Journal of
J Antimicrob Chemother 2023; 78: 2505-2514 Antimicrobial

https://doi.org/10.1093/jac/dkad262 Advance Access publication 22 August 2023 ChemOtheery

Mortality in KPC-producing Klebsiella pneumoniae bloodstream
infections: a changing landscape

Daniele Roberto Giacobbe () »**, Cristina Marelli (» ?, Greta Cattardico™, Chiara Fanelli?*, Alessio Signori®,
Gabriele Di Meco?, Vincenzo Di Pilato (® °, Malgorzata Mikulska®?, Maria Mazzitelli  , Anna Maria Cattelan®’,
Carlo Pallotto®, Daniela Francisci®, Alessandra Calabresi®, Andrea Lombardi ® %!, Andrea Gori'*'*?,
Valerio Del Bono'3, Chiara Aldieri'?, Angela Raffaella Losito'*, Francesca Raffaelli'“, Andrea Cortegiani'> !¢,
Marta Milazzo®®, Filippo Del Puente'’, Emanuele Pontali'’, Francesco Giuseppe De Rosa () 39, Silvia Corcione @) 8,
Alessandra Mularoni (® 2%, Giovanna Russelli2%, Mauro Giacomini (® 22, Flavia Badalucco Ciotta??, Chiara Oltolini??,
Francesco Saverio Serino?3, Elena Momesso?“, Michele Spinicci®>?%, Lucia Graziani ( 2>, Carlo Torti?”?2,
Enrico Maria Trecarichi?”-?8, Marco Merli (» %°, Federico D’Amico?°, Anna Marchese®3°, Antonio Vena'-?
and Matteo Bassetti't; on behalf of the CARBANEW study group

IDepartment of Health Sciences (DISSAL), University of Genoa, Genoa, Italy; “Clinica Malattie Infettive, IRCCS Ospedale Policlinico San
Martino, Genoa, Italy; Department of Medicine, Surgery and Pharmacy, Unit of Infectious Diseases, University of Sassari, Sassari, Italy;
“Section of Biostatistics, Department of Health Sciences (DISSAL), University of Genoa, Genoa, Italy; °Department of Surgical Sciences
and Integrated Diagnostics (DISC), University of Genoa, Genoa, Italy; °Infectious and Tropical Diseases Unit, Padova University Hospital,
Padua, Italy; "Department of Molecular Medicine, University of Padua, Padua, Italy; ®Department of Medicine and Surgery, Clinic of
Infectious Diseases, ‘Santa Maria della Misericordia’ Hospital, University of Perugia, Perugia, Italy; °SOC Malattie Infettive, ASO ‘SS
Antonio e Biagio e C. Arrigo’, Alessandria, Italy; '°Infectious Diseases Unit, Foundation IRCCS Ca’ Granda Ospedale Maggiore Policlinico,
Milan, Italy; **Department of Pathophysiology and Transplantation, University of Milan, Milan, Italy; *?Azienda Socio Sanitaria Territoriale
(ASST) Fatebenefratelli-Sacco, Ospedale Luigi Sacco—Polo Universitario, Milan, Italy; **Infectious Diseases Unit, Azienda Ospedaliera
S. Croce e Carle, Cuneo, Italy; **Dipartimento di Scienze di Laboratorio e Infettivologiche, Fondazione Policlinico Universitario A. Gemelli
IRCCS, Rome, Italy; 1>Department of Surgical, Oncological and Oral Science, University of Palermo, Palermo, Italy; *®Department of
Anesthesia Analgesia Intensive Care and Emergency, Policlinico Paolo Giaccone, Palermo, Italy; 7Department of Infectious Diseases,
Galliera Hospital, Genoa, Italy; **Department of Medical Sciences, Infectious Diseases, University of Turin, Turin, Italy; °Unit of Infectious
Diseases, Cardinal Massaia, Asti, Italy; ?°Unit of Infectious Diseases, ISMETT-IRCCS Istituto Mediterraneo per i Trapianti e Terapie ad Alta
Specializzazione, Palermo, Italy; *!Department of Informatics, Bioengineering, Robotics and System Engineering (DIBRIS), University of
Genoa, Genoa, Italy; *’Clinic of Infectious Diseases, Vita-Salute University, San Raffaele Scientific Institute, Milan, Italy; *Azienda ULSS4
Veneto Orientale, UOS Malattie Infettive, UOC Medicina Generale, Ospedale di Portogruaro, Portogruaro, Italy; 24pzienda ULSS4 Veneto
Orientale, UOC Anestesia e Rianimazione, Ospedale di San Dond di Piave, San Dond di Piave, Italy; >Department of Experimental and
Clinical Medicine, University of Florence, Florence, Italy; “Infectious and Tropical Diseases Unit, Careqggi University Hospital, Florence,
Italy; ?’Department of Medical and Surgical Sciences, University ‘Magna Graecia’, Catanzaro, Italy; *®Unit of Infectious and Tropical
Diseases, ‘Mater Domini’ Teaching Hospital, Catanzaro, Italy; °Infectious Diseases Clinic, ASST Grande Ospedale Metropolitano Niguarda,
Milano, Italy; 3%u0 Microbiologia, IRCCS Ospedale Policlinico San Martino, Genoa, Italy

*Corresponding author. E-mail: danieleroberto.giacobbe@unige.it
tMembers are listed in the Acknowledgements section.

Received 16 May 2023; accepted 4 August 2023

Objectives: To assess the impact of carbapenem resistance on mortality in Klebsiella pneumoniae bloodstream
infection (BSI) in the era of novel B-lactam/B-lactamase inhibitor combinations.

Material and methods: Retrospective study of patients with K. pneumoniae BSI between January and August
2020 in 16 centres (CARBANEW study within the MULTI-SITA project).

Results: Overall, 426 patients were included: 107/426 (25%) had carbapenem-resistant K. pneumoniae (CR-Kp)
BSIand 319/426 (75%) had carbapenem-susceptible K. pneumoniae (CS-Kp) BSI. Crude cumulative 30 day mor-
tality was 33.8% and 20.7% in patients with, respectively, CR-Kp BSI and CS-Kp BSI (P=0.027). Carbapenemase
production or carbapenemase-encoding genes were detected in 84/98 tested CR-Kp isolates (85.7%), mainly
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KPC (78/84; 92.9%). Ceftazidime/avibactam was the most frequently used appropriate therapy for CR-Kp BSI
(80/107; 74.7%). In multivariable analyses, variables showing an unfavourable association with mortality after
correction for multiple testing were age-adjusted Charlson comorbidity index (HR 1.20; 95% CI 1.10-1.31, P<
0.001) and Pitt score (HR 1.33; 95% CI 1.15-1.55, P<0.001), but not carbapenem resistance (HR 1.28, 95% CI
0.74-2.22,P=0.410). In a propensity score-matched analysis, there was no difference in mortality between pa-
tients appropriately treated with ceftazidime/avibactam for CR-Kp BSI and patients appropriately treated with
other agents (mainly meropenem monotherapy or piperacillin/tazobactam monotherapy) for CS-Kp BSI (HR

1.07; 95% CI 0.50-2.29, P=0.866).

Conclusions: Our results suggest that the increased mortality in CR-Kp BSI compared with CS-Kp BSI is not (or no
longer) dependent on the type of therapy in areas where ceftazidime/avibactam-susceptible KPC-producing iso-

lates are the most prevalent type of CR-Kp.

Introduction

In the last 15 years, bloodstream infections (BSIs) caused by car-
bapenem-resistant Klebsiella pneumoniae (CR-Kp) have been asso-
ciated with high mortality in hospitalized patients worldwide."™’

Several studies have also described an increased mortality of
CR-Kp BSI compared with carbapenem-susceptible K. pneumoniae
(CS-Kp) BSL.*#71° In previous studies and meta-analyses, the un-
favourable impact of carbapenem resistance on the outcome of
K. pneumoniae BSI was not completely cancelled when models
were adjusted for baseline comorbidities and other relevant prog-
nostic factors (e.g. appropriateness of antimicrobial therapy and
time to appropriate therapy from the onset of the infection).
One of the most frequently suspected culprits for this residual dif-
ference in mortality was the unfavourable safety profile and the
possible suboptimal efficacy of the few therapies showing activity
against CR-Kp, such as polymyxin-based regimens.***? From this
standpoint, the availability of novel g-lactam/-lactamases inhibi-
tor (BL/BLI) combinations with a better safety profile than
polymyxin-based regimens, and showing good activity against
CR-Kp, may be expected to cancel the abovementioned unfavour-
able prognostic impact of carbapenem resistance after proper ad-
justment for other prognostic factors.

We therefore conducted a retrospective, multicentre study
within the MULTI-SITA project, with the aim of assessing the im-
pact of carbapenem resistance on mortality of K. pneumoniae BSI
in the era of novel BL/BLI combinations.

Methods

Setting and objectives

The MULTI-SITA project is a novel platform developed by the Italian
Society of Anti-Infective Therapy and dedicated to the conduct of obser-
vational studies on invasive bacterial and fungal diseases. The present
study (CARBANEW study) is the first study conducted within the
MULTI-SITA project. CARBANEW was a retrospective, multicentre study
conducted in 16 Italian centres. The retrospective study period was
from 1 January 2020 to 31 August 2020. Among novel BL/BLI combina-
tions with activity against CR-Kp, ceftazidime/avibactam, which is active
against many KPC- or OXA-producing CR-Kp, was the only one routinely
available in participating hospitals at the time of the study. All patients
who developed K. pneumoniae BSI in the participating centres during
the study period were considered for inclusion in the study. Patients
were excluded from the analyses if: (i) their age was less than 18 years;
(ii) they had been already included in the study for a previous K. pneumo-
nige BSI episode; or/and (iii) they did not receive an appropriate

antimicrobial therapy, or they received an appropriate antimicrobial ther-
apy for less than 48 h. Minor deviations from the original study protocol
are reported with reasons in the Supplementary material (available as
Supplementary data at JAC Online). The primary study outcome measure
was 30- day mortality, defined as a time-to-event endpoint. All primary,
secondary and sensitivity analyses were conducted with respect to this
primary outcome measure.

Microbiological procedures

Identification of K. pneumoniae isolates was performed by means of
MALDI-TOF MS (MALDI Biotyper, Bruker Daltonics, Billerica, MA, USA; or
VITEK MS MALDI-TOF MS, bioMérieux, Craponne, France) or automated sys-
tems according to local standard procedures. Antimicrobial susceptibility
testing was also performed by means of automated systems (VITEK 2,
bioMérieux, Craponne, France; MicroScan, Beckman Coulter, Brea, CA,
USA,; or Phoenix, Becton Dickinson Diagnostics, Sparks, MD, USA) according
to local standard procedures. Results of susceptibility testing were inter-
preted in accordance with the EUCAST clinical breakpoints, version 13.0
(http://www.eucast.org/). Presence of carbapenemase-encoding genes
was detected using Verigene BC-GN (Nanosphere, Northbrook, IL, USA),
BioFire BCID2 panel (bioMérieux, Craponne, France), or Xpert Carba-R
(Cepheid, Sunnyvale, CA, USA), while production of carbapenemases was
assessed by NG-test CARBA 5 (NG Biotech, Guipry, France), based on local
standard procedures at the time of the study.

Definitions and data collected for the study

CR-Kp was defined as K. pneumoniae resistant to any of the carbapenems
(MIC>8 mg/L for meropenem, MIC>4 mg/L for imipenem and MIC>
0.5 mg/L for ertapenem). A sensitivity analysis considering only K. pneu-
moniae isolates with meropenem MICs within the resistant range as
CR-Kp was also conducted (see statistical analysis below). K. pneumoniae
BSI was defined as isolation of K. pneumoniae from at least one blood cul-
ture from patients with clinical signs consistent with infection. The time of
origin of K. pneumoniae BSI (onset of K. pneumoniae BSI) was defined as
the day when the first blood culture positive for K. pneumoniae was
drawn. Appropriate therapy was defined as therapy with at least one
antimicrobial drug showing in vitro activity against the causative K. pneu-
moniae isolate. Appropriate monotherapy was defined as therapy with
only one antimicrobial drug showing in vitro activity against the causative
K. pneumoniae isolate. Appropriate combination therapy was defined as
therapy with at least two antimicrobial drugs showing in vitro activity
against the causative K. pneumoniae isolate. Data collected for the study
are detailed in the Supplementary material.

Sample size calculation

The primary study analysis was aimed to assess the independent impact
of carbapenem resistance on 30 day mortality of K. pneumoniae BSI. The
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prognostic predictor of greatest clinical interest, on which the calculation
was based, was carbapenem resistance in K. pneumoniae isolates from
BSI. Based on the available literature and previous local data, the ex-
pected proportion of carbapenem resistance in K. pneumoniae BSI was
estimated to be approximately 30%, and the probability of death within
30 days from the onset of K. pneumoniae BSI (considering both CR-Kp BSI
and CS-Kp BSI) was estimated to be approximately 20%. An HR of 2.0 was
considered as a reasonable cut-off for defining a clinically meaningful un-
favourable effect of carbapenem resistance on the prognosis of K. pneu-
moniae BSI. Therefore, a minimum sample size of 387 patients was
calculated as necessary for guaranteeing a power (1-B) of 80% and a
two-sided significance level (a) of 0.05 in the presence of an event prob-
ability of 20% and an expected frequency of carbapenem resistance of
30% (thus with a calculated SD of 0.46).13

Statistical analysis

Demographic and clinical characteristics of the study population were
compared between patients with CR-Kp BST and CS-Kp BSI for descriptive
purposes, using the chi-squared test or the Fisher exact test for categor-
ical variables, and the Wilcoxon test for continuous variables, as appropri-
ate. The crude 30 day mortality from the onset of K. pneumoniae BSI was
summarized graphically using the Kaplan-Meier method, and compared
between patients with CR-Kp BSI and patients with CS-Kp BSI by means of
the log-rank test.

With regard to the primary study analysis of assessing the independ-
ent impact of carbapenem resistance on 30 day mortality, we first per-
formed Rubin’s multiple imputation.’* Proportion of missing data for
each variable in our cohort is shown in Table S1. The association of carba-
penem resistance and other collected variables with 30 day mortality
was first assessed in univariable Cox regression models, with discharge
within 30 days from the onset of BSI considered as a right-censoring
event. Subsequently, all variables potentially associated with mortality
in univariable comparisons (P<0.10) were included in an initial multivari-
able Cox regression model, and further selected for inclusion the final
multivariable Cox regression model (model A) by means of a backward
stepwise procedure. Given the purpose of the study, the variables ‘carba-
penem resistance’ and ‘days without appropriate therapy’ were included
in model A independent of their selection by the stepwise procedure.
Variables included in model A were also included in an additional multi-
variable Cox regression model (model B) that also included centre as
shared frailty.® In all the Cox regression models described above, days
without appropriate therapy (from the onset of K. pneumoniae BSI) was
considered as a time-dependent variable (i.e. increase of one unit each
passing day without appropriate therapy). To assess the impact on mor-
tality of appropriate combination therapy versus appropriate monother-
apy, we performed a landmark analysis, considering the eighth day after
the onset of K. pneumoniae BSI (i.e. when all patients still on follow-up
had initiated an appropriate antimicrobial therapy) as the time of origin
for an additional multivariable Cox regression model (model C), still con-
sidering Day 30 after the onset of K. pneumoniae BSI as the time-to-event
endpoint, and including all variables of model A plus the following: (i) type
of appropriate therapy (combination therapy versus monotherapy as ref-
erence); and (ii) a term of interaction between type of appropriate ther-
apy and carbapenem resistance. In the landmark analysis, days
without appropriate therapy (from the onset of K. pneumoniae BSI) was
considered as a fixed and not time-dependent variable. Variables in-
cluded in model C were also included in an additional multivariable Cox
regression model (model D) that also included centre as shared frailty.

Since all multivariable Cox regression models described above (A, B, C
and D) were not purely exploratory (i.e. general, independent predictors
of mortality of K. pneumoniae BSI had already been widely characterized
in the literature), P values from all models were provided both before and
after adjustment for multiple testing using the false discovery rate (FDR)
approach, in order to reduce the risk of type 1 error.'® Of note, appropriate

ceftazidime/avibactam therapy was not included in these models due to
collinearity with carbapenem resistance. The impact of appropriate cef-
tazidime/avibactam therapy was thus assessed by means of a dedicated
propensity score-matched analysis (see below).

Predefined sensitivity analyses were conducted for both the primary
multivariable Cox regression analysis (model A and model B) and the
landmark analysis (model C and model D) in the following populations:
(i) entire study population but with CR-Kp defined only as those K. pneu-
moniae isolates with meropenem MIC within the resistant category ac-
cording to EUCAST; and (i) patients with monomicrobial K. pneumoniae
BSI only. Further sensitivity landmark analyses (model C and D) were
also conducted considering the second, fourth and sixth day after the on-
set of K. pneumoniae as the time of origin, including patients still on
follow-up and with initiated appropriate therapy at the selected time of
origin. Finally, a sensitivity analysis of model A employing logistic regres-
sion instead of Cox regression, and considering discharged patients as
alive at Day 30, was also performed.

To compare the prognostic impact of appropriate therapy with ceftazi-
dime/avibactam in CR-Kp BSI versus appropriate therapy with other agents
in CS-Kp BSI, we conducted a secondary landmark analysis (starting from
the eighth day after the onset of K. pneumoniae BSI, as above) after pro-
pensity score matching (1:1) of cases (patients with CR-Kp BSI receiving ap-
propriate therapy with ceftazidime/avibactam) and controls (patients with
CS-Kp BSI receiving appropriate therapy with agents other than ceftazi-
dime/avibactam). Cases and controls were matched 1:1 for all variables in-
cluded in model A, except carbapenem resistance, by means of a greedy
nearest neighbour-matching with propensity score as the distance meas-
ure. The propensity score is the conditional probability of assignment to a
particular treatment given a vector of observed covariates.!” More in detail,
one case was matched to one control such that the difference in terms of
propensity score was minimized. Caliper width was not specified in order to
match all cases.’® Sensitivity analyses were also conducted considering
the second, fourth and sixth day after the onset of K. pneumoniae as the
time of origin, and considering (for both the matching procedure and the
analysis) only patients still on follow-up and with initiated appropriate
therapy at the selected time of origin.

For descriptive purposes, cumulative mortality in cases and controls
was summarized graphically using the Kaplan-Meier method and com-
pared with the log-rank test. Finally, to specifically compare the prognos-
tic impact of appropriate ceftazidime/avibactam-based combinations
versus appropriate ceftazidime/avibactam monotherapy, we conducted
a subgroup landmark analysis (starting from the eighth day after the on-
set of K. pneumoniae BSI, as above) only in cases (patients with CR-Kp BSI
receiving appropriate therapy with ceftazidime/avibactam), by means of
a multivariable Cox regression model including the same variables in-
cluded in model C (with the exception of carbapenem resistance and
the interaction term carbapenem resistance*combination therapy).

The proportionality of hazard assumption in all fixed Cox regression
models was verified by weighted Schoenfeld residuals. The analyses
were conducted using SAS software (version 9.4, SAS Institute Inc.,
Cary, NC, USA) and R Statistical Software (version 4.2.1, R Foundation
for Statistical Computing, Vienna, Austria).

Ethics

Institutional review board statement

The MULTI-SITA project was approved by the ethics committee of
the coordinating centre (Liguria Region Ethics Committee, regis-
try number 390/2020). The amendment authorizing the conduct
of the CARBANEW study within the MULTI-SITA project was ap-
proved by the Liguria Region Ethics Committee on 12 April
2022. The other participating centres followed the local ethical
committees requirements.
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Informed consent statement

Collection of an informed consent specific

the

present study was waived due to the retrospective nature of

the study.

Overall, 426 patients were included in the analyses, of whom
107/426 (25%) and 319/426 (75%) had CR-Kp BSI and CS-Kp
BSI, respectively (Figure S1). The median age in the entire study

Table 1. Baseline demographic and clinical characteristics of patients in the entire study population and in patients with CR-Kp BSI and CS-Kp BSI

Study population

Patients with CR-Kp BSI

Patients with CS-Kp BSI

No. of patients (%)

No. of patients (%)

No. of patients (%)

Variables® 426 (100) 107 (25) P value
Demographics
Age, years, median (IQR) 67 (55-78) 67 (57-76) 0.838
Male sex 137 (32) 37 (35) 0.536
Comorbidities and medical history
Previous hospitalization 267 (63) 64 (60) 0.434
Previous ICU stay 61 (14) 21 (20) 0.072
Admission from LTCF 34 (8) 7(7) 0.546
Diabetes mellitus 123 (29) 31 (29) 0.992
COPD 58 (14) 18 (17) 0.274
Previous myocardial injury 75 (18) 22 (21) 0.353
NYHA score, median (IQR) 1(1-2) 1(1-2) 0.031
Chronic liver disease 37(9) 9 (8) 0.887
Chronic kidney disease 96 (23) 28 (26) 0.313
Chronic intermittent haemodialysis 26 (6) 14 (13) <0.001
Solid neoplasm 127 (30) 35 (33) 0.437
Metastatic solid neoplasm 49 (12) 9(8) 0.250
Haematological malignancy 50 (12) 10 (9) 0.364
Previous HSCT 17 (4) 1(1) 0.084
Previous SOT 25 (6) 6 (6) 0.883
HIV infection 8(2) 1(1) 0.685
Age-adjusted Charlson comorbidity index, median (IQR) 5(3-8) 6 (3-7) 0.385
Previous chemotherapy 71 (17) 9 (8) 0.008
Previous steroid therapy 99 (24) 27 (26) 0.583
Previous therapy with immunosuppressants 63 (15) 12 (11) 0.241
Previous major surgery 89 (21) 28 (26) 0.125
Variables at K. pneumoniae BSI onset
ICU stay 92 (22) 42 (39) <0.001
Days from admission to K. pneumoniae BSI, median (IQR) 9 (0-2 14 (5-29) <0.001
SOFA score, median (IQR) 4 (2-6 4 (2-7) 0.049
Pitt bacteraemia score, median (IQR) 1(0-3 2 (0-5) 0.001
Presence of CVC 231 (55) 73 (68) 0.002
Presence of urinary catheter 282 (67) 82 (78) 0.007
Presence of septic shock 75 (18) 26 (24) 0.040
Concomitant COVID-19 34 (8) 14 (13) 0.025
Polymicrobial bacteraemia 64 (15) 21 (20) 0.124
Concomitant candidaemia 15 (4) 9 (8) 0.004
Neutropenia 40 (10) 6 (6) 0.119
Mechanical ventilation 87 (21) 39 (37) <0.001
CRRT 26 (6) 10 (10) 0.098
ECMO 12 (3) 4 (4) 0.508
Urinary source of K. pneumoniae BSI 130 (31) 21 (20) 0.005
Pulmonary source of K. pneumoniae BSI 44 (10) 12 (11) 0.728
Continued
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Table 1. Continued

Study population Patients with CR-Kp BSI  Patients with CS-Kp BSI

No. of patients (%) No. of patients (%) No. of patients (%)
Variables® 426 (100) 107 (25) 319 (75) P value
Therapeutic variables
Days without appropriate therapy, median (IQR) 0 (0-1) 1(0-2) 0 (0-1) <0.001
Appropriate combination therapy 83 (20) 51 (48) 32 (10) <0.001
Adequate source control (performed or not necessary) 235 (65) 62 (62) 173 (66) 0.501

COVID-19, coronavirus disease 2019; CRRT, continuous renal replacement therapy; CVC, central venous catheter; ECMO, extracorporeal membrane
oxygenation; NYHA, New York Heart Association; LTCF, long-term care facility; SOT, solid organ transplantation.

“Results are presented as no. of patients/total of patients unless otherwise indicated. Number of missing values per variable were as follows: SOT (n=2/
426); haematological malignancy (n=2/426); HSCT (n=2/426); solid neoplasm (n=3/426); metastatic solid neoplasm (n=3/426); previous chemo-
therapy (n=1/426); COPD (n=2/426); diabetes mellitus (n=2/426); chronic kidney disease (n=2/426); chronic liver disease (n=3/426); previous myo-
cardial injury (n=4/426); age-adjusted Charlson comorbidity index (n=1/426); previous hospitalization (n=2/426); previous ICU stay (n=5/426);
previous steroid therapy (n=9/426); previous therapy with immunosuppressants (n=>5/426); days from admission to K. pneumoniae BSI (n=3/
426); previous major surgery (n=1/426); admission from LTCF (n=24/426); presence of CVC (n=7/426); presence of urinary catheter (n="7/426); neu-
tropenia (n=13/426); mechanical ventilation (n=3/426); SOFA score (n=15/426); Pitt bacteraemia score (n=3/426); ECMO (n=2/426); chronic inter-
mittent haemodialysis (n=4/426); CRRT (n=4/426); septic shock (n=3/426); concomitant COVID-19 (n=>5/426); HIV infection (n=45/426);
concomitant candidaemia (n=10/426); adequate source control (n=63/426). No missing values were registered for all other remaining variables.

1.0

0.9

0.81

Cumulative incidence of death
[=1 =] o o
R o [+2] -~

o
w

0.2
0.1
e Log-rank p=0.027
o 5 10 15 20 25 30
Days
CS-KpBSI 1+ CRKpBSI
At Risk
CS-KpBSI 319 304 256 177 131 101 84
CR-KpBSI 107 104 90 77 66 54 43

Figure 1. Unadjusted cumulative mortality up to Day 30in patients with CR-Kp BSI and CS-Kp BSI. The time of origin was set as the day when the first positive
blood culture for CR-Kp or CS-Kp was collected. Death was the event of interest and right-censoring was applied at the end of follow-up (hospital discharge or
Day 30, whichever came first). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Table 2. Univariable analysis of factors associated with 30 day mortality

in the study population

Table 3. Multivariable analysis of factors associated with 30 day
mortality in patients with K. pneumoniae BSI

Variable HR (95% CI) P value
Carbapenem resistance (CR-Kp BSI) 1.68 (1.06-2.68) 0.029
Age, years 1.04 (1.02-1.06) <0.001
Male sex 1.36 (0.85-2.18)  0.200
Previous hospitalization 1.13(0.70-1.82)  0.619
Previous ICU stay 0.65(0.32-1.30)  0.223
Admission from LTCF 1.46 (0.73-2.92)  0.280
Diabetes mellitus 2.01 (1.26-3.20) 0.004
COPD 1.26 (0.68-2.35)  0.460
Previous myocardial injury 1.04 (0.58-1.85)  0.906
NYHA score 1.33 (1.05-1.69)  0.021
Chronic liver disease 2.46 (1.33-4.55)  0.004
Chronic kidney disease 2.26 (1.41-3.64)  0.001
Chronic intermittent haemodialysis 0.33 (0.08-1.36) 0.125
Solid neoplasm 1.66 (1.04-2.66)  0.035
Metastatic solid neoplasm 1.52 (0.78-2.97)  0.222
Haematological malignancy 0.62 (0.26-1.50)  0.289
Previous HSCT 0.33(0.05-2.39)  0.273
Previous SOT 0.19 (0.03-1.39)  0.102
HIV infection 1.00 (0.14-7.30) 0.999
Age-adjusted Charlson comorbidity index 1.20 (1.12-1.29) <0.001
Previous chemotherapy 0.37 (0.14-0.99)  0.048
Previous steroid therapy 0.50 (0.26-0.94)  0.033
Previous therapy with immunosuppressants  0.41 (0.17-1.03)  0.057
Previous major surgery 0.88 (0.50-1.56)  0.665
ICU stay 1.84(1.15-2.96)  0.012
Days from admission to K. pneumoniae BSI  1.00 (1.00-1.01) 0.271
SOFA score 1.23 (1.16-1.32) <0.001
Pitt bacteraemia score 1.28 (1.19-1.38) <0.001
Presence of CVC 1.43 (0.88-2.33)  0.146
Presence of urinary catheter 1.80(1.01-3.19)  0.045
Presence of septic shock 3.03 (1.90-4.83) <0.001
Concomitant COVID-19 1.41 (0.70-2.83) 0.334
Polymicrobial bacteraemia 1.97 (1.16-3.35)  0.013
Concomitant candidaemia 2.81(1.27-6.21)  0.011
Neutropenia 0.56 (0.20-1.53)  0.259
Mechanical ventilation 1.82 (1.13-2.94)  0.014
CRRT 1.74 (0.86-3.51)  0.125
ECMO 0.99 (0.31-3.16) 0.988
Urinary source of K. pneumoniae BSI 0.87 (0.52-1.46)  0.596
Pulmonary source of K. pneumoniae BSI 2.11(1.21-3.70)  0.009
Days without appropriate therapy 0.97 (0.82-1.16)  0.747
Adequate source control (performed or not  0.70 (0.43-1.14)  0.150

necessary)

Analyses conducted after multiple imputation (see study methods).
COVID-19, coronavirus disease 2019; CRRT, continuous renal replace-
ment therapy; CVC, central venous catheter; ECMO, extracorporeal mem-
brane oxygenation; NYHA, New York Heart Association; LTCF, long-term
care facility; SOT, solid organ transplantation.

population was 67 years (IQR 55-78) and 32% were male (137/
426). The complete baseline demographic and clinical character-
istics in the entire study population and in the subgroups of

P value
Model A® HR (95% CI) Pvalue  (FDR-adjusted)
Carbapenem resistance  1.28 (0.74-2.22)  0.373 0.410
(CR-Kp BSI)
Solid neoplasm 1.84 (0.98-3.45)  0.058 0.107
Previous chemotherapy 0.46 (0.17-1.28)  0.139 0.169
Chronic liver disease 1.69 (0.89-3.22)  0.110 0.151
Charlson comorbidity 1.20 (1.10-1.31) <0.001 <0.001
index
Previous steroid 0.53 (0.26-1.06)  0.073 0.114
therapy
Pulmonary source of K. 2.01 (1.04-3.87)  0.038 0.084
pneumoniae BSI
Mechanical ventilation  0.44 (0.21-0.95) 0.037 0.084
SOFA score 1.12 (1.01-1.24) 0.025 0.084
Pitt bacteraemia score  1.33 (1.15-1.55) <0.001 <0.001
Days without 0.94 (0.78-1.15)  0.571 0.571
appropriate therapy

Analyses conducted after multiple imputation (see study methods).
9Model B, also including centre as shared frailty®” in addition to variables
included in model A, provided the same results of model A in terms of HR
(95% CI) and P values (data not shown).

patients with CR-Kp BSI and CS-Kp BSI are reported in Table 1.
Overall, CR-Kp BSI developed more frequently than CS-Kp BSI in
ICU patients (39% versus 16%, respectively), whereas a urinary
source of K. pneumoniae BSI was more frequent in CS-Kp BSI
than in CR-Kp BSI (34% versus 20%). As shown in Figure 1, the un-
adjusted cumulative 30 day mortality was 33.8% and 20.7% in
patients with CR-Kp BSI and in patients with CS-Kp BSI, respect-
ively (log-rank test, P=0.027). Carbapenemase production or
presence of carbapenemase-encoding genes was reported for
84/98 tested CR-KP isolates (85.7%). The most frequently de-
tected enzyme among CR-Kp isolates was KPC (78/84; 92.9%),
followed by KPC plus VIM (4/84; 4.8%), OXA-48-like (1/84; 1.2%)
and OXA plus NDM (1/84; 1.2%) enzymes. Overall, 92/107
CR-Kp isolates were susceptible to ceftazidime/avibactam
(86.0%). Ceftazidime/avibactam was the most frequently appro-
priate agent employed for treating CR-Kp BSI (80/107; 74.7%).
Ceftazidime/avibactam was administered as monotherapy or in
combination with other agents in 38/80 (47.5%) and 42/80
(52.5%) episodes of CR-Kp BSI, respectively. Companion agents
of ceftazidime/avibactam were mostly tigecycline (17/42;
40.5%) and fosfomycin (13/42; 31.0%). Patients with CS-Kp BSI
were mostly treated with appropriate monotherapy (287/319;
90.0%), mainly meropenem monotherapy (99/319; 31.0%) and
piperacillin/tazobactam monotherapy (98/319; 30.7%).

The results of univariable and multivariable analyses of factors
associated with 30 day mortality in patients with K. pneumoniae
BSI are reported in Tables 2 and 3, respectively. As shown in
Table 3, variables retained in the final multivariable model (model
A) and showing an unfavourable association with mortality after
correction for multiple testing were age-adjusted Charlson
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Table 4. Landmark analysis of factors associated with 30 day mortality in patients with K. pneumoniae BSI

Factor HR (95% CI) P value P value (FDR-adjusted)

Model C
Carbapenem resistance (CR-Kp BSI) 1.73 (0.21-14.22) 0.608 0.718
Solid neoplasm 1.86 (0.84-4.14) 0.128 0.262
Previous chemotherapy 0.35 (0.09-1.42) 0.141 0.262
Chronic liver disease 1.63 (0.72-3.70) 0.242 0.392
Charlson comorbidity index 1.21 (1.09-1.35) <0.001 0.005
Previous steroid therapy 0.52 (0.22-1.23) 0.138 0.262
Pulmonary source of K. pneumoniae BSI 3.05 (1.42-6.55) 0.004 0.019
Mechanical ventilation 0.38 (0.14-1.05) 0.061 0.199
SOFA score 1.07 (0.94-1.21) 0.317 0.459
Pitt bacteraemia score 1.35(1.11-1.64) 0.002 0.016
Days without appropriate therapy 0.99 (0.80-1.22) 0.901 0.958
Combination therapy 0.53 (0.12-2.37) 0.409 0.531
Combination therapy*CR-Kp BSI 1.05 (0.18-6.04) 0.958 0.958

Model D®
Carbapenem resistance (CR-Kp BSI) 1.82 (0.22-15.05) 0.578 0.684
Solid neoplasm 1.85 (0.83-4.13) 0.132 0.260
Previous chemotherapy 0.35 (0.08-1.42) 0.140 0.260
Chronic liver disease 1.57 (0.68-3.62) 0.287 0.466
Charlson comorbidity index 1.22 (1.09-1.36) <0.001 0.005
Previous steroid therapy 0.51 (0.21-1.22) 0.129 0.260
Pulmonary source of K. pneumoniae BSI 3.04 (1.41-6.58) 0.005 0.020
Mechanical ventilation 0.40 (0.15-1.09) 0.073 0.238
SOFA score 1.06 (0.94-1.20) 0.343 0.495
Pitt bacteraemia score 1.35(1.11-1.64) 0.003 0.017
Days without appropriate therapy 0.98 (0.79-1.22) 0.865 0.937
Combination therapy 0.54 (0.12-2.41) 0.426 0.549
Combination therapy*CR-Kp BSI 1.02 (0.18-5.91) 0.980 0.980

Analyses conducted in patients with K. pneumoniae BSI and still on follow up on Day 8 after the onset of BSI (n=384), see study methods.

9Model D also included centre as shared frailty.®

comorbidity index (HR 1.20 for every point increase; 95% CI 1.10-
1.31, P<0.001) and Pitt bacteraemia score (HR 1.33 for every
pointincrease; 95% CI 1.15-1.55, P<0.001), but not carbapenem
resistance (HR 1.28,95% C1 0.74-2.22, P=0.410). The inclusion of
centre as shared frailty did not change results of model A (see
Table 3 legend). Overall, 384/426 patients (90.1%) were still on
follow-up on Day 8 after the onset of K. pneumoniae BSI and
were included in the landmark analysis. As shown in Table 4,
the use of combination therapy was not associated
with statistically significant changes in mortality in comparison
with monotherapy (HR 0.53;95% C10.12-2.37,P=0.531), where-
as pneumonia as source of BSI (HR 3.05; 95% CI 1.42-6.55; P=
0.019), Charlson comorbidity index (HR 1.21 for every point in-
crease; 95% CI 1.09-1.35, P=0.005) and Pitt bacteraemia score
(HR 1.35 for every point increase; 95% CI 1.11-1.64, P=0.016)
were independent predictors of mortality. Similar results were
observed for model D, also including centre as shared frailty
(Table 4). The results of sensitivity analyses are available in
Tables S2 to S9 and are in line with the results of primary
analyses.

Overall, 72/80 (90.0%) patients with CR-Kp BSI appropriate-
ly treated with ceftazidime/avibactam were still on follow-up

on Day 8 after the onset of K. pneumoniae BSI and were in-
cluded as cases for propensity score matching. The character-
istics of cases and controls after 1:1 matching are available in
Table S10, showing the absence of substantial residual con-
founding with respect to matching variables. The mostly com-
monly employed appropriate therapy for the treatment of
CS-Kp BSI in controls was meropenem monotherapy (23/72;
31.9%), followed by piperacillin/tazobactam monotherapy
(20/72; 27.8%). There were no differences in mortality be-
tween patients appropriately treated with ceftazidime/avibac-
tam for CR-Kp BSI and patients appropriately treated with
other active agents for CS-Kp BSI (HR 1.07; 95% CI 0.50-
2.29, P=0.866). The same was observed when the result
was adjusted by adding centre as shared frailty (HR 1.07;
95% CI 0.50-2.32, P=0.863) and in sensitivity analyses con-
sidering the second, fourth or sixth day after the onset of
K. pneumoniae BSI as the time of origin (Table S11).
Cumulative 30 day mortality from the onset of K. pneumoniae
BSI in cases and controls is also compared graphically in
Figure 2 (log-rank test, P=0.865). As shown in Table S12, ap-
propriate ceftazidime/avibactam-based combination therapy
was not associated with reduced mortality in comparison
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Figure 2. Landmark analysis of cumulative mortality up to Day 30 in patients with CR-Kp BSI receiving appropriate therapy with ceftazidime/avibac-
tam (cases) versus patients with CS-Kp BSI receiving appropriate therapy with agents other than ceftazidime/avibactam (controls). The time of origin
of this landmark analysis was set at the eighth day after the onset of K. pneumoniae BSI (i.e. when all patients still in follow-up had started appropriate
therapy). The onset of K. pneumoniae BSI was defined as the day when the first positive blood culture for CR-Kp or CS-Kp was collected. Death was the
event of interest and right-censoring was applied at the end of follow-up (hospital discharge or Day 30, whichever came first). Using propensity score
matching, each case was matched to one control for the following variables: solid neoplasm; previous chemotherapy; chronic liver disease; Charlson
comorbidity index; previous steroid therapy; pulmonary source of K. pneumoniae BSI; mechanical ventilation; SOFA score; Pitt bacteraemia score; days
without appropriate therapy (from the onset of K. pneumoniae BSI). Appropriate therapy was defined as therapy with at least one antimicrobial drug
showing in vitro activity against the causative K. pneumoniae isolate. This figure appears in colour in the online version of JAC and in black and white in

the print version of JAC.

with appropriate ceftazidime/avibactam monotherapy in
cases (HR 0.71; 95% CI 0.21-2.39, P =0.672).

Discussion

In the present study, despite our observation of a large difference
in crude cumulative 30 day mortality between CR-Kp BSI and
CS-Kp BSI (33.8% versus 20.7%, respectively), carbapenem re-
sistance was not found independently associated with an in-
creased mortality in K. pneumoniae BSI after adjustment for
other prognostic factors. Furthermore, there was no difference
in mortality between patients with CR-Kp BSI receiving

appropriate treatment with ceftazidime/avibactam and patients
with CS-Kp BSI treated with other appropriate agents (mostly car-
bapenems or piperacillin/tazobactam).

In the past 15years, several observational studies and
meta-analyses of aggregated data pointed out an increased
mortality in patients with CR-Kp BSI compared with patients
with CS-Kp BSI.®™'° We also previously conducted an individual
patient data meta-analysis of 1952 patients from 14 studies
comparing mortality of CR-Kp BSI and CS-Kp BSI, in the attempt
of adjusting for appropriateness of therapy and Charlson co-
morbidity index.> We eventually found that carbapenem resist-
ance remained associated with increased mortality even after
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adjustment for appropriateness of therapy, timing of therapy
(empirical versus targeted), and Charlson comorbidity index. In
our opinion, such a residual difference in mortality was possibly
reflecting the suboptimal efficacy and increased toxicity of ap-
propriate therapies used for treating CR-Kp BSI in the studies in-
cluded in the meta-analysis, mostly polymyxin-based regimens.?
In the present more recent study, where CR-Kp BSIs were mostly
caused by KPC-producing isolates and were mostly treated ap-
propriately with ceftazidime/avibactam, carbapenem resistance
was not independently associated with increased mortality.
This is in line with a subgroup analysis of a recent prospective
study by Falcone and colleagues.'® Indeed, while they found
that among 1276 patients with monomicrobial BSI due to
Gram-negative bacilli, carbapenem resistance was associated
with an excess in mortality after adjustment for other prognostic
factors, this was not true for BSI caused by KPC-producing
Enterobacterales, with an estimated, non-significant excess in
mortality conferred by carbapenem resistance of only 5% (ad-
justed OR for death 1.43, with 95% CI 0.92-2.22). Notably, like
in our study, the majority of KPC-producing Enterobacterales in
the study by Falcone and colleagues were treated with ceftazi-
dime/avibactam (155/304; 50.7%)."°

An important strength of our study is that its design was
specifically aimed to assess the impact of appropriate therapy
on the prognostic effect conferred by carbapenem resistance in
K. pneumoniae BSI. This was owing to specific inclusion criteria
(i.e. at least 48 h of appropriate therapy) and dedicated second-
ary analyses such as the propensity score-matched cohort to spe-
cifically assess the impact of ceftazidime/avibactam treatment.
Another strength is the real-time review of consistency and qual-
ity of data included in the MULTI-SITA electronic case report form.
Nonetheless, our approach is not exempt from limitations. For ex-
ample, although associated with increased mortality in some pre-
vious studies,”® delaying appropriate therapy (modelled as days
without appropriate therapy in our analysis) was not associated
with increased mortality in our study. While this could truly reflect
the rapid initiation of appropriate therapy in our cohort (median 1
and 0 days for CR-Kp BSI and CS-Kp BSI, respectively), it may also
depend on our inclusion criteria (patients should have survived at
least 48 days after initiation of appropriate therapy), which may
have artificially mitigated the prognostic impact of delaying ap-
propriate therapy (by including in the analysis only those patients
most likely to survive). Notably, the presence of animmortal time
bias artificially reducing the mortality difference between CR-Kp
BSI and CS-Kp BSI is very unlikely, both in landmark analyses,
since divergence of the two curves in the entire cohort occurred
after the eighth day from the onset of BSI (see Figure 1) and in
the propensity score-matched analysis, since cases were
matched to controls with respect to days without appropriate
therapy. In addition, no significant deviations from the main re-
sults were observed in sensitivity analyses conducted by selecting
the second, fourth or sixth day after the onset of K. pneumoniae
BSI as the time of origin, both for landmark analyses (Tables S6
to S8) and for the propensity score-matched analysis
(Table S11). Another limitation worth noting is the fact that
some carbapenemases (e.g. GES variants with carbapenemase
activity) could not be detected by methods employed in this real-
life retrospective study. However, this is very unlikely to have af-
fected study results, since major carbapenemases (primarily

KPC, over VIM, NDM and OXA-48-like enzymes) were detected in
most cases. Finally, two limitations worth reporting that affected
our secondary analyses are: (i) we were unable to increase the
number of controls in the propensity score-matched analysis be-
yond 1:1, owing to significant residual confounding when increas-
ing the number of controls; and (i) the secondary analysis of the
prognostic impact of ceftazidime/avibactam-based combination
versus ceftazidime/avibactam monotherapy in cases was ham-
pered by the small sample of this specific subgroup analysis,
and its results should thus be interpreted cautiously pending fur-
ther dedicated investigation.

In conclusion, our study suggests that the increased mortality of
CR-Kp BSI compared with CS-Kp BSI is not (or no longer) dependent
on the type of therapy in areas where ceftazidime/avibactam-
susceptible KPC-producing isolates are the prevalent type of CR-Kp
and ceftazidime/avibactam is employed for treating most cases of
CR-Kp BSI. The potential extrapolation of these findings to other no-
vel BL/BLI combinations could merit dedicated investigation.
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