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a b s t r a c t 

Background: Ceftobiprole is approved in Europe for treatment of community-acquired pneumonia and 

non-ventilator-associated hospital-acquired pneumonia (HAP) in adults. Real-world data are limited. 

Methods: This multi-centre, observational, ambispective investigator-initiated study was undertaken in 

Italy from January 2018 to December 2019 in order to evaluate the use of ceftobiprole in a real-world 

setting. 

Results: Overall, 195 patients from 10 centres were evaluated (68% retrospectively). Male sex was preva- 

lent ( n = 121, 62%). Median age was 67 [interquartile range (IQR) 53–75] years. Median Charlson Comor- 

bidity Index score was 5 (IQR 3–7). The most common indication was pneumonia (151/195, 77%), espe- 

cially HAP. Other uses were skin and soft tissue infections (5%), endocarditis (4%) and bone infections 

(4%). Ceftobiprole was usually an empiric choice (65%), in combination with other drugs (66%) and as 

second-line therapy (58%). A causative agent was found in 39% of cases. A diagnosis of sepsis was made 

in 59 cases (30%). Success in the clinically evaluable population (excluding 12 cases due to isolation of 

pathogens outside ceftobiprole’s spectrum of activity) was obtained in 79% of cases, with all-cause mor- 

tality of 20%. On multi-level analysis, three predictors were positively associated with clinical success: 
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. Introduction 

Ceftobiprole, the active form of the water-soluble prodrug 

eftobiprole medocaril, is a fifth-generation cephalosporin that 

s approved for community-acquired pneumonia (CAP) and non- 

entilator-associated hospital-acquired pneumonia (HAP) [1] . It 

an bind to and inhibit several penicillin binding proteins (PBPs) 

hat confer resistance or reduced susceptibility to conventional 

-lactams, including PBP2a of methicillin-resistant Staphylococcus 

ureus (MRSA) and PBP2x of penicillin-resistant pneumococci [2] . 

eftobiprole has a broad spectrum of antimicrobial activity, cov- 

ring difficult-to-treat Gram-positive bacteria, such as resistant 

taphylococci and pneumococci [2] , but also most Enterobacterales 

nd Pseudomonas aeruginosa . Ceftobiprole is stable towards chro- 

osomal AmpC-type β-lactamases [2] . 

Ceftobiprole exhibits high bactericidal and anti-biofilm activity 

n vitro and in animal models; synergy has been demonstrated 

ith several antibiotics; and it is well tolerated, mirroring the typ- 

cal safety profile of β-lactams [3] . All these features render cefto- 

iprole an attractive option for the treatment of many types of in- 

ection beyond the approved indications, either as monotherapy or 

n combination with other drugs [4] . 

Although real-world experiences with ceftobiprole have been 

ublished, these are limited to single-centre studies [5 , 6] or small 

egistries [7] , translating into a paucity of data regarding the ef- 

cacy and safety of the drug in the framework of real-world evi- 

ence. 

As such, this multi-centre study was undertaken in Italy to re- 

ort the characteristics of the clinical use of ceftobiprole, describ- 

ng the outcome of patients receiving the drug. 

. Methods 

.1. Description of the study: design and setting 

This multi-centre, observational, ambispective study was con- 

ucted across 10 hospital centres in Italy over 2 years. Specifi- 

ally, the study included a retrospective cohort comprising all pa- 

ients who received ceftobiprole between January 2018 and De- 

ember 2018, and a prospective cohort of patients who received 

eftobiprole during the 12 months after study initiation (1 Jan- 

ary 2019) in the participating hospitals. A 1-month follow-up was 

lanned to collect both retrospective and prospective data on clin- 

cal management and outcome of patients who received ceftobip- 

ole alone or in combination with other antimicrobials. The 1- 

onth follow-up went beyond the limit of enrolment if the time of 

nrolment occurred close to the deadline for both the retrospective 

nd prospective cohorts. Patients were treated according to stan- 

ard hospital practice. The decision to use ceftobiprole was at the 

hysician’s discretion and was made before study inclusion. 

.2. Inclusion and exclusion criteria 

The main inclusion criteria were adult patients undergoing a 

ourse of therapy with ceftobiprole (at least three doses) during 

he study periods. Reasons for exclusion were: lack of informed 
2

tection of causal agent. Sepsis was a negative predictor. Nine factors were

rably or unfavourably, with fatal outcome. 

safe and effective therapeutic choice, even in a real-world setting. More

 efficacy in patients with sepsis. 

© 2023 The Authors. Published by Elsevier Ltd. 
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onsent (prospective cohort); and incomplete medical charts or 

on-provision of data to assess the outcome (retrospective cohort). 

.3. General definitions and outcomes 

Infections requiring treatment based on ceftobiprole were de- 

ned according to the updated terminology provided by the Na- 

ional Healthcare Safety Network Patient Safety Component Man- 

al [8] . The main indications were CAP, HAP, bloodstream infection 

BSI), skin and soft tissue infection (SSTI) and endocarditis. Infec- 

ions were further categorized as follows [9 , 10] : 

• nosocomial, if onset ≥48 h after admission; 

• healthcare-associated, if not nosocomial but at least one of the 

following conditions was fulfilled: admission to an acute care 

facility within 90 days of the infective episode, residence in a 

nursing home or rehabilitation facility in the preceding 30 days, 

receipt of renal replacement therapy in the preceding 30 days, 

or receipt of wound care or specialized nursing care in an out- 

patient setting or at home in the preceding 30 days; and 

• Community-acquired, if neither nosocomial nor healthcare- 

associated. 

The severity of patients’ clinical condition was assessed using 

he Sepsis-3 criteria in order to establish if the patient had sepsis 

r septic shock [11] . The burden of comorbidities was evaluated 

sing the Charlson Comorbidity Index (CCI) [12] . Chronic kidney 

isease as a baseline condition was defined according to KDIGO 

Kidney Disease: Improving Global Outcomes) criteria [13] . 

Ceftobiprole administration without microbiological data was 

eemed empiric therapy, and treatment initiated on the basis of 

icrobiological data was deemed targeted treatment [14] . Cefto- 

iprole administered as stand-alone treatment was considered 

onotherapy, and ceftobiprole given in conjunction with other 

gents was defined as combination therapy. Ceftobiprole used as 

nitial treatment was defined as first-line therapy, and treatment 

nstituted later was considered as rescue therapy. 

If susceptibility testing in a patient on empiric ceftobiprole 

herapy showed susceptible strains alone, treatment was deemed 

icrobiologically appropriate. Susceptibility to the drug was eval- 

ated according to the indications provided by the European Com- 

ittee on Antimicrobial Susceptibility Testing. 

Primarily, this study had a qualitative outcome, namely de- 

cription of the real-world use of ceftobiprole: clinical indications, 

onotherapy vs combination therapy, empiric vs targeted therapy, 

nd first-line vs rescue therapy. 

The primary quantitative outcomes were clinical success, being 

 composite of clinical cure, improvement or de-escalation feasibil- 

ty in the framework of a 30-day follow-up (where day 1 was the 

rst day of ceftobiprole treatment); and all-cause mortality. Sec- 

ndary outcomes were attributable mortality, microbiological cure, 

ecurrence, toxicity and incidence of Clostridioides difficile infection 

CDI). Outcomes were assessed by site investigators. 

Clinical cure was defined as a composite endpoint including 

linical resolution (disappearance of signs and symptoms, normal- 

zation of laboratory parameters) with no further need for antibi- 

tic, clinical improvement (reduction of signs and symptoms in- 

ensity, amelioration of laboratory parameters), or clinical improve- 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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ent with concurrent finding of a causative agent allowing for 

e-escalation to a narrower-spectrum agent (possibly through the 

ral route) [15] . Treatment failure was defined as where the index 

nfection required a change in antibacterial therapy due to docu- 

ented lack of clinical response or need for therapy escalation, or 

f premature drug discontinuation was required due to safety is- 

ues. All-cause mortality was a composite outcome of 30-day and 

npatient all-cause mortality. Patients who were discharged before 

0 days were deemed survivors without other information, as were 

hose who died in hospital after 30 days (patients who were dis- 

harged before 30 days, re-admitted, and died within 30 days of 

he infection were included as negative outcomes). Mortality at- 

ributable to infection was where site investigators assessed that 

he patient would not have died in the absence of infection. Mi- 

robiological eradication was defined as absence of the pathogen(s) 

rom follow-up samples taken from the original site of infection. 

nfection relapse was defined as recurrence of infection with the 

ame pathogen at the same site within the pre-established follow- 

p period after ceftobiprole discontinuation. Toxicity was defined 

ccording to international standard terminology [16] , and CDI was 

iagnosed according to standard criteria [17] . 

Notably, as far as the primary quantitative outcomes were con- 

erned, analysis focused on the clinically evaluable (CE) population, 

xcluding patients whose infections were due to pathogens out- 

ide ceftobiprole’s spectrum of activity (e.g. nosocomial pneumonia 

aused by carbapenemase-producing Enterobacterales). Drug safety 

as assessed in all included patients. 

.4. Data collection 

Anonymized demographic and clinical information was col- 

ected using REDCap (Research Electronic Data Capture), a secure, 

eb-based application conceived to support data gathering for re- 

earch studies [18] . An electronic case report form was used to col- 

ect data. 

Demographic data pertaining to age, sex and body mass index 

ere collected. Admission dates, reasons for hospitalization, and 

ards where ceftobiprole was started were recorded. Recent histo- 

ies of patients (in the 90 days preceding admission) were also col- 

ected, including previous hospitalizations, surgery, and endoscopy 

r dialysis within that period. The CCI score was calculated for all 

atients, defining the presence of each comorbidity (neurological 

isease, diabetes mellitus, cardiovascular disease, respiratory dis- 

ase, neoplasia, liver disease, kidney disease) in detail. Other rele- 

ant data at baseline were renal function, presence/absence of neu- 

ropenia, sepsis/septic shock, mechanical ventilation, and presence 

f central venous catheter. 

Infection characteristics, including microbiological findings if 

resent, and details of prior antibiotic treatments were collected. 

eftobiprole treatment data related to dose, frequency, duration, 

ndication at treatment initiation, targeted or empiric prescription, 

rst-line or rescue therapy (with reason for switching), and pres- 

nce of a companion antibiotic were gathered. 

.5. Statistical analysis 

As the main goal of the study was to describe the clinical use of 

eftobiprole in a real-world setting, a predefined sample size was 

ot required. 

Descriptive summary data were expressed as count and per- 

entage for categorical variables, and median [interquartile range 

IQR)] for continuous variables. 

Predefined key demographic and clinical variables were first 

ested for their association with the two primary outcomes in uni- 

ariable logistic regression models. 
3

Factors potentially associated with the two main outcomes of 

nterest on univariable analysis ( P < 0.10) were included in a multi- 

ariable, generalized, linear mixed model (defined as Model A, 

ith centre as a random effect and logit as the link function). 

ulti-level modelling has the advantage of better partitioning 

ources of variation between levels (e.g. patient level vs hospital 

evel) [19] . 

As sensitivity analysis, all variables included in Model A were 

lso tested for their association with the primary outcomes in an 

dditional traditional multi-variable regression model (Model B). 

iscrimination of the model was expressed as the area under the 

eceiver-operating curve for a logistic model or the equivalent c- 

ndex in a survival model. A c-index of 0.5 represents no discrim- 

native ability, whereas a c-index of 1.0 indicates perfect discrimi- 

ation [20] . 

Variable selection was implemented in a backward stepwise 

ashion. All significant variables identified on univariate analysis 

ere screened for multi-collinearity. The variance inflation factor 

VIF) was calculated to control the influence of collinearity. A lack 

f multi-collinearity was assumed if all variables had VIF < 2. Due 

o the collinearity between invasive sepsis and septic shock, only 

he variable ‘sepsis’ was used in the multi-variable model, because 

he occurrence of sepsis was more common, and sepsis is the pre- 

equisite of septic shock. 

Adjusted odds ratios (aOR) and their 95% confidence intervals 

CI) based on these regression models have been reported as ap- 

ropriate. Two-tailed P -values < 0.05 were considered to indicate 

ignificance. 

As post-hoc analysis, a comparison was conducted between pa- 

ients receiving ceftobiprole as monotherapy and patients receiving 

eftobiprole in a combination regimen. Given predictable differ- 

nces regarding characteristics between these two groups, inverse 

robability of treatment weighting (IPTW) was applied to control 

or confounding [21] . The propensity score, defined as the con- 

itional probability of monotherapy compared with combination 

egimens based on ceftobiprole, was estimated using a multi-level 

andom-effects model in the context of multi-level data [22] , with 

eftobiprole monotherapy as the dependent variable and the base- 

ine key features related to the therapeutic choice (monotherapy 

r not) and to the outcomes (clinical success and all-cause mor- 

ality) in the two groups as covariates. Features of the propensity 

core model, including their component variables and their respec- 

ive weights, are presented in Table S1 (see online supplementary 

aterial). The so-called ‘common support’, namely the overlap in 

he range of propensity scores across groups, was assessed sub- 

ectively through a density plot (Fig. S1, see online supplementary 

aterial). The balance of covariates after weighting is depicted in 

ig. S2 (see online supplementary material) by plotting the stan- 

ardized mean differences of all covariates, and setting values > 0.1 

s a threshold for declaring imbalance [23] . A clustered-weighted 

stimator was used to obtain the average treatment effect [24] . 

All the analyses were carried out using R Version 4.1.0 (R Foun- 

ation for Statistical Computing, Vienna, Austria) with packages 

uch as ‘finalfit’, ‘lme4’, ‘survey’ and ‘twang’. 

.6. Ethics 

This study was conducted in compliance with the Declaration 

f Helsinki and the principles of good clinical practice. The collec- 

ion of anonymized data was approved by the Ethics Committee 

f the University of Naples ‘Federico II’ at the coordinating inves- 

igator’s study centre which signed the study protocol (Record No. 

97-2018). 
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Table 1 

Description of the main demographic and baseline characteristics of the study population. 

Variable of interest No. of patients n = 195 (100%) 

Demographics 

Male gender 121 (62%) 

Age in years, median (IQR) 67 (53-75) 

Comorbidities 

Heart failure 41 (21%) 

COPD 52 (27%) 

Liver disease 31 (16%) 

Diabetes mellitus 50 (26%) 

Kidney disease 44 (23%) 

Solid cancer 41 (21%) 

Haematological malignancy 27 (14%) 

Charlson Comorbidity Index score, median (IQR) 5 (3-7) 

Previous healthcare exposure ( < 90 days) 

Surgery 72 (37%) 

Dialysis 12 (6%) 

Endoscopy 33 (17%) 

Hospitalization 78 (40%) 

ICU stay 56 (28%) 

Antimicrobial administration 124 (64%) 

Features at the time of ceftobiprole prescription 

CVC presence 95 (49%) 

Severe neutropenia ( < 500 neutrophils/μL) 14 (7%) 

Dialysis 18 (9%) 

ICU stay 26 (13%) 

Mechanical ventilation 21 (11%) 

Sepsis 59 (30%) 

Septic shock 17 (9%) 

Clinical indication for ceftobiprole prescription (sum is higher than 195 as patients could have more than one infectious syndrome at the same time) 

Pneumonia 151 (74%) 

BSI 37 (19%) 

SSTI 9 (5%) 

Endocarditis 7 (4%) 

Bone infection 7 (4%) 

Other 9 (5%) 

Epidemiology of infectious process 

Communitarian 41 (21%) 

Healthcare-associated 17 (9%) 

Nosocomial 137 (70%) 

Features of ceftobiprole prescription 

Empiric 127 (65%) 

Empiric with subsequent confirmation as targeted 6 (3%) 

Targeted 62 (32%) 

First-line 78 (40%) 

Renally adjusted dose 54 (28%) 

Duration, median (IQR) 10 (7-14) 

Dose modification 8 (4%) 

Monotherapy 66 (34%) 

Microbiological findings 

Identification of a causative agent 76 (39%) 

If causal agent identified, monomicrobial infection 57/76 (75%) 

If causal agent identified, MRSA involvement 29/76 (38%) 

If causal agent identified, MRNAS involvement 16/76 (21%) 

BSI, bloodstream infection; COPD, chronic obstructive pulmonary disease; CVC, central venous catheter; ICU, intensive care unit; IQR, interquartile 

range; MRNSA, methicillin-resistant non- aureus staphylococci; MRSA, methicillin-resistant Staphylococcus aureus ; SSTI, skin and soft tissue infection. 

Results are reported as n (%) unless otherwise specified. 
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. Results 

Overall, 195 patients were included, among whom an evaluable 

linical endpoint was attained in 182 patients (CE population). In 

etail, patients were enrolled in 10 Italian centres. Data were col- 

ected retrospectively for the majority of subjects (133/195, 68%). 

Patients’ demographic and clinical characteristics are presented 

n Table 1 . 

The primary indication for ceftobiprole administration was 

neumonia (151/195, 74%), followed by bloodstream infection (BSI) 

37/195, 19%). Some patients had multiple infected samples (e.g. 

acteraemic pneumonia was detected in 12 subjects), so the to- 

al number of clinical indications exceeded the number of patients. 

lthough 11% of subjects were mechanically ventilated, ventilator- 
4 
ssociated pneumonia (VAP) was the reason for ceftobiprole ad- 

inistration in two patients. 

Ceftobiprole was administered as monotherapy in one-third of 

ases (66/195, 34%), and almost always in subjects with pneumonia 

60/66, 91%). Monotherapy was empiric in 39 of 66 patients. 

When used in combination regimens (129/195, 66%), the most 

ommon companion drug of ceftobiprole was meropenem (40/129, 

1%), and it was used empirically in nearly all instances (36/40). 

ombination regimens were also mostly empiric (88/129, 68%). The 

ain clinical indications in this context were pneumonia (91/129, 

1%) and BSI (26/129, 20%). The full microbiological profile of the 

dentified causative agents is described in Table S2 (see online sup- 

lementary material). A breakdown of combination therapy regi- 

ens is provided in Table S3 (see online supplementary material). 
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Fig. 1. Summary of clinical outcomes stratified by type of infection. BSI, bloodstream infection; MRNSA, methicillin-resistant non- aureus staphylococci; MRSA, methicillin- 

resistant Staphylococcus aureus ; SSTI, skin and soft tissue infection. 
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Twelve patients treated empirically with ceftobiprole were ex- 

luded from assessment of the primary outcomes because their 

nfections were found to be caused by ceftobiprole-resistant 

acteria. Twenty-five percent (3/12) of these patients died. No 

eftobiprole-related toxicity was reported among these 12 patients, 

ut patient had after treatment of nosocomial pneumonia caused 

y multi-drug-resistant P. aeruginosa with meropenem and then 

eftazidime-avibactam. 

In the CE population, the crude failure rate was 21% (39/183) 

nd the crude all-cause fatality rate was 19.6% (36/183). The at- 

ributable mortality rate was 6% (11/183). There were six cases 

f toxicity, including rash ( n = 2), myoclonus ( n = 2), allergic reac-

ion ( n = 1) and seizures ( n = 1). The four patients with rash or my-

clonus were all receiving combination therapy with daptomycin. 

here were eight recurrent infections (seven pneumonia, one BSI) 

nd only one case of CDI infection. Microbiological eradication was 

chieved in the majority of cases with culture follow-up (34/39, 

7%). 

A summary of the results related to the two primary outcomes, 

tratified by type of infection and main type of pathogen targeted 

y ceftobiprole (methicillin-resistant staphylococci), is illustrated 

n Fig. 1 . Clinical success in patients with pneumonia was 85% 

119/140), and this reached 100% for bacteraemic forms (12/12). 

he lowest success rate was observed in the endocarditis subgroup, 

here only two of seven (29%) patients were cured and survived. 

A comparison of patients who achieved clinical success in the 

E population with those who did not achieve clinical success is 

eported in Table 2 . Results of multi-variable analyses exploring 

he association of relevant variables with clinical success are de- 

cribed in Table 3 , showing findings from the main multi-level 

odel (Model A) and the traditional multi-variable logistic regres- 

ion model in the framework of a sensitivity analysis (Model B); 

esults of Model A are also depicted in graphical form in Fig. S3 

see online supplementary material). According to the main model, 

epsis was the strongest independent predictor of treatment fail- 

re (aOR for clinical success 0.25, 95% CI 0.09–0.63), whereas 

he following factors were independently associated with clinical 

uccess: male gender (aOR 4.55, 95% CI 1.69–12.50), pneumonia 

aOR 14.29, 95% CI 3.03–50.00) and identification of causal agent 

aOR 25.00, 95% CI 4.35–100). The sensitivity analysis yielded sim- 

lar results, confirming the same predictors, and endocarditis also 

egatively impacted clinical success in Model B (aOR 0.11, 95% 

I 0.01–0.90). Endocarditis was not retained in the final multi- 

evel model as it did not meet the predefined criterion of signif- 

cance level < 0.05, and endocarditis tended to be a predictor of 

reatment failure in full Model A (aOR for clinical success 0.09, 

5% CI 0.01–1.00; P = 0.05). Of note, endocarditis was always re- 

ated to methicillin-resistant staphylococci, namely MRSA (2/7) and 
w

5

ethicillin-resistant non- aureus staphylococci (5/7), and ceftobip- 

ole was never administered as monotherapy. Ceftobiprole was ad- 

inistered with daptomycin in the majority of cases (6/7), and 

ith linezolid in the remaining case. 

Comparison of patients who met the mortality endpoint with 

urvivors in the CE population is reported in Table 4 . Results of 

ulti-variable analyses exploring the association of relevant pre- 

ictors with all-cause mortality are described in Table 5 , which 

hows the findings from the main multi-level model (Model A) 

nd the traditional multi-variable logistic regression model in the 

ramework of a sensitivity analysis (Model B); the results of Model 

 are also depicted in graphical form in Fig. S4 (see online sup- 

lementary material), and mortality outcome was presented as 

ts inverse (i.e. survival) for ease of interpretation. In the multi- 

evel model, several factors were independently associated with 

ll-cause mortality. Specifically, there were six predictors of un- 

avourable outcome: age (aOR 1.06 per 1-year increase, 95% CI 

.05–1.07), CCI score (aOR 1.16 per point increase, 95% CI 1.14–

.17), mechanical ventilation (aOR 2.47, 95% CI 2.45–2.50), nosoco- 

ial origin of infection (aOR 3.65, 95% CI 3.61–3.68), sepsis (aOR 

.99, 95% CI 3.95–4.03) and clinical failure (aOR 7.19, 95% CI 2.69–

9.19). On the other hand, there were three predictors of reduced 

ll-cause mortality: chronic obstructive pulmonary disease (COPD; 

OR 0.98, 95% CI 0.97–0.99), duration of ceftobiprole treatment 

aOR 0.95 per 1-day increase, 95% CI 0.94–0.96), and identification 

f causal agent (aOR 0.41, 95% CI 0.40–0.41). In Model B, only age, 

echanical ventilation and clinical failure were independently and 

egatively associated with mortality. 

Given the difference in baseline covariates between patients 

ho received ceftobiprole as monotherapy and patients who re- 

eived ceftobiprole in a combination regimen, an IPTW analysis 

as performed. We found no significant difference between these 

wo groups, showing that combination strategy does not imply a 

etter outcome in terms of clinical success (IPTW OR of monother- 

py vs combination therapy 1.19, 95% CI 0.40–3.45) or all-cause 

ortality (IPTW OR of monotherapy vs combination therapy 0.76, 

5% CI 0.22–2.69). 

. Discussion 

Real-world evidence is essential to understand the generaliz- 

bility of randomized clinical trial (RCT) results to routine clinical 

ractice. In fact, the sole national registry identified in the available 

iterature, which comes from Canada, consists of only 38 patients; 

mong them, the on-label indication (pneumonia) was present in 

ust 16% of cases, and the most common (42%) indication for use of 

eftobiprole was endocarditis. Microbiological and clinical success 

ere observed in 97% and 85% of subjects, respectively [7] . 
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Table 2 

Comparison of patients who achieved clinical success with those who did not in the clinically evaluable population of patients undergoing therapy with ceftobiprole. 

Variable of interest Patients who achieved 

clinical success ( n = 144) 

Patients who did not achieve 

clinical success ( n = 39) 

P -value 

Demographics 

Male gender 98 (68%) 15 (40%) 0.002 

Age in years, median (IQR) 66 (52–75) 73 (59–81) 0.064 

Comorbidities 

Heart failure 26 (18%) 14 (40%) 0.032 

COPD 35 (25%) 13 (33%) 0.377 

Liver disease 23 (16%) 6 (15%) 1.000 

Diabetes mellitus 39 (27%) 10 (26%) 1.000 

Kidney disease 28 (19%) 11 (28%) 0.335 

Solid cancer 32 (22%) 7 (18%) 0.721 

Haematological malignancy 18 (13%) 7 (18%) 0.538 

Charlson Comorbidity Index score, median (IQR) 5 (3–7) 6 (4–8) 0.052 

Previous healthcare exposure ( < 90 days) 

Surgery 61 (42%) 9 (23%) 0.044 

Dialysis 7 (5%) 3 (8%) 0.770 

Endoscopy 25 (18%) 6 (16%) 0.983 

Hospitalization 59 (41%) 15 (39%) 0.921 

ICU stay 40 (28%) 13 (33%) 0.632 

Antimicrobial administration 95 (66%) 21 (54%) 0.227 

Features at the time of ceftobiprole prescription 

CVC presence 66 (46%) 19 (49%) 0.918 

Severe neutropenia ( < 500 neutrophils/μL) 9 (6%) 4 (10%) 0.608 

Dialysis 11 (8%) 5 (13%) 0.486 

ICU stay 10 (7%) 8 (21%) 0.008 

Mechanical ventilation 14 (10%) 8 (21%) 0.119 

Sepsis 34 (24%) 21 (54%) 0.001 

Septic shock 9 (27%) 8 (38%) 0.544 

Clinical indication for ceftobiprole prescription (sums are higher than 144 and 39 as some patients had more than one infectious syndrome at the same time) 

Pneumonia 119 (83%) 21 (54%) < 0.001 

BSI 26 (18%) 9 (23%) 0.633 

SSTI 9 (6%) 0 (0%) 0.237 

Endocarditis 2 (1%) 5 (13%) 0.005 

Bone infection 6 (4%) 0 (0%) 0.430 

Other 4 (3%) 5 (13%) 0.031 

Epidemiology of the infectious process 

Communitarian 29 (20%) 8 (21%) 0.664 

Healthcare-associated 14 (10%) 2 (5%) 

Nosocomial 101 (70%) 29 (74%) 

Features of ceftobiprole prescription 

Empiric 93 (65%) 25 (64%) 0.400 

Empiric with subsequent confirmation as targeted 6 (4%) 0 (0%) 

Targeted 45 (31%) 14 (36%) 

First-line 59 (41%) 16 (41%) 0.995 

Duration, median (IQR) 10 (7-15) 9 (5-11) 0.038 

Dose modification 8 (6%) 0 (0%) 0.282 

Monotherapy 52 (36%) 13 (33%) 0.894 

Microbiological findings 

Identification of a causative agent 62 (43%) 7 (18%) 0.007 

If causal agent identified, monomicrobial infection 50 (81%) 3 (43%) 0.076 

MRSA involvement in case of S. aureus infection 28 (90%) 1 (100%) 1.000 

MRNAS involvement in case of non- aureus staphylococci 

infection 

12 (80%) 4 (100%) 0.839 

BSI, bloodstream infection; COPD, chronic obstructive pulmonary disease; CVC, central venous catheter; ICU, intensive care unit; IQR, interquartile range; MRNSA, methicillin- 

resistant non- aureus staphylococci; MRSA, methicillin-resistant Staphylococcus aureus ; SSTI, skin and soft tissue infection. 

Results are reported as n (%) unless otherwise specified. Factors potentially associated with the outcome of interest on univariable analysis ( P < 0.10) were included in a 

multi-variable model, and corresponding P -values are reported in bold (in italic if not < 0.05). 
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The most numerous observational case series to date comes 

rom Italy: a single-centre study whose data collection preceded 

he present cohort. In 48 subjects with severe pneumonia, cefto- 

iprole showed a high clinical cure rate (85%) and low 30-day mor- 

ality (10%), notably used as an empiric choice in less than half 

45%) of cases [25] . In another Italian case series of 25 patients 

ith non-ventilator-associated HAP, clinical cure was observed in 

0 (80%) cases; the mortality rate was 16% [26] . These series and 

eports of other small cohorts or case series do not provide suf- 

cient information on the real-world use of ceftobiprole. As such, 

uidelines on the use of ceftopibrole outside approved indications 

CAP and HAP) are based largely on expert opinion [27] . 
6 
The most recent published RCT (TARGET) ( n = 679) showed 

hat ceftobiprole was non-inferior to a combination of van- 

omycin and aztreonam for the treatment of acute bacterial 

STI [28] . A recent meta-analysis of data from three RCTs on 

cute bacterial SSSI confirmed that ceftobiprole has a similar ef- 

cacy and safety profile to its comparators [29] . Results from 

 just-completed RCT comparing ceftobiprole with daptomycin 

or the treatment of S . aureus BSI, including infective endocardi- 

is, are eagerly awaited (clinicaltrials.gov identifier: NCT03138733) 

30] . 

In the present study, ceftobiprole was mainly used on label for 

neumonia, mostly nosocomial, achieving a high clinical cure rate 
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Table 3 

Multi-variable analysis of independent predictors of clinical success in patients un- 

dergoing ceftobiprole treatment. 

Model A (c-statistic: 0.859) Adjusted OR (95% CI) P -value 

Male gender 4.55 (1.69–12.50) 0.003 

Sepsis 0.25 (0.09–0.63) 0.004 

Pneumonia 14.29 (3.03–50.00) 0.001 

Identification of causal agent 25.00 (4.35–100.00) < 0.001 

Model B (c-statistic: 0.847) 

Male gender 4.55 (1.81–11.11) 0.001 

Sepsis 0.26 (0.10–0.66) 0.005 

Pneumonia 9.09 (2.38–50.00) 0.003 

Endocarditis 0.11 (0.01–0.90) 0.046 

Identification of causal agent 25.00 (5.88–100.00) < 0.001 

Model A, multi-level model; Model B, multi-variable logistic regression model; OR, 

odds ratio; CI, confidence interval. 
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Table 4 

Comparison of survivors and non-survivors in the clinically evaluable population of patien

Variable of interest Su

Demographics 

Male gender 91

Age in years, median (IQR) 65

Comorbidities 

Heart failure 29

COPD 33

Liver disease 24

Diabetes mellitus 40

Kidney disease 28

Solid cancer 31

Haematological malignancy 19

Charlson Comorbidity Index score, median (IQR) 5 

Previous healthcare exposure ( < 90 days) 

Surgery 57

Dialysis 7 

Endoscopy 24

Hospitalization 60

ICU stay 41

Antimicrobial administration 94

Features at the time of ceftobiprole prescription 

CVC presence 65

Severe neutropenia ( < 500 neutrophils/μL) 10

Dialysis 10

ICU stay 13

Mechanical ventilation 12

Sepsis 34

Septic shock 7 

Clinical indication for ceftobiprole prescription (sums are higher than 147 and 36 as som

Pneumonia 11

BSI 27

SSTI 9 

Endocarditis 5 

Bone infection 5 

Other 7 

Epidemiology of the infectious process 

Communitarian 33

Healthcare-associated 15

Nosocomial 99

Features of ceftobiprole prescription 

Empiric 93

Empiric with subsequent confirmation as targeted 4 

Targeted 50

First-line 60

Duration, median (IQR) 10

Dose modification 7 

Monotherapy 54

Microbiological findings 

Identification of a causative agent 61

If causal agent identified, monomicrobial infection 48

MRSA involvement in case of S. aureus infection 27

MRNAS involvement in case of non-aureus staphylococci infection 14

BSI, bloodstream infection; COPD, chronic obstructive pulmonary disease; CVC, central ven

resistant non- aureus staphylococci; MRSA, methicillin-resistant Staphylococcus aureus ; SSTI

Results are reported as n (%) unless otherwise specified. Factors potentially associated w

multi-variable model, and corresponding P -values are reported in bold (in italic if not < 0

7 
f 85%. In comparison, in the registration RCT, the clinical cure 

ates with ceftobiprole were 87% in CAP [31] and 69% in HAP [32] . 

In the current cohort, the diagnosis of pneumonia itself was 

 strong predictor of clinical success, along with identification of 

he causal agent, represented by methicillin-resistant staphylococci 

n nearly two-thirds of cases. Surprisingly, male gender also pre- 

icted clinical success, but as there was no imbalance of key co- 

ariates between males and females (data not shown), it is likely 

hat some unidentified variable may have acted as a confounder. 

n the contrary, sepsis was a driver of clinical failure and mortal- 

ty. In this respect, older age and higher CCI score also had a neg- 

tive impact on survival, as did nosocomial infection and mechan- 

cal ventilation. The strongest predictor of mortality was failure of 

eftobiprole treatment, but the evidence that sepsis alone was a 

redictor of clinical failure, whereas other factors associated with 
ts undergoing ceftobiprole treatment. 

rvivors ( n = 147) Non-survivors ( n = 36) P -value 

 (62%) 22 (61%) 1.000 

 (51–74) 76 (67–82) < 0.001 

 (20%) 11 (31%) 0.246 

 (23%) 15 (42%) 0.037 

 (16%) 5 (14%) 0.917 

 (27%) 9 (25%) 0.953 

 (19%) 11 (31%) 0.199 

 (21%) 8 (22%) 1.000 

 (13%) 6 (17%) 0.753 

(3–7) 7 (5–9) 0.001 

 (39%) 13 (36%) 0.918 

(5%) 3 (8%) 0.663 

 (17%) 7 (20%) 0.814 

 (41%) 14 (39%) 0.983 

 (28%) 12 (33%) 0.660 

 (64%) 22 (61%) 0.902 

 (45%) 20 (57%) 0.316 

 (7%) 3 (8%) 1.000 

 (7%) 6 (17%) 0.121 

 (8%) 5 (14%) 0.366 

 (8%) 10 (28%) 0.003 

 (23%) 21 (58%) < 0.001 

(21%) 10 (48%) 0.071 

e patients had more than one infectious syndrome at the same time) 

5 (78%) 25 (69%) 0.371 

 (18%) 8 (22%) 0.771 

(6%) 0 (0%) 0.275 

(3%) 2 (6%) 1.000 

(3%) 1 (3%) 1.000 

(5%) 2 (6%) 0.905 

 (22%) 4 (11%) 0.078 

 (10%) 1 (3%) 

 (67%) 31 (86%) 

 (63%) 25 (70%) 0.447 

(3%) 2 (6%) 

 (34%) 9 (25%) 

 (41%) 15 (42%) 0.926 

 (8-15) 7.5 (5-11) 0.019 

(5%) 1 (3%) 0.934 

 (37%) 11 (31%) 0.617 

 (42%) 8 (22%) 0.078 

 (79%) 5 (63%) 0.566 

 (90%) 2 (100%) 1.000 

 (82%) 2 (100%) 1.000 

ous catheter; ICU, intensive care unit; IQR, interquartile range; MRNSA, methicillin- 

, skin and soft tissue infection. 

ith the outcome of interest on univariable analysis ( P < 0.10) were included in a 

.05). 
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Table 5 

Multi-variable analysis of independent predictors of all-cause mortality in patients undergoing ceftobiprole treatment. 

Model A (c-statistic: 0.914) Adjusted OR (95% CI) P -value 

Age (median, per 1-year increase) 1.06 (1.05–1.07) < 0.001 

Chronic obstructive pulmonary disease 0.98 (0.97–0.99) < 0.001 

Charlson Comorbidity Index score (median, per point increase) 1.16 (1.14–1.17) < 0.001 

Nosocomial infection (opposed to communitarian) 3.65 (3.61–3.68) < 0.001 

Mechanical ventilation 2.47 (2.45–2.50) < 0.001 

Identification of causal agent 0.41 (0.40–0.41) < 0.001 

Sepsis 3.99 (3.95–4.03) < 0.001 

Duration of ceftobiprole therapy (median, per 1-day increase) 0.95 (0.94–0.96) < 0.001 

Clinical failure 7.19 (2.69–19.19) < 0.001 

Model B (c-statistic: 0.835) 

Age (median, per 1-year increase) 1.07 (1.03–1.11) 0.001 

Mechanical ventilation 6.00 (1.78–20.94) 0.004 

Clinical failure 8.03 (3.26–20.66) < 0.001 

Model A, multi-level model; Model B, multi-variable logistic regression model; OR, odds ratio; CI, confidence interval. 
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igher all-cause mortality did not influence the success of cefto- 

iprole treatment, may suggest that fatalities were driven more by 

aseline conditions than infection in many cases. Indeed, only 11 

f 36 deaths were defined as infection-related. 

The issue of sepsis deserves further attention. A post-hoc anal- 

sis of the registration trials on CAP [32] and HAP [33] showed 

o differences in terms of outcome between ceftobiprole and com- 

arators in most severe patients, including patients with sepsis 

34] , but the definition of sepsis used in the two pivotal RCTs was

ot the latest definition according to the Sepsis-3 criteria [11] . Par- 

icularly for MRSA infection, higher exposure (100% time above 

inimum inhibitory concentration) is associated with strong bac- 

ericidal action, but the probability of attaining this goal with the 

urrent dosage is probably lower, leaving room for improvement by 

rolonging infusion time (to > 4 h) or increasing the dosage (500 

g/6 h or 1 g/8–12 h) [35 , 36] . 

Another variable warranting more consideration is mechanical 

entilation, which was associated with death but not with clinical 

ailure of ceftobiprole treatment. In the registration RCT on HAP, 

on-inferiority of the drug was not found in the VAP subgroup, 

eing the difference in clinical cure rates equal to -18.2% (favour- 

ng the comparator arm) [33] . A multi-variate logistic regression 

nalysis did not find that any individual or combination of patient- 

elated variables explained the differential outcome in patients 

ith VAP [33] , and no differences in ceftobiprole pharmacokinetics 

etween non-VAP and VAP groups were highlighted [2] . Further- 

ore, in mechanically ventilated patients with non-VAP, clinical 

utcomes were in favour of ceftobiprole [33] . 

In the current cohort, only two cases of pneumonia qualified 

s VAP, so the other ventilated patients were diagnosed with non- 

AP. Mechanical ventilation did not emerge as a driver of clinical 

ailure of ceftobiprole; however, being strongly linked with mor- 

ality, it seemed to be an obvious indicator of very severe general 

onditions. 

Surprisingly, COPD seemed to exert a slight protective effect on 

ortality. It is likely that this association may be mediated by the 

igher liability of patients with COPD to develop pneumonia, a 

redictor of the clinical success of ceftobiprole [37] . 

Endocarditis impacted negatively on clinical success, in stark 

ontrast to previous reports. Tascini et al. described a clinical cure 

ate of 83% in 12 patients [6] , but all cases in the present cohort

ere due to methicillin-resistant strains and the sample sizes were 

ery small. 

Finally, another result stemming from the present study, al- 

hough against the backdrop of a post-hoc propensity-score based 

nalysis, is the lack of benefit of combination therapy over 

onotherapy with ceftobiprole. Interestingly, some authors have 

peculated on the dichotomy between the role of ceftobiprole as 

sparing’ or ‘sparring’ agent: in essence, ceftobiprole may allow the 
8 
treamlining of antimicrobial therapies in some instances, not re- 

orting to other antibiotics, or it may be rationally associated with 

nother agent to exert a better therapeutic effect in selected cases 

38] . For instance, when approaching a patient with HAP, cefto- 

iprole can be a reasonable choice as monotherapy if the risk 

f multi-drug-resistant Gram-negative pathogens is low and the 

ikelihood of MRSA is high [2] . On the other hand, when high- 

noculum infections such as endocarditis need to be treated, a log- 

cal strategy might be exploitation of the well-known synergism 

etween β-lactams and backbone drugs such as daptomycin [39] . 

ome experts advocate the use of early combination therapy even 

or MRSA BSI [40] . 

In summary, to the best of the authors’ knowledge, this is by 

ar the largest observational study regarding the real-world use of 

eftobiprole. The drug was well tolerated (adverse events in only 

% of cases) and fairly effective in various clinical scenarios and 

reatment modalities. 

This study has some limitations. First, it was observational in 

ature, and therefore susceptible to selection bias. However, this 

isk was minimized by the inclusion of consecutive patients. Sec- 

nd, the impact of unmeasured confounders could represent an is- 

ue, as always happens in observational studies. Third, the wide CI 

ssociated with some estimates in the multi-variable analyses (e.g. 

mpact on clinical failure by identification of causal agents) make 

hem less precise, warranting studies having larger sample sizes. 

ourth, the ‘clinical success’ outcome may have been liable to as- 

ertainment bias, which is why a hard and objective endpoint such 

s all-cause mortality was predefined. Fifth, microbiological aeti- 

logy was determined in less than half of the cases (39%), which 

revented further analysis from being undertaken on the impact 

f ceftobiprole against given pathogens. Of course, the appropriate- 

ess to use a novel antibiotic without microbiological findings may 

e reasonably questioned; nevertheless, it is well known that the 

ausal agent remains unknown in a not-negligible fraction of CAP 

nd HAP cases. A potential strategy to streamline the place in ther- 

py of an anti-MRSA agent is to exploit the high negative predic- 

ive value of MRSA nasal swabs [41] . In addition, the low number 

f off-label uses curtails the possibility to draw useful inferences 

hen ceftobiprole is used outside the pneumonia framework. 

ome aspects were not addressed, such as in-vitro synergy of some 

ombinations, and the development of ceftobiprole resistance. 

. Conclusion 

Ceftobiprole was found to be a safe and efficacious choice in a 

arge real-world cohort, mainly, but not exclusively, centred on its 

n-label use, namely pneumonia. More data from RCTs are needed 

o define its place in therapy addressing other clinical scenarios, 
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uch as BSI, and its role as monotherapy or in combination regi- 

ens, as well as its use in patients with sepsis. 
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