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Background: Cardiac surgery-associated acute kidney injury (CSA-AKI) is a prevalent complication with
poor outcomes, and its early prediction remains a challenging task. Currently available biomarkers for acute
kidney injury (AKI) include serum cystatin C (sCysC) and urinary N-acetyl-B-D-glucosaminidase (uNAG).
Widely used biomarkers for assessing cardiac function and injury are N-terminal pro B-type natriuretic
peptide (NT-proBNP) and cardiac troponin I (¢TnI). In light of this, our study aimed to evaluate the
effectiveness of these four biomarkers in predicting CSA-AKI.

Methods: This prospective observational study enrolled adult patients who had undergone cardiac surgery.
The clinical prediction model for CSA-AKI was developed using the least absolute shrinkage and selection
operator (LASSO) regression method. The model’s performance was assessed using the area under the curve
of the receiver operating characteristic (ROC-AUC), decision curve analysis (DCA), and calibration curves.
Furthermore, a separate validation cohort was constructed to externally validate the prediction model.
Additionally, a risk nomogram was created to facilitate risk assessment and prediction.

Results: In the modeling cohort consisting of 689 patients and the validation cohort consisting of 313
patients, the total incidence of CSA-AKI was 33.4%. The LASSO regression identified several predictors,
including age, history of hypertension, baseline serum creatinine (sCr), coronary artery bypass grafting
combined with valve surgery, cardiopulmonary bypass duration, preoperative albumin, hemoglobin,
postoperative NT-proBNP, ¢Tnl, sCysC, and uNAG. The constructed clinical prediction model
demonstrated robust performance, with a ROC-AUC of 0.830 (0.800-0.860) in the modeling cohort and
0.840 (0.790-0.880) in the validation cohort. Furthermore, both calibration and DCA indicated good model
fit and clinical benefit.

Conclusions: This study demonstrates that incorporating the immediately postoperative renal biomarkers,
sCysC and ulNAG, along with the cardiac biomarkers, NT-proBNP and ¢Tnl, into a clinical early prediction
model can significantly enhance the accuracy of predicting CSA-AKI. These findings suggest that a
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comprehensive approach combining both renal and cardiac biomarkers holds promise for improving the
early detection and prediction of CSA-AKI.
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Introduction

Acute kidney injury (AKI) is a common complication
following cardiac surgery (1). With approximately 2
million cardiac surgeries performed worldwide annually,
the prevalence of cardiac surgery-associated acute kidney
injury (CSA-AKI) ranges from 5% to 42% (2). CSA-
AKI is closely linked to higher in-hospital mortality
rates, prolonged hospital stays, and increased healthcare
expenses (3). However, due to the intricate pathophysiology
and underlying mechanisms of CSA-AKI, progress in
treatment and early prediction have been slow. As a result,
accurately predicting the occurrence of CSA-AKI remains a
considerable challenge.

Several classical clinical prediction models have been
developed to enhance clinicians’ ability to predict CSA-AKI,
such as the Cleveland Clinical Score in 2005 (4), the Mehta

Highlight box

Key findings

* Combining renal biomarkers (serum cystatin C and urinary
N-acetyl-B-D-glucosaminidase) with cardiac biomarkers
(N-terminal pro B-type natriuretic peptide and cardiac troponin
I) could significantly improve the accuracy of predicting cardiac
surgery-associated acute kidney injury (CSA-AKI). The prediction
model showed high predictive performance with the area under
the curve of the receiver operating characteristic of 0.830 in the

modeling cohort and 0.840 in the validation cohort.

What is known and what is new?

e It is known that CSA-AKI is a prevalent complication with poor
outcomes. Existing biomarkers individually assess kidney and
cardiac function but have limited predictive accuracy. The study
presents a novel prediction model that incorporates both renal and
cardiac biomarkers, resulting in enhanced predictive capability for
CSA-AKI.

What is the implication, and what should change now?
e This study suggests that biomarkers from multiple sources might
help in predicting complex clinical complications.
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Score in 2006 (5), and the Simplified Renal Index Score (6).
However, these models have not gained widespread use in
clinical practice due to variations in AKI criteria, different
timing of renal replacement therapy (RRT), and challenges
in clinical application. Recognizing this limitation, the
Acute Dialysis Quality Initiative Working Group has
proposed the integration of biomarkers from diverse sources
to enhance predictive accuracy for AKI (7). However, the
optimal combination of biomarkers is yet to be determined.

Serum cystatin C (sCysC) is a biomarker that better
reflects the estimated glomerular filtration rate (eGFR) (8).
It can be completely filtered by the glomerulus, reabsorbed
and catabolized in the proximal tubule. However, this
process is independent of factors such as gender, body
weight, age, muscle mass, and inflammatory response. In
our previous study, sCysC was the best predictor of both
AKT and severe AKI compared to 16 other biomarkers (9).
Another renal biomarker, urinary N-acetyl-p-d-
glucosaminidase (uNAG), is derived from proximal, distal
tubular cells, and non-renal cells. After tubular injury,
ulNAG is released into the urine, making it a biomarker
that reflects tubular injury (10). Both renal biomarkers have
the advantage of being available and stable in detection
compared to other renal biomarkers. Previous studies
have shown that the early prediction model consisting of
sCysC and uNAG has good predictive efficacy for AKI
in post-craniotomy, post-total aortic replacement, and
septic patients (11-13). Common cardiac biomarkers used
to assess cardiac function and myocardial injury include
amino-terminal brain natriuretic peptide precursor (N'T-
proBNP), cardiac troponin I (¢Tnl), creatine kinase (CK),
and creatine kinase-MB (CKMB). Among them, N'T-
proBNP is a peptide secreted by the ventricle in response
to overstretching of cardiomyocytes (14), and ¢Tnl, CK,
and CKMB are specific biomarkers reflecting myocardial
injury (15). Haines et al. revealed that elevated ¢Tnl
and N'T-proBNP were independent risk factors for the
development of AKI (16). Bucholz ez 4l. pointed out that
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Category Variables

Baseline data

Age, gender, weight, hypertension, diabetes mellitus, CAD, CKD, hyperlipidemia, preoperative use of nephrotoxic

medications [defined as having used the following medications within 5 days prior to surgery (20): non-steroidal
antipyretic analgesics, immunosuppressants, ACEls, ARBs] mannitol, angiographic agents, and nephrotoxic
antibiotics such as acyclovir, vancomycin, aminoglycosides, amphotericin B

Preoperative date

Echocardiographic data included LVEF, sCr, hemoglobin, D-dimer, and serum albumin

Postoperative data Renal biomarkers (sCysC and uNAG), cardiac biomarkers (CK, CKMB, cTnl, NT-proBNP), APACHE Il scores (15),

hourly urine output and daily sCr during ICU stay

Surgical data

Emergency surgery, heart valve surgery, CABG, CABG combined with heart valve surgery, other types of cardiac

surgery (corrective surgery for congenital heart disease, aortic sinus aneurysm repair, etc.), transfusion, blood
transfusion, duration of CPB, duration of ACC, and minimum intraoperative temperature

Outcome
costs, and in-hospital mortality

The onset and stage of AKI, duration of mechanical ventilation, ICU LOS, CRRT, IABP, and ECMO, total hospital

CAD, coronary artery disease; CKD, chronic kidney disease; ACEls, angiotensin-converting enzyme inhibitors; ARBs, angiotensin Il
receptor blockers; LVEF, left ventricular ejection fraction; sCr, serum creatinine; sCysC, serum cystatin C; uNAG, urine N-acetyl-p-D-
glucosidase; CK, creatine kinase; CKMB, creatine kinase isoenzyme; cTnl, cardiac troponin I; NT-proBNP, N-terminal B-type natriuretic
peptide precursor; APACHE I, acute physiologic and chronic health evaluation II; ICU, intensive care unit; CABG, coronary artery bypass
grafting; CPB, cardiopulmonary bypass; ACC, aortic cross clamping; AKI, acute kidney injury; LOS, length of stay; CRRT, continuous renal
replacement therapy; IABP, intra-aortic balloon pump; ECMO, extracorporeal membrane pulmonary oxygenation.

preoperative elevated CK-MB was associated with an
increased risk of CSA-AKI, and its level contributed to the
risk stratification of AKI in this group of patients (17).
However, there is currently insufficient evidence
regarding the predictive performance of these biomarkers
and their combinations specifically in CSA-AKI.
Consequently, we conducted a prospective, observational
study in the cardiac surgical intensive care unit to assess
the correlation between these biomarkers and CSA-AKI,
as well as evaluating the predictive effectiveness of an early
prediction model for CSA-AKI based on these biomarkers.
We present this article in accordance with the TRIPOD
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-24-1185/rc).

Methods
Study design and participants

This study was a prospective, observational, single-
center, two-stage study. At the first stage, a modeling
cohort of adult patients (age >18 years) who underwent
cardiac surgery at our center from October 2020 to April
2022 were consecutively enrolled. At the second phase, a
validation cohort of adult patients who underwent cardiac
surgery at our center from May 2022 to December 2022
were consecutively enrolled. Exclusion criteria were (I)

© AME Publishing Company.

patients with a previous history of renal transplantation
or nephrectomy; (II) patients with a diagnosis of end-
stage renal disease or those who had required RRT prior
to surgery; (III) pregnancy status; (IV) patients with a
preoperative diagnosis of AKI; and (V) patients who did
not consent to enrollment, had missing data on admission,
or had incomplete information. This study complied
with the Enhanced Reporting of Observational Studies in
Epidemiology (18) and the Diagnostic Accuracy Reporting
Criteria (19). This was approved by the Ethics Committee
of Guangdong Provincial People’s Hospital [approval No.
GDREC2015396H(R1)]. Informed consent was waived due
to the use of de-identified and anonymized data, ensuring
confidentiality and privacy for statistical research purposes
only. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Sample and data collection

Clinical data for each patient were prospectively obtained
from electronic medical records and laboratory databases
(1able 1). Venous blood and urine specimens were collected
immediately after surgery to measure renal biomarkers
sCysC and uNAG and cardiac biomarkers NT-proBNP,
c¢I'nl, CK, and CKMB. The staff measuring the biomarkers
were unaware of the clinical characteristics and the study
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Table 2 Staging of AKI
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Stage sCr

Urine output

1 1.5-1.9 times baseline or
>0.3 mg/dL (=26.5 pmol/L) increase
2 2.0-2.9 times baseline
3 3.0 times baseline or
Increase in sCr to 4.0 mg/dL (=353.6 pmol/L) or

Initiation of RRT or

<0.5 mL/kg/h for 6-12 hours

<0.5 mL/kg/h for =12 hours
<0.5 mL/kg/h for =24 hours or

Anuria for =12 hours

In patients <18 years, decrease in eGFR to <35 mL/min per 1.73 m®

AKI, acute kidney injury; sCr, serum creatinine; RRT, renal replacement therapy; eGFR, estimated glomerular filtration rate.

outcome of each patient. The following variables were
included as candidate predictors.

Diagnosis and definitions

According to the latest diagnostic criteria, CSA-AKI is
defined as having undergone cardiac surgery in the past
week and meeting the AKI criteria of the Kidney Disease
Improving Global Outcomes (KDIGO) (21). AKI is defined
as having any of the following criteria: an increase in sCr by
>0.3 mg/dL (>26.5 pmol/L) within 48 hours; or an increase
in sCr by >1.5 times baseline, which is known or presumed
to have occurred within the prior 7 days; or a urine volume
<0.5 mL/kg/h for 6 hours. AKI is staged for severity
according to the KDIGO criteria (7able 2).

According to a previous study (22), baseline sCr values
(including modeling cohort nl and validation cohort n2)
were determined according to the following principles:

(I) Latest sCr values measured between 1 month and

1 year prior to admission (n1=181, n2=79).

(II) Stable sCr values measured more than 1 year prior
to admission when patients were younger than
40 years (a stable sCr value is defined as
fluctuations within 15% of the minimum sCr value
on admission) (n1=65, n2=28).

(IIT) sCr values that measured more than 1 year before
admission and with values lower than the sCr value
at this admission (n1=48, n2=19).

(IV) If a patient was not diagnosed with AKI on
admission, sCr values between 3 and 39 days prior
to admission and lower than the sCr value on
admission could be selected (n1=56, n2=12).

(V) The lowest sCr value was selected if one of the
following conditions existed: the first sCr value

© AME Publishing Company.

on admission (n1=302, n2=155), the last sCr value
in the cardiac surgical intensive care unit (n1=30,
n2=18), and the lowest sCr value after discharge for
follow-up at 1 year (n1=7, n2=2).

Statistical methods

Grouping and data processing

Patients were divided into AKI group or non-AKI group
according to whether postoperative AKI occurred.
Differences in baseline characteristics, perioperative data,
and outcomes were compared between the two groups.
Measurement data were presented as mean = standard
deviation if normally distributed, and independent samples
t-test was used for comparison between the two groups.
Measurement data that did not meet normal distribution
were presented as median and interquartile range (P25,
P75), and the Wilcoxon test was used for comparison
between the two groups. Count data were presented as
frequencies and rates (percentages), and comparisons
between groups were made using the Pearson chi-square
test or Fisher’s exact probability method.

Predictor screening and clinical early prediction
modeling

The least absolute shrinkage and selection operator
(LASSO) method was used to screen predictors and
construct the model. LASSO regression, also known as
penalized regression, is a method that imposes penalties
on variables with high variance to eliminate the number of
variables and is suitable for reducing high-dimensional data
and improving the predictive accuracy and interpretability
of the model (23). We used LASSO binary regression to
include demographic and clinical characteristic variables and
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Consecutive adult patients undergoing cardiac
surgery for modeling cohort (n=746)

8403

Exclusion:

Y

¢ History of renal transplantation or nephrectomy (n=2)

¢ Diagnosed with ESRD or required RRT prior to surgery (n=14)

® Pregnancy status (n=4)

* Preoperative AKI (n=10)

¢ Not consent to enrollment, had missing data or incomplete
information (n=27)

Y

Patients enrolled

(n=689)
AKI group Non-AKI group
(n=201) (n=488)

Figure 1 Patient inclusion flow chart. AKI, acute kidney injury; ESRD, end stage renal disease; RRT, renal replacement therapy.

screened for statistically significant predictors to establish a
CSA-AKI clinical prediction model.

Performance evaluation of the prediction model
In this study, the following methods were used to assess the
performance of the prediction model:

() Receiver operating characteristic (ROC) curves
for the prediction model were created and used to
assess the accuracy of the model.

(II) Calibration curves can show the relationship
between the prediction results of the model and the
cohort observations, where the perfectly calibrated
model follows a 45-degree line. In this study, we
presented the model fit with calibration curves and
used Bootstrap for internal validation.

Decision curve analysis (DCA) is a method for
evaluating clinical prediction models, diagnostic assays, and
biomarkers (24). DCA can integrate patient or decision
maker preferences into the analysis to represent the net
clinical benefit of model-based predictive decision making,
thereby compensating for the shortcomings of evaluation
methods such as the area under the curve of the receiver
operating characteristic (ROC-AUC). Therefore, we used
DCA to evaluate the clinical efficacy of the prediction model.

Plotting and validation of the risk nomogram
A CSA-AKI risk nomogram was drawn according to the
clinical early prediction model established by LASSO

regression. In a nomogram, each risk factor has its own

© AME Publishing Company.

score axis, and the corresponding points can be obtained at
the top of the nomogram along the vertical line. The scores
for all variables were summed to give a total score based on
each patient’s specific risk factors. With the total score, the
probability of CSA-AKI can be obtained on the prediction
line at the bottom of the nomogram. Then, Nomo-
ROC and Nomo-DCA were used to further analyze the
rationality and diagnostic performance of the nomogram.
Finally, a validation cohort was established to validate the
nomogram externally.

R statistical software (version 3.4.1; http://www.
R-project.org) was used in this study to complete all
statistical analyses and graphic production, and a two-tailed
P value of <0.05 was considered statistically significant.

Results

Preoperative characteristics and outcomes of patients in the
modeling cobort

A total of 746 adult patients underwent cardiac surgery
at our center from October 2020 to April 2022. After
excluding patients with end-stage renal disease, pregnancy
status, renal transplantation, preoperative AKI status, and
missing data, 689 patients were enrolled in the modeling
cohort (Figure ). Patients were divided into AKI group and
non-AKI group according to the KDIGO criteria. Table 3
showed the baseline characteristics, general information,
and outcomes of the modeling cohort.
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Table 3 Comparison of baseline characteristics and outcomes of patients between the AKI and non-AKI groups

Variables Total (n=689) AKI (n=201) Non-AKI (n=488) P values
Male 417 (60.5) 109 (54.2) 308 (63.1) 0.03*
Age (years) 57.0 (48.0, 64.0) 62.0 (54.0, 68.0) 55.0 (46.0, 62.0) <0.001*
Weight (kg) 60.0 (53.0, 67.0) 58.0 (52.0, 67.0) 60.0 (53.0, 67.0) 0.28
Medical history

Hypertension 158 (22.9) 71 (35.3) 87 (17.8) <0.001*

Diabetes mellitus 62 (9.0) 27 (13.4) 35(7.2) 0.01*

Hyperlipidemia 5(0.7) 1(0.5) 4 (0.8) >0.99

CAD 12 (1.7) 6 (3.0) 6(1.2) 0.12

CKD 5(0.7) 3(1.5) 2 (0.4) 0.15
Nephrotoxic drugs 33 (4.8 10 (5.0) 23 (4.7) >0.99
Pre-op LVEF (%) 63.0 (57.0, 67.0) 63.0 (55.0, 67.0) 63.0 (57.0, 67.0) 0.56
Pre-op examination

Hemoglobin (g/L) 134.0 (120.0, 145.0) 129.0 (115.0, 139.0) 136.0 (123.0, 146.0) <0.001*

D-dimer (ng/mL) 360.0 (240.0, 830.0) 500.0 (290.0, 1,110.0) 330.0 (220.0, 722.5) <0.001*

Albumin (g/L) 38.5 (36.3,40.9) 37.7 (35.1, 40.1) 38.8 (36.6, 41.3) <0.001*

Baseline sCr (umol/L) 78.0 (65.3, 93.6) 77.6 (63.2,97.3) 78.5 (66.8, 92.7) 0.65
Outcomes

Hospital costs (10k CNY) 14.8 (11.8,19.4) 19.7 (15.7, 26.3) 13.5(10.8, 16.9) <0.001*

In-hospital mortality 20 (2.9) 15 (7.5) 5(1.0) <0.001*

IABP 43 (6.2) 27 (13.4) 16 (3.3) <0.001*

CRRT 19 (2.8) 15(7.5) 4(0.8) <0.001*

ECMO 11 (1.6) 6 (3.0) 5(1.0) 0.09

MV (h) 20.0 (13.0, 43.0) 43.0 (19.0, 100.0) 17.0 (10.8, 24.0) <0.001*

ICU LOS (h) 45.0 (27.0, 112.0) 110.0 (46.0, 208.0) 42.0 (22.0, 68.2) <0.001*
AKI staging

Stage 1 132 (65.7)

Stage 2 48 (23.9)

Stage 3 21 (10.4)

Data were presented as median (interquartile range) or n (%). *, there is a statistical difference. AKI, acute kidney injury; CAD, coronary
artery disease; CKD, chronic kidney disease; Nephrotoxic drugs, including immunosuppressants, angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, non-steroidal anti-inflammatory drugs, antibiotics (including vancomycin, acyclovir, amphotericin
B, aminoglycosides), mannitol, angiography agents, etc.; Pre-op, preoperative; LVEF, left ventricular ejection fraction; sCr, serum
creatinine; CNY, Chinese yuan; IABP, intra-aortic balloon pump; CRRT, continuous renal replacement therapy; ECMO, extracorporeal
membrane oxygenation; MV, mechanical ventilation; ICU LOS, intensive care unit length of stay.
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Table 4 Comparison of intraoperative and postoperative data between the AKI and non-AKI groups
Variables Total (n=689) AKI (n=201) Non-AKI (n=488) P value
Surgical procedures
Valve surgery 545 (79.1) 145 (72.1) 400 (82.0) 0.07
CABG 51 (7.4) 21 (10.4) 30 (6.1) 0.06
CABG + valve surgery 44 (6.4) 21 (10.4) 23 (4.7) 0.009*
Other procedures 49 (7.1) 14 (7.0) 35(7.2) >0.99
Intra-op data
CPB duration (min) 145.0 (113.0, 186.0) 175.0 (130.0, 214.0) 135.0 (106.8, 173.0) <0.001*
ACC duration (min) 88.0 (64.0, 118.0) 103.0 (73.0, 138.0) 84.0 (62.0, 110.0) <0.001*
Minimum temperature (°C) 31.0(30.1, 31.9) 30.9 (29.9, 31.7) 31.1 (30.3, 32.0) 0.005*
Intra-op transfusion
RBC (U) 2.0 (1.5,2.6) 2.3(1.7,3.1) 1.8(1.3,2.3) 0.07
Hydroxyethyl starch (mL) 354.5 (288.6, 424.3) 388.7 (338.4, 440.3) 326.5 (276.7, 378.9) 0.60
Emergency surgery 20 (2.9 11 (5.5) 9(1.8) 0.02*
Post-op data
APACHE Il scores 9.8 (6.8, 12.8) 11.8 (7.5, 16.1) 8.6 (6.2, 11.0) <0.001*
sCysC (mg/L) 1.0(0.8,1.3) 1.2(0.9,1.7) 0.9 (0.7, 1.1) <0.001*
uNAG (U/g Cre) 8.0 (1.6, 20.8) 12.2 (4.7, 25.7) 4.8(1.3,18.2) <0.001*
CK (U/L) 530.0 (393.0, 746.0) 635.0 (451.0, 848.0) 505.0 (365.0, 690.2) <0.001*
CK-MB (U/L) 61.2 (42.2, 87.8) 69.9 (47.8, 101.8) 58.9 (40.3, 83.0) <0.001*
NT-proBNP (pg/mL) 1,565.0 (636.6, 3,556.0)  2,638.0 (1,041.0, 5,000.0) 1,336.2 (536.9, 2,864.2) <0.001*
cTnl (ng/mL) 654.6 (304.4, 1,183.0) 925.5 (465.8, 2,031.0) 554.5 (265.8, 1,027.0) <0.001*

Data were presented as median (interquartile range) or n (%).*, there is a statistical difference. AKI, acute kidney injury; CABG, coronary
artery bypass grafting; Other procedures, including correction of congenital heart disease, repair of aortic sinus aneurysm, etc.; Intra-op,
intraoperative; CPB, cardiopulmonary bypass; ACC, aortic cross-clamping; RBC, red blood cell; Post-op, postoperative; APACHE, acute
physiology and chronic health evaluation; sCysC, serum cystatin C; uNAG, urine N-acetyl-B-D-glucosidase; CK, creatine kinase; CK-MB,
creatine kinase isoenzyme; NT-proBNP, N-terminal B-type natriuretic peptide precursor; cTnl, cardiac troponin I.

Overall, there were 201 (29.2%) cases of CSA-AKI in
the cohort, with 132 (65.7%) were in stage 1, 48 (23.9%)
in stage 2, and 21 (10.4%) in stage 3. Compared to the
non-AKI group, patients in the AKI group were older
[62.0 (54.0, 68.0) vs. 55.0 (46.0, 62.0) years old, P<0.001]
and had a higher proportion of hypertension (35.3% uvs.
17.8%), P<0.001) and diabetes mellitus (13.4% vs. 7.2%,
P=0.01). Regarding laboratory results, patients in the AKI
group had higher preoperative D-dimer (DDI) levels [500.0
(290.0, 1,110.0) vs. 330.0 (220.0, 722.5) ng/mL, P<0.001],
but had lower serum albumin concentration [37.7 (35.1,
40.1) vs. 38.8 (36.6, 41.3) g/L, P<0.001] and hemoglobin
[129.0 (115.0, 139.0) vs. 136.0 (123.0, 146.0) g/L, P<0.001]
than those in the non-AKI group. However, there was no
statistical difference in the preoperative use of nephrotoxic
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drugs, cardiac function, and baseline sCr between the two
groups. Notably, patients in the AKI group had a higher
proportion of postoperative adverse outcomes, which
were associated with higher in-hospital mortality, higher
healthcare costs, higher rates of IABP and CRRT, and
longer duration of mechanical ventilation and ICU stay.

Intraoperative and postoperative characteristics of patients
in the modeling cobort

The surgical procedures, intraoperative, and postoperative
characteristics of the modeling cohort are shown in 7able 4.
Compared to the non-AKI group, the AKI group had a
higher proportion of emergency surgery (5.5% vs. 1.8%,
P=0.02) and CABG combined with valve replacement
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(10.4% vs. 4.7%, P=0.009). Patients in the AKI group
had a longer CPB time [175.0 (130.0, 214.0) vs.
135.0 (106.8, 173.0) min. P<0.001] and ACC tdime [103.0 (73.0,
138.0) vs. 84.0 (62.0, 110.0) min, P<0.001], and had lower
minimum intraoperative temperatures [30.9 (29.9, 31.7) vs.
31.1 (30.3, 32.0) °C, P=0.005]. There were no significant
differences in other surgical procedures (valve replacement,
CABG, and other procedures), intraoperative transfusions
of red blood cells and hydroxyethyl starch between the two
groups.

In terms of postoperative data, patients in the AKI group
had higher postoperative APACHE II scores [11.8 (7.5,
16.1) vs. 8.6 (6.2, 11.0), P<0.001], postoperative sCysC [1.2
(0.9, 1.7) vs. 0.9 (0.7, 1.1) mg/L, P<0.001], uNAG [12.2 (4.7,
25.7) vs. 4.8 (1.3, 18.2) U/g Cre, P<0.001], serum CK [635.0
(451.0, 848.0) vs. 505.0 (365.0, 690.2) U/L, P<0.001], CK-
MB [69.9 (47.8, 101.8) vs. 58.9 (40.3, 83.0) U/L, P<0.001],
NT-proBNP [2,638.0 (1,041.0, 5,000.0) vs. 1,336.2 (536.9,
2,864.2) pg/mL, P<0.001], and ¢Tnl [925.5 (465.8, 2,031.0)
vs. 554.5 (265.8, 1,027.0) ng/mL, P<0.001].

Comparison of clinical characteristics and outcomes of
patients with different stages of AKI in the modeling cobort

Clinical data and outcomes of the AKI stage subgroups
in the modeling cohort are shown in 7able 5. In the AKI
group, the levels of postoperative sCysC, uNAG, c¢Tnl,
and APACHE 1II scores increased with increasing AKI
stage, whereas preoperative serum albumin, hemoglobin
concentration, and minimum intraoperative temperature
decreased with increasing AKI stage. In addition, the
percentage of emergency surgery and ECMO was
significantly higher in patients with stage 3 AKI than in
other subgroups. In terms of adverse outcomes, patients
with stage 3 AKI had a mortality rate of 19.0%, the
incidence of CRRT and IABP was 38.1% and 33.3%,
respectively, which were significantly higher than those of
other subgroups. These patients also had higher hospital
costs, prolonged duration of mechanical ventilation and

ICU stay.

Clinical early prediction model based on LASSO regression

We included all 31 preselected variables from the modeling
cohort of 689 postoperative cardiac patients and used
LASSO regression to develop a clinical prediction model.
In LASSO regression, the regularization parameter A was
obtained by 10-fold cross-validation with the minimum

© AME Publishing Company.
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criterion. Figure 24 shows the LASSO coefficient profiles
generated from the log(}) series for all variables selected.
The partial likelihood difference curves were plotted by
Log(A), and vertical dashed lines are plotted at the minimum
criterion and the optimal value of the 1-SE criterion
(Figure 2B). In this study, log(A) was determined to be
0.03064213 (1-SE criterion) after using 10-fold cross-
validation. After plotting vertical lines at the determined
values using 10-fold cross-validation, the 11 best nonzero
coefficient predictors were screened out, which were age,
hypertension, baseline sCr, preoperative albumin level,
preoperative hemoglobin concentration, postoperative
NT-proBNP, postoperative ¢Tnl, CABG combined with
valve surgery, duration of CPB, sCysC, and uNAG. The

parameters of each factor in the model are shown in Table 6.

Predictive effects of relevant variables on CSA-AKI

Based on the screening results of the LASSO regression, we
further used ROC to evaluate the predictive effectiveness
of the measures independently associated with CSA-
AKI. Figure 3 shows the ROC and box plots of age
(Figure 34,3B), CPB duration (Figure 3C,3D), sCysC
(Figure 3E,3F), uNAG (Figure 3G,3H), cTnl
(Figure 31,3F), and N'T-proBNP (Figure 3K,3L) for the
prediction of CSA-AKI independently, with ROC-AUC
of 0.650 (0.610-0.700), 0.670 (0.630-0.710), 0.730 (0.680—
0.770), 0.650 (0.610-0.690), 0.650 (0.610-0.700), and 0.640
(0.590-0.690), respectively. As can be seen, these variables
alone are not powerful enough to predict CSA-AKI.

Model effectiveness evaluation

We developed a CSA-AKI clinical prediction model
including 11 variables screened by LASSO regression
including age, hypertension, baseline sCr, preoperative
albumin, preoperative hemoglobin, postoperative N'T-
proBNP, c¢Tnl, sCysC, uNAG, CABG combined with valve
surgery, and CPB duration. Then we used ROC, calibration
curve, DCA to evaluate their differentiation, calibration
and clinical benefit, respectively. Figure 44 shows that
the ROC-AUC of the model was 0.830 (0.800-0.860),
suggesting that its differentiation and prediction efficacy
were satisfactory. Figure 4B shows the calibration curve of
the model, suggesting that its prediction accuracy was good.
Figure 4C shows the DCA of the model, with the vertical
coordinate representing the net benefit, and the horizontal
coordinate representing the threshold probability (i.e., the
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Table 5 Comparison of clinical information and outcomes in various stages of CSA-AKI

Variables Total (n=689) Non-AKI (n=488) AKIl stage 1 (n=132) AKI stage 2 (n=48) AKI stage 3 (n=21) P value
Male, n (%) 417 (60.5) 308 (63.1) 75 (56.8) 24 (50.0) 10 (47.6) 0.12
Age (years) 57.0 (48.0, 64.0) 55.0(46.0,62.0) 62.5 (54.0, 68.0) 62.0 (54.8,67.2)  65.0(53.0,68.00 <0.001*
Weight (kg) 60.0 (53.0, 67.0) 60.0(53.0,67.0) 58.0(52.0, 67.0) 57.2 (52.5,67.2)  56.0(52.5, 70.0) 0.75
Medical history
Hypertension 158 (22.9) 87 (17.8) 47 (35.6) 14 (29.2) 10 (47.6) <0.001*
Diabetes mellitus 62 (9.0) 35 (7.2) 17 (12.9) 7 (14.6) 3(14.3) 0.047
Hyperlipidemia 5(0.7) 4(0.8) 0(0.0) 0(0.0) 1(4.8) 0.19
CAD 12 (1.7) 6(1.2) 6 (4.5) 0 (0.0 0 (0.0 0.10
CKD 5(0.7) 2(0.4) 2(1.5) 0(0.0) 1(4.8) 0.01
Nephrotoxic drugs 33 (4.8) 23 (4.7) 5(3.8) 4 (8.3) 14.8) 0.07
Pre-op LVEF (%) 63.0 (57.0, 67.0) 63.0(57.0,67.0) 63.0(55.0, 67.0) 62.0 (54.8,66.00  64.0 (57.0, 66.0) 0.86

Pre-op examination

Hemoglobin (g/L) 134.0 136.0 129.0 128.5 125.0 (96.0, 142.0) 0.001*
(120.0, 145.0) (123.0, 146.0) (115.8, 138.0) (118.0, 141.5)
D-Dimer (ng/mL) 360.0 330.0 510.0 390.0 670.0 <0.001*
(240.0, 830.0) (220.0, 722.5) (295.0, 1,132.5) (275.0, 915.0) (320.0, 1,190.0)
Albumin (g/L) 38.5(36.3,40.9) 38.8(36.6,41.3) 37.7(35.1, 39.6) 38.1(36.0,40.6) 37.0(32.5,40.1)  0.001*
Baseline sCr (umol/L) 78.0 (65.3,93.6) 78.5(66.8,92.7)  76.8 (62.7,96.4) 79.5(63.3,91.00 82.1(71.1,150.5) 0.25
Surgical procedures
Valve surgery 545 (79.1) 400 (82.0) 94 (71.2) 32 (66.7) 19 (90.5) 0.18
CABG 51 (7.4) 30 (6.1) 15 (11.4) 6 (12.5) 0 (0.0 0.06
CABG + valve surgery 44 (6.4) 23 (4.7) 12 (9.1) 7 (14.6) 2(9.5) 0.02*
Other procedures 49 (7.1) 35(7.2) 11 (8.3) 3(6.2) 0 (0.0 0.71
Intra-op data
CPB duration (min) 145.0 135.0 172.0 189.5 175.0 <0.001*
(113.0, 186.0) (106.8, 173.0) (125.0, 200.0) (139.0, 251.8) (143.0, 211.0)
ACC duration (min) 88.0 (64.0, 118.0) 84.0(62.0,110.0) 104.0(70.0, 129.2) 104.5(74.8, 147.2) 102.0 (86.0, 142.0) <0.001*

Minimum temperature (°C)  31.0 (30.1, 31.9) 31.1(30.3,32.0)  30.9(30.0,31.8)  30.8(29.6,31.6)  30.6(29.7,31.4)  0.03"

Intra-op transfusion

RBC (U) 2.0 (1.5, 2.6) 1.8(1.3,2.3) 1.9(1.4,2.5) 1.8(1.3,2.4) 2.0 (1.5, 2.5) 0.09

Hydroxyethyl starch (mL) 354.5 326.5 365.5 398.3 386.5 0.27
(288.6, 424.3) (276.7, 378.9) (316.0, 410.7) (338.4, 454.5) (326.7, 448.9)

Emergency surgery 20 (2.9 9(1.8) 6 (4.5) 3(6.3) 2 (9.5) 0.02*

Post-op data

APACHE Il scores 9.8(6.8,12.8)  8.6(6.2,11.0) 10.3 (8.1, 12.6) 12.2(9.7,14.6)  13.8(11.7,15.9) <0.001*
sCysC (mg/L) 1.0 (0.8, 1.3) 0.9 (0.7, 1.1) 1.1(0.9, 1.4) 1.4(1.1,1.9) 19(1.2,2.6)  <0.001*
uNAG (U/g Cre) 8.0(1.6,20.8)  4.8(1.3,18.2) 10.9(3.2,18.6)  19.3(10.6,32.4) 24.2(20.8,30.5 <0.001*

Table 5 (continued)
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Table 5 (continued)
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Variables Total (n=689) Non-AKI (n=488) AKIl stage 1 (n=132) AKI stage 2 (n=48) AKI stage 3 (n=21) P value
CK (U/L) 530.0 505.0 547.5 754.0 643.0 <0.001*
(393.0, 746.0) (365.0, 690.2) (422.0, 778.0) (533.8, 952.5) (448.0, 843.0)
CK-MB (U/L) 61.2 (42.2,87.8) 58.9(40.3,83.00 69.8(47.7,93.5) 76.0(48.9,117.6) 69.1(50.0,119.0) 0.001*
NT-proBNP (pg/mL) 1,565.0 1,336.2 2,451.0 2,549.5 3,678.0 <0.001*
(636.6, 3,556.0)  (536.9, 2,864.2) (901.0, 4,523.2) (1,047.8, 5,253.5) (2,115.0, 13,684.0)
cTnl (ng/mL) 654.6 554.5 843.6 985.5 1,076.0 <0.001*

(304.4,1,183.0)  (265.8, 1,027.0)

Outcomes
ICU LOS (h) 45.0 (27.0, 112.0) 42.0(22.0, 68.2)
CRRT 19 (2.9) 4(0.8)
IABP 43 (6.2) 16 (3.3)
ECMO 11(1.6) 5(1.0)
MV (h) 20.0(13.0,43.00 17.0(10.8, 24.0)

Hospital costs (10k CNY)  14.8 (11.8, 19.4) 13.5(10.8, 16.9)

In-hospital mortality 20 (2.9) 5(1.0)

85.0 (40.8, 161.2)

(396.6,1,507.0)  (669.6,2,555.0)  (864.7, 2,657.0)

134.0 (79.2, 212.5) 222.0 (154.0, 383.0) <0.001*

3(2.3) 4 (8.3) 8 (38.1) <0.001*
9(6.8) 11 (22.9) 7 (33.3) <0.001*
1(0.8) 3(6.3) 2(9.5) 0.005*
25.0(18.0,72.2)  65.0(37.5, 142.2) 132.0 (47.0,218.0) <0.001*
17.8(14.1,23.3)  21.6(18.0,27.4)  30.0 (20.8,36.8) <0.001*
3(2.3) 8 (16.7) 4 (19.0) <0.001*

Data were presented as median (interquartile range) or n (%). *, there is a statistical difference. CSA-AKI, cardiac surgery-associated
acute kidney injury; CAD, coronary artery disease; CKD, chronic kidney disease; Nephrotoxic drugs, including immunosuppressants,
angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, non-steroidal anti-inflammatory drugs, antibiotics (including
vancomycin, acyp-clovir, amphotericin B, aminoglycosides), mannitol, angiography agents, etc.; Pre-op, preoperative; LVEF, left ventricular
ejection fraction; CABG, coronary artery bypass grafting; Other procedures, including correction of congenital heart disease, repair of
aortic sinus aneurysm, etc.; Intra-op, intraoperative; CPB, cardiopulmonary bypass, ACC, aortic cross clamping; RBC, red blood cell;
Post-op, postoperative; APACHE, acute physiologic and chronic health evaluation; sCysC, serum cystatin C; uNAG, urine N-acetyl--D-
glucosidase; NT-proBNP, N-terminal B-type natriuretic peptide precursor; cTnl, cardiac troponin I; ICU LOS, intensive care unit length of
stay; CRRT, continuous renal replacement therapy; IABP, intra-aortic balloon pump; ECMO, extracorporeal membrane oxygenation; MV,

mechanical ventilation; CNY, Chinese yuan.

expected benefit of no treatment is equal to that of full
treatment), the red line representing the early prediction
model, the green dashed line representing full treatment,
and the blue dashed line representing no treatment. The
results showed that this model increased net clinical benefit
than the “all treatment” or “no treatment” scenarios at a

threshold probability in the range of 0.09-0.80.

Establishment of validation cobort and external validation
of the model

This study continued to enroll 313 adult cardiac surgery
patients from May 2022 through December 2022
according to the aforementioned inclusion and exclusion
criteria, which were used to establish an external validation
cohort (Figure S1). Table S1 shows the clinical data

© AME Publishing Company.

and outcomes of the validation cohort compared to the
modeling cohort. A total of 124 patients in the validation
cohort had AKI within one week after surgery, with an
incidence rate of 39.6%, which was higher than that
in the modeling cohort. Of these, 77 cases had stage 1
AKI (24.6%), 25 cases had stage 2 AKI (8.0%), and 22
cases had stage 3 AKI (7.0%). In terms of the patient
distribution, the validation cohort had a higher incidence
of stage 1 AKI (24.6% wvs. 19.2%, P=0.002) and stage 3
AKT (7.0% vs. 3.0%, P=0.03) than the modeling cohort.
Based on the variables screened by LASSO regression, the
CSA-AKIT early prediction model for the validation cohort
was established with the variables of age, hypertension,
baseline sCr, preoperative albumin, preoperative
hemoglobin, CABG combined with valve surgery, CPB
duration, and postoperative NT-proBNP, c¢Tnl, sCysC,
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Figure 2 Predictors selection of AKI after cardiac surgery by
LASSO regression. (A) LASSO regression selecting curves for
the full set of variables; (B) LASSO coefficient profiles generated
for each variable based on log (A) series. AKI, acute kidney injury;
LASSO, least absolute shrinkage and selection operator.

Table 6 Parameters of the CSA-AKI prediction model

Variables OR 95% Cl P value
Age 1.039 1.020-1.059 <0.001
Hypertension 2.111 1.339-3.327 0.001
Baseline sCr 0.998 0.998-0.999 0.04
Pre-op albumin 0.957 0.905-1.013 0.13
Pre-op hemoglobin 0.991 0.980-1.002 0.10
Post-op NT-proBNP 1.000 1.000-1.000 0.005
Post-op cTnl 1.000 1.000-1.001 <0.001
CABG + valve surgery 0.596 0.329-1.081 0.09
CPB duration 1.007 1.004-1.011 <0.001
sCysC 2.694 1.742-4.165 <0.001
uNAG 1.017 1.006-1.028 0.003

CSA-AKI, cardiac surgery-associated acute kidney injury; sCr,
serum creatinine; Pre-op, preoperative; Post-op, postoperative;
NT-proBNP, N-terminal B-type natriuretic peptide precursor;
cTnl, cardiac troponin I; CABG, coronary artery bypass grafting;
CPB, cardiopulmonary bypass; sCysC, serum cystatin C; uNAG,
urine N-acetyl-p-D-glucosidase; OR, odds ratio; Cl, confidence
interval.
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and uNAG. Figure 54 shows that the ROC-AUC was 0.840
(0.790-0.880), which was not significantly different from
the ROC-AUC of the modeling cohort [0.830 (0.800-
0.860), P>0.99]. The calibration curve indicated a good fit
of the model (Figure 5B).

Plotting the nomogram of the CSA-AKI clinical prediction
model

To facilitate the clinical use of the early prediction model,
we drew a nomogram for CSA-AKI (Figure 6). This
nomogram allows the clinician to obtain the corresponding
score on the scale based on the values of each variable. The
sum of each score gives the calculated “RISK” on the total
score axis, which is the risk for CSA-AKI. Figure 7 shows
the Nomo-ROC and Nomo-DCA of the nomogram. The
ROC-AUC of the nomogram is significantly larger than
the ROC-AUC of each variable in the model (Figure 74).
And the area under the DCA curve is also larger than the
area under the DCA curve of each variable in the model
(Figure 7B). These results suggested the rationality and the
diagnostic effectiveness of the nomogram were satisfactory.

Discussion

According to KDIGO criteria, the incidence of CSA-
AKI in our study was 29.2%. Patients with CSA-AKI
exhibited a significant association with increased in-hospital
morbidity and mortality, prolonged ICU length of stay,
and escalated healthcare costs. These findings align with
the previous study (2), further emphasizing the critical role
of CSA-AKI as a risk factor for postoperative mortality.
In this prospective study, we developed and validated
an early prediction model for CSA-AKI, incorporating
the renal biomarkers sCysC and uNAG, along with the
cardiac biomarkers NT-proBNP and ¢Tnl. Implementing
this prediction model for CSA-AKI might enable early
diagnostic evaluation, facilitate the prompt identification of
high-risk patients, and support individualized interventions.

This study unveiled several key findings regarding
postoperative CSA-AKI. Patients who developed CSA-
AKI were predominantly characterized by advanced age,
hypertension, and diabetes mellitus, highlighting the
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influence of multiple factors in its occurrence. Regression
analysis further identified several independent risk factors
for CSA-AKI, including age, history of hypertension,
CPB time, and postoperative elevations of NT-proBNP,
c¢Tnl, sCysC, and uNAG. The associations between age,

© AME Publishing Company.

hypertension, and CSA-AKI have been previously reported
in the literature (25,26). CPB is recognized as a common
risk factor for CSA-AKI, with underlying mechanisms of
immune system activation, tissue edema, and neutrophil-
mediated inflammation (27). Our results showed a
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significant correlation between prolonged CPB and CSA-
AKI. Therefore, it is imperative to focus on improving
surgical techniques and minimizing CPB time to mitigate
the incidence of CSA-AKI.

Our study also revealed that elevated levels of NT-
proBNP and ¢Tnl immediately after surgery were
independent risk factors for CSA-AKI. N'T-proBNP and
¢I'nl are commonly used cardiac biomarkers to assess heart
function and myocardial injury. NT-proBNP is a peptide
secreted by the ventricle in response to overstretching
of cardiomyocytes, and its role is to promote sodium

© AME Publishing Company.

diuresis (14). A previous study has found a correlation
between renal dysfunction and elevated vena cava pressure
and dilated cardiac ventricular walls in patients with heart
disease. In patients with elevated vena cava pressure, the
increased reverse pressure is transmitted uniformly through
the venous system. The increased pressure in the renal veins
results in renal congestion and leads to decreased eGRF and
sodium excretion (28). Thus, NT-proBNP physiologically
reflects ventricular dilatation and correlates with the
development of AKI. Palazzuoli et 4/. found that N'T-
proBNP had a good predictive value for the development
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Figure 7 Nomo-ROC and Nomo-DCA of CSA-AKI. (A) Nomo-ROC for CSA-AKI. (B) Nomo-DCA for CSA-AKI. NAG, N-acetyl-B-D-
glucosaminidase; CysC, serum cystatin C; NT-proBNP, N-terminal B-type natriuretic peptide precursor; ¢Tnl, cardiac troponin I; CABG,

coronary artery bypass grafting; CPB, cardiopulmonary bypass; ROC, receiver operating characteristic; DCA, decision curve analysis; CSA-

AKI, cardiac surgery-associated acute kidney injury.

of AKI in patients with heart failure (29). Additionally, N'T-
proBNP is recognized as a biomarker of “cardiac and renal
burden” in emergency patients, serving as one of the risk
factors for CSA-AKI (30).

Elevated ¢T'nl is widely recognized as the most
sensitive and specific biomarker for myocardial injury,
with mechanisms involving myocardial malperfusion,
inflammatory stress, and mechanical injuries (15). Haines
et al. reported a significant elevation of both ¢Tnl and
NT-proBNP in patients with AKI requiring urgent RRT,
and these biomarkers were associated with AKI at any
given time point (16). Consistent with these findings,
our study demonstrated a significant association between
postoperative elevations of N'T-proBNP and ¢Tnl and the
occurrence of AKI following cardiac surgery. This suggests
that CSA-AKI may be linked to factors such as excessive
fluid loading, impaired heart function, myocardial injury,
and malperfusion. Consequently, the management of
patients undergoing cardiac surgery should prioritize fluid
management, myocardial protection, and optimization of
myocardial perfusion to mitigate the risk of CSA-AKI.

Furthermore, this study identified elevated levels of
sCysC and uNAG immediately following cardiac surgery
as independent risk factors for CSA-AKI. Presently, sCysC
is recognized as a more sensitive indicator of glomerular
filtration function compared to serum creatinine (sCr).
A meta-analysis demonstrated that sCysC exhibited
diagnostic superiority to sCr, with a detection time

© AME Publishing Company.

that was 24-48 hours earlier in diagnosing AKI (31).
Additionally, Haase-Fielitz et al. reported that sCysC
exhibited a sensitivity of 71% and specificity of 53% in
diagnosing AKI within 6 hours after cardiac surgery in adult
patients (32). Consequently, sCysC has gained widespread
use as a valuable tool in assessing AKI risk in high-risk
patient populations.

NAG is a lysosomal enzyme produced in the distal and
proximal tubular cells of the kidney. It cannot be filtered
by the glomerular filtration membrane due to its large
molecular mass. Thus, it is a sensitive marker for detecting
tubular injury because it is released directly into the urine
during tubular injury (33). Some studies have suggested that
ulNAG is significantly elevated in patients with AKI and
has some predictive value (11,12). In another study on AKI
in critically ill patients, the ROC-AUC of uNAG was only
0.68, which was not very predictive (34). Further evidence is
required to establish the predictive value of uNAG in AKI.
In our present study, immediate levels of both sCysC and
uNAG following cardiac surgery were significantly higher
in patients who developed CSA-AKI. Moreover, the levels
of both biomarkers increased with the severity of AKI,
underscoring their potential as valuable biomarkers for
CSA-AKI.

Patients undergoing cardiac surgery exhibit significant
heterogeneity due to variations in preoperative cardiac
function, medical history, and the specific type of surgery.
The etiology and pathogenesis of CSA-AKI involve
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a multitude of factors, prompting the Acute Dialysis
Quality Initiative Working Group to recommend the
combination of biomarkers of different natures to enhance
the effectiveness of early prediction models (7). Previous
studies have combined different biomarkers to establish
AKIT prediction models. For example, Basu et a/. combined
urinary neutrophil gelatinase-associated lipocalin with
sCysC to predict AKI after extracorporeal circulation
in children (35). Yang et a/. suggested that sCysC in
combination with urinary renal injury molecule-1 could
improve the identification of AKI in patients with heart
failure (36). A study conducted in medical cardiac intensive
care units suggested that both urinary liver-type fatty-acid
binding protein (P<0.0001) and N'T-proBNP (P=0.006)
were independently associated with the development of
AKI, when used in combination, improve early prediction
of AKI (37). These studies suggest that combining different
specimens or specimens from different organ sources could
improve the ability to predict heart-related AKI.

Previous prediction models for CSA-AKI have mostly
used acute renal failure requiring RRT as the endpoint.
For example, the Cleveland Clinical Score (4), the Mehta
Score (5), and the Simplified Renal Index Score (6), are all
composed of clinical characteristics and independent risk
factors. However, the external validation of these models
showed that their predictive values were not as expected (38).
Several factors contribute to this discrepancy. Firstly, the
diagnostic criteria for CSA-AKI have been inconsistent,
and the timing of RRT initiation has varied across studies.
Secondly, the heterogeneity in surgical approaches, patient
populations, and geographic regions has compromised the
effectiveness of these prediction models.

In our present study, we integrated biomarkers indicative
of glomerular and tubular injury, as well as biomarkers
reflecting cardiac injury. While integrating these biomarkers
enhances predictive accuracy, it’s crucial to consider their
cost-effectiveness. Fortunately, detection methods for these
biomarkers are well-established in most hospitals, making
the costs relatively low. Moreover, these biomarker data
were collected only once after surgery, avoiding repeated
tests and further reducing expenses. The model developed
in this study has undergone analysis for differentiation,
calibration, clinical applicability, and external validation.
However, a prediction model alone may not be convenient
for clinical applications. Therefore, a risk nomogram
was also developed to facilitate practical implementation.
Integrating this tool with electronic health systems could
further improve its usability and impact.

© AME Publishing Company.
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This study has several limitations. First, it is a single-
center, prospective study, and although efforts were made
to ensure the cases were representative, there may still be
selective bias due to factors such as geographic population
characteristics, surgical protocols, and technical differences.
To address this limitation, we aim to propose a cross-
regional and multicenter study in the future to externally
validate the results obtained in this study. Second, the data
used for modeling in this study were derived solely from
the population in southern China, and there is a lack of
analysis on other populations. Therefore, further research
is necessary to validate the applicability of the model to
other racial and ethnic groups. The third limitation is the
lack of long-term follow-up data beyond hospital discharge.
Although our study focused on early prediction, we
recognize the importance of evaluating long-term outcomes.
Future research will incorporate extended follow-up to
address this issue. Fourth, there is a possibility of residual
confounding in this study, although we used rigorous
methods to minimize this effect. Fifth, the selection of
variables in this study was based on the available literature
and our clinical experience, and it is possible that some
variables, such as new biomarkers of inflammation (39),
may have been overlooked. Finally, all biomarkers were
collected immediately after cardiac surgery, and their
concentrations may vary with eGFR following the onset of
CSA-AKI. A single measurement may limit the reference
value of these biomarkers. However, it is important to
note that continuous sampling is not recommended by
KDIGO due to the low feasibility and high cost of repeated
sampling. Therefore, the results obtained in this study are
not undermined by this limitation.

In the future, the study will be expanded to multiple
centers to further validate or refine the model. Long-term
follow-up data will be incorporated to evaluate outcomes
beyond the immediate postoperative period. Additionally,
the inclusion of new biomarkers may be explored to
improve predictive accuracy.

Conclusions

In summary, CSA-AKI is a common complication with
significant adverse outcomes. The early prediction
model for CSA-AKI using immediate postoperative renal
biomarkers (sCysC and uNAG) and cardiac biomarkers
(NT-proBNP and ¢Tnl) is a potential approach. Our
findings suggest that biomarkers from multiple sources
might help in predicting complex clinical complications.
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