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Minimally invasive surgery and peri-operative antibiotic prophylaxis predicted a lower risk.
Trial enrichment simulation indicated a 72% reduction in required participants when
enrolling patients with a predicted risk above 2%.

Conclusions: A multi-variable model incorporating klebsiella colonization status and
clinical factors can accurately predict klebsiella infections in elective surgery patients.
This model can select high-risk patients, enhancing the efficiency of phase-lll trials of
preventive interventions, including vaccination.

© 2025 The Author(s). Published by Elsevier Ltd

on behalf of The Healthcare Infection Society. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Klebsiella spp. are prevalent pathogens in hospital-acquired
infections, most commonly pneumonia and urinary tract
infections, followed by bloodstream infections [1,2]. There is
ubiquitous exposure to Klebsiella spp. in the hospital setting,
facilitated through interactions with hospital staff, medical
devices, and surgical procedures. Patients colonized with
Klebsiella spp. upon admission, exhibit higher klebsiella
infection rates compared with non-colonized patients [3—5].
Despite this, screening for klebsiella colonization upon hospital
admission is uncommon.

In recent years, the prevalence of infections with multi-
drug-resistant (MDR) Klebsiella spp. has increased drastically
[6]. Particularly concerning is the rise in infections involving
carbapenemase production [7,8]. This enzyme renders carba-
penem antibiotics ineffective — one of the last lines of therapy
against many bacterial infections. The transfer of resistance
genes among bacteria through plasmids has led to Klebsiella
pneumoniae (KP) becoming the primary reservoir for trans-
missible carbapenemase genes [9]. In the European Union, a
notable proportion of KP infection isolates exhibit resistance to
carbapenems, with certain countries reporting alarmingly high
prevalence rates [10]. The World Health Organization (WHO)
has classified carbapenem-resistant Enterobacterales and
extended-spectrum cephalosporin-resistant Enterobacterales
(including Klebsiella spp.) as pathogens of critical importance
for antibiotic research and development [11]. This prioritiza-
tion reflects the inadequate antibiotic pipeline, the substantial
healthcare burden, and the challenges in effectively prevent-
ing these infections in healthcare settings [11]. Therefore,
prevention of KP infections is critical in reducing the impact of
carbapenem resistance.

Current preventive interventions include pre-operative
colonization screening and perioperative antibiotic prophy-
laxis (PAP). Recent clinical practice guidelines recommend
colonization screening and targeted PAP in patients undergoing
colorectal surgery and solid organ transplantation [12]. Yet,
significant knowledge gaps remain regarding the effectiveness
and target population of these strategies. Given the increasing
prevalence of antibiotic resistance and the limitations of PAP,
alternative preventive measures, such as vaccination, are
gaining interest. Currently, no vaccine against Klebsiella spp. is
available on the market, and the tetravalent bioconjugate
Kleb4V is the only candidate vaccine recently evaluated in a
phase-2 clinical trial [13].

To facilitate the development and evaluation of preventive
interventions against Klebsiella spp. infections, such as vac-
cines, improved epidemiological insights within potential

target groups are imperative. Adult elective surgery patients
constitute an ideal target group to study the efficacy of tar-
geted preventive interventions, owing to their pre-planned
surgical schedules (allowing for pre-operative microbiological
screening), extended postoperative follow-up periods, and a
relatively high incidence of klebsiella infections. Therefore,
the current study aims to estimate the cumulative incidence of
klebsiella infections and identify associated risk factors in this
population to provide insights for designing clinical trials
evaluating the efficacy of targeted preventive interventions
against klebsiella infections.

Methods

Study design

This multi-centre retrospective case—control study
encompassed elective surgeries performed between 2016 and
2021 across seven hospitals: five in Italy, one in Greece, and
one in Serbia. Notably, the Serbian site contributed data from
elective surgeries conducted between 2012 and 2016 as part of
a prospective study.

Inclusion criteria

Sites were eligible if they conducted routine pre-operative
screening for Klebsiella spp. colonization for at least one
type of surgery, could extract individual surgery records and
link them to clinical cultures and maintained active clinical
follow-up on postsurgical klebsiella infections. Patients were
eligible if they underwent elective surgery at a participating
site between 2016 and 2021, were aged 50 years or older at the
time of surgery and underwent a type of surgery involving
routine pre-operative screening for klebsiella colonization. We
focused on patients aged >50 years because this population is
at increased risk for postoperative infections and associated
complications. Advanced age is a well-established risk factor
for nosocomial infections due to immunosenescence, higher
rates of comorbidities, and prolonged hospital stays [14].
Transplant patients were eligible, but their data will be
reported separately because of an unusually high rate of pos-
itive post-surgical klebsiella cultures due to routine post-
surgical screening, leading to potential bias in the study
results. Additionally, the clinical criteria for diagnosing urinary
tract infections (UTls) were not well-suited for kidney trans-
plant patients, presumably resulting in misclassification of
infections. We also considered that the transplant population
would likely not be part of the target group for a pivotal
klebsiella vaccine trial. There were no exclusion criteria.
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Figure 1. Flowchart of inclusion.

Patient selection and data collection

Each participating centre constructed a list of surgical
procedures for which routine pre-operative screening for
Klebsiella was performed. Subsequently, patients operated
upon within the study period were screened on eligibility based
on type of surgery and age. Eligible patients were linked to
microbiology records to identify patients with identification of
Klebsiella spp. in clinical samples by culture or polymerase
chain reaction within one to 180 days after surgery. Clinical
samples did not include screening. All eligible patients with a
positive clinical culture were included until 1000 patients with
a positive post-surgical klebsiella culture were selected for
inclusion. An equal number of surgeries was randomly selected
from the pool of patients without a postsurgical clinical culture
positive for Klebsiella spp. (including patients with negative

cultures, absence of cultures and cultures vyielding only
pathogens other than klebsiella). Baseline data included
demographics, comorbidities, colonization screening results,
year and type of surgery, and perioperative antibiotic pro-
phylaxis details. Additional data for patients with a clinical
culture positive for Klebsiella spp. included sample type,
microbiological procedures, klebsiella species, resistance
profile, and other identified pathogens. Infection criteria were
retrospectively assessed by local researchers, using the modi-
fied criteria from the Centers for Disease Control and Pre-
vention (CDC) National Healthcare Safety Network (NHSN) for
healthcare-associated infections [15]. For patients meeting
the infection criteria, we collected infection type, post-
operative day of infection, and the need for hospital read-
mission. eCRF records were monitored remotely for
completeness and consistency. Site-level data included the
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Table |

Baseline characteristics of the weighted study population

29

Infected® Not infected” Total population
Number of patients 840 941 1781
Size of the underlying population® 840 59,982 60,822
Age in years, mean (SD) 69.2 (9.5) 68.1 (9.2) 68.1 (9.2)

Female sex

Medical history

Cardiovascular disease

Chronic pulmonary disease

Diabetes mellitus

Moderate to severe chronic renal failure
Solid organ malignancy

Urological diseases including prostatitis
Indwelling urinary catheter

Immune suppression

Harmful use of alcohol or alcohol dependence
Antibiotic use within 30 days before surgery®
Surgical procedure

Cardiothoracic surgery

Gastrointestinal surgery

Other abdominal surgery

Urological surgery

Orthopaedic surgery

Neurosurgery

Head and neck surgery

Obstetric and gynaecological surgery

Other surgery

Minimally invasive surgery

Colonization screening

Klebsiella colonization screening performed®
Any Klebsiella spp. identified’

Resistant to 2"/3"™ generation cephalosporins

Resistant to 4™ generation cephalosporins
Resistant to carbapenems

Resistant to piperacillin/tazobactam
Resistant to fluoroquinolones

Resistant to aminoglycosides

332 (39.5%)

427 (51.1%)
90 (10.8%)
212 (25.4%)
74 (8.9%)
548 (65.6%)
92 (11.0%)
30 (3.6%)
129 (15.4%)
12 (1.4%)
82 (9.8%)

82 (9.8%)
395 (47.0%)
169 (20.1%)
59 (7.0%)
83 (9.9%)
25 (3.0%)
13 (1.5%)

5 (0.6%)

9 (1.1%)
168 (20.0%)

786 (93.6%)
87 (11.1%)

80/81 (99%)
68/72 (94%)
68/82 (83%)
65/73 (89%)
62/71 (87%)
41/72 (57%)

26711 (44.5%)

30,648 (51.4%)
4531 (7.6%)
10,615 (17.8%)
2285 (3.8%)
24,429 (40.9%)
3414 (5.7%)
1050 (1.8%)
4175 (7.0%)
124 (0.2%)
920 (1.5%)

13,528 (22.6%)
8974 (15.0%)
7126 (11.9%)
4218 (7.0%)
8966 (14.9%)
10,919 (18.2%)
5245 (8.7%)
1007 (1.7%)

0 (0.0%)
23,050 (38.4%)

56,608 (94.4%)
79 (0.1%)
77/77 (100%)
66/66 (100%)
54/77 (70%)
66/77 (86%)
66/66 (100%)
13/66 (20%)

27043 (44.5%)

31,075 (51.4%)
4621 (7.6%)
10,827 (17.9%)
2359 (3.9%)
24,977 (41.3%)
3506 (5.8%)
1080 (1.8%)
4304 (7.1%)
136 (0.2%)
1002 (1.6%)

13,610 (22.4%)
9369 (15.4%)
7295 (12.0%)
4277 (7.0%)
9049 (14.9%)
10,944 (18.0%)
5258 (8.6%)
1012 (1.7%)

9 (0.0%)
23,218 (38.2%)

57,394 (94.4%)
166 (0.3%)
157/158 (99%)
134/138 (97%)
122/159 (77%)
133/150 (89%)
128/137 (93%)
54/138 (39%)

SD, standard deviation.

2 Any infection with Klebsiella spp. between days 1 and 180 after surgery.
b No infection with Klebsiella spp. between days 1 and 180 after surgery.

¢ Based on the applied weights, see Supplementary methods.
9 Details are provided in Supplementary Table S9.

€ In over 98% of screened patients, colonization screening was performed using a rectal swab.
f Observed colonization status; percentage among patients who underwent colonization screening, resistance percentage among patients who

underwent resistance testing for the specific antibiotic.

number of eligible surgical procedures from which patients
were selected and the number of eligible surgical procedures
with a positive klebsiella culture.

Sample size

We aimed to include 1000 patients with and 1000 patients
without a positive klebsiella clinical culture. With approx-
imately 20 candidate predictor variables, this comprises up to
50 patients with an endpoint per predictor. Considering the
sampling design, this is adequate for risk prediction studies and
also enables a robust analysis of secondary endpoints [16]. The
ratio of patients with and without a positive clinical culture
was set to 1:1 to maximize the overall efficiency of the study.

Statistical analysis

As appropriate, results are presented as mean (& standard
deviation (SD)) or median (+ interquartile range (IQR)). We
employed survey-weighted generalized linear models to
enable calculation of absolute incidences [17]. Patients with a
positive clinical culture received a weight of 1, while the
weight of patients without a positive clinical culture was
calculated as the inverse of the site-specific sampling
fraction. The weighting deviated slightly from the protocol
(see Supplementary methods). We analysed the independent
predictive value of determinants for postsurgical Klebsiella
spp. infection via multi-variable logistic regression. Model
performance was assessed via calibration plots and the



30 J.L.G. Haitsma Mulier et al. / Journal of Hospital Infection 162 (2025) 26—35

Table I

Distribution of infecting pathogens, type of infection and site of infection among patients with at least one klebsiella infection

Category Number of infected patients® Percentage of infected patients®
Overall 840 100.0%
By Klebsiella species
Klebsiella pneumoniae 720 85.7%
Klebsiella oxytoca 98 11.7%
Klebsiella aerogenes 33 3.9%
Klebsiella variicola 12 1.4%
Klebsiella, undifferentiated 18 2.1%
By antibiotic susceptibility”
Resistant to 2"4/3™ generation cephalosporins 458/822 55.7%
Resistant to 4™ generation cephalosporins 394/775 50.8%
Resistant to carbapenems 243/827 29.4%
Resistant to piperacillin/tazobactam 424/822 51.6%
Resistant to fluoroquinolones 399/822 48.5%
Resistant to aminoglycosides 234/822 28.4%
By type of infection
Monobacterial infection 435 51.8%
Polybacterial infection 479 57.0%
By site of infection
Surgical site infections (SSI) 459 54.6%
Superficial incisional SSI 107 12.7%
Deep incisional SSI 50 6.0%
Organ/space SSI 317 37.7%
Device-associated infections 279 33.2%
Catheter-associated urinary tract infections (CAUTI) 134 16.0%
Central line-associated blood stream infections (CLABSI) 102 12.1%
Ventilator-associated pneumonia 78 9.3%
Bloodstream infections (not including CLABSI) 184 21.9%
Primary bloodstream infections 31 3.7%
Secondary bloodstream infections 153 18.2%
Urinary tract infections (not including CAUTI) 101 12.0%
Pneumonia (non-ventilator associated) 53 6.3%
Other infections 24 2.9%

@ Patients may have multiple infections from different categories; numbers and percentages do not add up.
b Percentage calculated among patients who underwent resistance testing for the antibiotic.

C-statistic. We employed internal cross-validation through
bootstrapping with 1,000 iterations to recalibrate the model.

We conducted an additional unplanned sensitivity analysis
to assess the impact of variation across hospitals in surgery
type distribution, klebsiella colonization prevalence, and the
incidence of postoperative klebsiella infection. This involved
fitting the multi-variable model to six separate datasets, each
time excluding one of the sites.

To explore trial enrichment potential, we calculated the
conditional binomial sample size at various conveniently
selected breakpoints of the predicted risk, with an assumed
vaccine efficacy of 60%, a two-sided alpha of 0.05, and a power
of 90%. This analysis was performed using the case-mix in three
hospitals that included a broad range of surgery types.

Missing data

We imputed missing values using the Fully Conditional
Specification method [18]. A custom imputation model was
designed for the presumed klebsiella colonization status,
accounting for variations in hospital detection methods. Two
sites used MacConkey agars without any antibiotics. Two other

sites used extended-spectrum B-lactamase (ESBL)-selective
media, which we assumed to capture 40% of klebsiella colo-
nization relative to MacConkey plates. Carbapenem-selective
media, used by two sites, were assumed to identify 10% of
klebsiella colonization relative to MacConkey plates. The
assumed detection rates were based on the estimated preva-
lence of ESBL and carbapenem resistance within our study
cohort. To account for the uncertainty in culture sensitivities
between different culture media, we performed two sensitivity
analyses with adjusted sensitivities of the ESBL and
carbapenem-selective media: two times higher and two times
lower compared with the main analysis. We employed lasso
penalization for the imputation of presumed klebsiella colo-
nization status to avoid overfitting [19]. Based on the quadratic
rule, 175 imputations were needed [20]. For pragmatic rea-
sons, we performed 200 imputations.

Ethical approval

A local medical ethical committee waiver for informed
consent or approval of a no-objection policy was obtained for
each participating site.
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Table llI

Multi-variable model for prediction of infection with klebsiella within 180 days after elective surgery

Variable Crude Bias-corrected
Coefficient SE OR (95% Cl) Coefficient OR (95% Cl)
(Intercept) —3.9809 0.2032 — —3.8384 —
Age (per year) 0.0011 0.0119  1.00 (0.98—1.02) 0.0009 1.00 (0.98—1.02)
Female sex 0.1176 0.1997  1.12 (0.76—1.66) 0.0930 1.10 (0.74—1.62)
Cardiovascular disease 0.7726 0.2177  2.17 (1.41-3.32) 0.6110 1.84 (1.20—2.82)
Chronic pulmonary disease 0.0586 0.3720 1.06 (0.51—2.20) 0.0463 1.05 (0.51-2.17)
Diabetes mellitus 0.1086 0.2354 1.11 (0.70—1.77) 0.0859 1.09 (0.69—1.73)
Moderate to severe chronic renal failure 0.5966 0.4321 1.82 (0.78—4.24) 0.4719 1.60 (0.69—3.74)
Solid organ malignancy —0.4507 0.3234  0.64 (0.34—1.20) —0.3564 0.70 (0.37—1.32)
Urological diseases including prostatitis 0.3794 0.3870  1.46 (0.68—3.12) 0.3000 1.35 (0.63—2.88)
Immune suppression 0.0850 0.3059  1.09 (0.60—1.98) 0.0672 1.07 (0.59—1.95)
Indwelling urinary catheter 1.1899 0.6788  3.29 (0.87—12.43) 0.9411 2.56 (0.68—9.69)
Harmful use of alcohol or alcohol dependence 2.0801 0.9569  8.01 (1.23-52.23) 1.6451 5.18 (0.79—33.81)
Non-prophylactic antibiotic treatment within 0.6199 0.4861 1.86 (0.72—4.82) 0.4903 1.63 (0.63—4.23)
30 days before surgery
Surgery within 90 days before the current surgery 0.7690 0.3739  2.16 (1.04—4.49) 0.6082 1.84 (0.88—3.82)
Cardiothoracic surgery 0.5126 0.3849  1.67 (0.79—-3.55) 0.4054 1.50 (0.71-3.19)
Gastrointestinal surgery 2.3304 0.4646  10.28 (4.14—25.56) 1.8430 6.32 (2.54—15.70)
Orthopaedic surgery —0.1636 0.4647  0.85 (0.34—2.11) —0.1294 0.88 (0.35—2.18)
Other abdominal surgery 1.6859 0.4458  5.40 (2.25—12.93) 1.3334 3.79 (1.58—9.09)
Urological surgery 1.0061 0.6056 2.74 (0.83—8.96) 0.7957 2.22 (0.68—7.26)
Oncological surgery 0.0570 0.3081  1.06 (0.58—1.94) 0.0451 1.05 (0.57—1.91)
Trauma surgery 1.9511 0.5674  7.04 (2.31—-21.39) 1.5431 4.68 (1.54—14.23)
Minimally invasive surgery —1.4342 0.2925 0.24 (0.13—0.42) —1.1343 0.32 (0.18—0.57)
Peri-operative prophylactic antibiotic treatment —2.4094 0.6496  0.09 (0.03—0.32) —1.9055 0.15 (0.04—0.53)
Colonized with Klebsiella spp.* 3.1219 0.6067  22.69 (6.91—74.52) 2.4690 11.81 (3.60—38.79)

Cl, confidence interval; OR, odds ratio; SE, standard error.
@ Presumed ‘true’ colonization based on the imputation model.

Results

A total of 139,778 elective surgeries met the inclusion
criteria, with 2604 having postoperative klebsiella-positive
clinical cultures. We included 1988 patients: 998 patients with
a positive postsurgical clinical klebsiella culture and 990
without (Figure 1). One participating centre identified sig-
nificantly more patients with a positive postsurgical culture
(N = 2077) than the other centres. To ensure balanced rep-
resentation across sites, all patients with a positive klebsiella
culture were included, except at the largest centre, where
only a random selection (N = 471) of patients with a positive
postsurgical culture was included. After excluding transplant
patients, 875 patients with and 906 without a postoperative
klebsiella-positive culture were analysed. Among the 875
patients with positive cultures, 35 did not meet the CDC-NHSN
infection criteria and were analysed in the group without
klebsiella infection, resulting in 840 infected and 941 non-
infected patients. One site included only transplant surgery
patients; hence, six sites contributed data to the current
analysis. One hospital included only gastrointestinal surgeries
(particularly colorectal surgery); one included gastro-
intestinal and other abdominal surgeries (specifically pan-
creatic surgery); and one hospital included gastrointestinal,
other abdominal, urological, and obstetric and gynaecological
surgeries. Three sites included a broad range of surgery types.
Applicable infection prevention measures per site are pro-
vided in Supplementary Table S1. Baseline characteristics are

presented in Table |. Untargeted peri-operative antibiotic
prophylaxis was administered in almost all surgeries, includ-
ing those with klebsiella colonization. Of 95 observed colon-
ized patients, 12 received adequate prophylaxis (including
one control patient), 62 inadequate prophylaxis (two control
patients), and five received no prophylaxis. In 16 cases, ade-
quacy was unknown due to missing susceptibility data (one
control patient).

Klebsiella infections

Klebsiella infection criteria were met in 1231 infection
episodes among 840 patients, resulting in a 180-day cumulative
incidence of first klebsiella infection of 1.38% (95% confidence
interval (Cl) 1.24—1.54). A total of 808 postsurgical infections
occurred within 30 days post-surgery in 653 patients (78%),
corresponding to a 30-day cumulative incidence of 1.07% (95%
Cl 0.96—1.20). Klebsiella pneumoniae was the most frequent
causative pathogen (Table Il). Surgical site infections were
most common (54.6% of infected patients), followed by device-
associated infections (33.2%) and bloodstream infections
(21.9%). A total of 587 polybacterial infections occurred in 479
patients, with Escherichia coli (140, 24% of polybacterial
infections), Pseudomonas aeruginosa (125, 21%), and Enter-
ococcus faecalis (102, 17%) being common co-pathogens
(Supplementary Table S2). The culture specimens associated
with each infection type are detailed in Supplementary
Table S3.
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Multi-variable model

The strongest risk factor for klebsiella infection was pre-
operative colonization with klebsiella (corrected odds ratio
(OR) 11.8, 95% CI 3.6—38.8; Table Ill). Gastrointestinal surgery,
other abdominal surgery, trauma surgery, and chronic car-
diovascular disease were also significant independent pre-
dictors of higher risk, while minimally invasive surgery and
peri-operative antibiotic prophylaxis were significantly asso-
ciated with a lower risk of klebsiella infection. The corrected
C-statistic for this model was 0.899 (95% Cl 0.871—0.921).
Model calibration (Figure 2a, b) was good for patients with a
low predicted risk but poor for patients with a high predicted
risk (i.e., a predicted risk >10%, which comprised <1% of the
weighted population; see Figure 2c, d).

Observed risk

0 0.2 0.4 0.6 0.8 1
Predicted risk (uncorrected)

No Klebsiella infection

Sensitivity analyses

The planned sensitivity analyses, in which we varied the
assumed sensitivity of selective screening techniques, con-
firmed colonization with klebsiella as a strong independent
predictor (Supplementary Tables S4—S7). The effect of colo-
nization was robust, yielding similar odds ratios and C-sta-
tistics. Using observed rather than imputed colonization status
yielded a similar OR for klebsiella colonization but resulted in a
significantly lower discriminative capacity of the model (cor-
rected C-statistic 0.797, 95% Cl 0.763—0.828), which was due to
a lower prevalence of klebsiella colonization. In the unplanned
sensitivity analysis, wherein we systematically excluded indi-
vidual sites from the analysis one at a time, C-statistics
remained consistent after each site exclusion, except for the
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Figure 2. Performance of the multi-variable model.
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largest site, which resulted in a decreased C-statistic of 0.856
(95% Cl 0.811—0.892; Supplementary Table S8).

Trial enrichment potential

Trial enrichment simulation results are displayed in
Table IV. Including all patients meeting the postoperative risk
of infection with klebsiella in adults (PIKA) inclusion criteria
(breakpoint of 0%) with an assumed vaccine efficacy of 60%
would require 6720 patients in a randomized clinical trial.
Restricting inclusion criteria to patients with a predicted risk
>2.0% reduced the required number of trial participants to
1884 (72% reduction). Restricting inclusion to patients with
either positive klebsiella colonization cultures or those
undergoing gastrointestinal or other abdominal surgery
resulted in a trial size reduction to 3186 (53% reduction).
While the model efficiently reduces trial size, adopting trial
enrichment strategies introduces a trade-off, necessitating
an increase in the number of trial sites and/or extending the
enrolment period to achieve the required sample size, due to
some outcomes occurring in the excluded population. As a
result, the optimal breakpoint for trial enrichment depends
on trial-specific characteristics such as the availability of sites
and the costs of opening additional sites. Notably, changing
the assumed vaccine efficacy to, for example, 40% or 80%
resulted in an almost identical relative reduction in trial size
and increase in site years.

Discussion

The cumulative incidence of postsurgical klebsiella infec-
tion during the 180 days following elective inpatient surgery
was 1.38% (95% CI 1.24—1.54%). Pre-surgical colonization with
Klebsiella spp., gastrointestinal surgery, other abdominal sur-
gery, trauma surgery and chronic cardiovascular disease were
independent predictors of higher risk. Minimally invasive sur-
gery and peri-operative antibiotic prophylaxis were inde-

Table Il can be used to efficiently reduce the required sample
size for future klebsiella infection prevention trials.

The study’s main strengths are its large sample size and
multi-centric nature, enhancing generalizability and providing
robust insights into the incidence and distribution of klebsiella
infections in this population. However, the study also has its
limitations. Due to the study’s retrospective nature and the
heterogeneity between centres, selection and information bias
may play a role (e.g., the retrospective adjudication of infec-
tions). A main vulnerability lies in the various screening meth-
ods and microbiological lab protocols used in the participating
hospitals (selective vs non-selective media). We corrected for
this by employing an advanced imputation model. Although the
imputation model relied on assumed culture sensitivities, the
robustness of the imputation model was affirmed through
extensive sensitivity analyses in which we modelled varying
sensitivities of the colonization media. The calibration of the
prediction model was poor for patients at high risk for klebsiella
infection (underprediction), even after internal validation.
However, it should be noted that 99.1% of the weighted pop-
ulation had a predicted risk below 10% (Figure 2¢c, d). In prac-
tice, the underprediction of high-risk patients will make little
difference, as the threshold for selecting patients in a future
trial is far below the region where the predicted risk is under-
estimated. Finally, one of the included hospitals (Site 1 in
Supplementary Table S2) reported that none of the enrolled
patients exhibited a positive screening culture, because
patients with a positive screening culture did not undergo
elective surgery at this site. This could have led to an under-
estimation of the overall incidence of klebsiella infection in this
study. To account for (unmeasured) variability between the
centres, we performed a sensitivity analysis in which we
excluded individual sites from the analysis. Excluding this site
yielded a similar performance of the model. Therefore, dif-
ferences in incidence are likely related to case mix differences
captured in the model, most notably colonization prevalence.

No prior studies have systematically evaluated risk factors

pendent predictors of lower risk. The predictors listed in  for klebsiella infection within a surgical population.
Table IV
Simulation of different scenarios for trial enrichment
Breakpoint Proportion of PIKA cohort Risk (obs)? Risk 1 Risk 2 N events N total Change in Change in site,
above breakpoint (pred)® (pred)© trial size years®
At an assumed vaccine efficacy of 60%
0.00%° 1.000 0.018 0.012 0.005 56 6720 — —
0.25% 0.942 0.019 0.013 0.005 56 6386 —5.0% +0.9%
0.50% 0.636 0.028 0.017 0.007 56 4774 —29.0% +11.7%
1.00% 0.305 0.055 0.027 0.011 56 2938 —56.3% +43.2%
2.00% 0.137 0.108 0.042 0.017 56 1884 —72.0% +104.8%
Rule1” 0.360 0.038 0.025 0.010 56 3186 —52.6% +31.6%
Rule2s 0.047 0.172 0.089 0.036 56 900 —86.6% +185.6%
Rule3" 0.328 0.031 0.022 0.009 56 3674 —45.3% +66.8%

PIKA, postoperative risk of infection with klebsiella in adults.
2 Observed risk of klebsiella infection in the study population.
b predicted risk of klebsiella infection in the control group.
¢ Predicted risk of klebsiella infection in the vaccine group.

9 Calculated as (N total’/‘proportion above breakpoint’/6720—1) * 100%.

€ Including all patients meeting PIKA inclusion criteria without further risk stratification.
f Colonized with klebsiella or undergoing gastrointestinal or other abdominal surgery.

¢ Colonized with klebsiella.
P Undergoing gastro-intestinal or other abdominal surgery.
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Nevertheless, our findings align with expectations, highlighting
colonization as a primary risk factor for klebsiella infection.
This is consistent with observations from numerous studies in
hospital settings, in which klebsiella strains identified through
colonization screening were also cultured from infection sites
[3,4,21,22]. Although the risk factors in our study are well-
known risk factors for infection in general, our study provides
a precise quantification of the risk of klebsiella colonization on
postoperative infection. Because carriage of klebsiella is
mainly manifested in the gastrointestinal tract, it is unsur-
prising that we identified gastrointestinal and other abdominal
surgery as risk factors for postsurgical klebsiella infection,
while we found a decreased risk after minimally invasive sur-
gery [2]. We did not find diabetes or immune suppression to be
significantly associated with postsurgical klebsiella infection,
whereas previous studies did find an association [23—25].
However, this association was only observed in community-
onset klebsiella infections [23].

By evaluating trial enrichment scenarios for a phase-Ill kleb-
siella infection prevention trial in elective surgery patients, this
study provides the foundation for more efficient, targeted clin-
ical trials. Given the low incidence of klebsiella infections in this
population, achieving feasible sample sizes is challenging. Our
trial enrichment simulation with different prediction rules and
thresholds provides a comprehensive starting point for refining
trial populations. Yet, future studies should validate the current
prediction model in different contexts. An important consid-
eration is that over half of the infections in this study were
polybacterial. It is uncertain whether preventive interventions
targeted against Klebsiella spp. only, can prevent these infec-
tions or reduce their severity. When planning a trial, anticipated
effect sizes may need to be downsized accordingly.

In conclusion, the cumulative 180-day incidence of post-
surgical klebsiella infection is 1.38%. Our multi-variable
model integrating both clinical factors and klebsiella colo-
nization status enabled efficient identification of patients at
high risk for klebsiella infection in an elective surgery pop-
ulation, which can optimize the design of future infection
prevention trials. By improving risk stratification, this model
may enhance the feasibility and efficiency of phase Ill trials for
preventive interventions, such as vaccines, ultimately con-
tributing to targeted strategies against klebsiella infections.
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