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ORIGINAL RESEARCH

Novel Blood Cytokine-Based Model for 
Predicting Severe Acute Kidney Injury and 
Poor Outcomes After Cardiac Surgery
Zhongli Chen , MD*; Liang Chen , MD, PhD*; Guangyu Yao , PhD; Wenbo Yang , PhD;  
Ke Yang , PhD; Chenglong Xiong , PhD

BACKGROUND: Alterations in serum creatinine levels delay the identification of severe cardiac surgery-associated acute kidney 
injury. To provide timely diagnosis, novel predictive tools should be investigated.

METHODS AND RESULTS: This prospective observational study consists of a screening cohort (n=204) and a validation cohort 
(n=198) from 2 centers from our hospital. Thirty-two inflammatory cytokines were measured via a multiplex cytokine assay. 
Least absolute shrinkage and selection operator regression was conducted to select the cytokine signatures of severe car-
diac surgery-associated acute kidney injury. Afterwards, the significant candidates including interferon-γ, interleukin-16, and 
MIP-1α (macrophage inflammatory protein-1 alpha) were integrated into the logistic regression model to construct a predictive 
model. The predictive accuracy of the model was evaluated in these 2 cohorts. The cytokine-based model yielded decent 
performance in both the screening (C-statistic: 0.87, Brier 0.10) and validation cohorts (C-statistic: 0.86, Brier 0.11). Decision 
curve analysis revealed that the cytokine-based model had a superior net benefit over both the clinical factor-based model 
and the established plasma biomarker-based model for predicting severe acute kidney injury. In addition, elevated concentra-
tions of each cytokine were associated with longer mechanical ventilation times, intensive care unit stays, and hospital stays. 
They strongly predicted the risk of composite events (defined as treatment with renal replacement therapy and/or in-hospital 
death) (OR of the fourth versus the first quartile [95% CI]: interferon-γ, 27.78 [3.61–213.84], interleukin-16, 38.07 [4.98–291.07], 
and MIP-1α, 9.13 [2.84–29.33]).

CONCLUSIONS: Our study developed and validated a promising blood cytokine-based model for predicting severe acute kidney 
injury after cardiac surgery and identified prognostic biomarkers for assisting in outcome risk stratification.

Key Words: acute kidney injury ■ biomarker ■ blood cytokines ■ CSA-AKI ■ predictive model

Acute kidney injury (AKI) is one of the major adverse 
complications frequently occurring after cardiac 
surgery.1 Globally, ≈5% to 42% of patients under-

going cardiac surgery experience AKI.2 Patients with 
severe AKI are confronted with a 3- to 8-fold higher 
perioperative mortality, prolonged length of intensive 
care unit (ICU) and hospital stay, and an increased 
cost of health care.3 Moreover, as reported, cardiac 
surgery-associated acute kidney injury (CSA-AKI) was 

the second leading condition for AKI in the intensive 
care setting and contributed to increased mortality.4 
Currently, because of a general lack of effective treat-
ments for severe CSA-AKI, the earlier identification of 
the condition will offer clinicians essential guidance 
on the prevention and management of the syndrome. 
Given that traditional clinical diagnosis based on 
serum creatinine alterations and clinical risk factors are 
time-consuming and lack discriminability,5 increasing 
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research has focused on exploring novel biomarkers 
for identifying risk factors for AKI and improving the 
diagnostic accuracy and efficiency of the disease. 
Apart from the well-established urine cell cycle arrest 
indicators such as neutrophil gelatinase-associated 
lipocalin (NGAL),6 kidney injury (KIM1),7 liver-type fat-
ty-acid-binding protein (L-FABP),8 insulin-like growth 
factor-binding protein-7 (IGFBP-7), and tissue inhibitor 
of metalloproteinase-2 (TIMP2),9,10 blood biomarkers 
also deserve investigation for their continuous partic-
ipation in the inflammatory response during AKI devel-
opment and in disease prognosis.

According to animal-based studies and clinical 
observations, intrarenal and systemic inflammation 
triggered by cellular damage seriously affects tissue 
injury and repair.11 During the initial phase, the acti-
vation of resident and recruited immune cells is dom-
inated by proinflammatory soluble mediators such 

as free radical species, cytokines, and chemokines, 
which tend to amplify and extend cell damage or 
cell death.12 Furthermore, the inflammatory response 
in the bloodstream can exacerbate tissue injury in 
both the kidney and remote organs.13 Overall, cellular 
and molecular immune signatures play a crucial role 
throughout the initiation and progression of CSA-AKI, 
and they might be promising indicators for predicting 
AKI severity and clinical prognosis after cardiac sur-
gery. Previous publications demonstrated that blood 
biomarkers such as interleukin (IL)-8, IL-6, IL-10, IL-18, 
monocyte chemotactic protein-1 (MCP-1), and tumor 
necrosis factor-alpha (TNF-α) were associated with 
CSA-AKI.14–18 However, in practice, their sensitivity 
and/or specificity remain unsatisfactory, which might 
be because of the instability of subjectively selected 
single markers and the lack of independent validation. 
Therefore, it is necessary to consider a more compre-
hensive landscape of immune-inflammation cytokines 
and integrate multiple biomarkers into a single model 
to improve the accuracy and robustness of disease 
prediction.

In this study, we conducted a 32 immune-inflamma-
tion cytokine assay in patient plasma and used a ma-
chine-learning strategy of feature selection to develop 
a multibiomarker-based model for predicting severe 
CSA-AKI. Moreover, we also evaluated the capability 
of each selected biomarker in the risk stratification of 
severe AKI and associated outcomes.

METHODS
The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.

Subject Enrollment and Data Collection
Two separate prospective cohorts (the screening 
cohort and validation cohort) from 2 cardiac surgery 
centers were included in this study. Eligible partici-
pants underwent cardiac surgery in the 2 centers 
from our hospital. Patients were excluded if they 
met any of the following criteria: (1) aged <10 years 
or >80  years; (2) history of renal transplantation or 
dialysis; (3) exposure to nephrotoxic drugs within 
2 weeks before surgery; (4) comorbidity of advanced 
chronic kidney disease; and (5) recent urinary tract 
infection or obstruction. Finally, 204 and 198 patients 
were successfully enrolled in the screening and vali-
dation cohorts, respectively. Perioperative clinical 
data were collected by reviewing the hospital da-
tabase. The study protocols were approved by the 
Ethics Committees of Shanghai Ruijin Hospital, and 
all patients provided written informed consent before 
study inclusion.

CLINICAL PERSPECTIVE

What Is New?
•	 Patients who developed severe acute kidney in-

jury after cardiac surgery had distinct blood im-
mune-inflammatory cytokines signatures within 
12 to 24 hours after surgery.

•	 A novel cytokine-based predictive model incor-
porating interferon-γ, interleukin-16, and MIP-1α 
(macrophage inflammatory protein-1 alpha) 
successfully predicted severe cardiac surgery-
associated -acute kidney injury).

•	 Interferon-γ, interleukin-16, and MIP-1α were all 
capable of predicting poor outcomes after car-
diac surgery.

What Are the Clinical Implications?
•	 Increased plasma concentrations of interferon-γ, 

interleukin-16, and MIP-1α each predict higher 
risk for severe cardiac surgery-associated-
acute kidney injury.

•	 Alterations in plasma immune-inflammatory cy-
tokine concentrations demonstrate promise for 
early identification of patients likely to develop 
severe cardiac surgery-associated-acute kid-
ney injury.

Nonstandard Abbreviations and Acronyms

AKI	 acute kidney injury
CSA-AKI	 cardiac surgery-associated  

acute kidney injury
ICU	 intensive care unit



J Am Heart Assoc. 2020;9:e018004. DOI: 10.1161/JAHA.120.018004� 3

Chen et al� Novel Predictive Model for CSA-AKI

Sample Collection and Cytokine 
Measurement
Fasting venous blood samples were uniformly col-
lected from all participants into EDTA anticoagu-
lation tubes on the morning (8:00  am) of the first 
postoperative day (between 12 and 24  hours after 
cardiac surgery). At a freezing temperature, the 
samples were centrifuged at 1500g for 15 minutes. 
Supernatant plasma was stored at −80°C before 
analysis. Pre- and postoperative serum creatinine 
concentrations were measured by the identical test-
ing platform in the clinical laboratory of the hospital. 
A total of 32 plasma cytokines (including cutaneous 
T-cell-attracting chemokine (CTACK), acidic fibro-
blast growth factor (FGFa), granulocyte-colony-stim-
ulating factor (G-CSF), hepatocyte growth factor 
(HGF), interferon-alpha2 (IFN-α2), interferon-gamma 
(IFN-γ), IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-9, IL-
10, IL-12p70, IL-12p40, IL-16, IL-17α, IL-18, interferon 
gamma-induced protein-10 (IP-10), MCP-1, monocyte 
chemotactic protein-3 (MCP-3), macrophage-colony 
stimulating factor (M-CSF), migration inhibitory factor 
(MIF), monokine induced by interferon-gamma (MIG), 
macrophage inflammatory protein-1 alpha (MIP-1α), 
macrophage inflammatory protein-1 beta (MIP-1β), 
stem cell factor (SCF), stem cell growth factor-beta 
(SCGF-β), stromal-derived factor-1 alpha (SDF-1α), 
and TNF-α), MIP-1β (macrophage inflammatory pro-
tein-1 beta), SCF, SCGF-β, SDF-1α, and tumor ne-
crosis factor-α) were measured using the Bio-Plex 
Pro Human Cytokines Assay (Bio-Rad, US) accord-
ing to the manufacturer’s instructions.

Diagnostic Criteria and Outcome 
Definition
The diagnosis of AKI was made according to the Acute 
Kidney Injury Network (AKIN) criteria, which referred 
to the 48-hour change in creatinine levels after the 
operation. An over 50% increase or a 0.3 mg/dL in-
crease in serum creatinine from baseline after cardiac 
surgery was defined as stage 1, with doubled serum 
creatinine from baseline defined as stage 2 and tripled 
serum creatinine from baseline defined as stage 3.19 
In this study, mild AKI was determined as AKIN stage 
1, while severe AKI represented AKIN stages 2 or 3. 
The composite events were defined as treatment with 
renal replacement therapy and/or in-hospital death. 
Prolonged length of mechanical ventilation, ICU stay, 
and hospitalized duration were also considered asso-
ciated outcomes.

Statistical Analysis
For continuous variables, normally distributed variables 
are expressed as the mean and standard deviation, 

while non-normally distributed variables are shown 
as the median and interquartile range. Categorical 
variables are summarized as frequencies with propor-
tions. The unpaired Student t-test or Mann–Whitney U 
test was used for comparing the difference between 
2 groups. Three-group comparisons were accom-
plished by analysis of variance or the Kruskal–Wallis 
test. The Chi-square test or Fisher exact test was used 
to evaluate the association between 2 categorical vari-
ables. For the concentrations of the 32 cytokines, we 
normalized the order of magnitude through decimal 
scaling. Simple logistic regression was performed 
to examine the association between each cytokine 
and severe AKI. Least absolute shrinkage and selec-
tion operator regression (using the "glmnet" R pack-
age) was performed using cytokines with a significant 
level.20 Using the least absolute shrinkage and selec-
tion operator-selected cytokines or clinical variables, 
candidate models for predicting severe AKI were 
developed in the screening cohort by binary logistic 
regression and then applied in the validation cohort. 
The goodness-of-fit of the models was evaluated by 
the Akaike information criterion and the Bayesian in-
formation criterion. Lower Akaike information criterion 
and Bayesian information criterion statistics indicate a 
better model. Receiver operating characteristic curve 
analysis was conducted to assess the model discrimi-
nation. The area under the curve, which is equal to the 
C-statistic, was calculated. The Brier score was used 
to assess the calibration of the model. Decision curve 
analysis was conducted to evaluate the net benefit of 
the cytokine-based model over the clinical variable 
model and established-biomarker model in both the 
screening and validation cohorts.21 A nomogram for 
the optimum model was calculated using the “rms” 
R package. Receiver operating characteristic curves 
were also formulated to assess the discriminability of 
each selected cytokine for predicting severe AKI and 
the composite events. Based on the highest Youden 
Index, the optimal cutoff values were determined in 
the screening cohort. Afterwards, according to these 
cut-off values, the specificity and sensitivity of each 
cytokine for predicting severe AKI and the composite 
events were also calculated in the validation cohort. 
Spearman test was performed to examine the correla-
tion between the selected cytokines and AKI severity 
(defined as creatinine alteration). Multivariable logistic 
regression was performed to examine whether the as-
sociation between each cytokine and severe AKI or 
the composite events was independent of other clini-
cal cofounding factors. The odds ratios (ORs) with 95% 
CIs of each cytokine are reported.

The data were analyzed using SPSS version 22.0 
(SPSS, Inc., Chicago, IL) and statistical packages in 
R (The R Foundation; http://www.r-proje​ct.org; ver-
sion 3.6.1), and diagrams were plotted by GraphPad 

http://www.r-project.org
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Prism 8.0 (GraphPad Software, USA). Significance 
levels were set at P<0.05 for 2-tailed tests in all 
analyses.

RESULTS
Clinical Characteristics of the Study 
Cohorts
Overall, among 204 participants in the screening co-
hort, 58 patients (28.4%) developed mild AKI (AKIN 
stage 1), and 42 patients (20.6%) were diagnosed 
with severe AKI (AKIN stage 2–3). In addition, 45 
(22.7%) out of 198 patients in the validation cohort 
developed severe AKI, while 56 patients (28.3%) de-
veloped mild AKI. The clinical characteristics of the 
2 cohorts are comparable (see Table S1). For each 
cohort, the patients’ clinical and operative character-
istics are summarized in Table 1. In the screening co-
hort, no significant differences were observed among 
the control, mild AKI, and severe AKI groups in age, 
sex, cardiac function, hyperlipidemia, and previous 
myocardial infarction, while in the validation cohort, 
sex, hyperlipidemia, and myocardial infarction var-
ied among the 3 groups. In terms of perioperative 
surgical characteristics, concomitant surgery, and 
prolonged cardiopulmonary bypass time were sig-
nificantly different between the severe AKI group and 
the other groups in both cohorts. Correspondingly, 
alteration in serum creatinine, use of renal replace-
ment therapy, and death frequency were higher in 
the severe AKI group, along with prolonged ventila-
tion time, ICU stay, and hospital duration.

Potential Blood Cytokine Markers for 
Severe AKI
To detect the distinct blood immune cytokine signa-
ture between the severe and non-severe AKI groups, 
we measured 32 cytokines in the screening cohort. 
The hierarchical clustering of severe AKI, mild AKI, 
and non-AKI based on these 32 cytokines is shown 
in Figure  1A. According to the clustering graph, 
distinct cytokine-enriching signatures were found 
among the severe AKI group, mild-AKI group, and 
non-AKI group. Twenty-two cytokines were particu-
larly enriched in the severe AKI group. In line with the 
hierarchical clustering results, simple logistic regres-
sion analysis revealed that these 22 cytokines were 
significantly associated with severe AKI (P<0.05) 
(Figure 1B). Because of the relatively high dimension-
ality of the data, least absolute shrinkage and selec-
tion operator regression, a machine learning variable 
selection method, was conducted based on the 22 
differentially enriched cytokines to identify the major 
representative cytokine signatures (Figure S1). Based 

on lambda that gives 1 standard error from the mini-
mum cross-validated error, a parsimonious model 
was acquired, from which we identified 3 significant 
variables including IFN-γ, IL-16, and MIP-1α as rep-
resentative blood biomarkers for predicting severe 
AKI. In line with known biological functions, these 3 
cytokines could mediate immune cell activation and 
other cytokine production and are considered critical 
inflammatory factors in the initiation and progression 
of various types of renal injury.22–27 Therefore, the 3 
biomarkers might be promising for predicting severe 
AKI after cardiac surgery.

Construction and Validation of the 
Cytokine-Based Predictive Model for 
Severe AKI
To specify the distinct concentrations of the selected 
biomarkers between patients with severe and non-
severe AKI, we compared the levels of IFN-γ, IL-16, 
and MIP-1α between the 2 groups. In both cohorts, 
patients with severe AKI had approximately twice as 
much the concentrations of these 3 cytokines than 
patients with non-severe AKI (Figure 2). Then, the 3 
factors were included in a logistic regression model 
to build a prediction model for identifying patients at 
higher risk of severe AKI after cardiac surgery. Since 
previous studies indicated that clinical factors such 
as history of hypertension,28,29 concomitant surgery 
and prolonged cardiopulmonary bypass time were 
predictors for a higher risk of AKI after cardiac sur-
gery,30–32 we also compared the predictive ability of 
the cytokine-based model with these traditional clini-
cal factor-based models. Notably, previous publica-
tions demonstrated that postoperative TNF-α and 
MCP-1 are useful blood biomarkers for predicting 
CSA-AKI.18,33,34 Thus, we also compared the effec-
tiveness of the novel cytokine-based model to the 
established biomarker-based model incorporating 
TNF-α and MCP-1.

Finally, 3 logistic regression models [including 
the cytokine-based model (Model 1), the clinical fac-
tor-based model (Model 2) and the established plasma 
biomarker-based model (Model 3)] were developed in 
the screening cohort and tested in the validation cohort 
(see Table 2). In both cohorts, compared with Model 2 
and Model 3, Model 1 yielded lower Akaike information 
criterion and Bayesian information criterion values and 
had better calibration (screening cohort: Brier Score: 
Model 1: 0.10, Model 2: 0.15, Model 3: 0.15; validation 
cohort: Brier Score: Model 1: 0.11, Model 2: 0.17, Model 
3: 0.17) and discrimination performance (screening 
cohort: C-statistic; Model 1, 0.87 [0.80–0.94]; Model 
2, 0.68 [0.60–0.76]; Model 3, 0.80 [0.73–0.87]; vali-
dation cohort: C-statistic; Model 1, 0.86 [0.79–0.92]; 
Model 2, 0.63 [0.54–0.73]; Model 3, 0.76 [0.68–0.83]). 
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Additionally, according to the decision curve analy-
sis, Model 1 demonstrated an increased net benefit 
over Model 2 and Model 3 for predicting severe AKI in 
both cohorts (see Figure 3A through 3D). Afterwards, 
for clinical usage, a prognostic nomogram based on 
Model 1 for severe AKI with scales for the particular 
3 cytokines was established (Figure 3E).35 The model 
had a sensitivity of 0.79 and a specificity of 0.83 in the 
screening cohort and a sensitivity of 0.73 and a speci-
ficity of 0.88 in the validation cohort.

Application of the Cytokine-Based 
Predictive Model in Age/Sex Stratified 
Groups
Considering the male-dominating sex distribution 
as well as the wide range of patients’ ages, we also 
tested the performance of our novel predictive model 
in different age and sex groups. The cytokine-based 
model was shown to be useful in both the male and 
female groups, as it showed good performance in 
both groups, with a relatively better discriminabil-
ity among female patients (C-statistic: 0.87, Brier 
0.13 in women versus C-statistic 0.86, Brier 0.10 in 
men). Furthermore, we also divided the study pop-
ulation into a young and middle-aged group (aged 
<60 years) and an older group (aged ≥60 years) to 
test the predictive value of our model. The cytokine-
based model showed decent performance in dif-
ferent age groups, with better discriminability and 
calibration in older patients (young and middle-aged: 
C-statistic 0.84, Brier 0.12, Older: C-statistic: 0.91, 
Brier 0.08) (Table S2).

Predictive Performance of Cytokines for 
Severe AKI and Outcomes
To assess the prognostic value of each biomarker 
from our predictive model, we conducted receiver 
operating characteristics analysis and calculated 
the sensitivity, specificity, and cutoff value of the 
best performance in predicting severe CSA-AKI. 
As shown in Figure 4A and 4B, the area under the 
receiver operating characteristic curves (AUC), rep-
resented by the C-statistic, indicated that each cy-
tokine had good discriminability for severe CSA-AKI, 
with IFN-γ (screening cohort: C-statistic: 0.86, 95% 
CI, 0.79–0.92; validation cohort: C-statistic: 0.82; 

95% CI, 0.76–0.89) and IL-16 (screening cohort: 
C-statistic: 0.82; 95% CI, 0.74–0.90; validation co-
hort: C-statistic: 0.83; 95% CI, 0.75–0.91) displaying 
better performance than MIP-1α (screening cohort: 
C-statistic: 0.77; 95% CI, 0.69–0.86; validation co-
hort: C-statistic: 0.79; 95% CI, 0.72–0.87). Such sat-
isfactory predictive value of each cytokine was also 
observed in the age- and sex-stratified groups, in 
which IFN-γ and IL-16 also outperformed MIP-1α in 
predicting severe CSA-AKI (Figure  5, left). In addi-
tion, with almost the same threshold value from the 
screening cohort, IL-16 and MIP-1α also had higher 
specificity (screening cohort: IL-16: 0.89, MIP-1α: 
0.97; validation cohort: IL-16: 0.88, MIP-1α: 0.83), 
while IFN-γ showed the highest sensitivity (0.88 in 
the screening cohort and 0.76 in the validation co-
hort) for severe CSA-AKI prediction.
As severe CSA-AKI predominantly results in poor 
outcomes such as renal replacement therapy and 
in-hospital death, we also evaluated the prognostic ca-
pability of the 3 cytokines for these composite events. 
According to Figure 4C and 4D, IL-16 had a stronger 
ability to predict the composite events in both cohorts 
(screening cohort: C-statistic: 0.87, 95% CI, 0.77–0.96; 
validation cohort C-statistic: 0.91, 95% CI, 0.82–1.00), 
with a cut-off value of ≈11.89 (10−2 ng/mL). IL-16 had 
the strongest sensitivity (0.88 in the screening cohort 
and 0.95 in the validation cohort) for predicting the 
composite events. Secondary to IL-16, IFN-γ showed 
a C-statistic of 0.81 in the screening cohort and 
0.82 in the validation cohort, while MIP-1α displayed 
C-statistics of 0.75 and 0.81 in the screening and vali-
dation cohorts, respectively. Moreover, the prognostic 
roles of these cytokines were not disturbed by age or 
sex stratification. In the subgroups, the 3 biomarkers 
yielded decent prognostic values for the composite 
outcomes, with IL-16 also displaying better discrimin-
ability (Figure 5, right).

Associations of Cytokine Levels and 
Perioperative Prognostic Features
To explore the concentration-dependent effect of 
the 3 cytokines on the risk stratification of severe 
AKI and the composite events, we further ana-
lyzed the association between the cytokine levels 
and disease severity after pooling the 2 cohorts to-
gether. Disease severity was evaluated by various 

Figure 1.  Association of 32 blood cytokines and acute kidney injury (AKI) after cardiac surgery.
A, Hierarchical clustering of samples based on the 32 cytokines among the non-AKI, mild-AKI and severe AKI groups. B, Forest plot 
of univariate logistic analysis of the 32 cytokines and severe AKI after cardiac surgery. AKI was defined by the AKIN criteria: mild 
AKI=AKIN stage 1, severe AKI=AKIN stage 2/3. AKI indicates acute kidney injury; IFN, interferon; IL, interleukin; MIP, macrophage 
inflammatory protein; TNF, tumor necrosis factor; CTACK, cutaneous T-cell-attracting chemokine; FGFa, acidic fibroblast growth 
factor, G-CSF, granulocyte-colony-stimulating factor; HGF, hepatocyte growth factor; IP-10, interferon gamma-induced protein-10, 
MCP, monocyte chemotactic protein; M-CSF, macrophage-colony stimulating factor; MIF, migration inhibitory factor; MIG, monokine 
induced by interferon-gamma ; SCF, stem cell factor; SCGF-β, stem cell growth factor-beta; SDF-1α, stromal-derived factor-1 alpha.
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Figure 2.  Variation in the concentrations of the selected cytokines between the severe and non-
severe AKI (acute kidney injury) groups in the screening and validation cohorts.
A, comparison of interferon-γ between the severe and non-severe AKI groups in the screening cohort. B, 
A comparison of interferon-γ between the severe and non-severe AKI groups in the validation cohort. C, 
Comparison of interleukin-16 between the severe and non-severe AKI groups in the screening cohort. D, 
Comparison of interleukin-16 between the severe and non-severe AKI groups in the validation cohort. E, 
Comparison of MIP-1α (macrophage inflammatory protein-1 alpha) between the severe and non-severe 
AKI groups in the screening cohort. F, Comparison of MIP-1α between the severe and non-severe AKI 
groups in the validation cohort. In the violin plots, the horizontal dotted lines indicate the first quartile 
and the third quartile of the cytokine levels, and the horizontal dashed line within the violin represents the 
median cytokine levels. Statistical significance was determined by a non-parametric test (***P<0.0001). 
AKI indicates acute kidney injury; IFN-γ , interferon-gamma; IL-16, interleukin-16; and MIP-1α, macrophage 
inflammatory protein-1 alpha.
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parameters, including AKI severity (expressed as 
the elevation of creatinine after surgery), composite 
events, and perioperative indicators that reflect pa-
tients’ clinical course. Spearman correlation tests 
revealed that IFN-γ, IL-16, and MIP-1α strongly cor-
related with creatinine alteration (IFN-γ, r=0.63; IL-16, 
r=0.52; MIP-1α, r=0.47), implying a significant as-
sociation between the biomarkers and AKI severity 
(Figure  S2). To further evaluate the performance of 
these biomarkers in classifying the risk of severe AKI 
or composite events, we subsequently divided the 
patients into 4 groups according to the quartiles of 
cytokine concentrations. Notably, as the cytokine 
levels increased, patients were more likely to develop 
severe AKI and experience composite events, along 
with a prolonged length of mechanical ventilation, 
ICU stay and hospital stay (see Table  S3). Among 
the 3 cytokines, IFN-γ had an excellent performance 
for gradient risk stratification. Specifically, patients 
with IFN-γ levels in the third and fourth quartiles (Q3 
and Q4) had a concentration-dependent significantly 
higher frequency of poor outcomes and delayed 
clinical recovery than patients with IFN-γ levels in 
the first quartile (Q1). Patients with IL-16 or MIP-1α 
concentrations in Q4 showed a significantly higher 
incidence of severe AKI and composite events, while 
compared with Q1 group patients, the frequency of 
these events in the Q2 and Q3 groups lacked statisti-
cal significance.

Furthermore, we found a significant association 
between the 3 cytokines (stratified as quartiles) and 
the risks of both severe AKI and composite events. 
In crude models and after adjusting for cofounders 
(age, sex, prolonged cardiopulmonary bypass time, 
cardiac function, diabetes mellitus, hypertension), 
high quantiles of IFN-γ, IL-16, and MIP-1α indicated 
an increased risk for both severe AKI and composite 
events (P for trend<0.0001) (see Table 3). Specifically, 
the upper quartiles of IFN-γ displayed a significantly 
higher adjusted OR, from 2.84 at Q2 (P<0.001) to 
37.53 at Q4 (P<0.001), compared with that at Q1. 
For IL-16 and MIP-1α, compared with Q1, the highest 
quartile showed a significantly higher risk for severe 
AKI and the composite outcomes, while Q2 and Q3 

displayed higher ORs without statistical significance. 
When examined as continuous variables, with each 
unit increase, the multivariate-adjusted ORs of IFN-
γ, IL-16, and MIP-1α were 1.41 (95% CI, 1.30–1.53; 
P<0.0001), 1.12 (95% CI, 1.08–1.15; P<0.0001), and 
1.50 (95% CI, 1.34–1.68; P<0.0001), respectively, 
for severe AKI. For the composite events, the multi-
variate-adjusted ORs of IFN-γ, IL-16 and MIP-1 were 
1.26 (95% CI, 1.16–1.38; P<0.0001), 1.10 (95% CI, 
1.07–1.13; P<0.0001), and 1.23 (95% CI, 1.12–1.34; 
P<0.0001), respectively. Overall, the 3 cytokines 
were also promising biomarkers for assisting in the 
risk stratification of severe AKI, perioperative recov-
ery time, and composite events.

DISCUSSION
In this study, based on a multiplex cytokine assay as 
well as the combination of a machine learning signa-
ture selection approach and logistic regression, we 
developed and validated a novel predictive model 
incorporating IFN-γ, IL-16, and MIP-1α for predicting 
severe CSA-AKI. The performance of the predictive 
model was satisfactory, with decent accuracy and dis-
criminability in 2 separate cohorts and different age/
sex groups. Additionally, IFN-γ, IL-16, and MIP-1α were 
all capable of predicting severe AKI and composite 
events, and higher concentrations of each cytokine 
were associated with higher risks of both AKI severity 
and poor outcomes after cardiac surgery. Our study 
provides a robust predictive tool for severe CSA-AKI 
and blood inflammatory biomarkers for enhancing 
the risk stratification of CSA-AKI and relevant clinical 
outcomes.

CSA-AKI, characterized by abrupt renal dysfunc-
tion after cardiac surgery, is a threatening clinical 
complication associated with poor patient and renal 
prognosis. Evidence is mounting that patients with 
severe AKI who have doubled serum creatinine levels 
have a >2-fold in-hospital mortality, a longer length of 
ICU and hospital stay, and an excess of healthcare 
costs.3,36 Given the delayed diagnosis of the disease 
according to traditional creatinine alterations, a few8 

Table 2.  Performance of the Predictive Models for Predicting acute kidney injury (AKI) After Cardiac Surgery in the 
Screening and Validation Cohorts

Screening Cohort Validation Cohort

AIC BIC Brier C-statistics Brier C-Statistics

Model 1 142.78 156.05 0.10 0.87 (0.80–0.94) 0.11 0.86 (0.79–0.92)

Model 2 201.50 214.80 0.15 0.68 (0.60–0.76) 0.17 0.63 (0.54–0.73)

Model 3 192.16 202.11 0.15 0.80 (0.73–0.87) 0.17 0.76 (0.68–0.83)

Model 1: MIP-1α (macrophage inflammatory protein-1 alpha)+interleukin-16+interferon-γ; Model 2: Hypertension+surgery type (=1)+cardiopulmonary bypass 
time (>120 minutes); Model 3: MCP-1 (monocyte chemotactic protein-1) +TNF-α (tumor necrosis factor-alpha). AIC indicates Akaike Information Criterion; AKI, 
acute kidney injury; and BIC: Bayesian Information Criterion were used to evaluate goodness-of-fit for the models.
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Figure 3.  Decision curve analysis (DCA) and prognostic nomogram of the clinical 
factor-based model.
A, The DCA curve for comparing the novel cytokine-based model and clinical factors in the screening 
cohort. B, The DCA curve for comparing the novel cytokine-based model and clinical factors in the 
validation cohort. C, The DCA curve for comparing the novel cytokine-based model and established 
biomarkers in the screening cohort. D, The DCA curve for comparing the novel cytokine model 
and established biomarkers in the validation cohort. The novel cytokine-based model included 
interferon-γ, interleukin-16, and macrophage inflammatory protein-1α. Clinical factors included 
comorbidity of hypertension, concomitant surgery, and cardiopulmonary bypass time. Established 
biomarkers included monocyte chemotactic protein-1 and tumor necrosis factor-α. The net benefit 
of the multibiomarker model and clinical predictors was plotted against the threshold probability; the 
horizontal axis represents the threshold value, which is the reference probability of whether a patient 
receives treatment, and the vertical axis represents the net benefit rate after the advantages are 
subtracted from the disadvantages. Under the same threshold probability, the larger net benefit implies 
that patients can obtain the maximum benefit using the diagnosis from this model. The closer the curve 
in the DCA graph is to the top, the higher the value of the model diagnosis will be. E, The nomogram 
graphically depicts the cytokine-based predictive model for severe cardiac surgery associated-acute 
kidney injury. Clinical usage: Points are assigned for interferon-γ, interleukin-16, and MIP-1α by drawing 
a line upward from the corresponding concentration value to the “Points” line. Based on the cumulative 
point scores of the 3 cytokines, draw a downward vertical line from the “Total Points” line to the “Severe 
acute kidney injury probability” line of the nomogram to calculate the probability of severe acute kidney 
injury. AKI indicates acute kidney injury; DCA; decision curve analysis; IFN-γ, interferon-gamma; IL-16, 
interleukin-16; and MIP-1α, macrophage inflammatory protein-1 alpha.
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attempts have been made to develop novel biomark-
ers for CSA-AKI prediction. Among the well-studied 
biomarkers, most were based on urine samples, 
such as the so-called cell cycle arrest urine bio-
markers urine neutrophil gelatinase-associated lipo-
calin (uNGAL), urine kidney injury molecule1 (uKIM1), 
urine liver-type fatty-acid-binding protein (uL-FABP), 
urine matrix metalloproteinase-7(uMMP-7), urine in-
sulin-like growth factor-binding protein-7 (uIGFBP-7), 
urine interleukin-18 (uIL-18) and urine tissue inhibitor 
of metalloproteinase-2 (uTIMP2).37–39 However, stud-
ies on the predictive value of immune-inflammatory 
blood cytokines are still insufficient. Accumulating 
studies have mainly focused on confirming the as-
sociation between single or several subjectively se-
lected cytokines and CSA-AKI, which introduces 

the possibility of selection bias.40,41 As a result, the 
stability of individual blood biomarkers for predicting 
CSA-AKI varied among different studies.

Unlike previous studies, our study is dedicated to 
developing and validating a novel and robust predic-
tive tool to identify severe AKI (AKIN stage 2/3) in 
patients undergoing cardiac surgery. To the best of 
our knowledge, we might provide the most compre-
hensive immune-inflammatory blood cytokine profile 
among different CSA-AKI groups in a relatively larger 
population. Beyond the previously reported cyto-
kines, we found that a total of 30 blood cytokines 
differed among the non-AKI, mild AKI and severe AKI 
groups. In addition, as many as 22 cytokines showed 
statistical significance in univariate analysis, indicat-
ing that the immune-inflammation network rather than 

Figure 4.  Performance of cytokines for predicting severe acute kidney injury and composite events.
The C-statistics of cytokines (interferon-γ, interleukin-16, MIP-1α [macrophage inflammatory protein-1 
alpha]) for predicting severe acute kidney injury in the screening cohort (A) and the validation cohort (B). 
The C-statistics of biomarkers (interferon-γ, interleukin-16, MIP-1α) for predicting composite events in the 
screening cohort (C) and the validation cohort (D). AKI indicates acute kidney injury; IFN-γ , interferon-
gamma; IL-16, interleukin-16; and MIP-1α, macrophage inflammatory protein-1 alpha.
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merely 1 or 2 cytokines might experience profound 
alterations. To build a robust and representative pre-
dictive tool based on such a considerable number of 
cytokines, we applied least absolute shrinkage and 
selection operator regression, which is often used 
for the dimensionality reduction of high-dimension-
ality data and selects the essential variables with 
machine learning.42 The method performs shrinkage 
and variable selection simultaneously for better pre-
diction while effectively avoiding overfitting.20 After 
penalizing the magnitude of regression coefficients 
and excluding variables with a zero coefficient, IFN-
γ, IL-16, and MIP-1α were selected for subsequent 
model construction. These cytokines were statis-
tically and mathematically appropriate and are also 
known to play important roles in AKI throughout its 
pathophysiological process. Specifically, IFN-γ, the 
key Th-1-derived cytokine, was involved in CD4+ T 
cell-mediated ischemia-reperfusion injury, was in-
creased in the blood of patients with AKI, and served 
as an independent risk factor for both AKI and long-
term mortality after cardiac surgery.17,43 MIP-1α, 
which activates and recruits local leukocytes, has 
been proven to be an indicator of AKI after acute 
lung injury.26 As a T-cell chemoattractant signifi-
cantly expressed in the proximal and distal straight 
tubules of the kidney, IL-16 has been shown to con-
tribute to renal ischemia-reperfusion injury in animal 
models based on the decrease in kidney injury after 
IL-16 inactivation.27 For an applicable model in clini-
cal contexts, logistic regression was conducted for 

model establishment because it is more familiar to 
clinical physicians. Our predictive model based on 
these cytokines outperformed both traditional clini-
cal factors and established biomarkers and showed 
satisfactory performance in both the screening and 
validation cohorts. Even after subgrouping the whole 
study population by age and sex, we also observed 
decent performance of the model, with better predic-
tive value in the female group and older group, which 
reflects the robustness and stability of the model 
to some extent. More importantly, each cytokine in 
the model displayed prognostic value for predicting 
higher risks of severe CSA-AKI and composite events 
even in different age and sex groups.

Since the 3 cytokines strongly correlated with the 
change in creatinine levels, which indicates the sever-
ity of AKI, we further proved that each cytokine could 
serve as a predictor for a higher risk of severe AKI 
and associated outcomes. Among the 3 biomarkers, 
IFN-γ showed the best performance in the risk strat-
ification of severe AKI and associated outcomes in 
patients undergoing cardiac surgery. After adjusting 
for the cofounders, the third and fourth quantiles of 
IFN-γ denoted an 11.46-fold risk and a 48.62-fold risk 
of severe AKI, respectively, whereas with the same 
category, the postoperative levels of IFN-γ denoted 
an 11.01-fold risk and a 27.78-fold risk of composite 
events. In line with the risk factor analysis, IFN-γ also 
showed excellent discriminability for classifying severe 
AKI in both the screening and validation cohorts. Our 
study further revealed IFN-γ as a predictor assisting in 

Figure 5.  Performance of cytokines for predicting severe acute kidney injury and composite 
events in age/sex stratified groups.
Left: The C-statistics and 95% CIs of cytokines (interferon-γ, interleukin-16, MIP-1α [macrophage 
inflammatory protein-1 alpha]) for predicting severe acute kidney injury in the male and female groups 
as well as the young and middle-aged groups (aged <60 years) and the older group (aged ≥60 years). 
Right: The C-statistics and 95% CIs of biomarkers (interferon-γ, interleukin-16, MIP-1α) for predicting 
composite events in different subgroups. AKI indicates acute kidney injury; IFN-γ , interferon-gamma; 
IL-16, interleukin-16; and MIP-1α, macrophage inflammatory protein-1 alpha.
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the risk stratification of severe AKI and perioperative 
in-hospital outcomes, suggesting its potential signif-
icance in the regulation of kidney injury after cardiac 
surgery. It is also important to note that the fourth 
quantile of IL-16, which was the strongest indicator for 
composite events among the 3, held an over 38-fold 
risk compared with the first quantile. Similarly, for pre-
dicting composite events, IL-16 also had an impres-
sive performance with high sensitivity. In comparison, 
MIP-1α alone showed a slightly weaker predictive 
ability in predicting outcomes but was still a decent 
predictor and risk factor for severe AKI, with the fourth 
quantile exhibiting a 20.06-fold risk for severe AKI and 
a 9.13-fold risk for composite events compared with 
the lowest quantile. Our study depicted MIP-1α as a 
biomarker for severe CSA-AKI and elucidated its rela-
tionship with in-hospital outcomes.

Although we have shown the decent performance 
of our predictive model, as well as the prognostic utility 
of each cytokine among age- and sex-stratified groups, 
it is also necessary to note that differences still exist 
between our results and those of others. For example, 
we found significantly higher concentrations of IFN-γ 
among patients who developed severe CSA-AKI, while 
Greenberg et al did not observe a significant difference 
when comparing children who had progressed CSA-
AKI and unprogressed CSA-AKI.44 Moreover, Arthur et 
al reported a weak predictive value of urine MIP-1α for 
identifying patients with progressed CSA-AKI,38 which 
seems contradictory to our observations. These dispar-
ities indicate that even though the predictive tool or bio-
marker exhibited excellent performance, the population 
and sample source still mattered. After all, the cardiac 
surgery and pathophysiological conditions differed be-
tween children and adults, and metabolic pathways still 
affected the various alterations in blood and urine cyto-
kines. Hence, when applying these novel biomarkers or 
models for predicting CSA-AKI or outcomes, appropri-
ate objectives, the time of sample collection, the sample 
source, the major study population and even the defini-
tion of outcomes should also be considered.

Admittedly, our study had some limitations. First, we 
used 2 separate centers from the same hospital, and 
external validation from more hospitals should be fur-
ther performed. In addition, because of the ununified 
standard for CSA-AKI, the diagnosis was made ac-
cording to the AKIN criteria, which, though it has high 
sensitivity, would also miss patients with later AKI, as it 
limits the increase in serum creatinine within 48 hours 
after surgery.

CONCLUSIONS
Our study developed and validated a powerful pre-
dictive model incorporating IFN-γ, IL-16, and MIP-1α 

for predicting severe CSA-AKI. We also revealed that 
these 3 cytokines were promising blood biomarkers 
for the discrimination and risk stratification of severe 
AKI and poor in-hospital outcomes following cardiac 
surgery. With further validation in relatively larger pop-
ulations, our predictive model might offer clinicians 
robust indication for identifying patients with a higher 
risk of severe AKI, which enables timely diagnostic and 
therapeutic strategies in the clinical management of 
patients undergoing cardiac surgery.
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Table S1. Comparison of patients’ characteristics at bassline between screening 

and validation cohort. 

 
 

Screening (n=204) Validation (n=198) P value 

Age, years, mean (SD) 54.92±12.54 56.0±13.1 0.382 

Male, n (%) 148 (72.55%) 150 (75.8%) 0.463 

LVEF, %, median (IQR)  60.00 (58.00-64.00) 60.0 (57.0-63.8) 0.173 

NYHA class III or IV, n (%) 48 (23.53%) 60 (30.3%) 0.126 

Diabetes, n (%)  31 (15.20%) 31 (15.7%) 0.898 

Hypertension, n (%) 118 (57.84%) 117 (59.4%) 0.753 

Hyperlipidemia, n (%) 112 (54.90%) 99 (50.0%) 0.325 

AMI# history, n (%) 14 (6.86%) 19 (9.6%) 0.318 

Surgery type (CABG or valve surgery), n (%) 74 (36.27%) 81 (40.9%) 0.34 

CPB-time, hours, median (IQR) 120.00 (95.00-149.50) 129.0(91.5-162.5) 0.496 

CPB time>120 min, n (%) 61 (29.9%) 67 (33.8%) 0.69 

Delta creatinine, μmol/L, median (IQR) 58.0 (24.0-91.2) 62.6 (24.6-96.5) 0.408 

AKI stage 

  

0.864 

Non-AKI, n (%) 104 (51.0%) 97 (49.0%) 

 

Mild-AKI, n (%) 58 (28.4%) 56 (28.3%) 

 

Severe-AKI, n (%) 42 (20.6%) 45 (22.7%) 

 

Outcome  

   

RRT or (and) in-hospital death, n (%) 17 (8.33%) 19 (9.6%) 0.658 

Hospitalized time, days, median (IQR)   14.00 (11.00-20.00) 14.0 (11.0-21.0) 0.966 

ICU stay, days, median (IQR) 4.00 (2.00-6.00) 3.0 (2.0-6.0) 0.404 

Ventilation time, hours, median (IQR) 20.00 (13.50-47.50) 18.5 (14.0-37.8) 0.430 

 

SD: standard deviation; IQR: interquartile range; LVEF: left ventricle ejection fraction; AMI: acute 

myocardial infarction; NYHA: New York Heart Association functional classification; AMI: acute 

myocardial infarction; CPB: cardiopulmonary bypass; CABG: coronary artery bypass graft; ICU: 

intensive care unit; RRT: renal replacement therapy 

 

 

 



Table S2. Performance of cytokine-based model in age/sex stratified groups. 
 

Severe AKI/ non-severe AKI C-statistics (95% CI） Brier Score Sensitivity Specificity 

Male group 52/246 0.86 (0.79-0.92) 0.10 0.73 0.90 

Female group 35/69 0.87 (0.79-0.95) 0.13 0.77 0.87 

Younger group 56/173 0.84 (0.78-0.91) 0.12 0.75 0.86 

Older group 31/142 0.91 (0.85-0.97) 0.08 0.81 0.92 

Younger group: age < 60 years old. Older group: age ≥ 60 years old. CI: confidence interval  

 

 

 

 

 

 

 

 

 

 

  



Table S3. Association of the three cytokines and prognostic features. 

Cytokines Range Severe AKI RRT and/or in-

hospital deaths 

Ventilation time (hours) ICU stay (days) Hospitalized time (days) 

N (%) P N (%) p Median (IQR) p Median (IQR) p Median (IQR) p 

IFN-γ (10-2ng/mL) 

           

Q1 0 - 2.43 3 (3.0%) ref 1 (1.0%) ref 13.0 (11.0-17.0)   ref 2.0 (1.0-4.0) ref 13.0 (10.0-18.0) ref 

Q2 2.43 - 4.28 8 (8.0%) 0.117 2 (2.0%) 0.621 17.0 (12.8-27.2) 0.009 2.0 (1.0-4.0) 0.445 13.0 (10.0-19.0) 0.892 

Q3 4.28 - 7.87 22 (22.0%) <0.0001 10 (10.0%) 0.005 21.0 (14.0-36.0) <0.0001 4.0 (2.0-6.0) 0.0002 15.0 (11.0-20.2) 0.047 

Q4 7.97 - 21.26 54 (53.5%) <0.0001 23 (22.8%) <0.0001 43.0 (22.0-125.5) <0.0001 6.0 (4.0-10.5) <0.0001 19.0 (12.0-27.0) 0.0003 

IL-16 (10-2ng/mL) 

           

Q1 0.94 - 4.65 6 (5.9%) ref 1 (1.0%) ref 16.0 (13.0-20.5) ref 2.0 (1.0-4.0) ref 12.0 (9.0-14.0) ref 

Q2 4.68 - 7.90 9 (9.0%) 0.409 2 (2.0%) 0.621 16.0 (11.0-22.0) 0.833 2.0 (2.0-4.0) 0.536 14.0 (11.0-20.0) 0.022 

Q3 7.93 - 13.78 11 (11.0%) 0.197 2 (2.0%) 0.621 21.5 (14.2-39.2) 0.046 4.0 (2.0-5.8) 0.008 14.0 (12.0-21.0) <0.0001 

Q4 14.35 - 110.36 61(60.4%) <0.0001 31 (30.7%) <0.0001 47.0 (20.5-132.0) <0.0001 6.0 (4.0-12.5) <0.0001 18.0 (12.0-27.0) <0.0001 

MIP-1α (10-3ng/mL) 

           

Q1 0.52 - 1.34 8 (7.9%) ref 4 (4.0%) ref 17.0 (11.0-25.0) ref 3.0 (2.0-4.2) ref 13.0 (10.0-18.0) ref 

Q2 1.35 - 2.21 9 (9.0%) 0.783 1 (1.0%) 0.369 17.0 (13.0-25.2) 0.999 2.0 (1.0-5.0) 0.913 13.0 (10.0-18.2) 0.994 

Q3 2.21 - 3.81 16 (16.0%) 0.077 7 (7.0%) 0.343 18.0 (13.0-33.0) 0.701 3.0 (2.0-5.0) 0.685 15.0 (11.8-21.0) 0.069 

Q4 3.82 - 27.34 54 (53.5%) <0.0001 24 (23.8%) <0.0001 36.0 (19.0-89.8) <0.0001 6.0 (4.0-8.0) <0.0001 17.0 (12.0-25.0) 0.004 

Q1: the first quartile, Q2: the second quartile; Q3: the third quartile; Q4: the fourth quartile; IQR: Interquartile range; RRT: renal replacement therapy 



Figure.S1. Feature selection using the least absolute shrinkage and selection operator (LASSO) 

regression. 

 

A, LASSO coefficient profiles of the 22 significantly differentially enriched cytokines. B, 

Identification of the optimal penalization coefficient (λ) in the LASSO model with 10-fold cross-

validation and the 1 standard error (1-SE criteria). The dotted vertical line was drawn at the optimal λ 

at minimum criteria and 1 standard error (1-SE criteria). The model at 1-SE criteria was selected as the 

final model with 3 nonzero coefficients.  



Figure S2. Correlations between IFN-γ, IL-16, MIP-1α and alteration of creatinine.   

 

 

 

A, correlation between IFN-γ and delta creatinine;B, correlation between IL-16 and delta creatinine; C, 

correlation between MIP-1α and delta creatinine. Delta creatinine: alteration of serum creatinine after 

cardiac surgery verse preoperative creatinine. The cytokines concentrations in the plot were ln 

transformed. Spearman correlation coefficient is shown. 

  


