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Background: Early postoperative bacterial pneumonia and sepsis (ePOPS), which occurs within the first 48 hours after cardiovascular 
surgery, is a serious life-threatening complication. Diagnosis of ePOPS is extremely challenging, and the existing diagnostic tools are 
insufficient. The purpose of this study was to construct a novel diagnostic prediction model for ePOPS.
Methods: Least Absolute Shrinkage and Selection Operator (LASSO) with logistic regression was used to construct a model to 
diagnose ePOPS based on patients’ comorbidities, medical history, and laboratory findings. The area under the receiver operating 
characteristic curve (AUC) was used to evaluate the model discrimination.
Results: A total of 1203 patients were recruited and randomly split into a training and validation set in a 7:3 ratio. By early morning 
on the 3rd postoperative day (POD3), 103 patients had experienced 133 episodes of bacterial pneumonia or sepsis (15 patients had 
both). LASSO logistic regression model showed that duration of mechanical ventilation (P=0.015), NYHA class ≥ III (P=0.001), 
diabetes (P<0.001), exudation on chest radiograph (P=0.011) and IL-6 on POD3 (P<0.001) were independent risk factors. Based on 
these factors, we created a nomogram named DICS-I with an AUC of 0.787 in the training set and 0.739 in the validation set.
Conclusion: The DICS-I model may be used to predict the risk of ePOPS after cardiovascular surgery, and is also especially suitable 
for predicting the risk of IRAO. The DICS-I model could help clinicians to adjust antibiotics on the POD3.
Keywords: early postoperative pneumonia and sepsis, IL-6, LASSO, nomogram

Introduction
Early postoperative bacterial pneumonia and sepsis (ePOPS), which occurs within the first 48 hours after cardiac surgery, 
is a common serious and life-threatening complication.1,2 The consequences of ePOPS are often devastating, dramati-
cally increasing mortality, length of stay and medical costs for surviving patients.3–5 Indeed, patients developing ePOPS 
have a 10- to 17-fold increased odds of mortality, relative to those patients not.1,6–8
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Compared with other surgical procedures, cardiovascular surgery is more traumatic, more bleeding/transfusion, and is more 
likely to face ischemia-reperfusion injury and cardiopulmonary bypass (CPB), resulting in severe inflammatory responses.9 

A severe postoperative inflammatory response increases the level of infectious biomarkers, including white blood cells (WBC), 
procalcitonin (PCT), interleukin-6 (IL-6), and C-reactive protein (CRP) remains unclear.10–13 It may mask a patient’s clinical 
manifestation and cause difficulties in predicting ePOPS. At the same time, the culture of pathogens, which is a gold standard for 
diagnosis of infection, has its natural defects, such as low positive rates and a 2-to-5-day delay. It may delay the timing of 
postoperative adjustment of antibiotics.

Current clinical guidelines recommend the use of prophylactic antibiotics within the first 48 hours after cardiovascular 
surgery.14,15 However, there is insufficient evidence-based medical evidence to determine whether antibiotics should be 
continued thereafter.14,15 In the absence of effective risk assessment, prolonged antibiotic use may lead to overuse of 
antibiotics on the one hand, and underuse of antibiotics in some patients on the other hand. In particular, more than half 
of postoperative bacterial pneumonia and sepsis occur within 48 h after cardiovascular surgery. We, therefore, particu-
larly need a predicting model, to guide clinicians on discontinuing, continuing or escalating antibiotics.

Therefore, the present study aimed to develop a novel predictive model for the diagnosis of ePOPS, with the hope that 
it could be applicable to guide the adjustment of antibiotics in the first 48 hours after surgery.

Methods
Source of Data
This study report conformed to the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis 
or Diagnosis (TRIPOD) statement.16 The data for this study were obtained from a database designed to develop 
a predictive model for the diagnosis of infection after cardiovascular surgery (DICS).17

From October 2020 to October 2021, a total of 1203 patients were included in the DICS database, and all participants 
were included in our study. Patients between 18 and 80 years of age scheduled for open heart surgery were eligible. 
Exclusion criteria included: 1. preoperative temperature ≥ 38°C; 2. patients undergoing cardiovascular surgery for 
trauma, infective endocarditis, tumors, and malignancies; 3. patients with preoperative infections; 4. patients with 
a diagnosis of inflammatory immune disease or connective tissue disease; 5. pregnant or breastfeeding; 6. patients 
who elected not to participate the informed consent form.

Study Outcomes
Postoperative bacterial pneumonia is diagnosed when a patient meets both clinical and bacteriologic strategies after 
surgery. (1): Clinical strategy: Emergence of a new or progressive radiographic infiltrate combined with two out of three 
clinical features (fever above 38°C, leukocytosis or leukopenia, and purulent secretions).18,19 (2): Pathogenic bacteria 
were detected twice in sputum bacteria culture. Sputum specimens were obtained using fiberoptic bronchoscope or 
alveolar lavage fluid when the patient was unable to cough up sputum voluntarily.

Postoperative sepsis is diagnosed when the patient’s blood culture is positive for bacteria after surgery and 
contamination is excluded.20

ePOPS was the primary outcome of this study and was defined as postoperative pneumonia or sepsis occurring within 
the first 48 hours after surgery; therefore, we report the time of the first positive specimen collection for sepsis in a patient 
with postoperative pneumonia. The secondary outcome of this study was infection-related adverse outcome (IRAO), 
defined as ePOPS patients hospitalized for more than 30 days or dying during hospitalization.

Pathogenic species were ranked and reported according to the number of pathogenic bacteria found in sputum and 
blood of ePOPS and IRAO patients.

Predictors
Factors identified in both the previous literature as possible indicators of ePOPS and those based on the clinical 
experience of surgeons and physical therapists were measured.
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Each patient will undergo a standard clinical assessment at admission. The recorded clinical variables will be used for 
model development, including age, gender, height and weight to obtain body mass index (BMI), smoking status, drinking 
status, hypertension, diabetes, chronic lung disease, chronic renal insufficiency, liver insufficiency, previous surgery, etc. 
We will also record the details of the patient’s surgeries and complications, as well as the use of various instruments, 
including surgical procedures, surgical incision, cardiopulmonary bypass (CPB) time, aortic cross clamp (ACC) time, 
deep hypothermia circulatory arrest (DHCA), intraoperative blood transfusion volume and type, the amount and type of 
intraoperative drugs, use of extracorporeal membrane oxygenation (ECMO) or Intra-aortic Balloon Pump (IABP) or 
continuous renal replacement therapy (CRRT), etc.

Biomarker Measurements
Blood samples were collected using standardized procedures and tested for PCT, IL-6, and CRP immediately at 6:00 a.m. 
on the first day after the patient’s admission and on the first 3 days postoperatively.

The concentrations of the biomarkers (PCT, CRP and IL-6) were measured by cyclic enhanced fluorescent immu-
noassays (CEFA) performed on a fully automated, benchtop Pylon 3D immuno-analyzer (ET Healthcare, China) using 
whole blood samples. A description of CEFA assay procedures is available elsewhere.21

Other biomarkers, including leukocyte and neutrophil ratios, have not shown desirable diagnostic value in previous 
studies, but we have nevertheless included a number of variables that may be of value, as follows:22 White blood cell 
counts, Neutrophil ratio, Hematocrit, Platelet, Troponin T/I, albumin, Creatinine, B-type natriuretic peptide, myoglobin, 
D-dimer. We tested these serological indicators for the first time within 24 hours after the patient is admitted to the 
hospital, and the third day after surgery.

Chest Radiograph
Enrolled patients underwent bedside chest radiographs at least once a day until the third day after surgery. A chest radiograph 
review team consisting of two trained physicians was formed to review these chest radiographs individually and categorize 
them into 3 grades according to the severity of pulmonary leakage. Mild indicated chest films with no visible leakage, 
moderate included chest films with spotty or flaky leakage, and severe meant large exudates fused into pieces.

Missing Data
The potential bias of missing data was assessed by making comparisons between the characteristics of patients with 
contexts in which one or more predictor variables were missing and those for which complete data were available. All 
predictors containing more than 5% missing values were excluded (preoperative troponin T was excluded). Moreover, 
missing data were assumed to be missing at random and imputed using multiple imputation with chained equations. 
Multiple imputation was performed through the “mice” package in R.23 A total of twenty-five imputed datasets were 
generated, and the final inference estimations were combined using Rubin’s rules.

Model Development and Validation
The entire dataset was randomly split 7:3 into training and validating sets (Figure 1). The training set was used for model 
development, while the validation set was used for model validation. The Least Absolute Shrinkage and Selection 
Operator (LASSO) based on the “glmnet” package was used to screen variables.24 The screened factors were further used 
for backward stepwise multivariate logistic regression analysis to identify independent risk factors. Based on the 
multivariate model, a nomogram was then constructed to assess the risk of ePOPS.

The area under the receiver operating characteristic (ROC) curve and the area under the curve (AUC) were used to 
assess the discrimination. The calibration of the model was assessed using the Hosmer–Lemeshow goodness-of-fit (GOF) 
test. Ten-fold cross-validation was used for internal validation. External validation took place in the validation set.

Clinical Utility
First, we scored all patients using the nomogram obtained from the DICS-I model. Second, we plotted a ROC curve with 
score as the independent variable and the occurrence of POPS as the dependent variable, and then categorized the 
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patients into low-risk and moderate-high risk groups based on the Youden index and the calculated optimal threshold. 
Subsequently, another ROC curve was plotted using the score of patients in the moderate-high risk group as the 
independent variable and whether IRAO occurred as the dependent variable, and then categorized the moderate-high 
risk group into moderate risk and high-risk groups according to the optimal threshold value calculated by Youden index. 
So far, we categorized the patients into low-risk group, moderate-risk group and high-risk group.

In practice, limited by the lack of accurate diagnostic tools, physicians often rely on clinical experience to determine 
whether a patient has developed a bacterial infection after cardiac surgery that requires prolonged antibiotic use or 
a change to a higher-grade antibiotic. We compared the risk of ePOPS in patients as judged by the DICS-I model with 
patients at high risk of bacterial infection as judged empirically by physicians in clinical practice. In order, to argue 
whether the DICS-I model can more accurately identify patients with ePOPS.

Statistical Analysis
The analyses were carried out with R version 4.1.2. Categoric variables were summarized as frequencies (%) and 
compared by χ2 or Fisher’s exact test. Continuous variables were expressed as median (interquartile range (IQR)). The 
Mann–Whitney U-test was used for comparison.

Results
During the study period, a total of 2819 patients aged 18 to 80 years who intended to undergo heart surgery were 
presented to our center, of whom 1616 were excluded (760 did not undergo open-heart surgery; 97 infectious 

Figure 1 Flow chart showing the selection criteria for inclusion and exclusion and randomly dividing the dataset into training and test sets in a 7:3 ratio.
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endocarditis; 65 community-acquired infections; 281 were missing due to rescue surgery or death within 48 hours after 
surgery; 221 refused to sign informed consent forms; 192 excluded for other reasons). Finally, 1203 patients were 
enrolled and randomly divided into the training and validation sets in a 7:3 ratio (Figure 1). The average age of the 
enrolled patients at admission was 57.9±12.7 years, and more than half (n = 731, 60.8%) were male. There were no 
statistically significant differences in all indicators between patients in the training and validation sets after allocation by 
randomization (Table 1).

Table 1 Baseline Features of Training and Validation Datasets. Data are n (%) or Median (IQR)

Training Dataset (n=843) Validation Dataset (n=360) P value SMD

Preoperative features

Age 58.00 (50.00, 68.00) 59.00 (52.00, 68.00) 0.243 0.082

Gender (male) 0.420 0.055

Female 324 (38.4) 148 (41.1)

Male 519 (61.6) 212 (58.9)

BMI 24.00 (21.75, 26.60) 23.90 (22.08, 26.40) 0.624 0.034

Malnutrition 85 (10.1) 28 (7.8) 0.251 0.081

NYHA class≥III 545 (64.7) 220 (61.1) 0.27 0.073

Smoke history 105 (12.5) 49 (13.6) 0.649 0.034

Hypotension 393 (46.6) 187 (51.9) 0.103 0.107

Diabetes with insulin 117 (13.9) 47 (13.1) 0.772 0.024

Stroke 67 (7.9) 27 (7.5) 0.883 0.017

MI 115 (13.6) 45 (12.5) 0.659 0.034

eGFR<60mL/min 58 (6.9) 26 (7.2) 0.929 0.013

Dialysis 7 (0.8) 2 (0.6) 0.888 0.033

Chronic lung disease 5 (0.6) 1 (0.3) 0.792 0.048

Peripheral arterial disease 15 (1.8) 5 (1.4) 0.811 0.031

LVEF 55.00 (50.00, 56.00) 55.00 (50.00, 57.00) 0.41 0.059

SOFAscore≥1 360 (42.7) 162 (45.0) 0.502 0.046

Steroids 11 (1.3) 3 (0.8) 0.686 0.046

History of cardiac surgery 54 (6.4) 25 (6.9) 0.827 0.022

Operative features

Emergency surgery 90 (10.7) 54 (15.0) 0.044 0.13

Procedure name 0.712 0.108

Isolated CABG 118 (14.0) 55 (15.3)

AVR or MVR 315 (37.4) 132 (36.7)

AVR+MVR 101 (12.0) 37 (10.3)

Valve+CABG surgery 53 (6.3) 21 (5.8)

(Continued)
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Table 1 (Continued). 

Training Dataset (n=843) Validation Dataset (n=360) P value SMD

Thoracic aortic surgery 189 (22.4) 92 (25.6)

Others 67 (7.9) 23 (6.4)

Minimally invasive 140 (16.6) 65 (18.1) 0.597 0.038

CPB 126.00 (92.00, 172.00) 128.00 (82.00, 169.25) 0.734 0.01

DHCA 156 (18.5) 88 (24.4) 0.023 0.145

Transfusions 540 (64.1) 236 (65.6) 0.666 0.031

Postoperative features

Expectoration 152 (18.0) 69 (19.2) 0.701 0.029

Moderate to severe ARDS 285 (33.8) 120 (33.3) 0.926 0.01

Use of ECMO or IABP or CRRT 43 (5.1) 14 (3.9) 0.449 0.059

AKI 72 (8.5) 32 (8.9) 0.933 0.012

Chest radiograph exudation 0.505 0.07

Mild 11 (1.3) 8 (2.2)

Moderate 811 (96.2) 343 (95.3)

Severe 21 (2.5) 9 (2.5)

Duration of MV 8.50 (5.00, 17.00) 8.50 (5.38, 16.12) 0.629 0.045

Prophylactic Antibiotics

Cefazolin 670 (79.5) 301 (83.6) 0.113 0.107

Cefuroxime 130 (15.4) 42 (11.7) 0.107 0.11

Clindamycin 38 (4.5) 14 (3.9) 0.743 0.031

Vancomycin 5 (0.6) 3 (0.8) 0.935 0.029

Laboratory indicators on admission

White blood cell 6.10 (5.00, 7.50) 6.05 (5.00, 7.62) 0.768 0.06

Neutrophil ratio 61.70 (55.05, 69.35) 60.60 (54.10, 70.43) 0.597 0.019

Hematocrit 40.00 (36.70, 43.40) 40.00 (36.50, 42.80) 0.487 0.021

Platelet 179.00 (145.00, 220.00) 174.00 (139.00, 218.25) 0.242 0.073

Albumin 39.80 (37.80, 41.50) 39.60 (37.60, 41.50) 0.41 0.066

Creatinine 67.00 (57.00, 79.00) 65.00 (55.00, 78.00) 0.111 0.083

B-type natriuretic peptide 128.00 (37.00, 343.00) 102.00 (33.69, 299.00) 0.142 0.088

Myoglobin 14.73 (10.67, 21.71) 14.61 (11.29, 21.76) 0.655 0.04

Cardiac troponin I 0.03 (0.03, 0.03) 0.03 (0.03, 0.03) 0.458 0.054

D-dimer 0.30 (0.13, 0.94) 0.40 (0.15, 1.29) 0.017 0.145

(Continued)
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Outcomes
During the study period, 92 patients had postoperative pneumonia only, 11 patients had sepsis only, and 15 patients 
suffered from both. 87.3%(103/118) of postoperative pneumonias and sepsis occurred earlier than the morning of the 
third postoperative day, including 95 cases of pneumonia, 5 cases of sepsis, and 3 patients with both (Figure 2).

Patients with ePOPS had a significantly higher risk of death and significantly longer duration of mechanical 
ventilation, intensive care unit stay and hospitalization compared to controls (Table 2). During the study period, a total 
of 34 cases of IRAO occurred, of which 14 died and 20 were hospitalized for longer than 30 days and eventually 
survived (Table 2).

Table 1 (Continued). 

Training Dataset (n=843) Validation Dataset (n=360) P value SMD

Laboratory indicators on POD3

White blood cell 12.20 (9.80, 14.90) 11.90 (9.60, 14.40) 0.25 0.081

Neutrophil ratio 86.70 (83.50, 89.20) 86.10 (83.47, 88.60) 0.033 0.101

Hematocrit 29.40 (26.40, 32.60) 30.10 (27.20, 33.10) 0.129 0.07

Platelet 97.00 (76.00, 135.00) 101.50 (79.75, 137.00) 0.615 0.011

Albumin 36.10 (33.40, 38.50) 35.90 (33.30, 38.00) 0.417 0.053

Creatinine 68.00 (56.00, 87.00) 67.00 (55.00, 85.25) 0.317 0.024

B-type natriuretic peptide 468.00 (281.00, 835.50) 439.50 (279.75, 730.25) 0.272 0.067

Myoglobin 29.30 (19.75, 55.64) 28.20 (18.67, 47.34) 0.176 0.009

Cardiac troponin I 0.97 (0.38, 1.94) 0.80 (0.31, 1.64) 0.038 0.051

D-dimer 1.92 (1.18, 3.42) 2.06 (1.25, 4.07) 0.068 0.14

Inflammation indicators after surgery

Procalcitonin on POD1 3.61 (1.54, 9.18) 3.09 (1.26, 7.04) 0.008 0.226

C-reactive protein on POD1 46.21 (33.33, 67.53) 46.51 (34.40, 71.10) 0.441 0.086

Interleukin-6 on POD1 297.49 (165.89, 685.00) 290.02 (164.07, 601.91) 0.326 0.073

Procalcitonin on POD2 3.16 (1.20, 8.62) 2.70 (0.97, 6.26) 0.004 0.221

C-reactive protein on POD2 132.74 (99.72, 174.04) 138.98 (102.12, 171.91) 0.537 0.015

Interleukin-6 on POD2 109.26 (68.06, 192.92) 110.15 (64.30, 186.35) 0.592 0.035

Procalcitonin on POD3 1.89 (0.67, 5.74) 1.48 (0.55, 3.42) 0.003 0.189

C-reactive protein on POD3 110.22 (79.54, 152.40) 109.00 (79.54, 142.26) 0.329 0.073

Interleukin-6 on POD3 39.68 (25.78, 71.86) 41.72 (25.98, 73.12) 0.995 0.061

Aggravated Interleukin-6 214 (25.4) 65 (18.1) 0.007 0.178

Aggravated Procalcitonin 158 (18.7) 67 (18.6) 1 0.003

Abbreviations: SMD, standardized mean difference; BMI, Body Mass Index; NYHA, The New York Heart Association Functional Classification; MI, 
Myocardial Infarction; LVEF, Left Ventricular Ejection Fraction; SOFA, Sequential Organ Failure Assessment; CABG, Coronary Artery Bypass Graft; AVR, 
Aortic Valve Repair or Replacement; MVR, Mitral Valve Repair or Replacement; CPB, Cardio Pulmonary Bypass; DHCA, Deep Hypothermia Circulatory 
Arrest; ARDS, Acute Respiratory Distress Syndrome; ECMO, Extra Corporeal Membrane Oxygenation; IABP, Intra-Aortic Balloon Pump; CRRT, Continuous 
Renal Replacement Therapy; AKI, Acute kidney injury; MV, Mechanical Ventilation; Aggravated Interleukin-6, Defined as continuously elevated interleukin-6 
after surgery; Aggravated Procalcitonin, Defined as continuously elevated procalcitonin after surgery.
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Klebsiella pneumoniae was the most common pathogen, seen in 51.5% of ePOPS patients, of which over 70% had 
a favorable prognosis. However, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter cloacae had 
a poor prognosis in nearly 50% of the cases (Table 3).

Development of the Nomogram Model
Lambda = 0.02082464 was selected as the minimum criterion for the Lasso regression after 10-fold cross-validation of the 
Lasso coefficient profiles of 90 characteristics. After variable selection using the LASSO penalty, a total of ten variables 
remained, including mechanical ventilation duration, NYHA classification ≥III, diabetes on insulin, history of myocardial 
infarction, use of extra corporeal membrane oxygenation or intra-aortic balloon pump or continuous renal replacement 
therapy, chest radiograph exudates, cardiac troponin I on admission, B-type natriuretic peptide at POD3, IL-6 on POD3 and 
aggravated interleukin-6 (defined as continuously elevated interleukin-6 after surgery). These variables were included in the 
multivariate logistic regression, and finally duration of mechanical ventilation (OR: 1.02, 95% CI 1.00–1.04, P=0.015), 
NYHA classification ≥III (OR: 2.81, 95% CI 1.34–6.65, P=0.001), diabetes on insulin (OR: 3.17, 95% CI 1.70–5.79, 
P<0.001), exudation on chest radiograph (OR: 4.41, 95% CI 1.33–11.99, P=0.011) and IL-6 level on POD3 (OR: 1.00, 95% 

Figure 2 The time at which the bacterial pneumonia or sepsis occurred.

Table 2 Clinical Outcomes of Patients in the ePOPS and Control Groups

ePOPS (n=103) Control (n=1100) P value

Death 14 (13.6) 17 (1.5) <0.001

Duration of MV, hours 18 (8–68) 8 (5–16) <0.001
Duration of ICU, days 5 (3–11) 2 (2–4) <0.001

Hospitalization, days 22 (16–30) 17 (14–21) <0.001

Hospitalization >30 days, survival 20 (22.5)a 59 (5.4)b <0.001

Notes: an=89; bn=1083. 
Abbreviations: MV, Mechanical Ventilation; ICU, Intensive Care Unit.
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CI 1.00–1.01, P<0.001) were independent risk factors for the diagnosis of ePOPS (Table 4). A nomogram for the diagnosis 
of ePOPS was established based on LASSO logistic regression model, named DICS-I (Figure 3, Table 5).

Model Discrimination and Calibration
The AUC of DICS-I model was 0.787 (95% CI: 0.726–0.848) in the training set and 0.739 (95% CI: 0.642–0.836) in the 
validation set (Figure 4a). By using 10-fold cross-validation, the accuracy of DICS-Is model was 0.805. The Hosmer– 
Lemeshow goodness-of-fit test showed that P=0.927 in the training dataset and P=0.184 in the validation dataset.

Clinical Utility
Based on the occurrence of ePOPS and IRAO, the optimal thresholds were set at 89 and 128 points, respectively, and 
patients were categorized into low, moderate, and high risk groups (Figure 4b). The three groups contained 850, 287 and 
66 patients, respectively (Figure 5a). Of these, 50% (33/66) of the 66 patients in the high-risk group were confirmed as 
ePOPS cases (Figure 5a). Meanwhile, based on clinical experience, a total of 143 patients were upgraded with antibiotics 
within 48 hours postoperatively, but this covered only 19.4% (20/103) of ePOPS cases (Figure 5b). Surprisingly, 67.6% 
(23/34) of IRAO cases were included in the high-risk patient group identified by the DICS-I model (Figure 5c). In 
contrast, based on clinical experience, only 32.4% (11/34) of IRAO cases were identified (Figure 5d).

Table 3 Common Pathogens in Patients with ePOPS or 
IRAO

Pathogenic Species ePOPS (n=103) IRAO (n=34)

Klebsiella pneumoniae 53 (51.5) 14 (41.2)

Pseudomonas aeruginosa 21 (20.4) 10 (29.4)

Acinetobacter baumanii 14 (13.6) 8 (23.5)
Enterobacter cloacae 14 (13.6) 6 (17.6)

Staphylococcus aureus 9 (8.7) 3 (8.8)

Serratia marcescens 8 (7.8) 5 (14.7)
Escherichia coli 7 (6.8) 1 (2.9)

Haemophilus influenzae 4 (3.9) 1 (2.9)
Morganella morganii 3 (2.9) 1 (2.9)

Proteus mirabilis 3 (2.9) 1 (2.9)

Table 4 Multivariate Logistic Regression

Predictors β OR (95% CI) P

Duration of MV 0.0237 1.02 (1.00–1.04) 0.015
NYHA classification ≥III 1.0341 2.81 (1.34–6.65) 0.010

Diabetes on insulin 1.1551 3.17 (1.70–5.79) <0.001

History of MI 0.3203 1.38 (0.69–2.64) 0.347
Use of ECMO or IABP or CRRT 0.4765 1.61 (0.57–4.30) 0.354

Exudation on chest radiograph 1.4110 4.1 (1.33–11.99) 0.011

Cardiac troponin I on admission 0.0059 1.01 (0.99–1.01) 0.369
B-type natriuretic peptide on POD3 0.0002 1.38 (0.69–2.64) 0.295

IL-6 on POD3 0.0036 1.00 (1.00–1.01) <0.001

Aggravated Interleukin-6 0.3487 1.42 (0.74–2.65) 0.282

Abbreviations: MV, Mechanical Ventilation; NYHA, The New York Heart Association Functional 
Classification; MI, Myocardial Infarction; ECMO, Extra Corporeal Membrane Oxygenation; IABP, Intra- 
Aortic Balloon Pump; CRRT, Continuous Renal Replacement Therapy; POD3, the 3rd 
postoperative day; Aggravated Interleukin-6, Defined as continuously elevated interleukin-6 after 
surgery.
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Discussion
The value of peri-operative indicators for constructing the DICS-I model was evaluated in this cohort study. DICS-I 
model could effectively predict the risk of ePOPS in our study cohort. In addition, the 5-variable model was more 
effective in identifying high-risk patients, especially those prone to IRAO, compared with clinical experience. Based on 
the DICS-I model, we suggested clinicians escalate antibiotics when patients were identified as moderate- and high-risk 
of ePOPS.

According to the guidelines, prophylactic cefuroxime sodium and cefazolin sodium are the routine recommendation, 
and prolonged antibiotics without restriction may be harmful.14,15,25 Gram-negative bacilli, including Klebsiella pneu-
moniae, Pseudomonas aeruginosa and Acinetobacter baumannii, are the most common causative species of ePOPS after 
cardiovascular surgery in our center. Therefore, the escalated antibiotics, including cefperazone-sulbactam, piperacillin- 
tazobactam or imipenem cilastatin sodium, are appropriate.

Table 5 The Corresponding Scores of Different Indicators and the Probability of ePOPS Corresponding to the Total 
Score Were Calculated

MV (Hours) NYHA 
Class≥III

Diabetes with 
Insulin

Exudation on Chest 
Radiograph

IL-6 on POD3  
(pg/mL)

Total 
Score

Probability

0 (0) No (0) No (0) Mild (0) 0 (0) 34 0.01

5 (4) Yes (29) Yes (32) Moderate (40) 100 (10) 80 0.05
10 (8) Severe (79) 200 (20) 100 0.10

15 (12) 300 (30) 122 0.20

20 (17) 400 (40) 137 0.30
25 (21) 500 (50) 149 0.40

30 (25) 600 (60) 160 0.50

35 (29) 700 (70) 172 0.60
40 (33) 800 (80) 184 0.70

45 (37) 900 (90) 198 0.80
50 (41) >1000 (100) 221 0.90

241 0.95

Note: The corresponding scores of different indicators are shown in parentheses. 
Abbreviations: MV, Mechanical Ventilation; NYHA class, New York Heart Association Class; IL-6, Interleukin-6; POD 3, the third postoperative day.
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Figure 3 A nomogram was drawn based on LASSO logistic model and named DICS-I.
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Figure 4 (a): Performance of the DICS-I model for diagnosing ePOPS in training set and validation set; (b): Performance of the DICS-I model for diagnosing ePOPS and 
predicting IRAO in the full dataset.
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Figure 5 Clinical application of the DICS-I model versus escalation of antibiotics based on clinical experience. (a): DICS-I model subgroups and number of ePOPS patients in 
each group; (b): Percentage of ePOPS patients identified based on clinical experience; (c): IRAO cases identified in the DICS-I model groups; (d): Patients with IRAO 
identified based on clinical experience.
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In our study cohort, the vast majority of ePOPS occurred within approximately 48 h after surgery (103/119, 86.6%). 
Therefore, it may be of special significance that we assess the risk of ePOPS in patients at this particular time point, the 
morning of the POD3. In contrast, the DICS-I model identified 66.02% (68/103) ePOPS patients in the high-risk group, 
while the clinical experience group identified only 19.42% (20/103) ePOPS patients (66.0% vs 19.4%, P<0.001). The 
DICS-I model successfully identified 32 out of 34 patients with IRAO in the moderate-high risk group, while the clinical 
experience group identified only 11 out of 34 patients with IRAO (94.1% vs 32.4%, P<0.001). A considerable number of 
low-risk patients in the clinical experience group received escalation of antibiotic therapy, and the final diagnosis also 
proved that only one of these patients had ePOPS and no patient developed IRAO. Application of the DICS-I model 
score may help to reduce the misuse of antibiotics in these patients.

A considerable number of low-risk patients in the clinical experience group received antibiotic escalation 9.6% (82/ 
850), and accounted for more than half of the patients in the clinical experience group 57.3% (82/143), but the final 
diagnosis also proved that only one of these patients had ePOPS and no patient developed IRAO. Therefore, the 
application of DICS-I score may help to reduce the risk of misuse of antibiotics in low-risk patients when antibiotics 
are escalated based on clinical experience. In other words, our study indicated that the DICS-I model could accurately 
predict ePOPS; the Gram-negative bacilli were common causative species of ePOPS. Moreover, first- or second- 
generation cephalosporins that might not cover the G(-) bacilli were recommended to be prophylactically administrated 
before and after cardiovascular surgery. We, therefore, strongly suggest escalating antibiotics when patients were 
identified as moderate- and high-risk of ePOPS.

Several previous studies have similarly focused on predictive models for pneumonia or sepsis after cardiac surgery, 
but no literature has focused on early postoperative period as a specific time point. A multicenter retrospective study in 
2021, which enrolled 13,380 patients, utilized patient preoperative and intraoperative factors to predict the risk of 
pneumonia in patients after open cardiac surgery. This study culminated in the construction of a prognostic predictive 
model with 10 factors, which helped us to predict the risk of postoperative pneumonia in patients in the immediate 
postoperative period.26 Another earlier study constructed a risk prediction model for postoperative pneumonia with 
a total score of 33 by including age >65 years, chronic lung disease, peripheral arterial disease, cardiopulmonary 
bypass time >100 minutes, intraoperative red blood cell transfusion, and pre- or intraoperative intra-aortic balloon 
pump.27 One of the limitations considered in this study was the failure to assess the effect of surgical incision and 
ejection fraction on postoperative pneumonia, which was taken into account in our study due to its prospective design. 
Unlike previous predictive models, our study resulted in a diagnostic model that is more suitable for early post-
operative diagnosis of whether a patient already has ePOPS, and more convenient for clinicians to adjust the antibiotic 
regimen at the right time.

In conclusion, according to our constructed DICS-I model, the risk of ePOPS in patients can be assessed early after 
surgery, and the higher the score, the higher the risk of IRAO. We suggested that patients in moderate- and high-risk 
groups needed to consider increasing the intensity of antibiotics, and that patients in the low-risk group may not need to 
upgrade antibiotics until aetiological evidence is available. However, all these conjectures need to be verified by more 
rigorous prospective, large-scale, multi-center clinical trials, and we are also working hard on this next-generation model.

Limitations and Future Directions
There are several limitations of our study. First, selection bias cannot be excluded because the data for this study were 
obtained from a single-center database. Second, The diagnostic model does not differentiate between infections of 
different severities and could be further improved in the future. Third, for emergency surgery, we could not ensure that 
community-acquired pneumonia was completely ruled out, which may have resulted in selection bias. Finally, we did the 
validation in patients from the same hospital, which may limit its generalizability.

Conclusion
The DICS-I model constructed in this study can be used to predict the risk of bacterial pneumonia and sepsis in the first 
48 hours after cardiovascular surgery, and is also especially suitable for predicting the risk of IRAO in patients. Adjusting 
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the use of antibiotics according to the DICS-I model may reduce the abuse of antibiotics and avoid the poor prognosis of 
some patients due to the inadequate use of antibiotics.

Abbreviations
ePOPS, early Postoperative bacterial Pneumonia and Sepsis; LASSO, Least Absolute Shrinkage and Selection Operator; 
ROC, the Receiver Operating characteristic Curve; AUC, the Area Under the receiver operating characteristic Curve; 
POD, Postoperative Day; DICS, Diagnosis of Infection after Cardiovascular Surgery; NYHA, the New York Heart 
Association; IL-6, InterLeukin-6; CPB, Cardiopulmonary Bypass; WBC, White Blood Cells; PCT, Procalcitonin; CRP, 
C-Reactive Protein; TRIPOD, the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or 
Diagnosis statement; CEFA, Cyclic Enhanced Fluorescent immunoassay; GOF, the Hosmer–Lemeshow goodness-of-fit 
test; IQR, Interquartile Range; OR, Odds Ratio; CI, Confidence Interval; IRAO, Infection-Related Adverse Outcome.
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