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Background: The risk of transplant recipient infection is unknown when the preservation solution culture is positive.
Methods: We developed a prediction model to evaluate the infection in kidney transplant recipients within microbial contaminated 
preservation solution. Univariate logistic regression was utilized to identify risk factors for infection. Both stepwise selection with 
Akaike information criterion (AIC) was used to identify variables for multivariate logistic regression. Selected variables were 
incorporated in the nomograms to predict the probability of infection for kidney transplant recipients with microbial contaminated 
preservation solution.
Results: Age, preoperative creatinine, ESKAPE, PCT, hemofiltration, and sirolimus had a strongest association with infection risk, 
and a nomogram was established with an AUC value of 0.72 (95% confidence interval, 0.64–0.80) and Brier index 0.20 (95% 
confidence interval, 0.18–0.23). Finally, we found that when the infection probability was between 20% and 80%, the model oriented 
antibiotic strategy should have higher net benefits than the default strategy using decision curve analysis.
Conclusion: Our study developed and validated a risk prediction model for evaluating the infection of microbial contaminated 
preservation solutions in kidney transplant recipients and demonstrated good net benefits when the total infection probability was 
between 20% and 80%.
Keywords: risk prediction model, kidney transplant, nomogram, risk factors

Introduction
Due to the need for immunosuppressive therapy used for avoiding graft rejection, infection in the post-transplant period 
represents a major cause of in-hospital morbidity and mortality among solid organ transplantation (SOT) recipients, 
especially in the first month after transplantation.1,2 Immediately post-transplant infections are usually derived from the 
donor, recipient, or technical complications of surgery.3 Transmission of pathogens via preservation solution (PS) is 
a potential route for donor-derived infections (DDIs) in the early stage after transplantation.4 However, the relationship 
between microbial contamination in PS and infection events has not been determined, as most infections are not caused by 
donors.5–7 According to reports, the incidence of preservation solution contamination can reach up to 77.8% in deceased- 
donor kidney transplant (KT) recipients.8 Although contamination of the PS of donated organs is frequent, the incidence of 
PS-related infection is relatively low (10%, 95% CI: 7% to 15%).9 Contamination of PS during procurement seemed to be 
the major mechanism.10 Therefore, in the case of positive PS cultures, the infectious risk for recipients is unknown.

In the case of positive PF cultures, there is no consensus for prescribing prophylactic antibiotics. Previous studies 
have shown that in cases when PS bacterial culture in kidney transplantation is positive, the frequency of antibiotic 
prescription was high, and there are significant differences among respondents, leading to significant uncertainty in 
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decision-making.11 A systematic review and meta-analysis showed that there were differences in the rates of infections 
due to pathogenic microorganisms between SOT recipients who received pre-emptive treatment and those who did not, 
but without statistical significance.9 So far, the benefits of using prophylactic antibiotics for systemic treatment have not 
been confirmed, but this may have a significant impact on the selection of multidrug-resistant bacteria in kidney 
transplant recipients. Therefore, in the case of contaminated preservation solutions, it is necessary to identify potential 
infected recipients and develop targeted antibiotic prevention strategies to prevent all recipients from indiscriminately 
receiving or not receiving antibiotic prevention strategies.

Our study aimed to develop a risk prediction model for infection of deceased-donor kidney transplant recipients after 
microbial contamination of preservation solution, as well as provide reference for individualized use of antibacterials in 
deceased-donor kidney transplant recipients.

Methods
Study Design and Data Sources
The protocol was approved by the Ethics Committee of Beijing Friendship Hospital and was conducted in accordance 
with the principles of the Declaration of Helsinki (2022-P2-358-01). Based on the use of medical records obtained from 
previous clinical diagnosis and treatment, the privacy and personal identity information of the subjects were protected, 
and it was difficult to contact patients to sign informed consent forms, resulting in significant waste of human and 
material resources. The research project did not involve personal privacy and commercial interests. This retrospective 
study applied to the Ethics Committee for an exemption from informed consent and was approved. All kidneys were 
donated voluntarily with written informed consent and the transplants were conducted in accordance with the Declaration 
of Istanbul. This retrospective single-center study included 484 deceased-donor renal transplant recipients from the 
Beijing Friendship Hospital affiliated with Capital Medical University between June 1, 2019, to June 30, 2022. Among 
them, 171 deceased-donor kidney transplant recipients with contaminated preservation solutions were collected for 
subsequent clinical data collection. All recorded infection events occurred during the hospitalization period of the 
transplant surgery. Recipients were monitored for microbial infections in the blood, urine, and drainage fluid for the 
first 7 days post-transplant.

Definition
Bloodstream infection (BSI) is defined according to the Centers for Disease Control and Prevention guidelines (available 
at: http://www.cdc.gov/nhsn/pdfs/pscmanual/17pscnosinfdef_current.pdf). Bacteraemia was considered when any bacter-
ial species was found in bloodstream samples. ESKAPE pathogens were enterococcus faecium, staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. Delayed graft func-
tion (DGF) was defined as a decrease in the daily serum creatinine by less than 10% for three consecutive days during the 
first week after KT or serum creatinine failed to decrease to 400 mmol/L within the first postoperative week. Abnormal 
liver function was defined as increased levels of alanine and aspartate aminotransferase, gamma glutamyltransferase, 
alkaline phosphatase, and total bilirubin. A graft-site infection was defined as patients having positive microbiological 
results in peri-renal allograft fluid collections (obtained by puncture or surgery). Infection after transplantation is defined 
as isolation of any microorganism from a clinically relevant sample obtained under sterile conditions. Infection related to 
preservation solution (I-PS) was defined when the pathogenic microorganisms in the infectious episodes were the same as 
the microbial strains cultured in the PS and had the same antibiotic susceptibility profiles.

Microbiological Analysis
Pathogen isolation and culture were carried out based on the National Clinical Testing Protocols (China), and suspected 
strains were identified using a VITEK 32 automated microbial analyzer (BioMerieux, Craponne, France). Drug suscept-
ibility was detected using the minimum inhibitory concentration (MIC) and disk diffusion method (Oxoid Ltd, UK) and 
were interpreted in reference to the Clinical and Laboratory Standards Institute (CLSI, 2018).
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Immunosuppressive Therapy
The typical immunosuppressive induction therapy regimen was methylprednisolone (1000 mg of methylprednisolone 
was intravenously infused on the operation day; 500 mg on the first and second days after KT, respectively) and 
basiliximab (20 mg of basiliximab administered during operation and fourth day after surgery). For kidney transplant 
recipients with a high risk of rejection, 1.5–2.0 mg × kg−1 × d−1 of rabbit antihuman thymocyte immunoglobulin (ATG) 
with the administration of methylprednisolone was administered for 3–5 days after KT. The routine triple maintenance 
immunosuppressive regimen was a composite of oral tacrolimus (or cyclosporine A), mycophenolate mofetil (MMF), 
and prednisone.

Infection Prophylactic Protocol
A 2 g ceftazidime q12h or cefzoxime q12h regimen was routinely administered to recipients who received deceased 
donor kidney transplantation. If the doctor considered the recipient to have a high-risk factor for multidrug-resistant 
bacterial infection before kidney transplantation, such as a history of ICU infection or infection in other parts of the 
donor, the prophylactic antibiotic for the subject was meropenem 1g q12h. Antibiotics were discontinued after 7–8 days 
post-transplant if patients had no symptoms of infection or normal laboratory parameters of infection were observed. The 
antimicrobial therapy could be modified according to the resistance profile of the microorganisms identified in the 
donors’ and recipients’ specimens and the PS. The antibiotics regimen dosage was adjusted according to kidney function. 
When patients had fever or confirmed bacterial infection in combination with test indicators, targeted antimicrobial 
therapy was initiated. In addition, blood, urine, and abdominal drainage fluid were collected for microbiological analysis. 
Prophylactic antifungal protocol with caspofungin or micafungin was employed on day seven after KT.

Clinical Data Collection
The patients’ demographic and clinical characteristic data were reviewed from the electronic medical record system. Data 
analyzed for cases and controls included the subjects’ baseline characteristics (sex, age, and BMI), comorbidities (diabetes 
mellitus, hypertension, anemia, myocardial infarction, and HBsAg), smoking, primary nephrosis, types of dialysis (hemo-
dialysis and peritoneal dialysis), length of dialysis time, repeated re-transplant, preoperative ALB, preoperative creatinine ≥ 
1000 µmol/L or not, antibacterial drugs for prevention (meropenem and ceftazidime/cefzoxime), pathogens (ESKAPE and 
fungus), drug intervention, laboratory findings (creatinine, WBC, GR, LY, Hgb, PLT, PCT, ALT, and AST), clinical 
symptoms and outcomes (fever, rejection, DGF, bleeding, blood transfusion, hemofiltration, and transfer to ICU), and 
immunosuppressive drugs (rabbit anti-human thymocyte immunoglobulin, sirolimus, and mizoribine).

Statistical Analysis
The continuous variables conforming to normal distribution were expressed as the mean ± standard deviation (SD), and 
the independent t-test was used for inter-group comparison. Non-normally distributed continuous variables were 
presented as the median (interquartile range), and groups were compared using the Mann–Whitney U-test. Categorical 
variables were expressed as number (percentage) and analyzed using the χ2 test or Fisher’s exact test.

The initial predictors were selected based on the reported literature and the data available to us. To identify risk 
factors for infection, univariate logistic regression was utilized and variables with a P-value of <0.2 and of clinical 
importance were included in the initial multivariate logistic regression model for analysis. Both stepwise selection with 
Akaike information criterion (AIC) was used to identify variables for multivariate logistic regression. Selected variables 
were incorporated in the nomograms to predict the probability of infection for deceased-donor kidney transplant 
recipients after microbial contamination of PS. The regression coefficients were applied to each individual observation 
to define a linear predictor.

The performance of prediction models was evaluated by discrimination ability and calibration. Model discrimination – 
the ability of the models to differentiate between patients who did or did not have infection – was evaluated with C-index 
(area under the curves [AUC]). A perfect model will have an AUC of 1 whereas a non-informative model will have an 
AUC of 0.5. Generally, an AUC of >0.7 indicates that the estimation is reasonable. Model calibration – the ability of the 
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models to produce unbiased estimates of the probability of infection – was evaluated graphically with calibration plots 
(plots of observed versus predicted risk) and statistically by computing the Brier. Model discrimination and calibration 
measures were calculated using 1000-fold cross-validation bootstrap resampling to avoid bias.

Decision curve analysis (DCA) was used to evaluate the clinical benefit and practicability of the nomogram 
constructed using the selected variables. All data were analyzed using the R software (R Studio 3.6.3). An online 
prediction tool (Shiny App) was prepared using the DynNom package in R. All tests were 2 sided, and P < 0.05 was 
considered to be statistically significant.

Results
Patient Characteristics
A total of 484 deceased-donor kidney transplantation recipients were initially assessed, and 171 KT recipients within the 
contaminated PS were collected for follow-up clinical data. The positive rate of contaminated PS in deceased-donor 
kidney transplantation recipients was 35.33% (171/484). Among them, 69 cases of KT recipients developed infections 
after KT. The incidence of infection among the KT recipients within the contaminated PS was 40.35% (69/171). Only 18 
cases were ultimately identified as I-PS. The incidence of I-PS among the KT recipients within the contaminated PS was 
10.53% (18/171).

Demographic data and clinical details are displayed in Table 1. The median age of the patients who underwent KT 
within the contaminated PS was 44 years (IQR 34.5, 54), and 63.16% (108/171) of the patients were male. Overall, 
5.85% (10/171) of the KT recipients were repeatedly re-transplanted. As for comorbidities, hypertension and anemia are 
the most common concomitant diseases, accounting for 95.96% (164/171) both, followed by diabetes mellitus and 
myocardial infarction, accounting for 16.37% (28/171) and 14.04% (24/171), respectively.

Table 1 Characteristics of KT Within Microbial Contaminated Preservation Solution

Variables Total  
(n = 171)

Non-Infected Group  
(n = 102)

Infected Group  
(n = 69)

P

Demographic data

Sex, male, n (%) 108 (63.16) 60 (58.82) 48 (69.56) 0.205
Age, median (Q1, Q3) 44 (34.5, 54) 42 (34, 51.75) 49 (35, 55) 0.152

BMI, mean±SD 22.39 ± 3.84 22.25 ± 4.02 22.60 ± 3.58 0.558

Comorbidity, n (%)
Diabetes mellitus 28 (16.37) 18 (17.65) 10 (14.49) 0.737

Hypertension 164 (95.91) 97 (95.10) 67 (97.10) 0.703

Anemia 164 (95.91) 99 (97.06) 65 (94.20) 0.442
Myocardial infarction 24 (14.04) 16 (15.69) 8 (11.59) 0.595

HBsAg 7 (4.09) 5 (4.90) 2 (2.90) 0.703

History of bad habits
Smoking, n (%) 19 (11.11) 14 (13.73) 5 (7.25) 0.283

Primary nephrosis, IgA (%) 25 (14.62) 15 (14.71) 10 (14.49) 1

Types of dialysis, n (%)
Hemodialysis 141 (82.46) 82 (80.39) 59 (85.51) 0.511

Peritoneal dialysis 27 (15.79) 17 (16.67) 10 (14.49) 0.866

Length of dialysis time, year, median (Q1, Q3) 1 (0.67, 2) 1 (0.67, 2) 1.25 (0.58, 3) 0.099
Repeated re-transplant, n (%) 10 (5.85) 6 (5.88) 4 (5.80) 1

Preoperative ALB, Mean ± SD 41.30 ± 4.64 41.40 ± 4.36 41.14 ± 5.05 0.719

Preoperative Creatinine ≥ 1000 µmol/L 46 (26.90) 21 (20.59) 25 (36.23) 0.037
Antibacterial drugs for prevention, n(%) 46 (26.90) 21 (20.59) 25 (36.23) 0.037

Meropenem 22 (12.87) 12 (11.76) 10 (14.49) 0.772

(Continued)
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Characteristics of Pathogenic Bacteria in PS and Infection Sites
For strains repeatedly detected in the same part of the same patient, only one pathogen detected for the first time is included 
in the calculation of pathogen distribution. A total of 194 strains were detected in PS, and 85 strains were detected at the 
infection site after KT. The types of pathogenic bacteria retrieved from PS and infection site are shown in Figure 1. In the 
PS, the most common isolated pathogens were Klebsiella pneumoniae (27, 13.92%), staphylococcus epidermidis (25, 
12.89%), and enterococcus faecium (24, 12.37%). At the infection site after KT, the main isolated pathogens were 
enterococcus faecium (12, 14.12%), Klebsiella pneumoniae (10, 11.76%), and staphylococcus haemolyticus (9, 10.59%).

Among the 18 cases ultimately identified as I-PS, possible pathogenic bacteria included Klebsiella pneumoniae (8, 
44.44%), enterococcus faecium (5, 27.78%), enterococcus faecalis (2, 11.11%), candida tropicalis (1, 5.56%), candida 
parapsilosis (1, 5.56%), candida albicans (1, 5.56%).

Characteristics of Perioperative Infection in Kidney Recipients and Unfavorable 
Clinical Outcomes
The infection characteristics during the perioperative period of kidney transplantation are shown in Table 2. Surgical site 
infection (41, 59.42%) was the most frequent perioperative infection types, followed by urinary tract infection (36, 
52.17%) and bloodstream infection (13, 18.84%). Similar results were presented in I-PS, as surgical site infection (14, 
77.78%), urinary tract infection (11, 61.11%), and bloodstream infection (7, 38.89%).

Table 1 (Continued). 

Variables Total  
(n = 171)

Non-Infected Group  
(n = 102)

Infected Group  
(n = 69)

P

Ceftazidime/cefzoxime 147 (85.96) 89 (87.25) 58 (84.06) 0.714
Pathogens

ESKAPE 78 (45.61) 41 (40.20) 37 (53.62) 0.116

Fungus 9 (5.26) 4 (3.92) 5 (7.25) 0.487
Intervene, n (%) 116 (67.84) 64 (62.75) 52 (75.36) 0.117

Laboratory findings

Creatinine ≥ 400 µmol/L, n(%) 21 (12.28) 8 (7.84) 13 (18.84) 0.056
WBC×109/L, Median (Q1, Q3) 7.54 (6.21, 9.26) 7.42 (6.27, 9.12) 7.86 (6.11, 9.36) 0.541

GR×109/L, Median (Q1, Q3) 6.23 (4.87, 7.99) 6.045 (4.84, 7.83) 6.69 (5.10, 8.19) 0.231

LY×109/L, Median (Q1, Q3) 0.59 (0.22, 1.07) 0.685 (0.3, 1.22) 0.38 (0.17, 0.85) 0.015
Hgb, Mean ± SD 29.27 ± 13.41 28.94 ± 13.68 29.75 ± 13.08 0.696

PLT, Median (Q1, Q3) 52 (27.5, 76) 55 (31.25, 77.5) 46 (21, 74) 0.26

PCT, Median (Q1, Q3) 0.43 (0.31, 0.8) 0.43 (0.2925, 0.63) 0.43 (0.34, 1.29) 0.071
ALT, Median (Q1, Q3) 10 (8, 15) 11 (8.25, 14) 10 (7, 15) 0.429

AST, Median (Q1, Q3) 17.75 (13, 29.5) 18.05 (14.125, 31.45) 17.45 (12.68, 29.05) 0.657

Clinical symptoms
Fever 22 (12.87) 8 (7.84) 14 (20.29) 0.031

Rejection, n (%) 4 (2.34) 3 (2.94) 1 (1.45) 0.649

DGF, n (%) 19 (11.11) 7 (6.86) 12 (17.39) 0.057
Bleeding, n (%) 4 (2.34) 1 (0.98) 3 (4.35) 0.304

Blood transfusion, n (%) 21 (12.28) 9 (8.82) 12 (17.39) 0.151
Hemofiltration, n (%) 15 (8.77) 5 (4.90) 10 (14.49) 0.057

ICU administration, n (%) 8 (4.68) 3 (2.94) 5 (7.25) 0.271

Immunosuppressive drugs
ATG, n (%) 52 (30.41) 30 (29.41) 22 (31.88) 0.861

Sirolimus, n (%) 11 (6.43) 10 (9.80) 1 (1.45) 0.052

Mizoribine, n (%) 10 (5.85) 6 (5.88) 4 (5.80) 1

Abbreviations: WBC, white blood cell count; GR, absolute value of neutrophil; LY, lymphocyte; Hgb, glycosylated hemoglobin; PLT, platelet; PCT, 
procalcitonin; ICU, intensive care unit; DGF, delayed graft function; ATG, rabbit Anti-human thymocyte immunoglobulin.
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Among 69 infected patients, 50 cases (72.46%) presented with single-focal infection. For the I-PS, 8 cases (44.44%) 
presented with single-focal infection and 10 cases (55.56%) presented with ≥2 types of infection.

Among all 69 perioperatively infected patients, 53 patients (76.81%) presented as single-pathogen infections, the other 
16 patients (23.19%) presented as multi-pathogen infections. For the I-PS, 11 cases (61.11%) presented as single-pathogen 
infections, while remaining 7 patients (38.89%) presented as multi-pathogen infections. And 2 cases (11.11%) with four 
kinds of pathogenic bacteria infections were seen in perioperative infection group, which were also attributed to I-PS.

Figure 1 Types of pathogenic bacteria retrieved from preservation solution and infection sites. (A) Pathogenic bacteria cultured from preservation solution. (B) Pathogenic 
bacteria cultured from infection sites.

Table 2 Pathogenic Bacteria Characteristics and Unfavorable 
Clinical Outcomes of Kidney Transplantation

Patient Characteristics Infected  
Group (n=69)

I-PS Infected  
Group (n=18)

Infection Types

Bloodstream infection 13 (18.84%) 7 (38.89%)
Urinary tract infection 36 (52.17%) 11 (61.11%)

Surgical site infection 41 (59.42%) 14 (77.78%)

Pulmonary infection 4 (5.80%) 0 (0)
Number of infected sites

Single-focal infections 50 (72.46%) 8 (44.44%)

Double-focal infections 11 (15.94%) 4 (22.22%)
Three-focal infections 8 (11.59%) 6 (33.33%)

Number of bacteria

Single-pathogen infection 53 (76.81%) 11 (61.11%)
Double-pathogen infection 11 (15.94%) 4 (22.22%)

Three-pathogen infection 3 (4.35%) 1 (5.56%)

Four-pathogen infection 2 (2.90%) 2 (11.11%)
Unfavorable clinical outcomes

Death 1 (1.45%) 1 (5.56%)

Surgical reintervention 2 (2.90%) 1 (5.56%)
Transfer to ICU 5 (7.25%) 2 (11.11%)

DGF 18 (26.08%) 5 (27.78%)

Rejection reaction 4 (5.80%) 2 (11.11%)
Blood transfusion 19 (27.54%) 5 (27.78%)

Bleeding 2 (2.90%) 1 (5.56%)

Abnormal liver function 34 (49.28%) 4 (22.22%)
Diarrhea 24 (34.78%) 4 (22.22%)
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Of the 69 recipients infected with pathogens, one case died during the perioperative period of KT. This case was also 
an I-PS. The mortality rate of perioperative infection was 1.45%, and the mortality rate in I-PS was 5.56%. Among the 69 
recipients infected with pathogens, abnormal liver function (34, 49.28%), diarrhea (24, 34.78%) and blood transfusion 
(19, 27.54%) were the most common clinical symptoms or outcomes. However, in I-PS, blood transfusion (5, 27.78%) 
and DGF (5, 27.78%) were the most common clinical symptoms or outcomes.

Univariate Analysis
To screen risk factors for perioperative infection, we performed univariate analysis of patients with and without infection 
among the contaminated PS after KT, as shown in Table 1. A total of 13 variables were identified as potential risk factors 
for infection after KT (P < 0.2): age (P=0.152), length of dialysis time (P=0.099), preoperative creatinine (P=0.099), 
ESKAPE (P=0.116), intervene (P=0.117), creatinine ≥ 400 ummo/L (P=0.056), LY (P=0.015), PCT (P=0.071), fever 
(P=0.031), DGF (P=0.057), blood transfusion (P=0.151), hemofiltration (P=0.057), and sirolimus (P=0.052). No 
potential risk signals of fungi were found in this univariate analysis. Fungal contamination in PS has been proven to 
be strongly associated with DDIs, such as Candida arteritis and subsequent graft loss or even death.12–14 In our analysis, 
there were fewer fungal cases, which might lead to the possibility of false negative. In order to ensure the rigor of the 
study, we finally included the fungal variables in the subsequent multivariate analysis.

Multivariate Logistic Regression Model
A total of 14 variables were selected as candidate variables for the calculation of the multivariate logistic regression 
model. Both stepwise selection using the AIC identified the following 6 variables that had the strongest association with 
infection risk (Table 3): age (P=0.12), preoperative creatinine (P=0.004), ESKAPE (P=0.083), PCT (P=0.15), hemofil-
tration (P=0.14), and sirolimus (P=0.036).

Nomogram and Performance
Nomogram to predict the risk of infection of deceased-donor kidney transplant recipients within contaminated PS is 
shown in Figure 2. The model showed acceptable discrimination and prediction accuracy for perioperative infection 
when assessed against the derivation AUC 72.0 (95% confidence interval [CI], 64.3–79.8), Brier index 20.3 (95% CI, 
17.8–22.9), and bootstrapped validation datasets AUC 68.2 (95% CI, 59.8–77.6), Brier index 22.6 (95% CI, 19.6–26.6) 
(Figure 3). The model was designed to be used in the immediate peritransplant period when pathogenic bacteria were 
detected in the preservation solution, ideally from the day of transplantation up to 2–3 weeks after transplantation. 
According to the presence of such variables, the risk of infection of deceased-donor kidney transplant recipients after 
microbial contamination of preservation solution can be predicted (see examples in Figure 4 and mobile application at 
https://panda0219.shinyapps.io/dynnomapp/).

Finally, we explored the potential clinical utility of our model using a decision-curve analysis to examine the “net benefit” 
of applying the prediction model across a range of infection threshold probabilities (Figure 5). A theoretical risk-model guided 
strategy (ie, empiric administration of antibiotics) was compared against 2 default strategies: treat all and treat none. A model 

Table 3 Final Multivariate Analysis for Predicting Risk of 
Perioperative Infection After Kidney Transplantation

Variable OR 95% CI p-value

Age 1.02 1.00, 1.05 0.12

Preoperative creatinine 3.05 1.45, 6.63 0.004
Sirolimus 0.1 0.01, 0.59 0.036

Hemofiltration 2.72 0.74, 11.1 0.14

PCT 1.14 0.98, 1.36 0.12
ESKAPE 1.81 0.93, 3.55 0.083

Abbreviations: OR, odds ratio, CI, confidence interval.
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was only useful at a given disease threshold if it had a higher net benefit than treat all or treat none. Our analysis suggested that 
the model-directed interventions for infection of deceased-donor kidney transplant recipients after microbial contamination of 
preservation solution would show net benefit over default strategies when the overall infection threshold probability is 
between 20% and 80%.

Figure 2 Model-based nomogram for predicting risk for infection of deceased-donor kidney transplant recipients within microbial contaminated preservation solution. 
Notes: Age: the age of kidney transplant recipients (year); Preoperative creatinine: If the preoperative creatinine is greater than or equal to 1000, select 1; Otherwise, select 
0; Sirolimus: If sirolimus is used after kidney transplantation, select 1; Otherwise, select 0; Hemofiltration: If hemodialysis is performed after kidney transplantation, select 1; 
Otherwise, select 0; PCT: Fill in the number (ng/mL) in the table; ESKAPE: Including enterococcus faecium, staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter spp. If one of these bacteria are cultured in the preservation solution, select 1; Otherwise, select 0.

Figure 3 Calibration curves of the nomogram. (A) Calibration curves for the derivation datasets. (B) Calibration curves for bootstrap resampled validation datasets. The 
AUC and Brier score were expressed as the point estimates and 95% CI. An AUC > 0.8 was considered to give good discriminatory accuracy for a clinical prediction model. 
The Brier score was a measure of the accuracy of probabilistic predictions. The lower the Brier score was for a set of predictions, the better the predictions were calibrated. 
An ideal model had pairs of observed and predicted probabilities that lie on the 45°angle line. 
Abbreviations: AUC, area under the curve; CI, confidence interval.
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Discussion
We developed and validated a risk prediction model for infection of deceased-donor kidney transplant recipients within 
microbial contaminated PS. We found that age, preoperative creatinine, ESKAPE, PCT, hemofiltration, and sirolimus 
were risk factors for perioperative infection after KT within microbial contaminated PS. To the best of our knowledge, 
our study is the first attempt to develop a risk prediction model of infection in kidney transplant recipients within 
microbial contaminated PS.

Figure 4 Examples of nomogram-derived prediction for a deceased-donor kidney transplant recipient within microbial contaminated preservation solution. (A) The 
recipient has a low risk of infection. (B) The recipient has a high risk of infection. The lines with shading in the nomogram represented the distribution of individual risk 
factors (0 = no, 1 = yes) and the distribution of total assigned points on the bottom scale in the original derivation datasets. Points on the upper scale indicate assigned points 
per risk factor. The arrows at the bottom of the column chart represented the total calculation points and corresponding predicted risks of the patient.

Figure 5 Decision-curve analysis of model-directed anti-infection therapy. Net benefit represents true cases of infection that would be treated with a antibiotic regimen: 
patients without infection unnecessarily receiving therapy. The curves indicate that a model-directed antibiotic strategy should have a higher net benefit than default 
strategies (all patients receive therapy or no patients receive therapy) at infection probability was between 20% and 80%.
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The overall incidence of contaminated PS in deceased-donor kidney transplantation recipients was 35.33% in our 
kidney transplantation center, which was consistent with a systematic review and meta-analysis among SOT recipients 
(37%, 95% CI: 27–49%).11 In our study, the incidence of I-PS was 10.53%, which was at a lower level compared to PS 
contamination. Data of I-PS were frequently available only during the immediate postoperative period. Antibacterial 
drugs for prevention were an opportunity for intervention, but the optimal antibiotic regimen is not known.15 Bertrand 
et al reported that the incidence of clinical complications from preservation solutions contamination was negligible.16 

Nevertheless, some other research considered it to be a common cause of early post-transplantation infection.17,18 Given 
the high contamination of the PS and the severity of infection by the transplant recipient, changing the antibiotic 
prevention strategy or not changing the strategy for all recipients is not the optimal strategy when the preservation 
solution culture is positive. In our study, no matter whether meropenem or the third-generation cephalosporin (ceftazi-
dime or cefzoxime) were chosen as the perioperative antibiotic, there was no significant difference between the 
postoperative infection group and the non-infection group (P=0.772, P=0.714). It is necessary to develop a decision 
support system for diagnosing infection in kidney transplant recipients within microbial contaminated PS, in order to 
guide the use of antibiotics. For recipients with high infection risk, targeted antibiotic prevention strategies can be 
implemented, while for recipients with low infection risk, we do not recommend changing prophylactic antibiotics 
regimen based on preservation solution results when the culture results of the samples sent by the recipients are still 
unknown. This can avoid unnecessary use of antibiotics and reduce the production of drug-resistant bacteria.

In our study, age, preoperative creatinine, ESKAPE, PCT, hemofiltration, and sirolimus were risk factors for 
perioperative infection after KT. We found that age increases the risk of infection. Previous studies had shown that 
older renal transplant recipients are at a high risk of infections due to immunosenescence, frailty, functional impairment 
and multiple comorbidities, and the risk of infectious death increases exponentially,19,20 which is consistent with our 
findings. The preoperative creatinine level indirectly reflected the patient’s pre-transplant status and became a risk factor 
for postoperative infection. In our study, recipients with preoperative creatinine greater than 1000 µmol/L had an 
increased risk of infection after kidney transplantation. Preoperative high creatinine often indicated insufficient dialysis, 
the patient’s body was not in good condition before kidney transplantation, immune function may be deficient, and the 
risk of postoperative infection was increased. A retrospective cohort study indicated that ESKAPE contamination was an 
independent risk factor associated with DDIs.8 Previous studies had proved that bacteraemia associated with ESKAPE 
pathogens is frequent in solid organ transplantation and that these organisms might induce significant morbidity and 
mortality.21 A retrospective single-center study showed that preemptive antibiotic therapy decreased the bloodstream 
infection rate when preservation fluid was positive for ESKAPE pathogens.6 Therefore, when the ESKAPE pathogen in 
the PS is positive, the risk of postoperative infection in recipients increases. Clinical doctors should immediately conduct 
infection risk assessments and actively adjust antimicrobial prevention plans for high-risk patients. Although PCT might 
be affected by renal function and immune components, PCT was still an important indicator of infection. It has been 
suggested that elevated serum PCT levels after 1 week of transplantation can indicate infectious complications, and 
monitoring PCT in the early post-transplant period is a favorable method for early tracking of infectious complications.22 

The invasive operation of hemofiltration increases the risk of infection. In our study, hemofiltration is also one of the 
factors that needs to be considered for increasing the risk of infection. Sirolimus enriches the possibilities of immuno-
suppressive therapies after renal transplantation. Four lung transplant studies, three multicenter RCTs and one case 
control, evaluated replacing mycophenolate mofetil or azathioprine with either sirolimus or everolimus. Significantly 
lower rates of CMV, viral infections, and lower respiratory tract infections were observed, although these were secondary 
outcomes.23–26 Sirolimus can reduce the incidence of CMV virus and tumors,27,28 but the impact on bacterial infection 
needs further research.

In the case of contaminated preservation solutions, targeted antibiotic prevention strategies need to be developed to 
avoid all patients receiving or not receiving treatment indiscriminately. We established a nomogram to predict the risk of 
infection of deceased-donor kidney transplant recipients within contaminated PS. The model showed acceptable 
discrimination and prediction accuracy for perioperative infection when assessed against the derivation AUC 72.0 
(95% CI, 64.3–79.8), Brier index 20.3 (95% CI, 17.8–22.9), and bootstrapped validation datasets AUC 68.2 (95% CI, 
59.8–77.6), Brier index 22.6 (95% CI, 19.6–26.6). Prediction models were typically evaluated in terms of their accuracy 
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and calibration. But it can be hard to know how high an AUC had to be in order to be “high enough” to warrant use of 
a prediction model, or how much miscalibration would be disqualifying. Decision curve analysis was developed as 
a method to determine whether use of a prediction model in the clinic to inform decision-making would do more good 
than harm.29 Therefore, we further use decision curve analysis to examine the “net benefit” of applying the prediction 
model across a range of infection threshold probabilities. Our analysis suggested that the model-directed interventions for 
infection of deceased-donor kidney transplant recipients after microbial contamination of preservation solution would 
show net benefit over default strategies when the overall infection threshold probability between 20% and 80%.

This study also had some limitations. First, this was a retrospective single-center study, and the validation was 
conducted with retrospective data. This might have generated biases, and the results are subjected to future prospective 
multicenter studies. Second, the sample size was relatively small to develop a classical risk prediction model, and the 
validation data sets were not independent samples, which may lead to the instability of our model. Thirdly, this predictive 
model was obtained through retrospective analysis by our center. Although the internal validation performed well, no 
external validation was conducted. Therefore, the next step is to collaborate with multiple centers to develop and improve 
the clinical feasibility of the predictive model for infection after kidney transplantation transmitted from bacterial 
contaminated preservation solution.

Conclusion
Our study developed and validated a risk prediction model for infection of deceased-donor kidney transplant recipients 
after microbial contamination of preservation solution and demonstrated good net benefits when the overall infection 
threshold probability between 20% and 80%. We made further efforts to build a brief website version of evaluation tool 
in order to produce a short, fast, and handy tool for assessing perioperative infection, which may provide a relatively 
practical tool for clinicians to identify patients with high-risk infection. For recipients with a high risk of infection, 
targeted antibiotic prevention strategies can be implemented immediately based on the results of PS culture. For 
recipients with a low risk of infection, antibiotic prevention strategies can be temporarily remain unchanged, waiting 
for the culture results of the samples sent by the recipients and continuing to observe the patient’s signs of infection. Our 
clinical prediction tool could be enabled to be better targeting of early interventions for infection after transplant as 
opposed to indiscriminately prophylaxis or treatment in centers.
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