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Abstract

Background: Multidrug-resistant Gram-negative bacterial infections are increasingly common 

among solid organ transplant (SOT) recipients, leading to challenges in the selection of empiric 

antimicrobial therapy. We sought to develop a clinical tool to predict which SOT recipients 

are at high risk for extended-spectrum beta-lactamase (ESBL)-producing Enterobacterales (EB) 

bloodstream infection (BSI).

Methods: A multicenter case-control study was performed. The source population included 

SOT recipients with an EB BSI between 2005 and 2018. Cases were those with ESBL-EB BSI; 

controls were those with non-ESBL EB BSI. The population was subdivided into derivation and 

validation cohorts based on study site. The predictive tool was developed in the derivation cohort 

through iterative multivariable logistic regression analyses that maximized the area under the 

receiver-operating curve (AUC). External validity was assessed using the validation cohort.

Results: A total of 897 SOT recipients with an EB BSI were included, of which 539 were 

assigned to the derivation cohort (135, 25% ESBL-EB) and 358 to the validation cohort (221, 62% 

ESBL-EB). Using multivariable analyses, the most parsimonious model that was predictive of 

ESBL-EB BSI consisted of 10 variables, which fell into four clinical categories: prior colonization 

or infection with EB organisms, recent antimicrobial exposures, severity of preceding illness, and 

immunosuppressive regimen. This model achieved an AUC of 0.81 in the derivation cohort and 

0.68 in the validation cohort.

Conclusions: Though further refinements are needed in additional populations, this tool shows 

promise for guiding empiric therapy for SOT recipients with EB BSI.
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1 ∣ INTRODUCTION

Multidrug-resistant organisms (MDROs) have been increasingly identified as the etiology 

of infectious complications following solid organ transplantation (SOT).1-5 Such MDRO 

infections, and particularly MDRO bloodstream infections (BSI), have been associated 

with significant morbidity and mortality in this population.1,3,6,7 One of the most common 

causes of MDR Gram-negative (GN) infections among SOT recipients are the extended­

spectrum beta-lactamase (ESBL)-producing Enterobacterales (EB) organisms. Prior studies 

have found that as many as 50% of Escherichia coli (E. coli) and Klebsiella isolates 

among SOT recipients are ESBL-producing,4 and a history of SOT has been identified 

in several studies as an independent risk factor for ESBL-EB infection.8-10 This high rate 

of MDRO, and particularly ESBL-EB, infection is likely related to several unique clinical 

characteristics of the SOT population, including their frequent contact with the healthcare 
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system, repeated antimicrobial exposures including prolonged prophylactic courses, and 

chronic immunosuppression.11-14

Following species-level identification of an EB organism on blood culture, most clinical 

microbiology laboratories require at least 24 h for determination of antimicrobial 

susceptibility results. While rapid diagnostic assays for identification of select beta­

lactamase genes have been developed, they are not yet widely utilized due to their cost 

and varied ability to detect cephalosporin resistance.15,16 Thus, in the majority of cases, 

clinicians must select empiric EB BSI therapy without knowledge of the organism's 

resistance pattern. Due to the higher prevalence of MDROs among SOT recipients, there 

has been a steady movement toward the empiric usage of carbapenems for these patients, 

which in turn has increased rates of carbapenem resistance.17-19 Given the need for early 

effective therapy and the need to limit carbapenem exposure in a population at high risk 

for MDROs, a predictive tool could potentially assist providers in selection of appropriate 

empiric therapy. To our knowledge, no such validated tools have been developed for ESBL­

EB infections among SOT recipients. Thus, in this study, we developed a clinical prediction 

tool to determine the risk for ESBL-EB as the etiology of EB BSI at the time of blood 

culture identification among SOT recipients.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Study design and setting

Using a previously described study population,20 a case-control study was conducted at 

three quaternary care transplant centers: (1) the Hospital of the University of Pennsylvania 

(HUP), a 776-bed hospital in Philadelphia, Pennsylvania; (2) the University of Maryland 

Medical Center (UMMC), a 767-bed hospital in Baltimore, Maryland; and (3) the Johns 

Hopkins Hospital (JHH), an 1,154-bed hospital in Baltimore, Maryland.

2.2 ∣ Study population

The study population was divided into two cohorts: (1) the derivation cohort, which included 

all adult SOT recipients with an EB BSI at HUP and UMMC between January 1, 2007, 

and June 30, 2018, and (2) the validation cohort, which included all adult SOT recipients 

with an EB BSI at JHH between January 1, 2005, and December 31, 2015. The cohorts 

were divided in this manner because the proportion of EB BSI that were ESBL-producing 

was significantly higher at JHH than HUP or UMMC, thus allowing us to externally 

validate the predictive tool in a patient population with a different baseline prevalence of 

ESBL-EB. Only the first episode of EB BSI was included for each subject. Eligible subjects 

were identified through the clinical microbiology laboratories at each center. Since these 

laboratories process both inpatient and outpatient specimens, the cohorts included any SOT 

recipient with an EB BSI regardless of the location from which the culture was drawn.

In both the derivation and validation cohorts, case patients were defined as those with 

an ESBL-EB BSI. EB organisms included E. coli, Klebsiella, Enterobacter, Citrobacter, 
Proteus, and Serratia species. ESBL production was determined by confirmatory testing 

using the double disk method with both cefotaxime and ceftazidime,21 the ESBL ETEST® 
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(bioMérieux, Durham, North Carolina), or a ceftriaxone MIC of ≥ 8 μg/ml, as this cut 

point has been shown to have positive and negative predictive values of 100% and 99.5%, 

respectively, for ESBL production in E. coli, Klebsiella species, and Proteus mirabilis.22 

Control patients were those with a non-ESBL-EB BSI, as defined by negative confirmatory 

testing or a ceftriaxone MIC < 8 μg/ml. Since only the index EB BSI for each SOT recipient 

was considered, controls did not have a prior ESBL-EB BSI during the study period. All 

cases and controls in each cohort were included in this study. Approval was obtained from 

the Institutional Review Board (IRB) at each institution with waivers of informed consent.

2.3 ∣ Data collection

Data on SOT recipients were abstracted from the electronic medical records at each 

study site using a combination of electronic data extraction, with validation of key fields, 

and manual chart review. For each EB BSI episode, microbiological data were recorded, 

including the specific organism identified, results of antibiotic susceptibility testing, and any 

confirmatory testing performed. Information was also gathered about the subjects' baseline 

characteristics at the time of EB BSI, including demographics, medical comorbidities, 

severity of illness in the prior 48 h, type of organ transplant, immunosuppressive regimen, 

source of EB BSI, colonization or infection with EB organisms in the prior 12 mo (based 

on growth on a clinical culture from any anatomical site), and antimicrobial exposures in the 

prior 6 mo (including any agent of which the subject received at least a single dose).

2.4 ∣ Susceptibility testing of EB isolates

All EB isolates identified from study subjects were tested as part of routine care for 

antibiotic susceptibility at each center's clinical microbiology laboratory. Susceptibility 

testing was performed using the semi-automated Vitek 2 identification and susceptibility 

system (bioMerieux, Inc, Durham, NC) at HUP; the Phoenix Automated System (BD 

Diagnostics, Sparks, Maryland) at JHH; and disc diffusion prior to 2010, and the Vitek 

2 system after 2010 at UMMC.

2.5 ∣ Statistical analysis

Using the derivation cohort, case and control subjects were characterized by potential 

predictors, such as demographics, comorbidities, and prior antibiotic exposures. Continuous 

variables were compared using the Student's t test or Wilcoxon rank-sum test, and 

categorical variables were compared using the χ2 or Fisher's exact test. A predictive model 

was then developed using multivariable logistic regression. First, bivariable analyses were 

performed to determine the relationship between each predictor and the outcome of interest 

(ESBL-EB BSI). A multivariable model was then developed, using a forward stepwise 

procedure to maximize the area under the receiver operating curve (AUC).23,24 Covariates 

were added to the model until the AUC improved by less than 1%. A simplified scoring 

system was then developed based on the magnitude of the β coefficient for each variable in 

the final model. The internal validity of the tool was assessed for calibration by calculating 

the Hosmer-Lemeshow statistic,25 and for discrimination by calculating the AUC. Next, the 

performance characteristics (ie, sensitivity, specificity, positive predictive value [PPV], and 

negative predictive value [NPV]) of each possible cut point were evaluated, and a cut-off 

value was proposed for the tool that optimized the PPV and NPV.
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To determine external validity, this scoring system was then applied to the validation cohort, 

and its performance characteristics were assessed in this population through calculation of 

the AUC, sensitivity, specificity, PPV, and NPV.

2.6 ∣ Subgroup analyses

(1) Organ transplant type: As the predictors of ESBL-EB BSI may differ by organ transplant 

type, we performed a subgroup analysis in which we stratified subjects based on whether 

they had received a thoracic organ transplant (ie, heart or lung(s)), or an abdominal organ 

transplant (ie, liver, kidney, or pancreas). (2) Transplant era: Since SOT-related practices and 

rates of ESBL production amongst EB isolates have evolved over the greater than 10-year 

study period, we performed a subgroup analysis in which we stratified patients based 

on whether they were transplanted before or after 2010. (3) Time since transplant: Since 

the predictors of ESBL-EB may differ depending on time since transplant, we performed 

a subgroup analysis in which we stratified subjects based on whether they were more 

or less than 1 y post-transplant at the time of their EB BSI. We employed the same 

statistical methods as described above to develop separate predictive models for each of 

these subgroups.

3 ∣ RESULTS

3.1 ∣ Study population

A total of 897 SOT recipients were identified with an EB BSI during the study period, 

of which 356 (40%) were due to an ESBL-producing organism. The derivation cohort 

consisted of 539 SOT recipients, with 274 subjects from HUP and 265 from UMMC. In 

this cohort, 135 (25%) of BSIs were due to an ESBL-EB. The median age was 58 y 

(interquartile range [IQR] 49-65), and 227 (42%) of subjects were female. There were 308 

(57%) kidney transplant recipients, 161 (30%) liver transplant recipients, 47 (9%) heart 

transplant recipients, 39 (7%) lung transplant recipients, and 19 (4%) pancreas transplant 

recipients. The median time elapsed between transplant and EB BSI was 21 mo (IQR 3-92). 

Organisms isolated on blood culture in this cohort included E. coli (224, 42%), Klebsiella 
species (219, 41%), Enterobacter species (51, 9%), Serratia marcescens (21, 4%), Proteus 
mirabilis (13, 2%), and Citrobacter species (8, 1%). ESBL production was observed in 44 

(20%) E. coli isolates and 61 (28%) Klebsiella isolates.

The validation cohort consisted of 358 SOT recipients from JHH, of which 221 (62%) 

experienced an EB BSI from an ESBL-producing organism. The median age was 54 y (IQR 

42-62), and 143 (40%) of subjects were female. There were 216 (60%) kidney transplant 

recipients, 117 (33%) liver transplant recipients, 22 (6%) heart transplant recipients, 19 

(5%) lung transplant recipients, and 8 (2%) pancreas transplant recipients. The median time 

elapsed between transplant and EB BSI was 22 mo (IQR 4-102). Organisms isolated in this 

cohort included Klebsiella species (152, 42%), E. coli (114, 32%), Enterobacter species (68, 

19%), Serratia marcescens (9, 3%), Proteus mirabilis (9, 3%), and Citrobacter species (6, 

2%). ESBL production was observed in 97 (64%) Klebsiella isolates and 74 (65%) E. coli 
isolates. Additional characteristics of both cohorts are described in Table 1.
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3.2 ∣ Derivation of the predictive tool

On multivariable analysis, the most parsimonious model that was predictive of ESBL-EB 

BSI consisted of 10 variables (Table 2). Of these, eight factors were associated with 

an increased odds of ESBL-EB: (1) isolation of an ESBL-EB organism on any clinical 

culture in the prior 12 mo, (2) exposure to a third-generation cephalosporin in the prior 

6 mo, (3) exposure to trimethoprim-sulfamethoxazole in the prior 6 mo, (4) exposure to 

an aminoglycoside in the prior 6 mo, (5) a corticosteroid-containing immunosuppressive 

regimen (at any dose) at the time of the EB BSI, (6) receipt of a non-corticosteroid 

immunomodulator in the prior 30 d, (7) mechanical ventilation in the 48 h leading up to 

the BSI, and (8) presence of hypotension in the 48 h leading up to the BSI. In contrast, 

two factors were associated with a reduction in the odds of ESBL-EB: (9) isolation of E. 
coli (rather than another EB organism) on any clinical culture in the prior 12 mo and (10) 

isolation of an EB organism from a urinary culture (rather than a clinical culture from 

another anatomic site) in the prior 12 mo.

Based on the adjusted β-coefficients, rounded integer value points were assigned to each 

predictor. With this scoring system, the maximum attainable score was 18, and the minimum 

was – 3. This tool showed adequate calibration (Hosmer-Lemeshow P value 0.36) and 

discrimination (AUC 0.81) for the derivation cohort (Figure 1).

Performance characteristics achieved using different cut points are reported in Table 3. We 

selected a cut point of 2 to concurrently maximize the PPV and NPV. When this cut point 

was utilized to define high risk of ESBL-EB BSI in the derivation cohort, the tool achieved a 

sensitivity of 69.6%, a specificity of 79.5%, a PPV of 50.0%, and a NPV of 89.9%.

3.3 ∣ External validation of the predictive tool

When the predictive tool was applied to the validation cohort, calibration remained adequate 

(Hosmer-Lemeshow P value 0.81), but discrimination was reduced (AUC 0.68; Figure 2). 

Using the selected cut point of 2, the tool achieved a sensitivity of 99.5%, a specificity of 

0.7%, a PPV of 61.8%, and a NPV of 50.0%. Performance characteristics for the validation 

cohort using other cut points are reported in Table S1.

3.4 ∣ Subgroup analyses

(1) Organ transplant type: Among abdominal organ transplant recipients, there were 458 

subjects in the derivation cohort and 320 in the validation cohort and a total of 308 

(40%) ESBL-EB BSIs. The predictive tool developed in this population consisted of seven 

variables, all of which were also included in the original tool (Table S2). This achieved an 

AUC of 0.70 in the derivation cohort and 0.71 in the validation cohort. Among thoracic 

organ transplant recipients, there were 86 subjects in the derivation cohort and 40 in the 

validation cohort and 53 (42%) ESBL-EB BSIs. The predictive tool developed in this 

population consisted of five variables (Table S3). In contrast to the original tool, the model 

for thoracic organ transplant recipients included age > 60 y, as well as prior exposure to 

cefepime (rather than other antimicrobials). This achieved an AUC of 0.82 in the derivation 

cohort and 0.70 in the validation cohort. (2) Transplant era: Separate predictive tools 

were developed based whether the transplant occurred before or after 2010. The predictive 
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variables and performance of these models were not substantially different than the overall 

model (data not shown). (3) Time since transplant: Separate predictive tools were also 

developed for those who were less or more than 1 y post-transplant. Again, the predictive 

variables and performance of these models were not substantially different from the overall 

model (data not shown).

4 ∣ DISCUSSION

In this study, we present a novel, externally validated clinical tool that predicts the 

likelihood of an ESBL-producing organism as the etiology of an EB BSI among SOT 

recipients. To our knowledge, this is the first such model developed in the transplant 

population. Our prediction tool consists of 10 variables, each of which falls into one of four 

clinical categories: prior colonization or infection with EB organisms, recent antimicrobial 

exposures, severity of preceding illness, and immunosuppressive regimen. This scoring 

system is feasible for use in clinical practice, as it consists of patient factors that may be 

easily ascertained from the medical record, and could be implemented with minimal cost 

to health systems. Once the presence or absence of each factor is assessed, the provider 

can determine whether the threshold has been crossed to warrant the use of empiric 

carbapenem therapy, or if a narrower agent could be considered, prior to availability of 

final susceptibility results.

We recommend a cut point of 2 for the tool, such that any patient scoring two or more points 

should be deemed at high risk of ESBL-EB BSI and considered for empiric carbapenem 

therapy while awaiting susceptibility testing. However, providers could select different cut 

points depending on the specific clinical scenario. For example, a lower cut point could be 

used when the goal is to avoid inadequate initial therapy for EB BSI at any cost, such as in 

the setting of a critically ill SOT recipient. Conversely, a higher cut point could be utilized 

when, for example, a SOT recipient is found to have an EB BSI but is clinically stable.

This tool demonstrated excellent discriminatory power in the derivation cohort with an 

AUC of > 0.8, but only modest discriminatory power in the validation cohort with an 

AUC of 0.68.26-28 Notably, the derivation and validation cohorts had markedly different 

proportions of EB BSI that were ESBL-producing (25% and 62%, respectively), which 

likely contributed to this discrepancy in predictive power. As a result, this tool is likely most 

applicable to SOT recipients at centers with lower rates of ESBL-EB.

Of the variables included in our model, the most strongly predictive of the outcome was 

the presence of ESBL-EB on prior culture. This finding mirrors numerous prior studies, 

which have consistently described prior colonization or infection with ESBL-EB as a strong, 

independent predictor of future ESBL-EB infection.29,30 For clinicians seeking a rapid 

method to predict risk for ESBL-producing organisms among SOT recipients presenting 

with an EB BSI, evaluation of prior microbiologic data may be the most expeditious 

approach to inform appropriate initial antimicrobial selection. However, in patients without 

a history of ESBL-EB on prior culture, our tool would be helpful in determining the 

need for empiric carbapenem therapy based on nuances surrounding their other clinical 

characteristics.
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In addition to prior microbiologic data, there were three other categories of predictors in 

the clinical tool, including (1) recent antimicrobial exposures, which have been shown in 

innumerable previous studies to be one of the most significant risk factors for MDRO 

acquisition across populations31-33; (2) severity of illness immediately preceding detection 

of the EB BSI, where critical illness was predictive of ESBL-producing organisms, a 

finding consistent with prior literature linking exposure to intensive care units to MDRO 

colonization and infection34-36; and (3) immunosuppressive regimen, where corticosteroid­

containing regimens were predictive of ESBL-producing organisms, a recently described 

association in SOT recipients.20

There are several predictive models described in the literature that have sought to determine 

the risk of ESBL-EB infection among hospitalized patients,15,37-39 though all were 

developed in the general population and none focused on SOT recipients. Notably, one prior 

tool did identify presence of immunosuppression as a predictor of ESBL-EB infection,38 but 

the authors were not able to distinguish which of the different immunosuppressing agents 

or underlying conditions leading to immunosuppression were significant. Thus, our tool 

represents an important advancement for immunocompromised hosts.

Our study has several limitations. First, because the study was performed retrospectively 

at three centers and spanned more than 10 y, the testing methods for ESBL production 

evolved over the study period, potentially leading to changes in classification over time. 

However, the largest impact of this change would be seen in organisms with a high 

prevalence of AmpC, while the majority of organisms in our study were E. coli and 

Klebsiella species (both of which have a relatively low prevalence of AmpC production). 

Furthermore, classifications made in our study mirrored the microbiology community's 

definition over time and are thus reflective of the interpretation of ESBL production at each 

time point. Second, we were unable to quantify the number of days of antimicrobial usage 

or distinguish between prophylactic or treatment courses of antibiotics, though we felt that 

such nuances would also be challenging for providers to distinguish when utilizing the tool 

at the bedside. Third, the cohorts were not large enough to create separate predictive models 

for each organ transplant type, though in a subgroup analysis, we were able to evaluate 

thoracic and abdominal organ recipients independently. However, these subsets were limited 

by small sample sizes, particularly for thoracic organ transplant recipients, and require 

further validation. Finally, while our tool was externally validated, it showed only modest 

discrimination in the validation cohort where the rate of ESBL-producing EB was notably 

higher than in the derivation cohort, suggesting that the tool may not be generalizable to 

SOT recipients at dissimilar institutions.

In conclusion, our study demonstrates that the proposed scoring system can be used 

to predict the presence of an ESBL-producing organism as the etiology of an EB BSI 

among SOT recipients. This clinical tool can be used to guide empiric therapy prior to 

availability of antimicrobial susceptibility data, particularly for SOT recipients receiving 

care at institutions with a lower prevalence of ESBL-EB. Further studies are needed to refine 

and validate this tool in additional populations, particularly those with disparate ESBL-EB 

rates, and to assess the clinical and economic impact of its implementation across health 

systems.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Receiver operator characteristic (ROC) curve for the predictive tool in the derivation cohort
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FIGURE 2. 
Receiver operator characteristic (ROC) curve for the predictive tool in the validation cohort
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TABLE 3

Performance characteristics of the predictive tool at different cut points in the derivation cohort

Cut Point
a Sensitivity Specificity PPV NPV

−3 100% 0% 22.7% N/A 2

−2 97.3% 23.6% 27.3% 96.8%

−1 95.5% 31.3% 29.0% 96.0%

0 83.9% 55.1% 35.5% 92.1%

1 83.0% 63.0% 39.7% 92.7%

2 69.6% 79.5% 50.0% 89.9%

3 56.3% 86.9% 55.8% 87.1%

4 56.3% 86.9% 55.8% 87.1%

5 49.1% 92.4% 65.5% 86.1%

6 49.1% 92.4% 65.5% 86.1%

7 38.4% 96.3% 75.4% 84.2%

8 38.4% 96.3% 75.4% 84.2%

9 28.6% 96.9% 72.7% 82.2%

10 28.6% 96.9% 72.7% 82.2%

11 20.5% 98.7% 82.1% 80.9%

12 20.5% 98.7% 82.1% 80.9%

13 15.2% 99.5% 89.5% 78.0%

14 11.6% 99.5% 86.7% 79.3%

15 7.1% 99.8% 88.9% 78.5%

16 6.3% 99.7% 87.5% 78.4%

17 2.7% 99.7% 75.0% 77.7%

18 0% 100%
N/A

b 77.3%

Abbreviations: BSI, bloodstream infection; EB, Enterobacterales; ESBL, extended-spectrum beta-lactamase; NPV, negative predictive value; PPV, 
positive predictive value.

a
Cumulative number of points on predictive model to be achieved or exceeded to warrant designation as “high risk” of ESBL-EB BSI.

b
Unable to calculate.
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