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Introduction: The primary outcome of the study was to evaluate the effect on 30 day mortality of the combin
ation ceftazidime/avibactam + fosfomycin in the treatment of bloodstream infections (BSIs) caused by KPC-pro
ducing Klebsiella pneumoniae (KPC-Kp).

Materials and methods: From October 2018 to March 2021, a retrospective, two-centre study was performed 
on patients with KPC-Kp BSI hospitalized at Sapienza University (Rome) and ISMETT-IRCCS (Palermo) and treated 
with ceftazidime/avibactam-containing regimens. A matched cohort (1:1) analysis was performed. Cases were 
patients receiving ceftazidime/avibactam + fosfomycin and controls were patients receiving ceftazidime/avibac
tam alone or in combination with in vitro non-active drugs different from fosfomycin (ceftazidime/avibactam ±  
other). Patients were matched for age, Charlson comorbidity index, ward of isolation (ICU or non-ICU), source of 
infection and severity of BSI, expressed as INCREMENT carbapenemase-producing Enterobacteriaceae (CPE) 
score.

Results: Overall, 221 patients were included in the study. Following the 1:1 match, 122 subjects were retrieved: 
61 cases (ceftazidime/avibactam + fosfomycin) and 61 controls (ceftazidime/avibactam ± other). No difference 
in overall mortality emerged between cases and controls, whereas controls had more non-BSI KPC-Kp infections 
and a higher number of deaths attributable to secondary infections. Almost half of ceftazidime/avibactam + fos
fomycin patients were prescribed fosfomycin without MIC fosfomycin availability. No difference in the outcome 
emerged after stratification for fosfomycin susceptibility availability and dosage. SARS-CoV-2 infection and ICS ≥  
8 independently predicted 30 day mortality, whereas an appropriate definitive therapy was protective.

Conclusions: Our data show that fosfomycin was used in the treatment of KPC-Kp BSI independently from hav
ing its susceptibility testing available. Although no difference was found in 30 day overall mortality, ceftazidime/ 
avibactam + fosfomycin was associated with a lower rate of subsequent KPC-Kp infections and secondary infec
tions than other ceftazidime/avibactam-based regimens.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:// 
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided 
the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Introduction
Bloodstream infections (BSIs) caused by KPC-producing Klebsiella 
pneumoniae (KPC-Kp) have a high fatality rate, ranging from 40% 
to 50%, especially if appropriate antibiotic therapy is started 
>24 h from index blood culture (BC) collection.1 Nowadays, the 

treatment of KPC-Kp infections is mainly based on ceftazidime/ 
avibactam, which undoubtedly represented a therapeutic ad
vance in the field and contributed to the reduction of mortality 
rates compared with traditional therapies.2 Nevertheless, its effi
cacy may be reduced in particular conditions, such as pneumo
nia, continuous renal replacement therapy,3 delayed source 
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control4 and septic thrombosis,5 where a risk of underexposure 
and, therefore, clinical failure exists, raising the question of the 
optimal use of this drug.

Despite no significant difference in mortality and microbio
logical cure rates between ceftazidime/avibactam alone or in 
combination was observed, ceftazidime/avibactam has been 
mostly used as part of combination therapy in real life.6–10 As a 
matter of fact, several in vitro studies showed ceftazidime/avi
bactam to display a high level of synergism with different antimi
crobials, including carbapenems, fosfomycin and tigecycline.11–14

Fosfomycin is an old drug that has gained renewed interest in 
the last years due to its extreme versatility and the high level of in 
vitro and clinical synergism with different antimicrobials against 
several difficult-to-treat organisms, including KPC-Kp.7

Indeed, given its high tissue penetration and unique mechan
ism of action, which makes the development of cross-resistance 
with other agents very unlikely, fosfomycin is a potentially effect
ive agent for combination therapy.

To the best of our knowledge, no clinical studies specifically 
evaluating the potential mortality benefit of the ceftazidime/avi
bactam + fosfomycin combination for the treatment of KPC-Kp 
BSI have been performed so far.

Therefore, the primary aim of the study was to investigate the 
effect on 30 d mortality of the ceftazidime/avibactam + fosfomy
cin combination in the treatment of BSIs caused by KPC-Kp. 
Secondary aims were: (i) to correlate the mode of fosfomycin pre
scription with the availability of in vitro susceptibility testing; and 
(ii) to evaluate the recurrence of KPC-Kp BSI, new non- 
bacteraemic KPC-Kp and secondary infection rates in subjects 
treated with ceftazidime/avibactam + fosfomycin versus ceftazi
dime/avibactam ± other.

Materials and methods
From October 2018 to March 2021, a retrospective, two-centre study 
was performed on patients with KPC-Kp BSI hospitalized at Azienda 
Policlinico Umberto I, Sapienza University of Rome and at 
ISMETT-IRCCS of Palermo and treated with ceftazidime/avibactam- 
containing regimens. Patients were further divided into those receiving 
ceftazidime/avibactam + fosfomycin and those receiving ceftazidime/ 
avibactam in monotherapy or in combination with agents other than 
fosfomycin. Afterwards, a matched cohort (1:1) analysis was per
formed, with cases being patients with KPC-Kp BSI receiving ceftazi
dime/avibactam + fosfomycin, and controls being patients with KPC-Kp 
BSI receiving ceftazidime/avibactam alone or in combination with in vi
tro non-active drugs different from fosfomycin (ceftazidime/avibactam  
± other). For every case, one matched control was randomly selected 
from patients who suffered from KPC-Kp BSI but did not receive fosfo
mycin in addition to ceftazidime/avibactam. Patients were matched 
for age, Charlson comorbidity index (CCI),15 ward of isolation (ICU, or 
non-ICU), source of infection and severity of BSI, expressed as 
INCREMENT carbapenemase-producing Enterobacteriaceae (CPE) score 
(ICS).16 Data collection for cases was blinded for the outcome.

Since an exact match for each of the five variables in all the patients 
was not possible, taking into account the type of the considered variables 
and their clinical and prognostic meanings, we matched each variable as 
follows: (i) age was matched according to decades; (ii) ward of isolation 
(ICU or non-ICU) and source of infection were exactly matched; (iii) in 
the case that the values of CCI were not exactly the same, we decided 
to consider the exact value ± 1; and (iv) the same for the severity of BSI 
(expressed as ICS), where we considered the exact value ± 2. In particular, 

given the clinical meaning of a low-risk ISC versus a high-risk ICS, we 
exactly matched the patients with ICS values of 6–7 and 8–9, whereas 
we were more confident that matching the exact value ± 2 in values of 
<6 or >9 would have influenced the results less and, at the same time, 
would have given us the possibility to include more patients in the 
study.16

For each subject, clinical data were collected and recorded anonym
ously in an electronic database.

The primary outcome was all-cause mortality 30 days after BSI onset. 
Secondary outcomes included: (i) the development of KPC-Kp BSI recur
rence or new, non-bacteraemic KPC-Kp infections within 30 days after 
the end of treatment; (ii) the occurrence of secondary infections within 
30 days from the start of antibiotic treatment and their related mortality; 
and (iii) the development of ceftazidime/avibactam-resistant strains dur
ing hospitalization.

Inclusion/exclusion criteria
Inclusion criteria were: (i)  ≥ 1 positive BC for KPC-Kp in adult patients be
tween October 2018 and March 2021; and (ii) the receipt of IV treatment 
with ceftazidime/avibactam for at least 48 h.

Exclusion criteria were: (i) not receiving ceftazidime/avibactam for the 
treatment of KPC-Kp BSI; (ii) ceftazidime/avibactam duration of treat
ment <48 h; (iii) BSI due to carbapenem-resistant Kp other than a KPC 
producer (i.e. OXA, MBL producers); (iv) polymicrobial BSI, with the excep
tion of CoNS isolation, which has been considered as contamination; (v) 
patients treated with ceftazidime/avibactam ± other if the pathogen 
was tested susceptible to the companion drug; and (vi) no availability 
of clinical and microbiological data.

Data collection
The following information was reviewed: demographics, burden of co
morbidities (expressed as CCI),15 clinical and laboratory findings, ICU ad
mission, source of infection, severity of infection (expressed by means of 
ICS),16 microbiological data (including availability of fosfomycin suscepti
bility testing), antibiotic regimens (ceftazidime/avibactam + fosfomycin 
versus ceftazidime/avibactam ± other), dosage of fosfomycin, therapeut
ic appropriateness, development of ceftazidime/avibactam resistance, 
clinical cure, 7, 14, 30 day mortality, recurrence of BSI KPC-Kp, develop
ment of new, non-bacteraemic KPC-Kp infections, development of sec
ondary infections and duration of hospital stay after BSI onset.

Definitions
Infections were defined according to the standard definitions of the 
ECDC.17 KPC-Kp BSI was defined when KPC-Kp was isolated from BCs in 
the presence of clinical signs of infection and BSI onset was defined as 
the date of collection of the index BC.

The likely or ascertained source of infection was indicated by the at
tending physician or by the Infectious Diseases consultant in the medical 
record and defined in accordance with guidelines.17,18 Primary BSI was 
defined as BSI occurring in patients without a recognized source of infec
tion. Central line-related BSI (CLRBSI) was defined if the semiquantitative 
culture of the catheter tip was positive for the same KPC-Kp isolated from 
the blood.19

The burden of underlying comorbidities was evaluated by means of 
CCI.15 Immunosuppression was defined as either steroid therapy with 
prednisone (or its equivalent) at a dose >0.5 mg/kg/day for at least 
1 month or the receipt of chemotherapy, TNF-α inhibitors, cyclophospha
mide, azathioprine, methotrexate or mycophenolate mofetil in the previ
ous 90 days.

Infections were classified as hospital acquired if the index BC had been 
collected >48 h after hospital admission and no signs or symptoms of in
fection had been noted at admission. Healthcare-associated BSIs were 
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defined if positive BCs were obtained at hospital admission or within 48 h 
from admission and if the patient had attended a hospital or a haemodi
alysis centre, was hospitalized in an acute care hospital for ≥2 days in the 
previous 90 days or was a resident in a nursing home or long-term care 
facility.20

Severity of infection was determined by using ICS calculated at the 
time of infection onset.16 Pitt bacteraemia score was also calculated for 
each patient.21 Sepsis and septic shock were defined in accordance 
with the SEPSIS-3 criteria.22

Antimicrobial treatment evaluation
Patients were evaluated by Infectious Diseases consultants referring to a 
well-established consultation system at Policlinico Umberto I, Sapienza 
University of Rome23,24 and at ISMETT-IRCCS of Palermo.

Early (within 24 h) in vitro active therapy was classified as appropriate 
if at least one administered antibiotic exhibited in vitro activity, according 
to the breakpoints established by EUCAST.1,25

Definitive antibiotic therapy (defined as the definitive antimicrobial 
treatment administered after the availability of susceptibility results) 
was considered appropriate if KPC-Kp was susceptible to ceftazidime/avi
bactam and ceftazidime/avibactam was administered within 48–72 h 
from the index BC collection.

Early (within 48–72 h) clinical improvement was defined as at least 
one of the following: weaning from vasopressors; fever disappearance 
>48 h; procalcitonin reduction by >80%;26 and C-reactive protein reduc
tion by >75%.27

Clinical cure was defined as clinical response to treatment with reso
lution of symptoms/signs of the infection upon discontinuation of 
antimicrobials.6

Microbiological response was defined as the negativity of follow-up 
blood cultures (FUBCs) (when performed) under treatment with ceftazi
dime/avibactam at three different timepoints (72 h and 7 and 14 days 
from BSI onset).

KPC-Kp BSI recurrence was defined as the onset of a second microbio
logically documented KPC-Kp BSI in the 30 days after the end of treat
ment in a patient who had previously achieved clinical cure and 
microbiological response.

New, non-bacteraemic KPC-Kp infection was considered as isolation 
of KPC-Kp causing infections other than BSI in the 30 days after the end 
of treatment after achieving clinical cure (defined as above).

Secondary infection was defined as an infection [i.e. urinary tract in
fection (UTI), pneumonia, bacteraemia, candidaemia] caused by a micro
organism other than KPC-Kp in the 30 days after the start of treatment.

Emergence of a ceftazidime/avibactam-resistant isolate was defined 
as the occurrence of a KPC-Kp strain exhibiting in vitro resistance to cef
tazidime/avibactam, according to the EUCAST breakpoints.25

All-cause mortality was re-collected at 7, 14 and 30 days from BSI 
onset.

Mortality was considered related to secondary infections if the cause 
of death was considered to be the secondary infections and no other con
ditions; for instance, the subject died with BSI other than KPC-Kp and/or 
candidaemia.

Length of stay from BSI onset was considered as the number of days 
from the date of BSI to the date of discharge or death.

Microbiology
According to routine the Hospitals’ Microbiology Laboratory protocol im
plemented to speed up the diagnostic procedures, bacterial pellets ob
tained from positive BCs were used for bacterial identification by 
MALDI-TOF MS (Bruker Daltonics). Subsequent molecular analysis for 
the search of the blaKPC gene was performed by the GeneXpert® 

System (Cepheid). Antimicrobial susceptibility testing was performed 
with the VITEK 2 automated system (bioMérieux, Marcy l’Étoile, France) 

or the Sensititre™ system (Thermo Fisher Scientific). The determination 
of fosfomycin susceptibility, when available for the clinicians, was per
formed with MicroScan panels that use the broth dilution method, offi
cially not suitable for drug categorization. Indeed, no categorization 
was provided by the laboratory in the final report for the clinicians.

Statistical analysis
The data, unless otherwise stated, were given as medians with IQRs for 
continuous variables and as simple frequencies, proportions and percen
tages for categorical variables. Mann–Whitney test was used for unpaired 
samples. Dichotomous variables were compared using Fisher’s exact 
tests or chi-squared test statistics, as appropriate. Survival was analysed 
by Kaplan–Meier curves and the statistical significance of the differences 
between the two groups was assessed using the log-rank test. 
Multivariable Cox regression model was performed to tease out the inde
pendent predictors for 30 day mortality. Multivariate analysis was con
structed using a forward stepwise procedure, entering all variables 
deemed clinically significant. P value analyses were two-sided and a P va
lue of less than 0.05 was considered statistically significant. All statistical 
analyses were performed with STATA/IC (StataCorp, version 15) or 
Statistical Program for the Social Sciences (SPSS, version 22, SPSS Inc., 
Chicago, IL, USA) software packages.

Ethics
The study was approved by the local Ethical Committees (no. 0069/2022); 
informed consent was waived due to the retrospective nature of the re
search. The study was conducted according to the guidelines of the 
Declaration of Helsinki.

Results
Our search retrieved 341 subjects hospitalized in Policlinico 
Umberto I and at ISMETT-IRCCS during the study period and 
with demonstrated growth of KPC-Kp from at least one BC sam
ple. Thirty-one were excluded due to the lack of essential clinical 
and therapeutic data, while 89 were excluded according to exclu
sion criteria: 62 had a polymicrobial BSI, 19 were prescribed cef
tazidime/avibactam for a Kp BSI using a non-KPC mechanism and 
8 died in the first 48 h of treatment. Finally, 221 patients were in
cluded in the analysis. Sixty-one of them had received treatment 
with ceftazidime/avibactam + fosfomycin and thus were all 1:1 
matched with 61 who received ceftazidime/avibactam mono
therapy or ceftazidime/avibactam with a non-active companion 
drug different from fosfomycin (ceftazidime/avibactam ± other) 
according to the match criteria. The remaining 99 could not be 
matched and were further excluded from the matched cohort 
study (Figure 1).

Whole-population analysis
Descriptive analysis of the whole population (n = 122) is reported 
in Table 1. Median age was 68 years and male gender accounted 
for 68.9%; almost one-third of the population (29.5%) was hospi
talized in the ICU at the time of index BC collection and 79.5% 
had previously known rectal colonization by KPC-Kp.

Primary bacteraemia accounted for 34 episodes (27.9%), UTIs 
for 36 (29.5%), lower respiratory tract for 22 (18.0%), including 14 
(63.6%) ventilator-associated pneumonia (VAP), whereas an 
intra-abdominal source was identified in 26 (21.3%) and a 
CLRBSI in 4 (3.3%).
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The initiation of empirical therapy generally coincided with the 
collection of BCs (median time lag of 0 days), but only 43.4% of 
empirical regimens could be classified as appropriate according 
to study protocol. Definitive treatment was considered appropri
ate in 92.6% and continued for a median of 14 days.

Ceftazidime/avibactam + fosfomycin and the combination of 
ceftazidime/avibactam with meropenem were the most fre
quently prescribed regimens for KPC-Kp BSI, followed by ceftazi
dime/avibactam monotherapy (10.7%) and ceftazidime/ 
avibactam with another companion drug (6.5%).

As for the outcomes (Table 2), early improvement was found 
in 80.3% of the patients and clinical cure was obtained by 
68.0%. Recurrence of KPC-Kp BSI occurred in 10 individuals 
(8.2%); likewise, a new non-bacteraemic KPC-Kp infection was 
detected in 13 (10.7%), mainly represented by urinary catheter- 
associated infections. In the setting of BSI recurrence or new 
non-bacteraemic infection, the offending KPC-Kp revealed an in
creased MIC of ceftazidime/avibactam compared with the initial 
isolate in six patients (4.9%); in two of them the microorganism 
achieved clear resistance (MIC = 16 mg/L) to ceftazidime/ 
avibactam.25

Secondary infections occurred in 42 patients (34.4%) after a 
median time of 12 days. Out of these, 17 (40.5%) were bacter
aemia and 10 (23.8%) were candidaemia.

All-cause mortality at 7, 14 and 30 days from BSI onset was 
4.9% (6/122), 9.0% (11/122) and 16.4% (20/122), respectively. 
The median length of stay from index BCs collection was 

29 days. The death of eight individuals (6.6%) was considered at
tributable to the secondary infections.

Matched cohort analysis
The 61 patients who received ceftazidime/avibactam +  
fosfomycin (cases) were compared with 61 subjects who 
were treated with ceftazidime/avibactam monotherapy or 
ceftazidime/avibactam associated with in vitro non-active 
drugs different from fosfomycin (ceftazidime/avibactam ±  
other, controls), after being paired according to match criteria 
(Table 1). There was no difference in the timing from BC col
lection to start of empirical therapy. Prolonged ceftazidime/ 
avibactam infusion and early active therapy prescription 
were significantly more applied to ceftazidime/avibactam +  
fosfomycin patients, although the latter without statistical 
significance.

Overall, new non-bacteraemic infections from KPC-Kp were 
more frequent among controls (4.9% versus 16.4%, P = 0.039) 
as well as the percentage of secondary infections, albeit not stat
istically significant (27.9% versus 41.0%, P = 0.182). In this regard, 
we found that 45% (18/40) of patients treated with ceftazidime/ 
avibactam + meropenem developed secondary infections and 
that ceftazidime/avibactam + meropenem accounted for the 
majority (18/25, 72%) of secondary infections in the group cef
tazidime/avibactam + other.

Figure 1. Enrolment flowchart. CZA: ceftazidime/avibactam; FOF: fosfomycin. *, ‘other’ includes CZA monotherapy and CZA associated with one anti
biotic among gentamicin, tigecycline or colistin.
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Table 1. Characteristics of the matched cohort population

Variables Matched population (N = 122)

Cases and controlsa

Cases (N = 61) Controls (N = 61) P value

Gender male, n (%) 84 (68.9) 44 (72.1) 40 (65.6) 0.558
Age, years, median (IQR) 68.0 (57.0–78.0) 67.0 (56.0–77.5) 69.0 (58.5–79.0) 0.603
ICU, n (%) 36 (29.5) 18 (29.5) 18 (29.5) 1.0
SARS-CoV-2 coinfection, n (%) 9 (7.4) 5 (8.2) 4 (6.6) 1.0
CCI, median (IQR) 6 (5–9) 6 (4–9) 6 (5–9) 0.730
CCI ≥ 3, n (%) 106 (86.9) 50 (82.0) 56 (91.8) 0.179
Diabetes, n (%) 31 (25.4) 16 (26.2) 15 (24.6) 1.0
Cerebral and/or cardiovascular disease, n (%) 77 (63.1) 34 (55.7) 43 (70.5) 0.133
COPD, n (%) 38 (31.1) 20 (32.8) 18 (29.5) 0.845
Chronic kidney disease, n (%) 31 (25.4) 15 (24.6) 16 (26.2) 1.0
Pre-admission dialysis, n (%) 4 (3.3) 2 (3.3) 2 (3.3) 1.0
Chronic liver disease, n (%) 17 (13.9) 10 (16.4) 7 (11.5) 0.602
Cancer, n (%) 41 (33.6) 21 (34.4) 20 (32.8) 1.0
Immunosuppression,b n (%) 38 (31.1) 23 (37.7) 15 (24.6) 0.171
Solid organ transplant, n (%) 13 (10.7) 9 (14.8) 4 (6.6) 0.240
Rectal KPC-Kp colonization, n (%) 97 (79.5) 50 (82.0) 47 (77.0) 0.654
Serum lactate (mmol/L), median (IQR) 2.2 (1.5–3.6) 2.0 (1.4–3.5) 2.4 (1.7–4.0) 0.511
C-reactive protein (mg/dL), median (IQR) 10.2 (5.4–17.4) 10.2 (5.6–18.1) 10.5 (4.8–16.3) 0.415
Procalcitonin (ng/dL), median (IQR) 4.5 (0.8–28.9) 3.6 (0.8–28.1) 4.8 (1.0–30.8) 0.595
Continuous renal replacement therapy, n (%) 14 (11.5) 7 (11.5) 7 (11.5) 1.0
Hospital acquired 

Healthcare acquired
101 (82.8) 
21 (17.2)

47 (77.0) 
14 (23.0)

54 (88.5) 
7 (11.5)

0.149

Septic shock, n (%) 25 (20.5) 14 (23.0) 11 (18.0) 0.654
Pitt score, median (IQR) 2.0 (1.0–4.0) 3.0 (2.0–4.0) 2.0 (1.0–4.0) 0.173
ICS, median (IQR) 6 (3–8) 6 (3–8) 6 (3–8) 0.682
ICS ≥ 8, n (%) 39 (32.0) 20 (32.8) 19 (31.1) 1.0
Available FOF MIC 75 (61.5) 29 (47.5) 46 (75.4) 0.003
Source of infection, n (%)

Primary bacteraemia 34 (27.9) 17 (27.9) 17 (27.9) —
CLRBSI 4 (3.3) 2 (3.3) 2 (3.3)
Urinary tract 36 (29.5) 18 (29.5) 18 (29.5)
Intra-abdominal 26 (21.3) 13 (21.3) 13 (21.3)
Lower respiratory tract [including VAP] 22 (18.0) [14 (63.6)] 11 (18.0) [7 (63.6)] 11 (18.0) [7 (63.6)]

CZA MIC, median (IQR) 2 (2–4) 2 (2–4) 2 (2–4) 0.813
Antimicrobial regimens, n (%)

CZA + MEM 40 (32.8) — 40 (65.6) —
CZA + FOF 61 (50.0) 61 (100) —
CZA + otherc 8 (6.5) — 8 (13.1)
CZA monotherapy 13 (10.7) — 13 (21.3)

FOF dose (g/day), median (IQR) — 16 (12–24) — —
FOF dose ≥ 16 g/day, n (%) — 43 (70.5) — —
Early active therapy,d n (%) 53 (43.4) 32 (52.5) 21 (34.4) 0.067
Appropriate definitive therapy,e n (%) 113 (92.6) 56 (91.8) 57 (93.4) 1.0
CZA prolonged infusion, n (%) 52 (42.6) 32 (52.5) 20 (32.8) 0.044
Performed source control,f n (%) 60 (64.8) 25 (60.7) 35 (68.9) 0.168
Duration of definitive treatment, median (IQR) 14 (11–19) 14.0 (11.0–17.0) 15 (11.5–19.5) 0.348

CZA, ceftazidime/avibactam; FOF, fosfomycin; MEM, meropenem. Bold type indicates statistical significance. 
aCases were patients with KPC-Kp BSI receiving CZA + FOF; controls were patients with KPC-Kp BSI receiving CZA alone or in combination with in vitro 
non-active drugs different from FOF (CZA ± other). 
bImmunosuppression was defined as either steroid therapy with prednisone (or its equivalent) at a dose of >0.5 mg/kg/day for at least 1 month or the 
receipt of chemotherapy, TNF-α inhibitors, cyclophosphamide, azathioprine, methotrexate or mycophenolate mofetil in the previous 90 days. 
c‘Other’ includes CZA in association with one antibiotic among gentamicin, tigecycline or colistin. 
dEarly active therapy was classified as appropriate if at least one administered antibiotic exhibited in vitro activity within 24 h. 
eDefinitive antibiotic therapy (defined as the definitive antimicrobial treatment administered after the availability of susceptibility results) was consid
ered appropriate if KPC-Kp was susceptible to CZA, and CZA was administered within 48–72 h from the index BC collection. 
fThe percentage of source control was calculated only on the patients for whom it was considered necessary.
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Although FUBCs performed at 72 h yielded more frequently 
negative results among controls, no difference was detected at 
7 and 14 days (Table 2).

A higher number of deaths attributable to secondary infec
tions in the control group (11.5% versus 1.6%, P = 0.020) was 
also found.

As reported in Figure 2(a), no difference in overall 30 day mor
tality emerged between cases and controls. Differently, controls 

had significantly reduced survival in terms of deaths attributable 
to secondary infections [Figure 2(b)].

Utilization of fosfomycin
Overall, fosfomycin antimicrobial susceptibility was available in 
75 (61.5%) of the matched population (Table 1) and for a signifi
cantly higher percentage in the population that did not receive 

Table 2. Clinical outcomes of the matched population

Variables
Matched population  

(N = 122)

Cases and controlsa

Cases (N = 61) Controls (N = 61) P value

CZA MIC increase [CZA resistance development], n (%) 6 (4.9) [2 (33.0)] 3 (4.9) [0] 3 (4.9) [2 (66.0)] 0.185
Early clinical improvement,b n (%) 98 (80.3) 52 (85.2) 46 (75.4) 0.255
Clinical cure,c n (%) 83 (68.0) 46 (75.4) 37 (60.7) 0.120
KPC-Kp BSI recurrence,d n (%) 10 (8.2) 4 (6.6) 6 (9.8) 0.509
New KPC-Kp infection (BSI excluded),e n (%) 13 (10.7) 3 (4.9) 10 (16.4) 0.039
Source of new KPC-Kp infection, n (%)

Urinary tract 9 (69.2) 3 (100.0) 6 (60.0) 0.332
Intra-abdominal 1 (7.7) 0 1 (10.0)
Lower respiratory tract 2 (15.4) 0 2 (20.0)
Bone and joint 1 (7.7) 0 1 (10.0)

Secondary infections,f n (%) 42 (34.4) 17 (27.9) 25 (41.0) 0.182
Source of secondary infection, n (%)

Urinary tract 6 (14.3) 2 (11.8) 4 (16.0) 0.746
Intra-abdominal 1 (2.4) 0 1 (4.0)
Lower respiratory tract 4 (9.5) 1 (5.9) 3 (12.0)
C. difficile 4 (9.5) 1 (5.9) 3 (12.0)
Bacteraemia 17 (40.5) 9 (52.9) 8 (32.0)
Candidaemia 10 (23.8) 4 (23.5) 6 (24.0)

Negative KPC-Kp FUBCs 72 h after treatment start, n (%) 
[performed in n (%)]

68 (85.0) [80 (65.8)] 33 (76.7) [43 (70.5)] 35 (94.6) [37 (60.7)] 0.026

Negative KPC-Kp FUBCs 7 days after treatment start, n (%) 
[performed in n (%)]

58 (92.1) [63 (51.6)] 30 (88.2) [34 (55.7)] 28 (96.6) [29 (47.5)] 0.224

Negative KPC-Kp FUBCs 14 days after treatment start, n (%) 
[performed in n (%)]

42 (93.3) [45 (36.9)] 25 (96.2) [26 (42.6)] 17 (89.5) [19 (31.2)] 0.375

Cumulative mortality at 7 days from BSI onset, n (%) 6 (4.9) 3 (4.9) 3 (4.9) 1.0
Cumulative mortality at 14 days from BSI onset, n (%) 11 (9.0) 6 (9.8) 5 (8.2) 0.752
Cumulative mortality at 30 days from BSI onset, n (%) 20 (16.4) 9 (14.8) 11 (18.0) 0.807
Overall in-hospital mortality, n (%) 39 (32.0) 20 (32.8) 19 (31.1) 1.0
Death associated to secondary infection (KPC-Kp excluded),  

n (%)
8 (6.6) 1 (1.6) 7 (11.5) 0.020

Length of stay from BSI onset (days), median (IQR) 29 (15–47) 28 (14–48) 29 (16–47) 0.544

CZA, ceftazidime/avibactam. Bold type indicates statistical significance. 
aCases were patients with KPC-Kp BSI receiving CZA + FOF; controls were patients with KPC-Kp BSI receiving CZA alone or in combination with in vitro 
non-active drugs different from FOF (CZA ± other). 
bEarly (within 48–72 h) clinical improvement was defined as at least one of the following: weaning from vasopressors; fever disappearance >48 h; pro
calcitonin reduction by >80%; C-reactive protein reduction by >75%. 
cClinical cure was defined as clinical response to treatment with resolution of symptoms/signs of the infection upon discontinuation of antimicrobials. 
dKPC-Kp BSI recurrence was defined as the onset of a second microbiologically documented KPC-Kp BSI in a patient who had previously achieved clin
ical cure. 
eNew, non-bacteraemic KPC-Kp infection was considered as isolation of KPC-Kp causing infections other than BSI after achieving clinical cure. 
fSecondary infection was defined as an infection (i.e. UTI, pneumonia, bacteraemia, candidaemia) caused by a microorganism other than KPC-Kp in the 
30 days after the start of treatment.
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fosfomycin (P = 0.003). Notably, 52.5% of the ceftazidime/avibac
tam + fosfomycin group members were prescribed fosfomycin 
without fosfomycin susceptibility availability. Of the 61 subjects 
treated with ceftazidime/avibactam + fosfomycin, 70.5% received 
a fosfomycin daily dose ≥16 g and, in general, the 24 g/day 
schedule was the most frequently prescribed (40.9%).

In the ceftazidime/avibactam + fosfomycin group, no 
difference in the final outcome emerged after stratification 
for the availability of fosfomycin susceptibility [Figure 3(a)] 
and for the administration of a fosfomycin dose ≥16 g 
[Figure 3(b)].

Risk factors for 30 day mortality of the matched 
population
Multivariable analysis showed that SARS-CoV-2 coinfection (HR 
3.36, 95% CI 1.04–10.87, P = 0.042) and a high ICS (≥8) (HR 

3.24, 95% CI 1.27–8.22, P = 0.013) independently predicted 
30 day mortality, whereas the appropriateness of definitive ther
apy (HR 0.16, 95% CI 0.04–0.55, P = 0.004) was a protective factor 
(Table 3).

Discussion
We presented a matched cohort analysis of 122 patients affected 
by KPC-Kp BSI who received a ceftazidime/avibactam-based 
therapy, 61 treated with ceftazidime/avibactam + fosfomycin 
and 61 controls receiving ceftazidime/avibactam alone or in 
combination with a non-active companion drug selected through 
match criteria. We found that, although overall 30 day survival 
did not differ between the two groups, patients receiving ceftazi
dime/avibactam + fosfomycin had a lower rate of subsequent 
non-bacteraemic KPC-Kp infections and, albeit not significantly, 
secondary infections than those receiving other ceftazidime/ 

Figure 2. Kaplan–Meier curve for 30 day overall survival (a) and for 30 day secondary infections attributable deaths from (b) from index BC collection in 
the matched population.

Figure 3. (a) Kaplan–Meier curve for 30 day overall mortality from index BC collection in the matched population according to the availability (dashed 
line) or unavailability (solid line) of FOF MIC. (b) Kaplan–Meier curve for 30 day overall mortality from index BC collection in the CZA + FOF population 
according to the administration of a high dose (≥16 g/day, dashed line) or low dose (<16 g/day, solid line) of FOF. CZA, ceftazidime/avibactam; FOF, 
fosfomycin.
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avibactam-based regimens, with a significantly lower mortality 
related to secondary infections than controls. Furthermore, the 
outcome was not influenced by the availability of fosfomycin 
susceptibility.

To date, most of the evidence on ceftazidime/avibactam 
usage comes from the largest currently available post-marketing 
series,6 which included, amongst others, 391 cases of KPC-Kp BSI. 
Compared with the group of Tumbarello et al., we found a similar 
median age of the patients (68 years) and gender distribution, 
with a male predominance (68.9%); on the other hand, our popu
lation was more frequently admitted to the ICU (29.5% versus 
24.5%) and had a higher prevalence of COPD (31.1% versus 
15.6%) and immunodeficiency (31.1% versus 8.2%). If the per
centages of individuals with CCI ≥ 3 (86.9% versus 86.2%) were 
similar, that of patients with ICS ≥ 8 (32.0% versus 27.8%) was 
mildly higher in our series.6

Currently, several systematic reviews and meta-analyses pub
lished in the literature have shown no benefit of combinatory 
treatment over ceftazidime/avibactam monotherapy for KPC-Kp 
infections.7–9 National and international guidelines do not rec
ommend combinations as no conclusive data are available,28,29

while, on the other hand, the risk of increased costs, adverse 
events and Clostridioides difficile infection remains on the prowl. 
Nevertheless, the use in ‘real life’ that appears from observational 

studies seems plainly inconsistent with this evidence, with a clear 
prevalence of combination treatments. Here, ceftazidime/avibac
tam monotherapy was applied in only 10.7% of cases, a lower va
lue than that found by Tumbarello et al. (28.9%). This trend to 
prescribe combination regimens could reflect the increasing fre
quency of isolation of ceftazidime/avibactam-resistant strains,30

which pushes the Infectious Diseases consultants to somehow 
reinforce prescriptions, often directed to severely ill patients. 
Curiously, more than half of controls (65.6%) received the ceftazi
dime/avibactam + meropenem combination. Given the retro
spective nature of the study, it was very difficult to explain the 
exact reason for this choice for all the patients; however, the pos
sible reasons were clinical conditions where a possible risk of cef
tazidime/avibactam underexposure existed or the prevention of 
emergence of KPC variants, a condition which has been widely 
described in our hospital.30

An increase of ceftazidime/avibactam MIC following treat
ment was in fact displayed by six isolates (4.9%) of the matched 
population, with two (1.6%, both in the controls group) achieving 
frank resistance. Zhang et al.31 found 3.7% resistance to ceftazi
dime/avibactam by testing strains collected in China during 2017, 
demonstrating ceftazidime/avibactam resistance pre-existing 
before its commercialization. In 2018, a retrospective study re
ported a 10% emergence of resistance in patients treated with 

Table 3. Analysis of risk factors for 30 day mortality in patients with BSI caused by KPC-Kp

Variables

Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P value

Casesa (versus controls) 0.84 (0.34–2.03) 0.70 0.72 (0.28–1.85) 0.504
Gender male, n (%) 0.844 (0.33–2.11) 0.71 — —
Age ≥ 65 years, median (IQR) 1.43 (0.57–3.60) 0.43 1.14 (0.32–3.94) 0.835
ICU, n (%) 1.96 (0.81–4.73) 0.13 — —
SARS-CoV-2 coinfection, n (%) 3.81 (1.27–11.44) 0.017 3.36 (1.04–10.87) 0.042
CCI ≥ 5 1.24 (0.41–3.72) 0.694 2.34 (0.49–11.12) 0.835
Immunosuppression,b n (%) 1.77 (0.72–4.34) 0.213 — —
Continuous renal replacement therapy, n (%) 3.90 (1.49–10.17) 0.005 — —
Septic shock, n (%) 5.65 (2.34–13.65) <0.0001 — —
Pitt score, median (IQR) 1.25 (1.00–1.55) 0.044 — —
ICS, median (IQR) 1.23 (1.08–1.40) 0.001 — —
ICS ≥ 8, n (%) 3.48 (1.42–8.53) 0.006 3.24 (1.27–8.22) 0.013
Available FOF MIC 0.87 (0.35–2.14) 0.771 — —
FOF dose ≥ 16 g/day, n (%) 0.60 (0.17–2.05) 0.420 — —
Early active therapy,c n (%) 0.72 (0.28–1.82) 0.495 — —
Definitive active therapy,d n (%) 0.30 (0.10–0.90) 0.032 0.16 (0.04–0.55) 0.004
CZA prolonged infusion, n (%) 1.11 (0.46–2.67) 0.816 — —
Source of infection (UTI versus others) 0.24 (0.05–1.06) 0.062 0.26 (0.05–1.27) 0.098
Source control, n (%) 1.08 (0.56–2.07) 0.806 — —

CZA, ceftazidime/avibactam; FOF, fosfomycin. Bold type indicates statistical significance. 
aCases were patients with KPC-Kp BSI receiving CZA + FOF; controls were patients with KPC-Kp BSI receiving CZA alone or in combination with in vitro 
non-active drugs different from FOF (CZA ± other). 
bImmunosuppression was defined as either steroid therapy with prednisone (or its equivalent) at a dose of >0.5 mg/kg/day for at least 1 month or the 
receipt of chemotherapy, TNF-α inhibitors, cyclophosphamide, azathioprine, methotrexate or mycophenolate mofetil in the previous 90 days. 
cEarly active therapy was classified as appropriate if at least one administered antibiotic exhibited in vitro activity within 24 h. 
dDefinitive antibiotic therapy was considered appropriate if KPC-Kp was susceptible to CZA and CZA was administered within 48–72 h from index BC 
collection.
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ceftazidime/avibactam,3 while more recent studies showed an 
incidence of 3.6%.6 We identified a BSI recurrence rate slightly 
lower than those previously reported (8.2% versus 10.7%).6

The overall 30 day mortality was 16.4% in the matched popu
lation, lower than that reported by Tumbarello et al.6 (26.3%) and 
Zheng et al.10 (24.4% in the combination arm). This difference 
could be speculatively explained by the higher prevalence of 
UTIs in our series, which represented almost one third of cases. 
Indeed, urinary tract-related BSIs were more frequent in survi
vors than in non-survivors, although at the multivariate analysis 
it showed only a trend towards having a protective role.

Although the 30 day mortality did not differ between cases 
and controls, we could show a possible advantage of the ceftazi
dime/avibactam + fosfomycin combination in terms of reduced 
new non-bacteraemic KPC-Kp infections, which were mostly re
presented by UTIs (63.2%). Therefore, also taking into account 
that the source of KPC-Kp BSI was predominantly the urinary 
tract and considering the high level of fosfomycin concentration 
in the urine,32 we could consider that patients with KPC-Kp BSI 
originating from the urinary tract may benefit more from the 
addition of fosfomycin to ceftazidime/avibactam. We believe 
that additional studies are needed in order to investigate the po
tential benefit of adding fosfomycin in KPC-Kp BSIs other than 
those originating from the urinary tract.

FUBCs tested positive in a larger proportion of cases when per
formed at 72 h; this difference was not maintained at the subse
quent 7 and 14 days follow-up. Although it is possible that the 
ceftazidime/avibactam + fosfomycin combination has a slower 
bactericidal power than the preponderant alternative combin
ation of ceftazidime/avibactam + meropenem, it must also be 
considered a possible bias related to the fact that FUBCs were 
performed more often among cases at all timepoints.

We showed that mortality was independently associated with 
BSI severity, expressed by high ICS, thus confirming its firm pre
dictive power.33 Although representing only a small part of the 
entire matched population, the strong effect of SARS-CoV-2 con
current infection on mortality was also evident.34

One of our most interesting findings regarded the relation be
tween fosfomycin prescription modality and fosfomycin suscep
tibility availability. In fact, we could demonstrate that in more 
than half of cases (52.5%) fosfomycin was prescribed without 
susceptibility reports availability and that, despite this, patients 
treated with ceftazidime/avibactam + fosfomycin did not suffer 
a worse outcome compared with others. This finding has import
ant clinical implications, since the gold standard for fosfomycin 
susceptibility, the agar diffusion method, is time-consuming 
and therefore cannot be routinely implemented in clinical prac
tice, while different susceptibility assessment methods demon
strated poor performance.35,36 Indeed, we were aware that the 
used method did not provide accurate results owing to unaccept
able major error (ME) and very major error (VME) percentages 
even when performed as intended by the guidelines;35 accord
ingly, no categorization was provided by the laboratory in the fi
nal report for the clinicians.

The development of bacterial and fungal secondary infections 
was lower, albeit not significantly, in cases than in controls 
(27.9% versus 41.0%, respectively); however, when we looked 
more in depth, we found that 45% (18/40) of patients treated 
with ceftazidime/avibactam + meropenem developed secondary 

infections and that ceftazidime/avibactam + meropenem ac
counted for the majority (72%) of secondary infections in the cef
tazidime/avibactam + other group. These interesting results, 
together with the observed favourable effect on mortality related 
to secondary infections, could be explained considering the lower 
ecological impact of fosfomycin compared with other ceftazi
dime/avibactam ‘companion drugs’, in particular the most fre
quently prescribed, meropenem. In the systematic review by 
Zimmerman et al.37 on gut microbiota, fosfomycin caused a re
duction of Enterococcus species and an increase of 
Enterobacterales, without any impact on anaerobic and fungal 
compartments. The bacterial abundance returned to pre- 
antibiotic values in 12–14 days after the end of treatment. 
Differently, the administration of carbapenems caused a reduc
tion of Enterobacterales, an increase of Enterococcus, a signifi
cant decrease of anaerobic species and an increase of Candida 
species. These alterations take 28 days to recover.37 In addition, 
an antimicrobial treatment with anti-anaerobic activity has been 
recognized as a risk factor for candidaemia.38,39 The administra
tion of meropenem, in particular, was associated with loss of mi
crobial diversity in the gut microbiota, greater than for other 
anti-anaerobic antibiotics such as piperacillin/tazobactam.40

Furthermore, meropenem administration was in some cases dir
ectly associated with subsequent candidaemia.41,42

This study undoubtedly has some limitations, mainly re
lated to the retrospective nature of data collection. 
Furthermore, the sample size was limited and allowed us 
to conduct a match analysis of only a part of the popula
tion. A design-specific limitation was the choice to include 
patients treated with both ceftazidime/avibactam mono
therapy and ceftazidime/avibactam with non-fosfomycin 
combination therapy, although these groups did not differ 
according to the match criteria; nevertheless, to overcome 
this bias we excluded from the final analysis those patients 
treated with a companion drug active towards the isolated 
KPC-Kp. Furthermore, we are aware that a sample of such 
patients may be biased toward clinical success and immor
tal time bias may also be present, as patients need to sur
vive long enough to receive fosfomycin.43

In addition, we could not perform the gold standard method 
for fosfomycin susceptibility and, accordingly, we could not 
evaluate the association of fosfomycin MIC with the outcome. 
Nevertheless, this was not the primary aim of the study; rather, 
we aimed to correlate the mode of fosfomycin prescription 
with the availability of in vitro susceptibility testing, irrespective 
of the MIC values that were present in the final microbiology re
port. A possible source of error may have been represented by 
the occurrence of the SARS-CoV-2 pandemic in Italy, which intro
duced a relevant comorbidity in the middle of the observation 
period and impacted at an organizational level on the manage
ment of MDR pathogens.

Despite these limitations, our study gives important insights 
into the treatment of KPC-Kp BSI by (i) confirming the low usage 
of ceftazidime/avibactam in monotherapy in the real-life setting; 
(ii) showing no difference in mortality between ceftazidime/avi
bactam + fosfomycin and other combinations; and (iii) highlighting 
the possible ecological advantage of ceftazidime/avibactam + fos
fomycin over other treatment choices, with obvious consequences 
in terms of antimicrobial stewardship programmes.
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Conclusions
Our data show that fosfomycin was used in the treatment of 
KPC-Kp BSI independently from having its susceptibility testing 
available. Although no difference was found in 30 day overall 
mortality, the matched cohort study detected a lower rate of 
new, non-bacteraemic KPC-Kp infections and of secondary 
infection-related death in the ceftazidime/avibactam + fosfomy
cin group. This study describes treatment and outcomes of ‘real 
life’ patients hospitalized with KPC-Kp BSI in two hospitals with 
large catchment areas. Nevertheless, these data need a pro
spective reassessment that could confirm fosfomycin as a valid 
‘carbapenem sparing’ alternative in the increasingly complex 
fight against MDR pathogens.
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