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Abstract

Objective: To investigate the correlation between the rewarming rate during cardiopulmonary bypass
(CPB) and the incidence of acute kidney injury (AKI) following open heart surgery.

Methods: Clinical data from 348 patients who underwent open heart surgery with CPB at the Department
of Cardiac and Vascular Surgery, Nanjing Hospital Affiliated to Nanjing Medical University, between
January 2020 and December 2023 were retrospectively analyzed. Patients were divided into slow
rewarming (< 0.09 °C/min) and rapid rewarming (> 0.09 °C/min) groups based on the rewarming rate
during CPB. The primary endpoint was the incidence and severity of AKI within 7 days postoperatively.
Preoperative baseline characteristics, intraoperative variables, and postoperative outcomes were
collected and compared between the two groups. Univariate analysis and multivariate logistic regression
were performed to identify independent risk factors for postoperative AKI. A nomogram for predicting
postoperative AKI risk was subsequently developed. Model discrimination was assessed using receiver
operating characteristic (ROC) curves, calibration was evaluated via the Hosmer-Lemeshow test and
calibration plots, and clinical net benefit was examined using decision curve analysis (DCA).

Results :A total of 348 patients were included, of whom 58 developed postoperative AKI, yielding an
incidence of 16.7%. Compared with the slow rewarming group, the rapid rewarming group had a
significantly higher incidence of AKI (23.1% vs. 10.8%, P<0.01) and more severe AKI clinical stages.
Multivariate logistic regression revealed that rapid rewarming rate (OR=2.15, 95% Cl:1.52-3.04),
prolonged CPB time (per 10-minute increase, OR=1.18, 95% CI:1.05-1.33), decreased preoperative
estimated glomerular filtration rate (per 10 mL/min/1.73 m? decrease, OR = 1.32,95% Cl: 1.12-1.56),
and increased intraoperative red blood cell transfusion (per 1-unit increase, OR=1.09, 95% Cl:1.02-1.17)
were independent risk factors for postoperative AKI.

Conclusion :Rapid rewarming during CPB is an independent risk factor for AKI after cardiac surgery. The
risk prediction model constructed from key indicators can effectively identify patients at high risk for
postoperative AKI and enable early recognition of such patients.

Introduction

Acute kidney injury (AKI) is one of the most common and serious complications following open heart
surgery with cardiopulmonary bypass (CPB). Characterized by a rapid postoperative decline in renal
function, AKI not only prolongs hospital stays and increases healthcare costs but also substantially
elevates the long-term risks of chronic kidney disease and mortality [1-2]. Epidemiological evidence
indicates that the incidence of postoperative AKI in patients undergoing CPB-assisted cardiac surgery
ranges from 15% to 30%, with approximately 5% to 10% of affected patients requiring renal replacement
therapy. Moreover, once severe AKI develops, in-hospital mortality can exceed 50% [3—4]. Hence, early
identification of at-risk individuals and timely implementation of targeted interventions are of
considerable clinical importance for improving patient outcomes.
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The non-physiological perfusion state during CPB has been consistently linked to the development of
postoperative AKI. Among the modifiable intraoperative parameters, the rewarming rate has garnered
increasing research interest in recent years [5]. Conventional wisdom holds that gradual rewarming helps
preserve stable organ blood flow and attenuates ischemia-reperfusion injury; however, the precise
relationship between rewarming rate and postoperative AKI remains inconclusive. Some studies suggest
that rapid rewarming may disrupt the balance between tissue oxygen supply and demand, thereby
activating inflammatory cascades and oxidative stress pathways, which could exacerbate renal injury
[6-7]. In contrast, other investigators argue that the rewarming rate per se is not an independent risk
factor, and that its effects are confounded by multiple factors, including CPB duration, transfusion
volume, and patients' baseline renal function [8]. To date, few dedicated studies, either domestically or
internationally, have specifically examined the association between rewarming rate and AKI after open
heart surgery, and validated predictive models that quantify the risk attributable to rewarming rate
remain scarce [9].

Against this backdrop, the present study retrospectively analyzed clinical data from patients who
underwent open heart surgery with CPB. Patients were categorized into slow-rewarming and rapid-
rewarming groups according to the rewarming rate during CPB. The primary objectives were to explore
the correlation between rewarming rate and postoperative AKI, to identify independent risk factors, and
to provide evidence-based support for optimizing CPB management strategies and reducing the risk of
postoperative AKI in clinical practice.

Data and Methods
Study Population

Patients who underwent open heart surgery with cardiopulmonary bypass (CPB) at the Department of
Cardiac and Vascular Surgery, Nanjing Hospital Affiliated to Nanjing Medical University, between January
2020 and December 2023 were enrolled. A total of 348 patients were included in the final analysis.
Inclusion criteria were: (1) first-time open heart surgery with intraoperative CPB support; (2) age =18
years; and (3) complete clinical data, including intraoperative rewarming rate and preoperative and
postoperative renal function parameters. Exclusion criteria were: (1) preoperative end-stage renal
disease or chronic renal replacement therapy; (2) acute kidney injury within 7 days prior to surgery; (3)
intraoperative death or death within 24 hours postoperatively; (4) history of kidney transplantation or
unilateral/bilateral nephrectomy; and (5) incomplete clinical data precluding calculation of rewarming
rate or assessment of postoperative AKI.

Grouping Strategy

Patients were stratified according to the mean rewarming rate during CPB, defined as the average rate of
rewarming from the lowest nasopharyngeal temperature to the time of weaning from CPB (unit: °C/min).
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The optimal cut-off value (0.09°C/min) was determined using the Youden index. Accordingly, patients
were divided into two groups: the slow rewarming group (rewarming rate < 0.09°C/min) and the rapid
rewarming group (rewarming rate > 0.09°C/min).

Data Collection

The following data were retrospectively extracted from the hospital's electronic medical record system:
(1) Preoperative baseline characteristics: including age, sex, body mass index, comorbidities
(hypertension, diabetes, coronary artery disease, heart failure), and laboratory parameters (preoperative
serum creatinine, estimated glomerular filtration rate [eGFR], and blood urea nitrogen); (2) Intraoperative
variables: including CPB time, aortic cross-clamp time, minimum nasopharyngeal temperature,
rewarming rate, rewarming duration, intraoperative transfusion volumes (red blood cells, plasma,
platelets), surgical procedure type, intraoperative minimum blood pressure, and use of vasoactive
agents; and (3) Postoperative parameters: including daily serum creatinine levels, urine output, need for
renal replacement therapy within 7 days postoperatively, intensive care unit (ICU) length of stay, total
hospital stay, and 30-day all-cause mortality.

Outcome Measures

Primary outcome: The incidence and severity of acute kidney injury within 7 days postoperatively. AKI
was diagnosed and staged according to the Kidney Disease: Improving Global Outcomes (KDIGO) 2012
criteria [10]: Stage 1 — serum creatinine rise to 1.5-1.9 times baseline, or an increase of >26.5 pymol/L,
or urine output < 0.5 mL/kg/h for 6-12 hours; Stage 2 — serum creatinine rise to 2.0-2.9 times baseline,
or urine output < 0.5 mL/kg/h for = 12 hours; Stage 3 — serum creatinine rise to > 3.0 times baseline, or
an increase to = 353.6 ymol/L, or initiation of renal replacement therapy, or urine output < 0.3 mL/kg/h
for =24 hours.

Secondary outcomes

included the rate of postoperative renal replacement therapy, ICU length of stay, total hospital stay, and
30-day all-cause mortality.

Statistical Analysis

Statistical analyses were performed using SPSS version 26.0 and R language version 4.2. Normally
distributed continuous variables were expressed as mean * standard deviation (xts)and compared
between groups using the independent-samples t-test. Non-normally distributed variables were
presented as median with interquartile range [M (Q1, Q3)] and compared using the Mann—Whitney U
test. Categorical variables were expressed as frequencies and percentages [n (%)] and compared using
the chi-square test or Fisher's exact test, as appropriate. Variables with P <0.05 in univariate analysis
were entered into a multivariate logistic regression model to identify independent risk factors for

Page 4/16



postoperative AKI. The predictive performance of the model was evaluated by the area under the
receiver operating characteristic (ROC) curve (AUC) to assess discriminative ability. Model calibration
was assessed using the Hosmer—Lemeshow goodness-of-fit test and calibration plots, with a well-
calibrated model indicated by a non-significant Hosmer—Lemeshow test(P > 0.05). A two-sided P < 0.05
was considered statistically significant.

Results

Comparison of baseline data in this group of patients

A total of 348 patients undergoing open heart surgery with cardiopulmonary bypass were included in this
study, including 178 patients in the slow rewarming group and 170 patients in the rapid rewarming
group. The preoperative baseline data of the two groups were compared in detail in Table 1. The results
showed that there was no significant difference in age, sex, BMI, history of hypertension, history of
diabetes, NYHA cardiac function classification, preoperative LVEF, preoperative serum creatinine,
preoperative eGFR and surgical type between the two groups ( all P >0.05), suggesting that there was
good comparability between the two groups.
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Table 1
Comparison of preoperative baseline data between the two groups of patients

Variables Slow rewarming Rapid rewarming Statistical P value
group (n=178) group (n=170) value(t/x%/Z)

Age (years) 58.4+12.6 59.1+13.2 -0.501 0.617

Male[n (%) ] 102(57.3) 95(55.9) 0.073 0.787

BMI (kg / m2) 24.2+3.5 23.9+3.7 0.770 0.442

{-Iis(tor;; ]of hypertension  76(42.7) 74(43.5) 0.024 0.877
n(%

Hi)s’iory of diabetes[n(  38(21.3) 35(20.6) 0.028 0.867

%

NYHA cardiac function 45(25.3) 42(24.7) 0.016 0.900

gradezllI[n(%)].

Preoperative LVEF ( %) 61.5+8.2 60.9+8.6 0.667 0.505

Preoperative serum 82.5+18.6 83.2+19.4 -0.339 0.735

creatinine (pmol / L).

Preoperative eGFR(mL  86.3+15.4 85.6+16.1 0.409 0.683

/ min/1.73m2).

]Type of surgery [n (%) 0.217 0.641

Coronary artery bypass 82(46.1) 76(44.7)

grafting

Valve surgery 71(39.9) 68(40.0)

Other 25(14.0) 26(15.3)

Note : BMI = body mass index ; nYHA = New York Heart Association ; IVEF = left ventricular ejection

fraction ; eGFR = estimated glomerular filtration rate ; data are expressed as mean + standard

deviation or number of cases ( percentage ). Comparison of postoperative AKI occurrence and

staging

A total of 58 patients developed AKI after surgery, with a total incidence of 16.7%. The incidence of
postoperative AKI in the rapid rewarming group was significantly higher than that in the slow rewarming
group [23.1% (39/170) vs.10.8% (19 /178),P<0.01]. In terms of AKI clinical stage, the rapid
rewarming group was mainly KDIGO stage 2 and 3 ( 33.3% and 20.5%, respectively ), while the slow
rewarming group was mainly KDIGO stage 1 ( 73.7% ). The difference in AKI stage distribution between
the two groups was statistically significant (P < 0.05 ), suggesting that the severity of AKI in the rapid
rewarming group was more severe. See Table 2 for details.
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Table 2
Comparison of postoperative AKI occurrence and KDIGO staging between the two groups of patients

Variables Slow rewarmin Rapid rewarming Statistical P value
group (n= 1789) group (n=170) value(x?/Z)

Postoperative AKI 19(10.8) 39(23.1) 9.152 0.002

occurred[n (%) ].

Clinical stage of AKI [n -2.462 0.014

(%)]

Stage 1 14(73.7) 18(46.2)

Stage 2 4(21.0) 13(33.3)

Stage 3 1(5.3) 8(20.5)

Note : AKI = acute kidney injury ; kDIGO = improve the prognosis of global kidney disease ; aKl staging

was based on KDIGO criteria. The incidence of AKI was compared by x2 test. Mann-Whitney U test

was used to compare AKI staging. Comparison of intraoperative data between the two groups of

patients

The intraoperative data of the two groups were compared in detail in Table 3. The results showed that
the cardiopulmonary bypass time, aortic occlusion time and intraoperative red blood cell transfusion
volume in the rapid rewarming group were higher than those in the slow rewarming group, and the
differences were statistically significant (P <0.05).
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Table 3
Comparison of intraoperative data between the two groups of patients

Variables Slow rewarming Rapid rewarming Statistical P value
group (n=178) group (n=170) value(t/x?/Z)

Operation time (' min') 215.6+45.3 223.8+48.7 -1.630 0.104

Extracorporeal circulation 98.5+28.6 115.2+34.1 -4.982 <0.001

time (min)

Aortic occlusion time ( min 65.3+21.4 74.8+26.7 -3.640 <0.001

The amount of crystal liquid ~ 1520.4 £+ 420.7 1560.8 £450.3 -0.862 0.389

( mL ) was used during

operation.

The amount of colloidal 850.6 +280.4 880.5+295.6 -0.967 0.334

fluid used during operation (

mL)

Intraoperative red blood cell  1.0(0.0, 2.0) 2.0(1.0, 3.0) -3.125 0.002

transfusion (U)

I(ntrac;perative urine volume 1280.51420.8 1250.3 £ 440.6 0.650 0.516
mL

Note : Normal distribution measurement data are expressed as mean + standard deviation, and
independent sample t test is used for comparison between groups ; the measurement data of non-
normal distribution were expressed as median ( interquartile range ), and the Mann-Whitney U test
was used for comparison between groups. The enumeration data were expressed as the number of
cases ( percentage ), and the comparison between groups was performed by x2 test or Fisher exact
probability method.

Comparison of postoperative data between the two groups

The postoperative data of the two groups were compared in detail in Table 4. The results showed that
the incidence of postoperative AKI, postoperative mechanical ventilation time, ICU stay time and
postoperative hospital stay in the rapid rewarming group were higher than those in the slow rewarming
group, and the differences were statistically significant (P <0.05).
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Table 4
Comparison of postoperative data between the two groups

Variables Slow rewarmin Rapid rewarming Statistical P value
group (n=178 group (n=170) value(t/x?/Z)

Postoperative AKI 19(10.8) 39(23.1) 9.152 0.002

occurred[n (%) ].

Postoperative 14.5(10.0, 22.0) 20.0(14.0, 36.0) -3.486 <0.001

mechanical ventilation

time (h)

ICU stay time (d) 2.0(1.5,3.5) 3.0(2.0,5.0) -3.742 <0.001

Postoperative hospital 10.5+4.2 13.8+5.6 -6.185 <0.001

stay (d)

Postoperative new-onset ~ 32(18.0) 38(22.4) 1.034 0.309

atrial fibrillation [n (%) ]

Second exploratory 4(2.2) 6(3.5) 0.520 0.471

thoracotomy [n (%) ]

30-day postoperative 2(1.1) 5(2.9) 1.394 0.238

death[n(%)].

Note : Normal distribution measurement data are expressed as mean + standard deviation, and
independent sample t test is used for comparison between groups ; the measurement data of non-
normal distribution were expressed as median ( interquartile range ), and the Mann-Whitney U test
was used for comparison between groups. The enumeration data were expressed as the number of
cases ( percentage ), and the comparison between groups was performed by x2 test or Fisher exact
probability method. AKI = acute kidney injury ; ICU = intensive care unit.

Analysis of independent risk factors for postoperative AKI

Variables with statistical significance in univariate analysis ( rapid rewarming rate, cardiopulmonary
bypass time, preoperative eGFR, intraoperative red blood cell transfusion ) were included in the
multivariate logistic regression model ( forward stepwise method ) to analyze the independent risk
factors of AKI after open heart surgery. The results show. Fast rewarming rate (OR=2.15,95% Cl : 1.52-
3.04,P<0.001), prolonged cardiopulmonary bypass time ( every 10 minutes increase, OR =1.18,95% Cl:
1.05-1.33,P =0.005 ), decreased preoperative eGFR ( every 10 mL / min / 1.73m2 decrease, OR =
1.32,95% Cl: 1.12-1.56, P = 0.001 ) and increased intraoperative red blood cell transfusion ( every 1 unit
increase, OR =1.09,95% CI: 1.02-1.17, P =0.014 ) were independent risk factors for postoperative AKI.
See Table 5 for details.
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Table 5
Results of multivariate Logistic regression analysis of postoperative AKI

Variables B Standard Waldy? OR 95%Cl P

value error value value
value

Rapid rewarming rate (> 0.765 0.176 18.895 2.15 1.52- <

0.09°C / min) 3.04 0.001

Extracorporeal circulation time  0.166 0.059 7.917 1.18 1.05- 0.005

( every 10 minutes ) 1.33

Preoperative eGFR ( 0.278 0.086 10.451 1.32 1.12- 0.001

decreased by 10 mL / min / 1.56

1.73m2).

Intraoperative red blood cell 0.086 0.035 6.041 1.09 1.02- 0.014

transfusion volume ( for each 1.17

additional 1 unit)

Note : eGFR = estimated glomerular filtration rate ; oR = odds ratio ; cl = confidence interval. The

forward stepwise method ( Forward : LR ) was used to include the independent variables, the

inclusion criteria was 0.05, and the exclusion criteria was 0.10. Hosmer-Lemeshow test: x2 =6.32, P

=0.612.

Establishment of AKI prediction model after
cardiopulmonary bypass open heart surgery

The results of this study showed that the AUC of the curve of rapid rewarming rate, prolonged
cardiopulmonary bypass time, decreased preoperative eGFR and increased intraoperative red blood cell
transfusion volume was 0.732,95CI % was 0.565-0.900, and the Hosmer-Lemeshow test chi-square value
was 13.666, P = 0.091, the model was stable, see Fig. 1.

Internal validation of the performance of AKI prediction model after open heart surgery under
cardiopulmonary bypass

In this study, the accuracy of the prediction model was verified by the calibration curve. As shown in

Fig. 2, when compared with the observed probabilities, the probability distribution predicted by the model
is very close to the diagonal, indicating a high degree of agreement between the predicted and actual
values. The R2 of goodness-of-fit test was 0.892, indicating that the model explained 89.2% of the
observed variation, confirming its good calibration accuracy. These results show that the prediction
model established in this study not only has clinical identification ability, but also is accurate and reliable,
and the predicted risk is highly consistent with the actual risk. See Fig. 2.

Discussion

Open heart surgery with cardiopulmonary bypass (CPB) is a cornerstone therapeutic modality for
valvular heart disease, coronary artery disease, and complex congenital heart defects. However,
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postoperative acute kidney injury (AKI), as a common and serious complication, significantly prolongs
hospital stays, escalates medical costs, and increases long-term mortality, thereby critically impacting
surgical efficacy and patient prognosis [11-12]. Previous literature has reported that the incidence of AKI
following cardiac surgery ranges from 15% to 45%, with its pathophysiology involving multifactorial
mechanisms, including ischemia-reperfusion injury, systemic inflammatory response syndrome,
oxidative stress, and hemodynamic disturbances [13-14]. In recent years, advances in CPB technology
have brought increasing attention to the role of perioperative temperature management strategies in
modulating postoperative renal function. Nevertheless, studies specifically examining the association
between CPB rewarming rate and postoperative AKI remain relatively scarce, and simple yet effective
clinical prediction tools are still lacking [15]. Therefore, investigating the impact of rewarming rate on
postoperative AKI and establishing a reliable predictive model are of considerable significance for early
identification of high-risk patients and optimization of perioperative management strategies.

In the present study, the overall incidence of AKI within 7 days postoperatively among 348 patients
undergoing open heart surgery with CPB was 16.7%, which is broadly consistent with previous reports
[16]. Notably, the rapid rewarming group exhibited a significantly higher incidence of AKI and more
severe AKI stages compared to the slow rewarming group, suggesting that rapid rewarming not only
increases the overall risk of AKI but also exacerbates the severity of renal injury. Several mechanisms
may underlie this association. During the rewarming phase of CPB, rapid restoration of normothermia
can precipitate sudden peripheral vasodilation, leading to relative hypovolemia and reduced renal
perfusion pressure, which in turn diminishes glomerular filtration rate and exacerbates renal ischemia-
hypoxia injury. Concurrently, rapid rewarming may amplify the systemic inflammatory response,
activating neutrophil and complement cascades and triggering the release of large quantities of pro-
inflammatory cytokines, such as tumor necrosis factor-a and interleukin-6, which directly damage renal
tubular epithelial cells and induce apoptosis and necrosis [17]. Furthermore, excessively rapid rewarming
can provoke post-ischemic oxidative stress and mitochondrial respiratory chain dysfunction, generating
abundant reactive oxygen species that attack the lipid bilayer of tubular cell membranes, initiate lipid
peroxidation chain reactions, and further aggravate cellular injury [18]. In addition, the renal medulla is
exquisitely sensitive to hypoxia and is already in a hypoxic state during CPB. The pronounced
hemodynamic fluctuations accompanying rapid rewarming exacerbate the oxygen supply—demand
mismatch in the renal medulla, leading to aggravated energy metabolism disturbances in tubular
epithelial cells and culminating in acute tubular necrosis. These findings are corroborated by previous
studies, which have also confirmed a positive correlation between CPB rewarming rate and the incidence
of postoperative AKI, indicating that rapid rewarming may impair renal function through multiple
converging pathways [19].

Consistent with prior literature establishing the close relationship between intraoperative variables and

postoperative AKI [20], our multivariate analysis identified prolonged CPB time, decreased preoperative

estimated glomerular filtration rate (eGFR), and increased intraoperative red blood cell transfusion as

independent risk factors for AKI after CPB surgery. The underlying mechanisms are as follows:

prolonged CPB extends renal exposure to non-physiological perfusion, with continuous activation of
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complement and inflammatory cells on the surface of non-biological circuit materials, along with
microembolization and hemolysis, all of which may aggravate renal microcirculatory disturbances.
Intraoperative red blood cell transfusion increases the risk of postoperative AKI, possibly due to the
infusion of free hemoglobin, inflammatory mediators, and micropolymers present in stored blood, which
can induce tubular injury and microcirculatory embolization. Moreover, blood transfusion itself often
serves as a surrogate marker of heightened systemic inflammation and generally indicates more
intraoperative bleeding or greater hemodynamic instability, indirectly contributing to an elevated AKI
incidence [21]. Finally, reduced preoperative eGFR reflects an underlying decline in renal functional
reserve, with impaired autoregulatory capacity. Such patients have a compromised ability to compensate
for the non-pulsatile perfusion, hypothermia, and hemodynamic fluctuations during CPB rewarming,
rendering them more susceptible to ischemia-reperfusion injury and thus significantly increasing the risk
of postoperative AKl—a finding consistent with earlier research [22].

Currently, a growing consensus supports the utility of intraoperative data in predicting postoperative AKI
with satisfactory performance. In this study, a nomogram model for postoperative AKI risk prediction
was constructed incorporating four variables: rapid rewarming rate, CPB time, preoperative eGFR, and
intraoperative red blood cell transfusion. The model achieved an AUC of 0.732, indicating good
discriminatory ability. A major advantage of this prediction model lies in its practicality: all four included
indicators are routinely recorded before or during surgery (the rewarming rate can be directly calculated
from CPB records without additional testing), making the model cost-effective, operationally simple, and
readily applicable in routine clinical practice. Clinicians can utilize this model to rapidly assess a patient's
risk of AKI early postoperatively and implement targeted interventions in advance for high-risk
individuals, such as controlled rewarming, optimized perfusion management, judicious transfusion
strategies, and enhanced perioperative renal protection, which may help reduce the incidence of
postoperative AKI and improve patient outcomes [23]. Furthermore, we explored the impact of rapid
rewarming on early postoperative recovery. Our results demonstrated that patients in the rapid
rewarming group had significantly longer durations of postoperative mechanical ventilation, ICU stay,
and total hospital stay compared to those in the slow rewarming group, suggesting that AKI and other
potential complications attributable to rapid rewarming adversely affect the recovery trajectory. These
findings align with previous scholarly reports. However, no significant intergroup differences were
observed in postoperative new-onset atrial fibrillation, re-exploration for bleeding, or mortality, which may
be attributable to the relatively limited sample size and the low overall incidence of these events in our
cohort, potentially leading to false-negative results due to insufficient statistical power.

Several limitations of this study should be acknowledged. First, as a single-center retrospective
investigation, the study population may be subject to selection bias. Second, although 348 patients were
enrolled, the number of AKI cases (n = 58) was relatively modest, which may compromise the stability
and statistical power of the predictive model. Future multicenter, large-scale, prospective cohort studies
are warranted to validate and refine our findings. Third, the follow-up period was relatively short, and we
did not analyze long-term renal function recovery, progression to chronic kidney disease, or long-term
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survival outcomes in patients with postoperative AKI. Extended follow-up is necessary to consolidate the
conclusion that intraoperative rewarming rate increases postoperative AKI risk.

In summary, the incidence of AKI after open heart surgery with CPB is substantial. A rapid rewarming
rate significantly increases the risk of postoperative AKI. In addition, prolonged CPB time, reduced
preoperative eGFR, and intraoperative red blood cell transfusion were identified as independent risk
factors. The prediction model constructed from these indicators demonstrates satisfactory
discriminatory ability and calibration accuracy, offering valuable utility for early clinical identification of
high-risk patients.
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Figure 1

Receiver operating characteristic (ROC) curve of the nomogram model for predicting postoperative AKI
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Figure 2

Calibration plot of the nomogram model for predicting postoperative AKI
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