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Abstract

Objectives: Current antibiotic treatment guidelines on when to consider 3rd generation
cephalosporin resistant Enterobacteriaceae (3GC-R EB) as a cause of infection have low specificity,
thereby increasing unnecessary carbapenem use. Therefore, we aimed to develop new diagnostic

scoring systems to direct initial carbapenem treatment to patients at risk of 3GC-R EB bacteraemia.

Methods: A retrospective nested case-control study was performed that included patients 218 years
from 8 Dutch hospitals in whom blood cultures were obtained and intravenous antibiotics were
initiated. Patients with 3GC-R EB bacteraemia were each matched to four control infection episodes
within the same hospital, based on blood culture date and onset location (community or hospital).
Starting from 32 commonly described clinical risk factors available at infection onset, selection
strategies were used to derive scoring systems for the probability of community- and hospital-onset

3GC-R EB bacteraemia.

Results: Among 22,506 community-onset and 8,110 hospital-onset infections, respectively 90 (0.4%)
and 82 (1.0%) were 3GC-R EB bacteraemias. As control populations, 360 community-onset and 328
hospital-onset infection episodes were included. The derived community-onset and hospital-onset
scoring system consisted of 6 and 9 predictors, respectively, and both showed good discrimination
with c-statistics of 0.807 and 0.842. Cutoffs for the scores could be chosen such that ~20% of patients
would be eligible for empirical carbapenem treatment, which would capture ~70% of those with

3GC-R EB bacteraemia.

Conclusions: These prediction rules for 3GC-R EB bacteraemia, specifically geared towards the
initiation of empiric antibiotic treatment, may improve the balance between inappropriate

antibiotics and carbapenem overuse.
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Introduction

As a consequence of the emergence of infections caused 3™ generation cephalosporin (3GC) resistant
Enterobacteriaceae (3GC-R EB; in this manuscript used synonymously with extended-spectrum -
lactamase (ESBL) producing Enterobacteriaceae), physicians are increasingly faced with the question
which patients need empiric antibiotic treatment covering these pathogens. Hence, patients and
physicians might benefit from prediction rules for 3GC-R EB. For instance, some studies yielded risk
factors for carriage of ESBL-producing Enterobacteriaceae at hospital admission [1-4]. Yet, although
relevant for infection control purposes, that knowledge may not accurately predict etiologic causes
of infection. Other studies aimed to distinguish ESBL- or carbapenemase-producing
Enterobacteriaceae as a cause of infection, but only included bacteraemic patients [5-7].
Applicability of these models to choosing empiric treatment is unknown, as among patients with
suspected bacterial infection, microbiologically documented Enterobacteriaceae infection only

comprises a subset of all possible aetiologies.

Current Dutch empiric treatment guidelines designate patients at risk of infection caused by 3GC-R
EB based on prior colonization or infection with 3GC-R EB or on prior exposure to cephalosporins or
fluoroquinolones, as these were identified as risk factors in patients with bacteraemia caused by
these pathogens [8]. Yet, when evaluated in a cohort of patients needing empiric antibiotic
treatment, full implementation would lead to considerable carbapenem overuse, with a low
sensitivity to actually detect those patients with bacteraemia caused by 3GC-R EB [9]. Therefore, we
aimed to develop prediction rules to identify, among patients needing intravenous empiric antibiotic

therapy, those having an infection caused by 3GC-R EB.
Methods
Setting and patients

This was a retrospective nested case-control study involving 8 hospitals, of which 3 university

hospitals, in the Netherlands. Between January 1% 2008 and December 31° 2010, we included all
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consecutive patients of 18 years of age or older in whom a blood culture was obtained and
intravenous broad-spectrum B-lactam antibiotics (i.e. not penicillin or flucloxacillin), aminoglycosides,
and/or fluoroquinolones were started on the day of the blood culture or the day after, irrespective of
duration. Patients receiving any of the eligible antibiotics on the day of blood culture obtainment
were excluded if these had been initiated prior to this day (see Supplementary Table 2 for illustrating
examples). In addition, patients with 3GC-R EB bacteraemia in the year prior were excluded, as it was
assumed that treating physicians would always provide therapy aimed at these organisms in case of
renewed infection. Patients could be included more than once, if a subsequent episode complied
with in- and exclusion criteria. Additional information on hospital characteristics, study periods, and

databases used in each of the hospitals is provided in Supplementary Table 1.

Infection episodes were separated into two cohorts: the community-onset cohort comprised
episodes in which the first blood culture was collected during the first three calendar days of
hospitalization, and the hospital-onset cohort consisted of episodes in which blood cultures were

obtained later during hospitalization.

The causative pathogen of each episode was based on the results of blood cultures obtained during
the onset days (i.e. the first day if antibiotics were started on the same day as blood culture
obtainment and the first two days if antibiotics were started the day after). Cases were defined as
patients with 3GC-R EB bacteraemia (see Supplementary Table 1 for definition of 3GC resistance in
each of the hospitals). We aimed to include approximately 100 cases for both cohorts, in order to be
able to construct an initial logistic regression model with 10 variables, based on the 10 events per

variable recommendation [10].

The control population was defined as all other infection episodes, including non-bacteraemic
episodes and episodes with blood cultures yielding non-resistant Enterobacteriaceae, other bacteria
or fungi. For efficiency reasons, this population was not analysed in its entirety. Instead, four controls

were matched to each case, a ratio chosen because of minimal gains in statistical power with more
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controls [11]. Controls were matched on hospital, being in the community or hospital-onset cohort,

and being closest in time to the blood culture day of the case episode.

Due to its retrospective nature, the Dutch Medical Research Involving Subjects Act did not apply to
this study. In each of the participating hospitals, applicable local guidelines for non-interventional
studies were followed. In accordance with Dutch regulations, informed consent was waived for the

study. Reporting of this study was in accordance with the TRIPOD Statement [12].

Data collection

All selected cases and controls were subjected to chart review to obtain information that was
considered available at the moment that the initial antibiotics were prescribed (referred to as
infection onset). Blinding for the outcome during chart review was not considered feasible. Please

refer to Supplementary Table 3 for an overview of all collected variables.

Statistical analysis

Two separate prediction models were constructed, one for community-onset and one for hospital-
onset infections. Data analyses were performed in R (version 3.2.2) [13], including packages mice
2.25 [14], rms 4.5-0 [15], pROC 1.8 [16], and xtable 1.8-2 [17]. Descriptive analyses of predictors were
based on non-missing data only. Some variables were aggregated because of high correlation, low
prevalence, and/or similar associations with the outcome (indicated in Table 2). Additionally, the
number of categories for suspected sources was reduced to four by combining categories with low
frequencies into a single remaining group (original categories in Supplementary Table 3), and
categories for antibiotic use were created based on prevalence and assumed predictive power for
3GC-R EB infection. Twenty imputed datasets were created to deal with missing values (see

Supplementary Material for exact procedures).

For both community-onset and hospital-onset infections, the models in Table 1 were constructed.

Continuous predictors were initially introduced into models with restricted cubic spline functions
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with three knots to allow for non-linear associations. In the final models, we evaluated if
simplification to a linear predictor was possible. Performances of the final (simplified) models and
sensitivity analyses were compared by means of the Akaike’s Information Criterion (AIC). The final
simplified models were additionally compared to two basic models, the prior identification model and

two-predictor model (Table 1).

Regression coefficients of the final simplified models were pooled over imputation datasets by means
of Rubin’s rules and shrunk according to model optimism (see description further on). Also,
intercepts of the models were adjusted for the sampling fraction of the controls, and controls were
weighted by the inverse of the sampling fraction, as previously described [18]. Calibration of the
predicted and observed probabilities was visually inspected for separate imputation datasets.
Discrimination was assessed by areas under the curves for receiver operating characteristic curves
(referred to as C-statistic), averaged over the imputation datasets. Sensitivity, specificity and positive
and negative predictive values, and prevalence (i.e. fraction of the population classified as at risk of
3GC-R EB bacteraemia) were calculated for different cutoffs of the predicted risk, again averaged
over the imputation datasets. A simplified score was created by multiplying the regression
coefficients with a constant, followed by rounding to easy-to-use values. Performance of this score

was determined similarly.

Estimation of model optimism

For the final simplified models, optimism was estimated by creating 2000 bootstrap samples, creating
a new prediction model for each of these samples, and comparing the model’s performance in the
original and bootstrapped data. Optimism results from the fact that models are developed on a
population sample and suffer from overfitting, which jeopardizes generalizability to the total
population [19]. By means of bootstrapping, the expected effects when applying the model within
the entire population are mimicked (see Supplementary Material for further details). Optimism was

estimated for model coefficients, derived odds ratios and C-statistics. During the same procedure, it
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was also evaluated how much lower sensitivity and higher prevalence would be due to optimism,
when applying a cutoff probability above which patients are classified as at risk. For this evaluation
cutoff probabilities were selected for which either sensitivity or prevalence corresponded to the

basic two-predictor model.

Results

Probabilities of 3GC-R EB bacteraemia were 0.4% (n = 90) for the community-onset infection cohort
(22,506 episodes) and 1.0% (n = 82) for the hospital-onset infection cohort (8,110 episodes). These
case populations were matched to 360 community-onset control episodes and 328 hospital-onset
control episodes (Table 2). Multiple selection of individual patients, albeit with different episodes, as
case and/or control were allowed and occurred 8 times within the community-onset, and 9 times
within the hospital-onset dataset. Isolated pathogens from blood cultures and initial antibiotic

therapy are presented in Supplementary Tables 4 and 5.

Community-onset infection

The final simplified model for predicting 3GC-R EB bacteraemia in community-onset infection (Table
3) showed adequate discrimination (C-statistic = 0.808 (95% Cl 0.756-0.855), optimism-corrected
0.775 (95% Cl 0.705-0.839)) and calibration (Supplementary Figure 1). In sensitivity analyses, a model
variant that included both prior use of cephalosporins or fluoroquinolones, and prior use of a
residual category of antibiotics (instead of any antibiotic use in the final simplified model) was

deemed most parsimonious (Supplementary Tables 6 and 7).

The derived scoring system (Table 4) had a performance similar to the original model (Figure 1a; C-
statistic 0.807 (95% Cl 0.756-0.855), not corrected for optimism). Figure 2a depicts the trade-off
between sensitivity and prevalence at different cutoffs for being at risk of 3GC-R EB bacteraemia,
compared to using the prior identification model (sensitivity 24.4% and prevalence 2.8%), and the

two-predictor model (sensitivity 53.9% and prevalence 21.5%).
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For instance, patients with a score of 120 or higher would have a probability of 1.7% (positive
predictive value) of having 3GC-R EB bacteraemia, but when using 120 as a cutoff 45.7% of all
patients with 3GC-R EB bacteraemia would be missed (1 — sensitivity). This sensitivity (or proportion
missed) is comparable to the simpler two-predictor model; however, the scoring system reduces

eligibility for carbapenem use (prevalence) by approximately 40%, from 21.5% to 12.8%.

Bootstrapping of the underlying model indicated that when applying this cutoff in a future patient
population some performance loss should be expected due to model optimism. The optimism-
corrected sensitivity for future populations was 6.2 percentage points lower, whereas a change in
prevalence was hardly noticeably (Table 6). Similarly, when basing the probability cutoff on the
prevalence of the two-predictor model within the study sample, prevalence is expected to be robust
in future populations, but a decrease in sensitivity of approximately 4.0 percentage points should be

anticipated.

Hospital-onset infection

Discrimination and calibration also appeared adequate for the final simplified model predicting 3GC-R
EB bacteraemia in hospital-onset infection (Table 5; C-statistic = 0.842 (95% Cl 0.793-0.886),
optimism-corrected 0.811 (95% Cl 0.742-0.873); Supplementary Figure 2). Sensitivity analyses
revealed better performance when including more variables, especially those related to antibiotic
use and the suspected source of infection, and a model including 13 instead of 9 parameters had the

lowest AIC (Supplementary Tables 10 and 11).

The derived simplified scoring system (Table 4) performed very similar to the original model (Figure
1b; C-statistic 0.842 (95% Cl 0.794-0.887), not corrected for optimism). In Figure 2b, sensitivity and
prevalence at different scoring cutoffs are compared to using the prior identification model
(sensitivity 35.4% and prevalence 5.2%), and the two-predictor model (sensitivity 79.3% and

prevalence 52.8%).
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Patients with scores of 110 or higher would have a positive predictive value for 3GC-R EB
bacteraemia of 3.1%, and with this cutoff 18.5% of all patients with 3GC-R EB bacteraemias would be
missed, similarly to the two-predictor model. Yet, carbapenem eligibility would be reduced with

almost 50% (27.0% vs. 52.8%).

In this scenario, bootstrapping indicated that sensitivity in future patient populations should again be
expected to be somewhat lower (-5.3%; Table 6). If a cutoff were however based on prevalence of
the two-predictor model, substantially compromised performance in future patients is not likely to

occur.

Discussion

We developed prediction models to more accurately identify patients with bacteraemia caused by
3GC-R EB bacteraemia among those in whom empiric intravenous antibiotic therapy aimed at Gram-
negatives is initiated. The use of the derived scoring systems could improve appropriateness of
empiric antibiotic therapy and reduce unnecessary use of broad-spectrum therapy. Compared to a
basic model incorporating only prior 3GC-R EB identification and exposure to cephalosporins and/or
fluoroquinolones, eligibility for empiric carbapenem use could be reduced by approximately 40%

while maintaining a similar risk of missing patients with 3GC-R EB bacteraemia.

With a global emergence of antibiotic resistance, physicians must assess the risks of missing resistant
causative pathogens when starting empiric antibiotic treatment [20]. Risk avoidance, albeit
imaginable in many situations, is one of the driving forces for broad-spectrum antibiotic use, fuelling
the global pandemic of antimicrobial resistance. Better prediction rules for infections caused by
antibiotic-resistant pathogens are therefore needed. Prediction scores have been developed for
Gram-negative bacteraemia in septic patients [21], carriage of or infection with ESBL-producing
Enterobacteriaceae at hospital admission [1,22,23], and distinguishing bacteraemia with ESBL- or
carbapenemase-producing pathogens from bacteraemia with susceptible Enterobacteriaceae [5-7].

Yet, guidance on incorporating the risk of 3GC-R EB in selecting empiric antibiotics is currently


https://doi.org/10.1101/120550
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/120550; this version posted April 10, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

lacking. For clarity, 3GC-R EB bacteraemia is a subset of Enterobacteriaceae bacteraemia, which is a
subset of all bacteraemia episodes. Risk factors for any of these overarching categories may alter the
probability of bacteraemia caused by antibiotic-resistant Enterobacteriaceae. This emphasizes the
need of selecting a clinically meaningful patient population when deriving a prediction rule. We
therefore focused on patients receiving initial antibiotic therapy aimed at Enterobacteriaceae, rather
than selecting patients that had, in retrospect, bacteraemia. The differences in predictors for
community-onset and hospital-onset bacteraemia underscore the relevance of distinguishing both

entities in clinical prediction of infections caused by resistant Enterobacteriaceae.

As expected, prior identification of 3GC-R EB was the strongest predictor in both models.
Identification was mostly based on previous clinical cultures, rather than on screening for carriage.
The latter is in the Netherlands only practiced in intensive care units and for highly selected risk
groups. Naturally, more screening will further increase the sensitivity of this predictor for
bacteraemia with 3GC-R EB. Yet, as infection rates among colonized patients are low [24,25], it is
unsure whether positive predictive values of models will improve. In fact, if low-risk carriers would be
identified by screening more frequently than high-risk carriers, positive predictive values might even

decline.

We applied sophisticated modelling techniques, including multiple imputation and internal validation
by means of bootstrapping. The latter resulted in optimism-adjusted odds ratios and C-statistics,
giving insight in values expected when applying models to an external cohort. Expected performance
loss when selecting specific probability cutoffs for clinical use has also been calculated (Table 4).
Nevertheless, we still recommend prospective external validation of the models before clinical
implementation, for several reasons. First, even after shrinkage, optimism may still be present, as
some steps could not be replicated in the bootstrap procedure, such as aggregation after observing
similar associations with the outcome, simplification of continuous variables to linear predictors, and

derivation of a scoring system. Second, explorative model variants indicated that predictive
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performance could be enhanced, albeit at the cost of including more determinants. The optimism of
these variants has not been calculated, and may well offset potential increases in performance
observed in this study sample in external validation. Second, the current study relied on data
available in medical charts. We used pragmatic in- and exclusion criteria, which might not fully reflect
intended clinical use, and as data collection was not blinded for outcome, information bias is not
excluded. Moreover, potentially relevant predictors, especially for community-onset infection, such
as international travel, animal contact, known colonization in household members, and dietary
preferences could not be collected. The same holds for determination of colonization pressure,
which might be a relevant predictor for hospital-onset infections. Third, although prevalence of ESBL
in Enterobacteriaceae infection in the Netherlands, especially in the community setting, does not
differ considerably from other Western European countries [26—29], it is worthwhile to evaluate

performance of risk factors in settings with varying ESBL prevalence.

A study limitation is that the outcome was restricted to bacteraemic episodes, not including non-
bacteraemic infections caused by 3GC-R EB, and physicians should be aware of this when applying
the score in clinical practice. Non-bacteraemic 3GC-R EB infection are more common than
bacteraemic infections in patients being empirically treated [9], but with an overall prevalence of
<5%, they will not have had a substantial impact on the composition of control groups. Future
studies may consider classifying these infections as outcomes. However, due to the more benign
course, initial treatment with carbapenems may not have a high priority in non-bacteraemic
infections. Ultimately, using such broad-spectrum antibiotics as initial therapy is futile if patients

would not actually benefit from them.

Another limitation of our study is that empiric coverage of 3GC-R EB is just one aspects of selection
of appropriate empiric therapy. Other potential pathogens and resistance mechanisms, such as
Pseudomonas aeruginosa, might justify alterations in empiric treatment even in the absence of risk

factors for 3GC-R EB. In some countries, high incidences of infections with carbapenemase-producing
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Enterobacteriaceae may limit usefulness of our models. On the other hand, escape therapy for 3GC-R
EB might not necessarily involve carbapenems, due to underlying resistance mechanisms other than
ESBL, or favourable patterns of co-resistance. Ideally, frameworks for selecting empiric therapy
should evaluate the probability of success of many different antibiotic agents. An example of such an
approach is TREAT, an automated system for recommending antibiotic treatment based on, amongst
others, patient and infection characteristics and local epidemiology [30]. TREAT can predict the
presence of Gram-negative causative pathogens in infection with some accuracy [31], but
performance with regard to resistant variants remains unknown. However, TREAT has not been

widely adopted, and simple prediction rules may be easier to incorporate into clinical practice.

In conclusion, identification of only those patients with an infection caused by 3GC-R EB amongst all
patients that need empiric antibiotic therapy remains a daunting task. This is reflected by the fact
that an acceptable level of empiric carbapenem use is likely to be associated with a considerable
fraction of 3GC-R EB bacteraemias being missed. Yet, the prediction rules developed here are the
first to truly quantify this trade-off for the appropriate patient domain. In addition, they offer
considerable improvement in detecting such patients as compared to guidelines currently in place,

and as such, they provide useful starting points for optimizing empiric antibiotic strategies.
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Table 1 Specification of models®

Main models

Final model 1. Selection of 10 relevant predictors based on eyeballing associations of
predictors with outcomes, and considerations related to coverage of the
entire spectrum of known risk factors for 3GC-R EB, and ease-of-use of any
resulting model.

2. Backward stepwise logistic regression analysis until all remaining

predictors had p-values < 0.2".

Simplified final Multivariable logistic regression analysis with predictors retained in the final

model model, but all continuous variables modelled linearly®.

Sensitivity analyses

Variant 1 The set of 10 predictors that were selected in step 1 of the final model all forced

into the multivariable logistic regression analysis; no further selection performed.

Variant 2 Forward stepwise multivariable logistic regression analysis with all potential

predictors indicated in Table 2, with p value for inclusion < 0.2°.

Variant 3A 1. Within the set of 10 predictors that were selected in step 1 of the final
model, the antibiotic use predictor was replaced by use of cephalosporins
or fluoroquinolones, use of other beta-lactams, and in case of CO, use of
aminoglycosides, macrolides or other antibiotics, and in case of HO, use of
carbapenems, use of aminoglycosides, use of macrolides, and use of other
antibiotics.

2. Backward stepwise logistic regression analysis until all remaining

predictors had p-values < 0.2°.

18


https://doi.org/10.1101/120550
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/120550; this version posted April 10, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC 4.0 International license.

Variant 3B Same as Variant 3A, but use of cephalosporins or fluoroquinolones separated into
use of cephalosporins and use of fluoroquinolones.
Variant 4 1. Tothe set of 10 predictors that were selected in step 1 of the final model,

suspected source of infection: intra-abdominal infection, and in case of HO,
suspected source of infection: urinary tract infection were added.
2. Backward stepwise logistic regression analysis until all remaining

predictors had p-values < 0.2°.

Robust variant

Predictors retained in the final model and all model variants forced into the

multivariable logistic regression analysis; no further selection performed.

Cross-validation

Predictors retained in the final simplified model for the other setting (HO vs. CO;
except length of hospital stay prior to infection, as this was deemed irrelevant for
CO infection) forced into the multivariable logistic regression analysis; no further

selection performed.

Basic models

Prior

identification

model

Population classified as at risk of 3GC-R EB bacteraemia consists of:

e Prior identification of 3GC-R EB (prior one year)

Two-predictor
model
(modification of
Dutch sepsis

guidelines) [8]

Population classified as at risk of 3GC-R EB bacteraemia consists of:

e Prior identification of 3GC-R EB (prior one year) (guideline restricts to
ESBL-producing, but we assumed all forms of 3GC resistance to be
relevant for selecting empiric antibiotics)

e Use of cephalosporins or fluoroquinolones (prior two months) (guideline

uses a one-month period, but data on antibiotics were collected in such a
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manner that separation by month was impossible)

Abbreviations: CO, community-onset (model); HO, hospital-onset (model).

® Predictors retained in main models and sensitivity analyses are indicated in Supplementary Tables 6
(CO) and 10 (HO).

® p.value as calculated by Wald test, pooled from 20 imputation sets by means of Rubin’s rules.

“In all other multivariable logistic regression models, continuous variables (age and length of hospital
stay prior to infection) were modelled as restricted cubic splines with 3 knots (rcs function from rms

package version 4.5-0 for R).
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Table 2 Clinical characteristics of cases and controls from both the community-onset and hospital-onset cohort

Predictor®

Community-onset infection

Hospital-onset infection

Cases
(N =90)°,
n/N with

data (%)

Controls

(N = 360)°,

n/N with

data (%)

OR

(95% C1)*

Cases
(N =82)",
n/N with

data (%)

Controls

(N = 328)",

n/N with

data (%)

OR

(95% c1)®

Female gender

39/90 (43)

158/360 (44)

0.98 (0.61-1.56)

32/82 (39)

129/328 (39)

0.99 (0.60-1.62)

Age in years, median (IQR)

69 (61-76)°

63 (50-76)°

1.02 (1.00-1.03)

64 (55-73)

64 (52-75)

1.00 (0.99-1.02)

Hospital ward (at infection onset)

‘8suad|| [euolreulsiu] 0'7 ON-AG-00e

Emergency room

58/90 (64)f

216/360 (60)'

1.21 (0.75-1.96)

0/82 (0)f

1/328 (0)f

Internal medicine

18/90 (20)f

78/360 (22)f

0.90 (0.51-1.61)

31/82 (38)f

193/328 (59)'

0.42 (0.26-0.69)

Surgery

11/90 (12)f

40/360 (11)°

1.11 (0.55-2.27)

33/82 (40)f

82/328 (25)

2.01(1.21-3.34)
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8o

E:;O

<3

Intensive care unit 3/90 (3)f 26/360 (7)° 0.44 (0.13-1.50) 18/82 (22) 52/328 (16) 1.49 (0.82-2.73) BS

=3

o

o

=

»g

Healthcare-associated infection 50/90 (56)° | 141/353 (40)° 1.81(1.13-2.89) & & 25

3<e

=5

Admission from long-term care facility 9/90 (10) 16/353 (4) 2.09 (0.89-4.95) € & %E

s

[y

Hospital admission (prior one year) 60/87 (69) 186/353 (53) 1.97 (1.20-3.23) 45/81 (56) 129/318 (41) 1.85(1.13-3.02) za

Ba s

<

Length of hospital stay prior to infection in & & 20 (10-48)° 11 (6-19)° 1.03 (1.02-1.04) ;gg

ogs

days, median (IQR) o3

3%

¥ o

582

5% =

252

T

Chronic pulmonary disease 8/90 (9) 68/358 (19) 0.42 (0.19-0.91) 10/81 (12) 39/328 (12) 1.09 (0.52-2.29) a-gg_)f:
@

. \%g

Diabetes mellitus 28/90 (31)° | 83/358 (23)° |  1.48(0.89-2.46) | 16/81(20) 62/328 (19) 1.10 (0.60-2.03) gé

T =

25

Liver disease 2/90 (2) 5/358 (1) 1.42 (0.27-7.37) 4/81 (5) 4/328 (1) 4.62 (1.14-18.78) -;D g

ES

Biliary tract disease 2/90 (2) 4/358 (1) 1.76 (0.32-9.83) 1/81 (1) 4/328 (1) | 1.33(0.15-11.43) 2s

53

3%

Any solid malignancy" 16/90 (18) 60/358 (17) 1.07 (0.58-1.97) | 25/81(31)° 70/328 (21)° 1.67 (0.97-2.87) 25

2E

52

>

S=

22 2B

535
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Without metastases 9/90 (10) 34/358 (10)' 1.06 (0.49-2.30) | 17/81 (21) 45/328 (14) 1.71(0.92-3.18)
Metastasized 7/90 (8)' 26/358 (7)' 1.07 (0.45-2.55) 9/81 (11) 25/328 (8)' 1.56 (0.70-3.49)
Haematological malignancy 11/90 (12) 28/358 (8) 1.62 (0.77-3.40) 9/81 (11) 44/328 (13) 0.85 (0.40-1.82)
Renal disease 13/90 (14)° 21/358 (6)° 2.54(1.22-5.27) | 14/81(17)° 17/328 (5)° 3.98 (1.87-8.45)
Haemodialysis 1/90 (1) 5/353 (1) 0.55 (0.06-4.76) & ¢
Immunocompromised’ 27/87 (31)° 62/356 (17)° 2.03 (1.19-3.46) 16/80 (20) 76/323 (24) 0.85(0.47-1.56)
Immunosuppressant use 23/90 (26)' 59/358 (16)' 1.71 (0.98-2.96) 16/81 (20)' 74/328 (23) 0.89 (0.49-1.62)
Neutropenia (at infection onset) 7/87 (8)' 14/357 (4) 2.09 (0.81-5.40) 5/81 (6)' 35/323 (11) 0.53 (0.20-1.42)
Any transplant” 14/90 (16)* 22/358 (6)" 2.67 (1.31-5.45) | 15/81 (18)° 23/327 (7)° 3.10 (1.54-6.23)
Solid organ transplant 11/90 (12)' 12/358 (3)' 3.71(1.58-8.70) 9/81 (11) 14/327 (4) 2.93(1.23-6.99)
Stem cell transplant 3/90 (3) 10/358 (3) 1.13 (0.30-4.21) 7/81 (9) 9/327 (3) 3.50 (1.26-9.68)
23
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Urological patienth

25/90 (28)°

40/357 (11)°

2.96 (1.68-5.22)

5/81 (6)"

21/323 (6)¢

1.05 (0.39-2.83)

Recurrent urinary tract infection

16/90 (18)'

25/358 (7)'

2.81(1.43-5.53)

2/81(2)

8/324 (2)

0.96 (0.20-4.63)

Obstructive urinary disease

5/90 (6)'

9/358 (2)'

2.13 (0.70-6.52)

0/81 (0)

6/328 (2)

Not available

Urological procedure (prior 30 days)

7/90 (8)'

7/357 (2)'

4.01 (1.36-11.79)

3/82 (4)

7/326 (2)

1.71 (0.43-6.77)

Surgical procedure (prior 30 days)

4/90 (4)

34/357 (10)

0.43 (0.15-1.24)

37/82 (45)°

116/327 (36)°

1.50 (0.92-2.46)

Endoscopic procedure (prior two days)

1/90 (1)

4/358 (1)

0.84 (0.09-7.60)

6/82 (7)

9/326 (3)

2.65 (0.92-7.66)

Central vascular catheter (at infection

onset)

5/89 (6)

20/344 (6)

0.93 (0.34-2.55)

46/75 (61)°

106/299 (36)°

"9SUB9I| [UOIRUISIU| 0" DN-AD-DD®

2.72 (1.62-4.57)

Urinary catheter (at infection onset)

22/88 (25)

61/342 (18)

1.47 (0.84-2.56)

38/71 (54)

142/291 (49)

1.21(0.73-2.00)

Other catheter/drain (at infection onset)

4/90 (4)

15/347 (4)

0.89 (0.29-2.73)

17/74 (23)

72/300 (24)

0.99 (0.54-1.80)
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Signs of hypoperfusion (at infection onset)

12/86 (14)

35/340 (10)

1.46 (0.73-2.93)

25/77 (32)°

38/296 (13)°

2.82 (1.57-5.06)

Suspected source of infection (at infection

onset)

Urinary tract infection or intra-

abdominal infection”

55/90 (61)*

94/359 (26)"

4.44 (2.73-7.22)

26/80 (32)

46/325 (14)

3.00 (1.71-5.26)

Urinary tract infection

41/90 (46)°

48/359 (13)°

5.44 (3.25-9.11)

12/80 (15)'

20/325 (6)'

2.85(1.35-6.04)

Intra-abdominal infection

14/90 (16)

46/359 (13)

1.26 (0.66-2.41)

14/80 (18)'

26/325 (8)

2.42 (1.20-4.89)

Lower respiratory tract infection

8/90 (9)°

111/359 (31)°

0.22 (0.10-0.46)

4/80 (5)°

86/325 (26)°

0.14 (0.05-0.40)

Other infection

5/90 (6)

42/359 (12)

0.45 (0.17-1.16)

11/80 (14)

35/325 (11)

1.37 (0.66-2.85)

"9SUB9I| [UOIRUISIU| 0" DN-AD-DD®

Unknown

22/90 (24)

112/359 (31)'

0.71(0.42-1.21)

39/80 (49)'

159/325 (49)'

0.98 (0.60-1.60)

Prior identification of 3GC-R EB (prior one

year)

22/90 (24)°

9/359 (2)°

11.82 (5.25-26.63)

29/82 (35)°

16/328 (5)°

10.67 (5.41-21.03)
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Any antibiotic use (prior two months)" 51/85 (60)° 140/346 (40)° 2.22 (1.37-3.60) 68/82 (83) 228/324 (70) 2.02 (1.08-3.77)
Cephalosporins or fluoroquinolones” 28/85 (33)' 66/346 (19)' 2.12 (1.26-3.55) 58/82 (71) 165/323 (51) 2.27 (1.34-3.84)
Cephalosporins 14/86 (16)' 33/351 (9)' 1.91(0.99-3.68) | 49/82 (60)° 114/322 (35)° 2.67 (1.62-4.39)
Fluoroquinolones 17/85 (20) 44/346 (13)' 1.81 (0.98-3.35) 25/82 (30) 81/322 (25) 1.28 (0.75-2.18)
Carbapenems 4/86 (5)' 2/351(1)' | 4.95(1.02-24.02) 12/82 (15) 29/321(9) 1.66 (0.81-3.42)
Other beta-lactams 25/85 (29) 72/345 (21) 1.65 (0.97-2.80) 29/82 (35) 110/320 (34) 1.04 (0.62-1.72)
Aminoglycosides, macrolides or other 33/85 (39)' 73/345 (21) 2.31(1.39-3.84) | 56/82 (68)" 131/323 (41) 3.11 (1.85-5.21)
antibiotics”
Aminoglycosides 4/86 (5) 13/351 (4) 1.21(0.40-3.67) 13/81 (16) 35/319 (11) 1.49 (0.75-2.98)
Macrolides 3/86 (4) 18/347 (5) 0.75(0.23-2.44) 17/81(21) 37/320 (12) 2.01(1.06-3.82)
Other antibiotics 29/85 (34) 57/345 (16)' 2.57 (1.51-4.39) 49/82 (60) 98/323 (30) 3.38 (2.04-5.58)
Selective digestive/oropharyngeal 1/86 (1) 2/351 (1) 1.63(0.24-11.12) 10/82 (12) 26/325 (8) 1.56 (0.72-3.40)
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decontamination (prior two months)

At risk of 3GC-R EB bacteraemia according 46/86 (54)"

to two-predictor model™

71/347 (20)"

4.32 (2.63-7.09)

65/82 (79)"

168/323 (52)"

3.46 (1.94-6.17)

Abbreviations: OR, odds ratio; Cl: confidence interval, IQR, interquartile range.

? See Supplementary Table 3 for definitions used.

® patients with 3GC-R EB bacteraemia.

¢ Sample of patients with non-resistant Enterobacteriaceae bacteraemia, bacteraemia with other causative pathogens, or negative blood cultures.

4 OR from 20 imputed datasets, combined by means of Rubin's rules.

¢ Predictor selected by means of eyeballing association with outcome.

" predictor not considered for model construction purposes (and hence not used in forward stepwise regression analysis for model variant 2 and univariable

preselection during the bootstrapping procedure) because of expected problems in generalization to other settings.

£ Predictor not recorded for this setting.

" Aggregated variable combining indented variables below.
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"Predictor not considered for model construction purposes (see f for implications) because of aggregation.

I Aggregated variable combining immunosuppressant use, neutropenia (at infection onset), and solid organ transplant.

“Predictor only shown for comparison with other cohort and not considered for model construction purposes (see f for implications).
'Predictor not considered for model construction purposes (see f for implications) because it was used as reference category.

™ Aggregated variable combining use of cephalosporins or fluoroquinolones (prior two months), and prior identification of 3GC-R EB (prior one year).

" Predictor only shown to evaluate performance of two-predictor model and not considered for model construction purposes (see f for implications).
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Table 3 Simplified final model for community-onset infection

Original model

Optimism-corrected model®

Predictor
B coefficient OR (95% Cl) B coefficient OR (95% CI)

Intercept -7.632 -7.248

Prior identification of 3GC-R EB (prior one year) 2.355 10.53 (4.26-26.08) 1963 7.12 (2.88-17.62)
Suspected source of infection: Urinary tract infection 1.297 3.66 (2.04-6.57) 1.081 2.95 (1.64-5.29)
Immunocompromised 0.590 1.80 (0.96-3.39) 0.491 1.63 (0.87-3.08)
Any use of antibiotics (prior two months) 0.377 1.46 (0.83-2.55) 0.314 1.37 (0.78-2.39)
Age (per year increase) 0.022 1.02 (1.01-1.04) 0.018 1.02 (1.00-1.04)
Suspected source of infection: Lower respiratory tract infection -1.075 0.34 (0.15-0.78) -0.896 0.41 (0.18-0.94)

The optimism-corrected predicted probability of 3GC-R EB bacteraemia can be calculated with the following formula: 1/(1 + exp(-(-7.248 + 1.963 x prior

identification of 3GC-R EB (prior one year) + 1.081 x suspected source of infection: urinary tract infection + 0.491 x immunocompromised + 0.314 x any use of
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antibiotics (prior two months) + 0.018 x age in years - 0.896 x suspected source of infection: lower respiratory tract infection))). For categorical predictors, fill

in 1if present, and O if absent.

Abbreviations: OR, odds ratio; Cl, confidence interval.

? Derived by multiplication with a shrinkage factor (0.834) obtained by bootstrapping described in Supplementary Material, followed by re-estimation of the

intercept and correction for the sampling fraction of controls to match overall predicted incidence by the model with observed incidence.
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Table 4 Derived scoring systems

Predictor

Score in community-onset infection

Score in hospital-onset infection

Renal disease 120
Prior identification of 3GC-R EB (prior one year) 100 120
Any solid malignancy 80
Suspected source of infection: Urinary tract infection 50
Signs of hypoperfusion (at infection onset) 40
Surgical procedure (prior 30 days) 40
Central vascular catheter (at infection onset) 40
Use of cephalosporins (prior two months) 40
Immunocompromised 25
Any use of antibiotics (prior two months) 25
Age (per year) 1

31
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Length of hospital stay prior to infection (per day)

Suspected source of infection: Lower respiratory tract infection

-160

For example, a 75-year-old immunocompromised patient who has community-onset infection, suspected to be pneumonia, and whose previous cultures do

not show any 3GC-R EB, scores 75 for age, -50 for the suspected pneumonia, and 25 for being immunocompromised, i.e. a total of 50, in the community-

onset scoring system.
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Table 5 Simplified final model for hospital-onset infection

Predictor

Original model

Optimism-corrected

model®

B coefficient

OR (95% Cl)

B coefficient

OR (95% Cl)

Intercept -6.210 -5.807

Renal disease 1.743 5.71(2.24-14.55) 1.372 3.94 (1.55-10.05)
Prior identification of 3GC-R EB (prior one year) 1.718 5.57 (2.41-12.89) 1.353 3.87 (1.67-8.95)
Any solid malignancy 0.917 2.50(1.29-4.87) 0.722 2.06 (1.06-4.01)
Signs of hypoperfusion (at infection onset) 0.646 1.91(0.91-4.01) 0.509 1.66 (0.79-3.49)
Surgical procedure (prior 30 days) 0.564 1.76 (0.94-3.28) 0.444 1.56 (0.84-2.91)
Central vascular catheter (at infection onset) 0.533 1.70 (0.88-3.31) 0.420 1.52 (0.78-2.95)
Use of cephalosporins (prior two months) 0.527 1.69 (0.90-3.17) 0.415 1.51(0.81-2.83)
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Length of hospital stay prior to infection (per day increase) 0.014

1.01 (1.00-1.03)

0.011

1.01 (1.00-1.03)

Suspected source of infection: Lower respiratory tract infection -2.196

0.11 (0.04-0.35)

-1.729

0.18 (0.06-0.56)

The optimism-corrected predicted probability of 3GC-R EB bacteraemia can be calculated with the following formula: 1/(1 + exp(-(-5.807 + 1.372 x renal

disease + 1.353 x prior identification of 3GC-R EB (prior one year) + 0.722 x any solid malignancy + 0.509 x signs of hypoperfusion (at infection onset) + 0.444

x surgical procedure (prior 30 days) + 0.420 x central vascular catheter (at infection onset) + 0.415 x use of cephalosporins (prior two months) + 0.011 x

length of hospital stay prior to infection in days - 1.729 x suspected source of infection: lower respiratory tract infection))). For categorical predictors, fill in 1

if present, and 0 if absent.

Abbreviations: OR, odds ratio; Cl: confidence interval.

? Derived by multiplication with a shrinkage factor (0.788) obtained by bootstrapping described in Supplementary Material, followed by re-estimation of the

intercept and correction for the sampling fraction of controls to match overall predicted incidence by the model with observed incidence.
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Table 6 Expected optimism when selecting probability cutoffs based on performance of two-predictor model

Community-onset infection

Hospital-onset infection

Two- Cutoff 1 Cutoff 2 Two- Cutoff 1 Cutoff 2
predictor . . predictor ) )
for final for final for final for final
model model
simplified simplified simplified simplified
model® model® model® model®
Apparent performance in study sample
53.9% 55.2% 68.3% 79.3% 80.6% 91.6%
Sensitivity® (95% Cl)
(44.2-63.9%) | (43.7-63.7%) | (58.2-78.2%) | (70.7-87.8%) | (71.8-88.8%) | (86.6-97.6%)
21.5% 12.8% 21.0% 52.8% 27.6% 52.3%
Prevalence® (95% Cl)
(17.3-25.8%) (9.8-16.7%) (16.9-25.4%) | (47.3-57.9%) | (22.6-32.1%) | (47.3-57.6%)

Optimism-corrected performance®
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Sensitivity® (95% Cl)

53.9%'

(44.2-63.9%)

49.0%

(32.3-62.2%)

64.3%

(50.3-77.8%)

79.3%°

(70.7-87.8%)

75.3%

(61.8-86.6%)

89.8%

(82.0-98.9%)

Prevalence® (95% ClI)

21.5%

(17.3-25.8%)

13.2%

(6.9-18.6%)

22.5%

(16.5-29.2%)

52.8%°

(47.3-57.9%)

28.2%

(18.7-35.0%)

53.8%

(46.6-62.8%)

Abbreviations: Cl, confidence interval.

? Cutoff 1 (above which patients are classified as ‘at risk of 3GC-R EB bacteraemia’) is chosen such that the resulting sensitivity is as close as possible to the

sensitivity of the two-predictor model. In community-onset infection, this cutoff (mean value of 20 imputed datasets) was 0.67%, and, in hospital-onset

infection, 0.86%.

® Cutoff 2 (above which patients are classified as “at risk of 3GC-R EB bacteraemia’) is chosen such that the resulting prevalence is as close as possible to the

prevalence of the two-predictor model. In community-onset infection, this cutoff (mean value of 20 imputed datasets) was 0.42%, and, in hospital-onset

infection, 0.40%.

¢ Proportion of patients with 3GC-R EB bacteraemias categorized as 'at risk of 3GC-R EB bacteraemia'; mean value of 20 imputed datasets

4 proportion of total population categorized as 'at risk of 3GC-R EB bacteraemia'; mean value of 20 imputed datasets
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€ As obtained by bootstrapping described in Supplementary Material.

" Not affected by optimism due to pre-specification of models.
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Figure 1 Comparison of performance at different cutoffs of simplified final community-onset (A) and hospital-onset (B) models and derived scoring

systems

Figures show association between sensitivity (proportion of patients with 3GC-R EB bacteraemias categorized as 'at risk') and prevalence (proportion of total

population categorized as 'at risk') when moving cutoffs above which patients are categorized as 'at risk of 3GC-R EB bacteraemia’, both for probabilities

resulting from the simplified final models, and for the derived scoring systems. Performance is compared to two basic models (two-predictor model and prior
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identification model; see Table 1 for definition). As prevalence approximates 1 - specificity in this population, figures are identical to receiver operating

characteristic (ROC) curves. Results are mean values of 20 imputed datasets. See Supplementary Tables 8, 9, 12 and 13 for exact values.
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Figure 2 Performance of community-onset (A) and hospital-onset (B) scoring systems at different cutoff values

Figures show sensitivity (proportion of patients with 3GC-R EB bacteraemias categorized as 'at risk'; in blue), prevalence (proportion of total population
categorized as 'at risk’; in black), and positive predictive value (proportion of patients with 3GC-R EB bacteraemias among those categorized as 'at risk') at

different cutoffs for derived scoring systems above which patients are categorized as 'at risk of 3GC-R EB bacteraemia'. These are compared to the

Positive predictive value
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(constant) sensitivities, prevalences, and positive predictive values for the basic two-predictor model (solid lines) and prior identification model (dashed

lines) (see Table 1 for definition). Results are mean values of 20 imputed datasets. See Supplementary Tables 9 and 13 for exact values.
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