| 

 n=138 n=69 n=69  

Preoperative [Renin] (pg mL-1), Q1-

Q3 

138.1 (21.7-

510.1) 

21.7 (11.6-52.5) 510.1 (298.6-

1278.5) 

 

Sex (Male) - n (%) 93 (67.4) 45 (65.2) 48 (69.6) 0.09 

Race – n (%)  

White 78 (56.5) 42 (60.9) 36 (52.2) 

0.67 

Asian 16 (11.6) 11 (15.9) 5 (7.2) 

Black or African American 2 (1.4) 1 (1.4) 1 (1.4) 

Native American or Alaska Native 3 (2.29) 1 (1.4) 2 (2.9) 

Native Hawaiian or Pacific Islander 4 (2.9) 4 (5.8) 0 

Other 34 (24.6) 10 (14.5) 24 (34.8) 

Unknown / not stated 1 (0.7) 0 1 (1.4) 

Ethnic Group – n (%)  

Hispanic or Latino 44 (31.9) 15 (21.7) 29 (42.0) 

0.45 Not Hispanic or Latino 91 (66.7) 53 (76.8) 39 (56.5) 

Declined 2 (1.4) 1 (1.4) 1 (1.4) 

Recipient Age (y) – Median, (Q1-

Q3) 

60 (53-67) 63 (56-69) 57 (50-63) 0.42 

BMI (kg m-2) – Median, (Q1-Q3) 29.1 (24.9-32.7) 28.2 (25.4-31.6) 30.5 (24.5-34.7) 0.31 

Past Medical History   

Hypertension – n (%) 68 (49.3) 37 (53.6) 31 (44.9) 0.17 

Diabetes Miletus – n (%) 52 (37.7) 27 (39.1) 25 (36.2) 0.06 

Chronic Kidney Disease – n (%) 9 (6.5) 7 (10.1) 2 (2.9) 0.30 



Etiology of Liver Disease – n (%)  

Hepatitis C 28 (20.3) 21 (30.4) 7 (10.1) 

0.68 

Hepatitis B 14 (10.1) 8 (11.6) 6 (8.7) 

Alcoholic 35 (25.4) 10 (14.5) 25 (36.2) 

MASH 32 (23.2) 15 (21.5) 17 (24.6) 

Cryptogenic 7 (5.1) 3 (4.3) 4 (5.8) 

Other 12 (8.7) 6 (8.7) 6 (8.7) 

Primary sclerosing cholangitis 10 (7.2) 6 (8.7) 4(5.8) 

Large Ascites – n (%)  76 (55) 27 (39) 49 (71) 0.68 

Hepatocellular Carcinoma – n (%) 71 (51.4) 51 (73.9) 20 (29.0) 1.01 

Preoperative Spironolactone Use – n 

(%) 

56 (40.6) 12 (17.4) 44 (63.8) 1.07 

MELD-Na – Median, (Q1-Q3) 18 (12-28) 13 (10-18) 25 (18-31) 1.20 

Preoperative Labs – Median (Q1-

Q3) 

 

Creatinine (mg dL-1) 0.88 (0.74-1.16) 0.84 (0.71-1.12) 0.92 (0.77-1.16) 0.01 

eGFR (mL·min⁻¹·1.73 m⁻²) 92.3 (67.7 – 

100.8) 

94.4 (67.9 – 

101.0) 

92.3 (67.7 -

100.8) 

0.15 

International Normalized Ratio 1.5 (1.2-2.1) 1.3 (1.1-1.6) 1.8 (1.4-2.6) 0.96 

Sodium (mEqL-1) 137 (133-139) 138 (137-140) 133 (131-137) 1.20 

Total Bilirubin (mgdL-1) 2.5 (1.2-7.2) 1.7 (0.9-2.7) 4.9 (2.0-12.5) 0.53 

Albumin (gdL-1) 3.0 (2.6-3.4) 3.1 (2.6-3.5) 2.9 (2.5-3.4) 0.32 

Fibrinogen (mgdL-1) 249 (160-329) 280 (199-357) 204 (141-286) 0.64 

Platelets (x10^9/L) 72 (50-114) 76 (52-140) 68 (49-106) 0.40 

Hemoglobin (gdL-1) 10.1 (8.7-12.6) 11.4 (9.2-13.0) 9.4 (8.3-11.1) 0.66 

Hematocrit (%) 30.9 (25.8-37.3) 34.7 (29.2-38.6) 28.0 (23.9-33.8) 0.79 

Inpatient Before Surgery – n (%) 18 (13.0) 6 (8.7) 12 (17.4) 0.26 



ICU Prior to Surgery – n (%) 6(4.3) 0 6(8.7) 0.44 

Preoperative RRT – n (%) 5(3.6) 2 (2.9%) 3 (4.3) 0.08 

ICU, Intensive Care Unit, eGFR, estimated Glomerular Filtration Rate, MASH, Metabolic 
dysfunction-associated steatohepatitis, MELD-Na, Model for End-Stage Liver Disease sodium, 
RRT, Renal Replacement Therapy, SMD, Standardized Mean Difference. 



Table 2: Surgical characteristics. Low and high renin indicate patients above and below the 
median value. 

 Variable  Total Low [Renin]  High [Renin] |SMD| 

  n=138 n=69 n=69  

Donor Type - n (%) 

DBD 107 (77.5) 51 (73.9) 56 (81.2) 0.19 

DCD 6 (4.3) 4 (5.8) 2 (2.9)  

LD 25 (18.1) 14 (20.3) 11 (15.9)  

Operative Time (min) – Median, (Q1-

Q3) 
 418 (356-487) 420 (345-473) 413 (368-494) 0.19 

Fluids and Blood Products – Median, 

(Q1-Q3) 
     

Crystalloids (mL)  
1500 (1000-

2500) 

2000 (1000-

2500) 

1500 (1000-

2000) 
0.22 

Albumin 5% (mL)  1000 (0-2000) 1500 (750-2000) 1000 (0-1500) 0.4 

Red blood cells (units)  4 (0-6) 2 (0-5) 5 (2-7) 0.69 

Fresh frozen plasma (units)  8 (4-13) 5 (2-10) 10 (6-16) 0.67 

Platelet concentrates (units)  2 (0-3) 1 (0-2) 2 (1-4) 0.58 

Cellsaver blood returned (mL)  600 (250-1300) 485 (225-1000) 700 (450-1400) 0.42 

Urine (mL) – Median, (Q1-Q3)  775 (450-1475) 750 (500-1400) 900 (400-1500) 0.12 

Estimated blood loss (mL)  
2500 (1400-

5000) 

1900 (1000-

4500) 

3200 (2000-

6000) 
0.60 

 

DBD, donor after brain death, DCD, donor after circulatory death, LD, Living Donor, SMD, 

Standardized Mean Difference. 

 



Table 3: Unadjusted logistic regressions of postoperative secondary outcomes using log10[renin] 
as the predictor. Five patients receiving preoperative renal replacement therapy were excluded 
from the AKI analyses. 

 

Outcome N Odds Ratio 95% CI P 

AKI (stage ³ 1) 133 1.77 1.12-2.77 0.014 

Severe AKI (stage 2 or 3) 133 2.13 1.27-3.57 0.004 

Early Allograft Dysfunction 138 0.95 0.62-1.46 0.82 

 AKI, acute kidney injury. 

 



Table 4: Unadjusted logistic regressions of AKI outcomes in 105 individuals with preserved 
preoperative renal function using log10[renin] as the predictor. 

Outcome Odds Ratio 95% CI P 

AKI (stage ³ 1 ) 1.74 1.05-2.88 0.032 

Severe AKI (stage 2 or 3) 2.22 1.25-3.93 0.006 

AKI, Acute Kidney Injury. 
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Supplementary Tables 

 

Table S1 

 

   Outcome = No Outcome = Yes P-Value 

AKI, stage 1+ n (%) 48 (36%) 85 (64%) 0.014 [Renin], median (Q1-Q3) 54 (16 - 286) 244 (26-720) 

Severe AKI, 
stage 2 or 3 

n (%) 99 (74%) 34 (26%) 0.003 
[Renin], median (Q1-Q3) 69 (19-384) 304 (195-747) 

EAD n (%) 89 (64%) 49 (36%) 0.85 [Renin] Median (Q1-Q3) 122 (26-501)  190 (18-720)  
 

Table S1: Secondary Outcomes. For AKI and Severe AKI, N=133 as five patients were 
excluded from the analysis as they were on preoperative renal replacement therapy. For 
EAD, N=138. AKI, acute kidney injury; EAD, Early Allograft Dysfunction. P-values 
indicate results of Mann-Whitney U-tests.  
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Table S2 

 

Variable Total  
Preserved 

Preoperative 
Renal Function  

Impaired 
Preoperative 

Renal Function  
|SMD| 

 N= 133 N = 105 (78.9) N = 28 (21.1)   

Sex (Male) – n (%)   90 (67.7)  73 (69.5)  17 (60.7)  0.18  

Race – n (%)   

White  73 (54.9)  57 (54.3)  16 (57.1)  0.34 

Asian  16 (12.0)  13 (12.4)  3 (10.7)    

Black or African 
American  2 (1)  1 (1.0)  1 (3.6)    

Native American or 
Alaska Native  3 (2.3)  3 (2.9)  0    

Native Hawaiian or 
Pacific Islander  4 (3.0)  3 (2.9)  1 (3.6)    

Other  34 (25.6)  27 (25.7)  7 (25.0)    

Unknown/Declined  1 (0.8%)  1 (1.0)  0    

Ethnic Group – n (%)   

Hispanic or Latino  42 (31.6)  35 (33.3)  7 (25.0)  0.28 

Not Hispanic or Latino  89 (66.9)  68 (64.8)  21 (75.0)    

Declined  2 (1.5)  2 (1.9)  0    

Recipient Age (years) – 
Median, (Q1-Q3)  

60 (53-
67)  60 (52-67)  60 (54-67)  0.24  

BMI (kg m-2) – Median, 
(Q1-Q3)  

29.0 
(24.9-
32.3)  

29.6 (24.8-32.3)  27.5 (25.4-32.5)  0.05  
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Hypertension – n (%)  66 (49.6)  51 (48.6)  15 (53.6)  0.10  

Diabetes Miletus – n 
(%)  52 (39.1)  41 (39.0)  11 (39.3)  0.004  

Etiology of Liver 
Disease – n (%)      

Hepatitis C  27 (20.3)  23 (21.9)  4 (14.3)  0.47  

Hepatitis B  14 (10.5)  12 (11.4)  2 (7.1)    

Alcoholic  31 (23.3)  24 (22.9)  7 (25.0)    

MASH 32 (24.1)  25 (23.8)  7 (25.0)    

Cryptogenic  7 (5.3)  5 (4.8)  2 (7.1)    

Other  12 (9.0)  7 (6.7)  5 (17.9)    

Primary sclerosing 
cholangitis  10 (7.5)  9 (8.6)  1 (3.6)    

Hepatocellular 
Carcinoma – n (%)  69 (51.9)  61 (58.1)  8 (28.6)  0.62  

Preoperative 
Spironolactone Use – 
n (%)  

55 (41.4)  43 (41.0)  12 (42.9)  0.04  

MELD-Na – Median, 
(Q1-Q3)  

18 (12-
27)  16 (12-24)  28 (18-32)  0.95  

Preoperative Labs – 
Median, (Q1 – Q3)  

 INR 1.5 (1.2-
2.1)  1.4 (1.2-1.9)  1.7 (1.5-2.5)  0.37  

Sodium (mEq L-1) 137 (133-
139)  137 (133-139)  136 (134-138)  0.05  

Total Bilirubin (mg dL-1) 2.5 (1.2-
6.9)  2.0 (1.2-5.0)  5.0 (1.2-13.6)  0.56  
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Albumin (g dL-1)  2.9 (2.6-
3.4)  3.0 (2.5-3.4)  2.9 (2.6-3.5)  0.13  

Fibrinogen (mg dL-1)  252 (168-
332)  259 (170-334)  214 (155-309)  0.33  

Platelets (x109 L-1)  74 (51-
121)  75 (54-123)  71 (46-105)  0.002  

Hemoglobin (g dL-1) 10.1 (8.9-
12.6)  11.1 (9.0-13.0)  9.2 (8.1-10.1)  0.86  

Hematocrit (%)  31.0 
(26.4-
37.4)  

32.8 (28.6-38.1)  27.2 (23.9-31.0)  0.83  

ICU Prior to Surgery – n 
(%)  3 (2.3)  1 (1.0)  2 (7.1)  0.31  

 

Table S2. Baseline characteristics categorized by preoperative estimated Glomerular 
Filtration Rate.  Preserved Preoperative Renal Function defined as estimated 
Glomerular Filtration Rate ≥   60 mL·min⁻¹·1.73 m⁻². Impaired Preoperative Renal 
Function defined as estimated Glomerular Filtration Rate < 60 mL·min⁻¹·1.73 m⁻². 
MASH, Metabolic dysfunction-associated steatohepatitis SMD, Standardized Mean 
Difference. 

 



 5 

Supplementary Figure 

 

 

 

Figure S1. Unadjusted linear regression of MELD-Na components and Serum 
log10[renin]. Solid lines represent fit. Dotted lines represent 95% CI. A. R^2 = 0.1153, 
p<0.2187. B. R^2 = 0.2010, p<0.001. C. R^2 = .3238, p<0.001. D.  R^2 = .07288, 
p<0.001. 
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