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Abstract

Background: Acute kidney injury (AKI) frequently occurs after aortic surgery and has a significant impact on patient outcomes. Early
detection or prediction of AKI is crucial for timely interventions. This study aims to develop and validate a novel model for predicting
AKI following aortic surgery. Methods: We enrolled 156 patients who underwent on-pump aortic surgery in our hospital from February
2023 to April 2023. Postoperative levels of eight cytokines related to macrophage polarization analyzed using a multiplex cytokine
assay. All-subset regression was used to select the optimal cytokines to predict AKI. A logistic regression model incorporating the
selected cytokines was used for internal validation in combination with a bootstrapping technique. The model’s ability to discriminate
between cases of AKI and non-AKI was assessed using receiver operating characteristic (ROC) curve analysis. Results: Of the 156
patients, 109 (69.87%) developed postoperative AKI. Interferon-gamma (IFN-γ) and interleukin-4 (IL-4) were identified as candidate
AKI predictors. The cytokine-based model including IFN-γ and IL-4 demonstrated excellent discrimination (C-statistic: 0.90) and good
calibration (Brier score: 0.11). A clinical nomogram was generated, and decision curve analysis revealed that the cytokine-based model
outperformed the clinical factor-based model in terms of net benefit. Moreover, both IFN-γ and IL-4 emerged as independent risk factors
for AKI. Patients in the second and third tertiles of IFN-γ and IL-4 concentrations had a significantly higher risk of severe AKI, a
higher likelihood of requiring renal replacement therapy, or experiencing in-hospital death. These patients also had extended durations of
mechanical ventilation and intensive care unit stays, compared with those in the first tertile (all p for group trend<0.001). Conclusions:
We successfully established a novel and powerful predictive model for AKI, and demonstrating the significance of IFN-γ and IL-4 as
valuable clinical markers. These cytokines not only predict the risk of AKI following aortic surgery but are also linked to adverse in-
hospital outcomes. This model offers a promising avenue for the early identification of high-risk patients, potentially improving clinical
decision-making and patient care.
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1. Introduction
Acute kidney injury (AKI) is one of the most com-

mon complications following aortic surgery and elevates
the risks for: postoperative mortality, renal replacement
therapy (RRT), prolonged intensive care unit (ICU) and
hospital stay, higher medical costs, and a continued risk of
death 10 years after surgery [1–3]. Early identification of
high-risk AKI patients is crucial due to the condition’s rapid
progression and poor prognosis. While serum creatinine
and urine output are standard diagnostic markers, their lim-
itations, their predictive value may be limited due to their
delayed rise, and the fact that urine output may not be a
reliable indicator during the polyuric phase [4,5]. There-
fore, alternative biomarkers based on the pathophysiologi-
cal features of AKI for early risk identification are needed.
In addition to some well-studied urinary biomarkers such as
neutrophil gelatinase-associated lipocalin (NGAL), insulin-

like growth factor binding protein-7 (IGFBP-7), and tissue
inhibitor of metalloproteinase-2 (TIMP-2) [6–11], blood
biomarkers involved in the immune-inflammatory phase of
AKI have also been identified and warrant further research.

Previous research has demonstrated that the innate im-
mune response is closely linked to the pathogenesis of renal
ischemia-reperfusion injuries [12]. Among the innate im-
mune cells involved in this process, macrophages have been
found to play a complex role throughout the development
of AKI via their polarization to either a “pro-inflammatory”
or “anti-inflammatory” phenotype [13]. Several animal
studies have confirmed that macrophage polarization is in-
volved in the initiation and repair of AKI, and influences the
outcome [14–16]. Macrophage polarization can be induced
by various cytokines such as interferon-gamma (IFN-γ) and
interleukin-4 (IL-4), and polarized macrophages also re-
lease various inflammatory cytokines which exert specific
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effects [17,18]. Therefore, the evaluation of macrophage
polarization-related cytokines may also be valuable in pre-
dicting AKI following surgery. Previous studies have
shown that macrophage polarization-related cytokines such
as monocyte chemotactic protein-1 (MCP-1), interleukin-
10 (IL-10), interleukin-6 (IL-6), and interleukin-1 receptor
antagonist (IL-1RA) are associated with AKI in patients un-
dergoing aortic surgery [19,20].

Despite their potential, these biomarkers that were in-
dividually selected to predict AKI, have demonstrated lim-
ited sensitivity and specificity in clinical practice. More-
over, these existing studies were limited to specific aortic
disease groups, lacking independent validation in broader
populations. Therefore, utilizing a more comprehensive set
of macrophage polarization-related cytokines in a cohort of
patients with multiple aortic diseases, and integrating mul-
tiple cytokines into a simple model may improve the pre-
diction of AKI risk assessment.

In this study, we conducted a systematic analysis of
eight macrophage polarization-related cytokines in plasma
samples from adult patients who underwent aortic surgery
with cardiopulmonary bypass (CPB).We used all-subset re-
gression to identify promising cytokines for inclusion in a
model aimed at predicting postoperative AKI. In addition,
we assessed the ability of each cytokine of interest to deter-
mine the risk of AKI as well as in-hospital outcomes.

2. Materials and Methods
2.1 Study Population and Data Collection

This single-center, retrospective, observational study
was performed at the Fuwai Hospital (National Center of
Cardiovascular Diseases, Beijing, China). We enrolled
156 adult patients who underwent aortic surgery with CPB
at the Fuwai Hospital between February 2023 and April
2023. Exclusion criteria included: (1) patients under 18
years of age or over 80 years of age; (2) the presence of
comorbidities including urinary tract infection or obstruc-
tion, or chronic kidney disease; (3) a recent history of a
kidney transplant or dialysis; (4) the use of medications
with nephrotoxic effects two weeks before surgery; (5)
severe rheumatic immune disease; (6) immunodeficiency
syndromes. We obtained the clinical data from the medi-
cal records. Demographic and preoperative data included
age, sex, body mass index (BMI), comorbidities, preoper-
ative cardiovascular status, preoperative serum creatinine
(last value before cardiac surgery), and the diagnosis of aor-
tic disease. Operative details included type of surgery, CPB
time, and arterial clamp times. Postoperative serum crea-
tinine was obtained within 48 hours of surgery. This re-
search was approved by the Institutional Ethics Committee
of Fuwai Hospital (No. 2023-2005) and was conducted un-
der the tenets of the Declaration of Helsinki. Written in-
formed consent was obtained from all patients before en-
rollment.

2.2 Specimen Collection and Measurement of Blood
Macrophage Polarization-Related Cytokines

Blood samples were taken between 12 and 24 hours
following surgery in the morning (8:00 AM) of the first
postoperative day to evaluate cytokines. Using a multi-
plex Bio-Plex Pro Human Cytokines Assay (Bio-Rad, Her-
cules, CA, USA), eight macrophage polarization-related
cytokines (including IFN-γ, IL-4, IL-6, IL-10, IL-1RA,
interleukin-1-beta [IL-1β], interleukin-12p40 [IL-12p40],
and tumor necrosis factor-alpha [TNF-α]) were measured
following the manufacturer’s recommendations. Serum
creatinine was measured using the hospital clinical labora-
tory’s standard analyzer.

2.3 Diagnostic Criteria of AKI and Outcome Definition

AKI was defined in accordance with the Acute Kid-
ney Injury Network (AKIN) guidelines: a greater than 50%
rise in serum creatinine, or a more than 0.3 mg/dL (26.5
mol/L) increase in serum creatinine within 48 hours of aor-
tic surgery, in comparison to baseline [21]. Baseline was
defined as the minimum creatinine level 24 hours before
aortic surgery. The stages of AKI depended on the varia-
tions in serum creatinine from the baseline creatinine and
are shown in Supplementary Table 1. Composite out-
comes included RRT and/or in-hospital death. Length of
ICU stay, length of hospital stay, and time spent on mechan-
ical ventilation were considered to be associated outcomes.

2.4 Statistical Analysis

Unpaired Student’s t-test or the Mann-Whitney U test
were used to compare continuous variables, and were re-
ported as medians with interquartile ranges. The chi-
squared test or Fisher’s exact test was used to compare cat-
egorical variables that were reported as numbers and pro-
portions. Analysis of variance or the Kruskal-Wallis test,
if applicable, was used to assess differences between the
three groups. Using univariate logistic regression analysis,
the correlation between each cytokine and AKI was deter-
mined. The logistic regression model contained all vari-
ables that met the criteria for statistical significance in the
univariate logistic regression analysis. The variables were
screened using all-subsets regression, with the best model
assessed by adjusted r-squared and Bayesian information
criterion (BIC). The area under the receiver operating char-
acteristic curve (AUC), which equates to the C-statistic, was
calculated to assess the model’s discriminating power. The
Brier score was used to evaluate the model’s calibration.
The model was internally validated via bootstrapping. The
net benefit and improvement of the model over the clini-
cal factor-based model were compared using decision curve
analysis (DCA), net reclassification improvement (NRI),
and integrated discriminant improvement (IDI). In each
analysis, statistical significance was defined as 2-tailed p
< 0.05. The data were analyzed using SPSS version 25.0
(IBMCorp., Armonk, NY, USA) and R statistical pack-
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Fig. 1. Comparisons of cytokine concentrations between AKI and non-AKI groups. (A–H) The figure sequentially presents the
concentrations of IFN-γ, IL-1β, IL-4, IL-6, IL-10, IL-12p40, TNF-α, and IL-1RA in both the AKI and non-AKI cohorts. The top of the
box shows the median and the vertical bar shows the interquartile range. The red dots indicate patients with AKI, and the blue-green
dots indicate patients without AKI. AKI, acute kidney injury; IFN-γ, interferon-gamma; IL-1β, interleukin-1beta; IL-6, interleukin-6;
IL-12p40, interleukin-12p40; TNF-α, tumor necrosis factor-alpha; IL-10, interleukin-10; IL-4, interleukin-4; IL-1RA, interleukin-1RA.

ages (The R Foundation; http://www.r-project.org; ver-
sion 4.2.0), and the graphs were generated using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA).

3. Results

3.1 Clinical Characteristics of the Study Population

In our cohort of 156 adult patients undergoing aor-
tic surgery, 109 (69.87%) developed postoperative AKI.
Among them, 63 patients (40.38%) experienced moder-
ate AKI (AKIN stage 1) and 46 (29.49%) had severe AKI
(AKIN stage 2–3). Renal replacement therapy (RRT) was
required for 18 patients (11.53%), and all 7 in-hospital
deaths all occurred in the AKI group; there were no deaths
in the non-AKI group. Baseline characteristics, intraopera-
tive details, and perioperative outcomes are outlined in Ta-
ble 1. There were no significant differences in age, sex,
BMI, smoking, diabetes mellitus, hyperlipidemia, preoper-
ative left ventricular ejection fraction, preoperative serum
creatinine, arterial occlusion time, and hospital days be-
tween the AKI and non-AKI groups. In contrast, hyperten-
sion, cardiac function (as classified by the New York Heart
Association), diagnosis of aortic disease, type of surgery,
and CPB duration were significantly different between the
two groups. Patients in the AKI group had an increased in-
cidence of prolonged ventilation time and prolonged ICU
stay. The distribution of surgical procedures is shown in
Supplementary Table 2. Amongst the procedures, 47
(30.13%) were simple aortic root procedures, 18 (11.54%)
were simple aortic arch procedures, 9 (5.76%) were simple

descending aortic procedures, and 82 (52.57%) were com-
bined procedures involving at least two sites in the aortic
root, ascending aorta, arch, and descending aorta.

3.2 The Development and Internal Validation of a
Cytokine-Based Predictive Model for AKI after Aortic
Surgery

To analyze the distinct feature of macrophage
polarization-related cytokines between the AKI group and
the non-AKI group, we assessed the levels of 8 cytokines
in our cohort, comparing the concentrations between the
groups. As shown in Fig. 1, the AKI group exhibited sig-
nificantly higher concentrations of seven of the eight cy-
tokines, with IL-1β being the sole exception. Support-
ing these findings, univariate logistic regression analysis
demonstrated that these seven cytokines (IFN-γ, IL-4, IL-6,
IL-10, IL-12p40, IL-1RA, and TNF-α) were significantly
associated with AKI development (p < 0.05) as shown in
Table 2.

We included these seven cytokines in an all-subsets re-
gression analysis to identify the most predictive model for
postoperative AKI. The model performance was evaluated
using the adjusted r-squared value and Bayesian Informa-
tion Criterion (BIC) values as shown in Fig. 2. Although
the model including IL-4, IL-10, IFN-γ, TNF-α, and IL-
1RA had the highest adjusted r-squared value (0.36), its
BIC value was –42. In contrast, the model limited to IL-4
and IFN-γ had a slightly lower adjusted r-squared value of
0.35, but included the lowest BIC value of –50. Given the
trade-off between the adjusted r-squared and BIC values,
the model including IFN-γ and IL-4 emerged as the opti-
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Table 1. Baseline characteristics, intraoperative details, and perioperative outcomes.
Non-AKI group (n = 47) AKI group (n = 109)

p valueNumber (Proportion) Number (Proportion)
Median (Q1–Q3) Median (Q1–Q3)

Demographic data
Age, years 57.00 (48.00–63.00) 56.00 (47.00–65.50) 0.49
Male, n % 34 (72.34%) 84 (77.06%) 0.52
BMI, kg/m2 24.91 (22.59–27.68) 25.95 (23.12–27.55) 0.58

Comorbidities
Smoking, n % 24 (51.06%) 54 (49.54%) 0.86
Diabetes Mellitus, n % 5 (10.63%) 5 (4.58%) 0.28
Hyperlipidemia, n % 25 (56.81%) 49 (44.95%) 0.18
Hypertension, n % 20 (42.55%) 80 (73.39%) <0.001

Preoperative cardiovascular status
Preoperative LVEF, n % 61.00 (56.00–63.00) 60.00 (58.50–64.50) 0.66
NYHA III–IV, n % 3 (6.38%) 24 (22.01%) 0.018

Baseline renal function
Preoperative serum creatinine, µmol/L 80.80 (75.00–97.17) 88.00 (75.90–103.60) 0.28

Disease diagnosis 0.005
Aortic aneurysm, n % 30 (63.82%) 43 (39.44%)
Aortic dissection: Stanford A, n % 11 (23.40%) 55 (50.45%)
Aortic dissection: Stanford B, n % 1 (2.12%) 5 (4.58%)
Other, n % 5 (10.63%) 6 (5.50%)
Marfan Syndrome, n % 1 (2.12%) 2 (1.83%) 1.00

Operative details
Surgery types <0.001

Surgery simply referring to the aortic root, n % 25 (53.19%) 22 (32.83%)
Surgery simply referring to the aortic arch, n % 4 (8.51%) 14 (12.57%)
Surgery simply referring to descending aorta, n % 5 (10.63%) 4 (6.28%)
Combined surgery, n % 13 (27.65%) 69 (57.29%)

Concomitant surgery
CABG, n % 6 (12.76%) 21 (19.26%) 0.32
Mitral or tricuspid valve surgery, n % 1 (2.12%) 9 (8.25%) 0.28

CPB time, min 121.00 (81.25–152.25) 149.50 (120.50–201.75) 0.001
CPB time >120 min, n % 15 (31.91%) 60 (55.04%) 0.008
Artery clamp time, min 93.00 (61.50–122.50) 99.00 (73.00–133.00) 0.29

Outcomes
48 h highest serum creatinine, µmol/L 86.54 (76.20–105.08) 173.81 (146.87–227.74) <0.001
Hospitalization, days 15.00 (11.00–21.00) 15.00 (12.00–25.00) 0.42
ICU time, days 3.00 (1.50–4.00) 5.00 (2.00–8.00) 0.005
Ventilation, hours 16.00 (13.00–21.00) 25.00 (16.00–64.50) 0.001
RRT, n % 0 (0.0%) 18 (16.51%) 0.003
In hospital death, n % 0 (0.00%) 7 (6.42%) 0.10

AKI, acute kidney injury; BMI, body mass index; LVEF, left ventricular ejection fraction; NYHA, NewYork Heart Association;
CABG, coronary artery bypass graft; CPB, cardiopulmonary bypass; ICU, intensive care unit; RRT, renal replacement therapy;
Other aortic diseases include aortic penetrating ulcer, aortic intramural hematoma, and pseudoaneurysm; Combined surgery,
procedures that involved at least two sites among the aortic root, ascending aorta, arch, and descending aorta.

mal cytokine-based predictor. Utilizing these two factors,
a logistic regression model was then established to iden-
tify patients at higher risk of developing AKI after aortic
surgery (Table 3).

A nomogram for the prediction of postoperative AKI
in patients undergoing aortic surgery was constructed
(Fig. 3A). The nomogram and was based on the regression
coefficients and the intercept in the model featuring IFN-γ

and IL-4. Points were assigned to the early postoperative
levels of IFN- and IL-4. Summing these points provides
a total score from which the corresponding probability of
developing AKI can then be predicted on the bottom axis.

The cytokine-based predictive model was validated
internally by the bootstrapping method (1000 resamples).
This confirmed the model’s strong discriminative power,
reflected by a closely matching corrected C-statistic of 0.89
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Fig. 2. Model selection using adjusted r-squared value (A) and BIC value (B). The empty bars signify variables not included in the
models, while the gray and black bars indicate the included variables. (A) Displays the adjusted r-squared values of each model. For
example, the red box highlights a model incorporating lnIL-4 and lnIFN-γ with an adjusted r-squared value of 0.35. (B) Shows the
BIC values for each model. Here again, the red box underscores a model featuring lnIL-4 and lnIFN-γ with a BIC value of –50. adjr2,
adjusted r-squared value; BIC, Bayesian information criterion; lnIL-4, natural logarithm transformed IL-4; lnIL-10, natural logarithm
transformed IL-10; lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-6, natural logarithm transformed IL-6; lnIL-12p40, natural
logarithm transformed IL-12p40; lnTNF-α, natural logarithm transformed TNF-α; lnIL-1RA, natural logarithm transformed IL-1RA;
IL-4, interleukin-4; IL-10, interleukin-10; IFN-γ, interferon-gamma; IL-6, interleukin-6; IL-12p40, interleukin-12p40; TNF-α, tumor
necrosis factor-alpha; IL-1RA, interleukin-1RA.

(Table 4). The calibration curve for the cytokine-based
model illustrated a strong congruence between the model’s
predicted AKI risk and the actual AKI in the study patients
(Fig. 3B).

3.3 Comparison between the Cytokine-Based Model and
the Clinical Factor-Based Model

Previous studies [22–26] have found associations be-
tween clinical variables such as age, history of hyperten-
sion, preoperative blood creatinine, prolonged CPB time,
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Fig. 3. Nomogram (A) and calibration curve (B) of the cytokine-based model. (A) Nomogram for cytokine-based AKI prediction.
Logarithmic transformation is recommended for IL-4 and IFN-γ concentrations in clinical application. To determine the points for the
two cytokines, a line is drawn from the corresponding concentration value to the “Points” line. Find the sum these individual points to
determine the total score for each cytokine. By drawing a vertical line from the total points line to the AKI probability line, the probability
of AKI can be determined. (B) Calibration curve of the cytokine-based model. lnIL-4, natural logarithm transformed IL-4; lnIFN-γ,
natural logarithm transformed IFN-γ; IL-4, interleukin-4; IFN-γ, interferon-gamma; AKI, acute kidney injury.

and elevated AKI risk of AKI following aortic surgery. We
next compared the predictive ability of these clinical factor-
based models was to our cytokine-based model (Table 4).

Compared to traditional clinical factor-based mod-
els for predicting postoperative AKI, our cytokine-based
model demonstrated superior performance across multi-
ple evaluation metrics. Specifically, the cytokine-based
model has a superior goodness of fit score (akaike infor-
mation criterion [AIC]: 115.75 vs. 179.48; BIC: 124.90 vs.
194.73). Furthermore, the model has improved calibration,
with a Brier score of 0.11 compared to 0. 18 for the clin-
ical model. The discrimination performance was also im-
proved, yielding a C-statistic of 0.90 (95% confidence in-
terval [CI]: 0.85–0.96) vs. 0.72 (95% CI: 0.63–0.82). No-

tably, the cytokine-based approach significantly enhanced
patient reclassification, with a net reclassification improve-
ment (NRI) of 0.43 (95% CI: 0.23–0.63, p < 0.001), and
integrated discrimination improvement (IDI of 0.34 (95%
CI: 0.23–0.45, p < 0.001). In addition, the cytokine-
based model outperformed the clinical factor-based model
in terms of net benefit, as shown by the decision curve anal-
ysis (Fig. 4).

3.4 The Predictive Performance of the Cytokine-Based
Model in Stratified Groups by Age/Sex/Type of Surgery

We assessed the generalizability of our cytokine-based
AKI prediction model, partly due to the male-dominated
gender distribution, wide age, and surgical complexity. The
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Table 2. Univariate regression analysis between 8 cytokines
and AKI.

Factors OR 95% CI p value

lnIFN-γ 13.55 5.77–31.81 <0.001
lnIL-1β 0.76 0.46–1.25 0.280
lnIL-4 15.89 5.87–43.04 <0.001
lnIL-6 1.92 1.32–2.80 0.001
lnIL-10 2.94 1.97–4.37 <0.001
lnIL-12p40 1.97 1.23–3.16 0.005
lnTNF-α 6.41 2.75–14.94 <0.001
lnIL-1RA 2.81 1.91–4.13 <0.001
lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-1β, nat-
ural logarithm transformed IL-1β; lnIL-4, natural logarithm
transformed IL-4; lnIL-6, natural logarithm transformed IL-
6; lnIL-10, natural logarithm transformed IL-10; lnIL-12p40,
natural logarithm transformed IL-12p40; lnTNF-α, natu-
ral logarithm transformed TNF-α; InIL-1RA, natural loga-
rithm transformed IL-1RA; IFN-γ, interferon-gamma; IL-4,
interleukin-4; IL-1β, interleukin-1beta; IL-6, interleukin-6;
IL-10, interleukin-10; IL-12p40, interleukin-12p40; TNF-α,
tumor necrosis factor-alpha; IL-1RA, interleukin-1RA; AKI,
acute kidney injury; OR, odds ratios; CI, confidence interval.

Table 3. Parameters of the cytokine-based model.
Cytokine-based model Estimate SE Z values p value

Intercept –3.373 1.970 –1.712 0.086
lnIFN-γ 1.871 0.547 3.418 <0.001
lnIL-4 1.829 0.471 3.880 <0.001
SE, standard error; lnIFN-γ, natural logarithm transformed
IFN-γ; lnIL-4, natural logarithm transformed IL-4; IFN-γ,
interferon-gamma; IL-4, interleukin-4.

cytokine-based model was used to predict AKI across a
range of age, gender, and surgical type groups (Table 5).
The model showed robust predictive power in both gen-
ders, albeit with slightly superior discrimination in females
(AUC: 0.96 vs. 0.88; Brier: 0.08 vs. 0.11). Similarly,
the cytokine-based model performed well in both the older
group (age ≥60 years) and the younger group (age <60
years), with relatively better discrimination in older pa-
tients (AUC: 0.91 vs. 0.89; Brier: 0.09 vs. 0.12). Since
there were relatively few patients in the study population
who underwent simple aortic arch surgery and simple de-
scending aortic surgery, we grouped themwith patients who
underwent simple aortic root surgery for ease of analysis.
This model also showed good performance in the aortic
root/aortic arch/descending aorta surgery groups and the
combined surgery group.

3.5 Discrimination of Selected Cytokines for AKI and
Composite Outcomes

We evaluated the individual discriminative ability of
IL-4 and IFN-γ for predictingAKI and composite outcomes
from the predictive model by receiver operating character-

Fig. 4. Decision curve analysis for comparing the cytokine-
based model and clinical factor-based model. Cytokine-based
model: lnIFN-γ + lnIL-4; Clinical factor-based model: age +
hypertension + preoperative serum creatinine + prolonged car-
diopulmonary bypass time (>120 min); lnIFN-γ, natural loga-
rithm transformed IFN-γ; lnIL-4, natural logarithm transformed
IL-4; IFN-γ, interferon-gamma; IL-4, interleukin-4.

istics analysis. As shown in Fig. 5, IL-4 and IFN-γ not
only demonstrated a strong ability to discriminate AKI with
AUCs of 0.86 and 0.87, respectively but also had good dis-
criminability for composite outcomes with AUCs of 0.91
and 0.86, respectively. In addition, the discriminability of
IL-4 and IFN-γ was also good in the groups stratified by
age/sex/type of surgery (Fig. 6).

3.6 Association of Selected Cytokines with AKI and
Hospital Outcomes

We further evaluated the performance of the 2 cy-
tokines in stratifying postoperative AKI risk. As presented
in Table 6, elevated concentrations of IFN-γ and IL-4 (strat-
ified by their tertiles) were strongly predictive of elevated
AKI risk. Importantly, these associations held true even af-
ter adjusting for age, sex, and other relevant confounding
variables.

Specifically, compared to patients in the lowest tertile
of cytokine levels, those in the upper tertiles had markedly
increased adjusted odds ratios for developing AKI. For
IFN-γ, the adjusted odds ratio escalated from 12.29 in the
second tertile to 55.32 in the third tertile, both with p-values
below 0.001. Similarly, for IL-4, the adjusted odds ratio
climbed from 5.32 in the second tertile to 68.05 in the third
tertile, also registering p-values below 0.001. This reveals
a strong and graded association between elevated cytokine
levels and heightened risk of postoperative AKI.

Additionally, the concentrations of IFN-γ and IL-4
were highly correlated with changes in serum creatinine,
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Table 4. Comparison between the clinical factor-based model and the cytokine-based model.
Models AIC BIC C-statistics Corrected

C-statistics
Brier Sensitivity Specificity Categorical NRI IDI

Cytokine-based
model

115.75 124.90 0.90 (0.85–0.96) 0.89 (0.84–0.95) 0.11 0.78 0.89 0.43 (0.23–0.63)
p < 0.001

0.34 (0.23–0.45)
p < 0.001

Clinical factor-
based model

179.48 194.73 0.72 (0.63–0.82) 0.69 (0.60–0.79) 0.18 0.79 0.60 ref ref

Cytokine-based model: lnIFN-γ + lnIL-4; Clinical factor-based model: age + hypertension + preoperative serum creatinine + prolonged
cardiopulmonary bypass time (>120 min); lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-4, natural logarithm transformed IL-4; IFN-
γ, interferon-gamma; IL-4, interleukin-4; AIC, akaike information criterion; BIC, Bayesian Information Criterion; Corrected C statistics,
bias correction based on 1000 internal replications by bootstrapping; NRI, net reclassification improvement; IDI, integrated discrimination
improvement; ref, reference.

Table 5. Performance of the cytokine-based model in age/sex/surgery type groups.
Groups AKI/non-AKI AUC Brier

Male group 84/34 0.88 0.11
Female group 25/13 0.96 0.08
Age ≥60 years group 44/19 0.91 0.09
Age <60 years group 65/28 0.89 0.12
Aortic root/aortic arch/descending aorta surgery group 40/34 0.92 0.01
Combined surgery group 69/13 0.89 0.08
AUC, the area under the receiver operator characteristic curve; AKI, acute kidney injury; Combined
surgery, procedures involving at least two sites among the aortic root, ascending aorta, arch, and
descending aorta.

Fig. 5. Discriminability of selected cytokines for AKI (A) and composite outcomes (B). (A) In predicting AKI, the AUC for lnIL-4
was 0.86, with a specificity of 0.77 and a sensitivity of 0.84; the AUC for lnIFN-γ was 0.87, with a specificity of 0.89 and a sensitivity
of 0.77. (B) In predicting composite outcomes including renal replacement treatment and in-hospital death, the AUC for lnIL-4 was
0.91, with a specificity of 0.83 and sensitivity of 0.95; the AUC for lnIFN-γ was 0.86, with a specificity of 0.67 and sensitivity of
1.00. AUC, area under the curve; lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-4, natural logarithm transformed IL-4; IFN-γ,
interferon-gamma; IL-4, interleukin-4; AKI, acute kidney injury.
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Fig. 6. Discriminability of selected cytokines for AKI and composite outcomes in stratified groups based on age, gender, and
surgery type. C-statistics and 95% CIs of cytokines (IFN-γ and IL-4) for predicting AKI and composite outcome in different subgroups
were shown on the left and right side, respectively. AKI, acute kidney injury; lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-4,
natural logarithm transformed IL-4; IFN-γ, interferon-gamma; IL-4, interleukin-4; CI, confidence interval.

Fig. 7. Correlations between IFN-γ (A), IL-4 (B), and alteration of creatinine. (A) Correlation between IFN-γ and delta creatinine.
(B) Correlation between IL-4 and delta creatinine. Delta serum creatinine, change in serum creatinine after aortic surgery versus preoper-
ative creatinine. lnIFN-γ, natural logarithm transformed IFN-γ; lnIL-4, natural logarithm transformed IL-4; IFN-γ, interferon-gamma;
IL-4, interleukin-4; The concentrations of cytokines in the graph were ln transformed. The Spearman correlation coefficient is shown.

as shown by the Spearman correlation test (IFN-γ, r = 0.67;
IL-4, r = 0.65) (Fig. 7). This suggests that both IFN-γ and
IL-4 may play a role in determining the severity of AKI.
Therefore, we also assessed the performance of these two
cytokines in stratifying the risk of severe AKI and compos-
ite outcomes, as well as associated outcomes. As shown
in Table 7, patients with IFN-γ or IL-4 in the second and
third tertile were more likely to develop severe AKI (AKIN
stage 2/3) and experience composite outcomes compared
to those in the first tertile (all p for group trend <0.001).
Furthermore, increasing levels of IFN-γ and IL-4 were as-
sociated with significantly extended ICU stays and longer
durations of mechanical ventilation (all p for group trend
<0.001). Although patients with IFN-γ or IL-4 in the up-
per tertile had longer hospital stays than those in the first
tertile, the differences were not statistically significant (p
for group trend: IFN-γ, 0.608; IL-4, 0.238).

4. Discussion
Our study found that elevated levels of cytokines re-

lated to macrophage polarization, specifically IFN-γ and
IL-4, are significantly associates with AKI development in
patients undergoing CPB surgery. The cytokines IFN-γ and
IL-4 were selected as predictors of AKI by our all-subset
regression model. Compared to models reliant on clinical
factors like age, hypertension, preoperative serum creati-
nine, and extended CPB time, our cytokine-based model
demonstrated superior predictive accuracy and net clinical
benefit for AKI. Furthermore, both IFN-γ and IL-4 appear
to function as independent risk factors for AKI, with higher
levels of each cytokine correlating with more severe AKI
and adverse composite outcomes.

AKI is a frequent complication following aortic
surgery and is strongly linked to poor clinical outcomes,
including the need for RRT and increased mortality. Cur-
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Table 6. Association of selected cytokines with AKI.
Cytokines Crude odds ratios

(95% CI)
p value Adjusted I odds

ratios (95% CI)
p value Adjusted II odds

ratios (95% CI)
p value

IFN-γ group
Tertile 1

ref ref ref
8.70–33.23 (10–2 ng/mL)
Tertile 2

6.47 (2.71–15.49) <0.001 6.71 (2.74–16.41) <0.001 12.39 (3.63–42.20) <0.001
32.23–74.25 (10–2 ng/mL)
Tertile 3 28.37 (7.77–103.59) <0.001 32.10 (8.47–121.60) <0.001 55.32 (10.65–287.33) <0.001
74.25–212.58 (10–2 ng/mL)
p for group trend <0.001 <0.001 <0.001
IL-4 group
Tertile 1

ref ref ref
0–0.27 (10–2 ng/mL)
Tertile 2

7.46 (3.71–18.05) <0.001 7.21 (2.96–17.53) <0.001 5.32 (1.85–15.31) 0.002
0.27–0.42 (10–2 ng/mL)
Tertile 3

51.00 (11.07–235.07) <0.001 54.44 (11.56–256.38) <0.001 68.05 (10.80–428.62) <0.001
0.42–6.44 (10–2 ng/mL)
p for group trend <0.001 <0.001 <0.001
Adjusted I: adjusted for age and sex. Adjusted II: adjusted for age, sex, BMI, preoperative serum creatinine, hypertension, types of surgery,
prolonged cardiopulmonary bypass time, NYHAIII-IV. IFN-γ, interferon-gamma; IL-4, interleukin-4; AKI, acute kidney injury; Tertile
1, first tertile; Tertile 2, second tertile; Tertile 3, third tertile; BMI, body mass index; NYHA, New York Heart Association; ref, reference.

rent diagnostic measures for AKI, including serum creati-
nine levels, fall short in early detection of renal tubular in-
jury due to their delayed elevation and low sensitivity [27].
A study involving 303 patients was designed to assess the
correlation between AKI (as defined by serum creatinine)
and diffuse histologic criteria for acute kidney injury based
on renal biopsy. Remarkably, approximately one-third of
patients meeting the histological AKI criteria failed to meet
AKI diagnostic criteria. This was primarily because serum
creatinine did not rise quickly enough to fulfill the defini-
tion of AKI [28].

Therefore, there is a considerable need for a reliable
biomarker to predict early AKI, as timely intervention can
lead to the prevention of multiple clinical complications. In
recent years, several novel biomarkers for AKI have been
evaluated in aortic surgery. The most studied biomarkers,
derived from urine or plasma samples, are related to cell
cycle arrest, such as NGAL, liver-type fatty acid-binding
protein (L-FABP), IGFBP-7, TIMP-2, and cystatin C [7–
11,29–32]. A few studies have evaluated the predictive
ability of blood immune-inflammatory biomarkers such as
plasma secretory leukocyte peptidase inhibitor (SLPI), pen-
traxin 3 (PTX3), IL1-RA, MCP-1, suppressor of tumori-
genicity 2 (ST-2), IL-6, and IL-10 [19,20,33,34]. However,
these heterogeneous studies mainly evaluated the associa-
tion between an individual or multiple selected cytokines
andAKI based on a small number of samples andmost were
limited to a specific setting, with wide variations in predic-
tive performance. As a result, it has been suggested that
these studies may have introduced a selection bias that has
undermined the ability of individual biomarkers to predict
AKI.

Our study differs from previous research by aiming
to develop and validate a novel robust predictive model
specifically for detecting AKI in patients who underwent
aortic surgery with CPB. We evaluated eight macrophage
polarization-related cytokines (including IFN-γ, IL-4, IL-
6, IL-10, IL-1RA, IL-1β, IL-12p40, and TNF-α) in a co-
hort of 156 patients undergoing a diverse range of aortic
surgery. As shown in Fig. 1, the Mann-Whitney analysis
showed the concentrations of IFN-γ, IL-4, IL-6, IL-10, IL-
1RA, IL-12p40 and TNF-α were significantly higher in the
AKI group compared with the non-AKI group (p< 0.001).
In contrast, there was no difference in IL-1β levels between
the AKI and non-AKI groups (p = 0.216). Furthermore,
univariate regression analysis also showed that these 7 cy-
tokines (IFN-γ, IL-4, IL-6, IL-10, IL-1RA, IL-12p40 and
TNF-α) were significantly associated with AKI (p< 0.05),
whereas IL-1β was not (p = 0.280) (Table 2). These 7 cy-
tokines showed statistical significance between theAKI and
non-AKI groups in univariate analysis, indicating that mul-
tiplemacrophage polarization-related cytokines, rather than
1 or 2 cytokines, are involved in postoperative AKI.

To objectively select the most predictive combination
of cytokines for estimating AKI among these 7 cytokines,
we used all-subset regression, also known as best subset se-
lection. It can fit all possible combination models of predic-
tive variables and then select the best model under the con-
dition of the existing variables according to the adjusted r-
squared and BIC. The adjusted r-squared value reflects the
explanatory power of the combination of predictors on the
dependent variable, while the BIC value reflects the good-
ness of fit of the model. Given the high adjusted r-squared
and the lowest BIC, IFN-γ and IL-4 were selected to build
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the predictive model. Binary logistic regression was used
to build the predictive model. The predictive model based
on IFN-γ and IL-4 yielded a powerful discriminative abil-
ity of AKI. Even after separating the entire population into
subgroups based on age, sex, and type of surgery, positive
results were still obtained from this model. Our model out-
performed the standard clinical factor-based models in mul-
tiple subgroups including females, the elderly, and patients
with a single surgical site, reflecting improved clinical ap-
plicability and reliability.

In clinical practice, the standard models for predict-
ing postoperative AKI typically rely on patient clinical data.
Several clinical characteristics of patients, such as age, pre-
operative serum creatinine, history of hypertension, poor
preoperative cardiac functional status, and prolonged CPB
time, have been considered risk factors for AKI after aor-
tic surgery [22–26]. Zhang and his colleagues reported
4 clinical prediction models for AKI based on periopera-
tive variables for patients with acute type A aortic dissec-
tion (ATAAD) undergoing Sun’s procedure, with the AUC
ranging from 0.710 to 0.848 [35]. Kim and his colleagues
[36] reported a simplified clinical score including 6 clini-
cal variables (age, preoperative glomerular filtration rate,
left ventricular ejection fraction, operation time, intraoper-
ative urine output, and intraoperative use of furosemide) to
stratify the risk of postoperative AKI in patients undergo-
ing aortic surgery, with an AUC of 0.740. Although the
variables of these prediction models were easy to collect,
most of them lacked specificity, and their predictive power
may largely depend on the richness of the variables. In our
study, we compared a standard clinical factor-based pre-
diction model using age, sex, hypertension history, NYHA
III-IV, and prolonged CPB time to our cytokine-based pre-
diction model described above. Consistent with the exist-
ing literature, our clinical factor-based model had an av-
erage predictive power with an AUC of 0.72, which was
much lower than our cytokine-based prediction model with
an AUC of 0.90. In addition, our cytokine model had many
advantages over the clinical factor model in terms of patient
reclassification and net clinical benefit, as well as model
parsimony.

To the best of our knowledge, while both IFN-y and
IL-4 are known to play contribute towards AKI pathophys-
iology, their predictive value in post-surgical AKI has not
been previously documented in the existing literature. IFN-
γ, the typical cytokine produced by classically activated
macrophages (M1), has been implicated in CD4+ T cell-
mediated ischemia-reperfusion injury [37]. While derived
from alternatively activated macrophages (M2), IL-4 has
been involved in tissue repair and recovery from ischemia-
reperfusion injury and promoted renal tubular interstitial fi-
brosis in animal models [38,39]. In a study by Moledina
and colleagues, both IFN-γ and IL-4 were elevated in the
blood within 6 hours of surgery and were independently as-
sociated with both AKI and decreased one-year mortality

rates following cardiac surgery [40]. Similarly, our study
demonstrates for the first time that IFN-γ and IL-4 were
significantly increased by the first day following surgery
and were independently associated with AKI after aortic
surgery. Specifically, after adjustment for confounders, the
second and third tertiles of IL-4 had a 5.32- and 68.05-fold
greater risk of AKI, respectively, than the first tertile. In
contrast, the risk of AKI in the second and third tertiles
of IFN-γ was 12.39-fold and 55.32-fold higher, than in the
first tertile. In addition, we found that patients in the high-
est tertiles of IFN-γ or IL-4 were at high risk for severe
AKI, composite outcomes, longer ICU stays, longer hospi-
tal stays, and longer periods of mechanical ventilation. Fur-
thermore, each cytokine had prognostic value for the pre-
diction of increased risk of AKI and composite outcomes
across age, sex, and surgery type groups. In conclusion, our
results suggest that IL-4 and IFN-γ not only independently
predicted AKI after aortic surgery, but also increased mor-
bidity and mortality in these patients. Thus, IL-4 and IFN-γ
are promising potential therapeutic targets for the treatment
of AKI. Further large-scale studies are needed to confirm
these findings in the future.

Since IFN-γ and IL-4 were significantly associated
with postoperative AKI in both adult aortic surgery and
adult cardiac surgery, macrophage polarization-related cy-
tokines may represent a common pathophysiological mech-
anism involved in postoperative AKI with CPB. Given the
encouraging results of our study, we look forward to ex-
tending our study to patients undergoing cardiac surgery
with CPB to predict AKI in the future.

There were some notable differences between our
study and other studies reported in the literature on this sub-
ject. For example, the serum concentrations of IFN-γ were
significantly higher in patients with AKI after surgery in
our study. However, in a study of the repair of congenital
cardiac defects with CPB, children with AKI did not have
significantly elevated serum IFN-γ levels at 2, 12, and 24
hours after CPB compared with patients who did not de-
velop AKI [41]. In addition, IFN-γ and IL-4 levels strongly
correlated with AKI severity in our study, whereas children
with progressive AKI did not show a significant difference
in IFN-γ and IL-4 levels compared to children without pro-
gressive AKI after surgery in another cohort of patients with
congenital heart disease [42]. These differences suggest
that the immunoinflammatory process in postoperative AKI
is complex and may differ between study populations and
types of surgery. This may be due to the differences in the
pathophysiology between children and adults, as well as the
differences in operations between adult aortic and congeni-
tal heart surgery, that may influence the immunoinflamma-
tory pathways that affect the various changes in blood cy-
tokines. Additionally, cytokine concentrations may differ
based on the time of sampling, sample source, and meth-
ods of measurement. Therefore, when employing these cy-
tokines or models for the prediction of AKI in clinical prac-
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Table 7. Association of selected cytokines with in-hospital outcomes.

Cytokine Tertiles
Hospitalization time (days) ICU stay (days) Ventilation time (hours) AKIN AKIN Composite outcomes

(median (IQR)) (median (IQR)) (median (IQR)) stage 2 stage 3 (n (%))

IFN-γ (10–2 ng/mL)
Tertile 1 (8.70–33.23) 14.00 (11.25–22.75) 2.00 (2.00–4.00) 16.00 (11.00–24.50) 3 (5.77%) 1 (1.92%) 0 (0.00%)
Tertile 2 (33.23–74.25) 15.50 (12.00–23.00) 3.00 (2.00–6.00) 18.00 (15.75–28.75) 6 (11.54%) 3 (5.77%) 4 (7.69%)
Tertile 3 (74.25–212.58) 18.00 (11.25–26.50) 6.00 (4.00–12.00) 52.00 (24.00–156.00) 12 (23.08%) 21 (40.38%) 15 (28.85%)
p value for group trend 0.608 <0.001 <0.001 <0.001 <0.001 <0.001

IL-4 (10–2 ng/mL)
Tertile 1 (0–0.27) 14.00 (11.00–22.00) 3.00 (2.00–4.00) 17.00 (15.25–29.50) 4 (7.84%) 0 (0.00%) 0 (0.00%)

Tertile 2 (0.27–0.42) 14.50 (11.25–25.00) 4.00 (2.00–5.25) 19.50 (14.00–36.25) 6 (11.54%) 3 (5.77%) 1 (1.92%)
Tertile 3 (0.42–6.44) 18.00 (13.00–24.00) 5.50 (2.25–13.00) 35.00 (18.25–139.25) 11 (20.75%) 22 (41.51%) 18 (33.96%)
p value for group trend 0.238 <0.001 <0.001 <0.001 <0.001 <0.001

Composite outcome, renal replacement therapy and/or in-hospital death; IQR, interquartile range; IFN-γ, interferon-gamma; IL-4, interleukin-4; Tertile 1, first tertile; Tertile 2, second
tertile; Tertile 3, third tertile; ICU, intensive care unit; AKIN, acute kidney injury network.
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tice, it is necessary to consider the conditions of their appli-
cation, such as the appropriate objectives, specific types of
surgery, the time of sampling, the sample source, and the
methods of measurement.

5. Limitations
This study has multiple limitations warranting discus-

sion. First, its retrospective, observational, and single cen-
ter nature potentially introduces selection bias, rendering
the findings less generalizable. Since some selection bias
may be inevitable, the results cannot be considered conclu-
sive. Second, while we conducted internal validation using
1000 bootstrap samples, external validation from a broader
array of hospitals is required to confirm the model’s robust-
ness. Third, this study had a limited sample. Since the cri-
teria for AKI are not uniform, we could have missed some
patients who had subsequently developed AKI had we fol-
lowed the Acute Kidney Injury Network guideline, which
only takes into account a blood creatinine rise within 48
hours following surgery. Finally, our predictive model is
limited because it is based on cytokines, whose assays may
not be available in some hospitals.

6. Conclusions
In patients undergoing aortic surgery with CPB,

we found a strong association between macrophage
polarization-related cytokines and postoperative AKI. Our
internally validated model, incorporating IFN-γ and IL-4,
reliably predicts AKI risks and facilitates AKI risk stratifi-
cation in patients undergoing aortic surgery. Patients with
high levels of IFN-γ and IL-4 were more likely to experi-
ence delayed recovery, severe AKI, and adverse compos-
ite outcomes. Although promising, the model requires ex-
ternal validation from multi-center data for broader clini-
cal application. Once confirmed, this predictive tool could
offer clinicians valuable insights for early identification of
patients at high risk for AKI development.
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