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Abstract
Background  Ventilator-associated bacterial pneumonia (VABP) is a common infection in critically ill patients in 
intensive care units (ICU), with attributable mortality of up to 13%, and its etiological diagnosis remains challenging.

Materials and methods  We conducted a multicenter, prospective, observational study within the MULTI-SITA 
platform to assess the impact on relevant clinical and antimicrobial stewardship outcomes of the use of a molecular 
syndromic panel (BIOFIRE® FILMARRAY® Pneumonia plus), in addition to a standard approach based on culture. The 
primary outcome measure was 30-day mortality from VABP onset.

Results  Overall, 237 patients with VABP were included in the study. In multivariable analysis, SOFA score (hazard ratio 
[HR] 1.13, 95% confidence interval [CI] 1.04–1.22, p = 0.003), previous isolation of carbapenem-resistant Pseudomonas 

Use of a molecular syndromic panel for the 
etiological diagnosis of ventilator-associated 
bacterial pneumonia: impact on clinical 
outcomes and antibiotic use from a 
multicenter, prospective study
Daniele Roberto Giacobbe1,2* , Greta Cattardico1,2, Claudia Bartalucci1, Vincenzo Di Pilato3,36, Marco Muccio2, 
Alessandro Limongelli1,2, Alessio Signori4, Alessandra Bandera5,6, Bruno Cacopardo7, Edoardo Campanella7, 
Alessandro Caroli8,9, Annamaria Cattelan10, Marta Colaneri11, Andrea Cortegiani12,13, Laura Curci14,  
Gennaro De Pascale8,9, Giuseppe Vittorio De Socio14, Filippo Del Puente15, Antonino Di Fede12, Chiara Fanelli16, 
Nicholas Geremia17,18, Maddalena Giannella19,20, Giacomo Grasselli5,21, Chiara Maci22, Ivana Maida16, 
Davide Mangioni6, Andrea Marino7, Maria Mazzitelli10, Maria Chiara Meloni16, Marco Merli23, Elena Momesso24, 
Chiara Oltolini23, Carlo Pallotto14, Sandro Panese17,18, Matteo Passerini25,26, Emanuele Pontali15, Daniele Riccucci19, 
Matteo Rinaldi19,20, Marco Ripa22,27, Vincenzo Scaglione10, Francesco Saverio Serino28, Vincenzo Spagnuolo22,27, 
Giulia Spurio12, Stefania Tigano15, Carlo Torti29,30, Giovanna Travi23, Laura Magnasco2, Federica Portunato2, 
Federica Briano2, Malgorzata Mikulska1,2, Lorenzo Ball3,31, Chiara Robba3,31, Nicolò Patroniti3,31, Denise Battaglini3,31, 
Mauro Giacomini32, Gian Maria Rossolini33,34, Maurizio Sanguinetti8,35, Paola Morici36, Anna Marchese3,36, 
Antonio Vena1,2 and Matteo Bassetti1,2  on behalf of  RAPID-SITA PHENOTYPES investigators

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s13054-025-05632-z
http://orcid.org/0000-0003-2385-1759
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-025-05632-z&domain=pdf&date_stamp=2025-9-12


Page 2 of 13Giacobbe et al. Critical Care          (2025) 29:403 

Introduction
Ventilator-associated bacterial pneumonia (VABP) is 
a common infection in critically ill patients in inten-
sive care units (ICU), with an incidence of more than 18 
events per 1000 ventilator days and an attributable mor-
tality of up to 13% [1–4].

The etiological diagnosis of VABP remains challeng-
ing and is classically achieved through culture of deep 
respiratory specimens, which may take up to more than 
48–72 h between collection and complete culture results, 
including susceptibility testing [5]. Before culture results, 
and whenever cultures are negative despite a clinical and 
radiological picture compatible with VABP, clinicians 
usually rely on empiric broad-spectrum antibiotic ther-
apy [6]. In this context, rapid molecular testing of deep 
respiratory specimens could help reduce the duration of 
either broad-spectrum or inappropriate antibiotic ther-
apy, by inducing earlier de-escalation to more targeted 
and narrow therapy, thereby mitigating the complications 
of broad-spectrum antibiotic overuse in line with antimi-
crobial stewardship principles, or by identifying causative 
agents or resistance determinants requiring treatment 
escalation [6, 7].

The BIOFIRE® FILMARRAY® Pneumonia plus (PNplus) 
panel allows to identify 18 and 7 different bacteria and 
resistance genes from respiratory specimens (bronchoal-
veolar lavage [BAL]-like, sputum-like), respectively, with 
an approximate turnaround time of less than 2  h [5, 8], 
thus providing clinicians with an additional and earlier 
time point to consider revision (e.g., de-escalation, esca-
lation) or direct initiation of targeted therapy when stable 
conditions allow waiting a few hours for PNplus panel 
results [9–12].

The present observational, prospective, multicenter 
study aimed to assess the real-world impact of the 
PNplus panel on relevant clinical outcomes and antibi-
otic use in critically ill patients with VABP.

Material and methods
Study setting and objectives
The MULTI-SITA project is a platform developed by the 
Italian Society of Anti-Infective Therapy (SITA) and ded-
icated to conduct observational studies on invasive bac-
terial and fungal diseases. RAPID-SITA PHENOTYPES 
is an observational, prospective, multicenter study con-
ducted in Italian hospitals within the MULTI-SITA proj-
ect, aimed to compare the impact of rapid molecular 
panels on the outcomes of consecutive critically ill adult 
patients in ICU with VABP and/or BSI. Etiological diag-
nosis could be achieved by either BIOFIRE® FILMAR-
RAY® panels (PNplus panel on BAL samples and BCID2 
panel on blood cultures for VABP and BSI, respectively), 
standard microbiological cultures (BAL cultures and 
blood cultures for VABP and BSI, respectively), or both, 
performed on samples collected within 24 h before and 
24 h after the onset of the infection. All diagnostic tests 
were prescribed and performed according to local clini-
cal practice, in line with the observational nature of the 
study. The prospective study period of the RAPID-SITA 
PHENOTYPES study was from 1 January 2023 to 31 
October 2024.

Here, we report the results related to the comparison of 
patients with VABP (either with or without concomitant 
BSI) included in the RAPID-SITA PHENOTYPES study 
from 12 Italian centers. The primary outcome measure of 
this first analysis was 30-day mortality from VABP onset, 
considered as a time-to-event endpoint. Secondary end-
points were: (i) earlier antibiotic therapy discontinuation 
as time-to-event endpoint with death as competing risk 
(see statistical analysis below); (ii) time to appropriate 
antibiotic therapy from VABP onset in days; (iii) a com-
posite outcome of antibiotic de-escalation in patients 
receiving appropriate therapy from VABP onset (day 0) 
or start of an appropriate therapy on day 1 after VABP 
onset; (iv) incidence rate of Clostridioides difficile infec-
tion (CDI) and candidemia. The composite outcome (iii) 
was defined by considering those clinical decisions that 
can be theoretically impacted by the availability of the 
PNplus panel, i.e., frequency of de-escalation in patients 

aeruginosa (HR 3.02, 95% CI 1.25–7.32, p = 0.015), and solid neoplasm (HR 2.15, 95% CI 1.12–4.14, p = 0.022) were 
associated with increased mortality, while no association was registered for the molecular syndromic panel performed 
(HR 1.07, 95% CI 0.59–1.93, p = 0.825). In secondary analyses, use of the molecular syndromic panel resulted in more 
events of either de-escalation or initiation of appropriate antibiotic therapy at day 1 from VABP onset in comparison 
with a standard approach based on culture only (41.3% vs. 27.8%, p = 0.041).

Conclusion  The use of a molecular syndromic panel in patients with VABP was able to impact antibiotic decisions, 
without an unfavorable effect on mortality. Further study is necessary to assess the long-term effects in terms of 
antimicrobial stewardship of molecular syndromic panels-based antibiotic treatment decisions.

Keywords  Rapid molecular tests, Antimicrobial resistance, Antimicrobial stewardship, Rapid diagnosis, Ventilator-
associated pneumonia
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who started an appropriate empirical therapy since infec-
tion onset (potentially prompted by more rapid avail-
ability of PNplus panel results compared to culture) and 
frequency of initiation of an appropriate therapy from 
day 1 in patients who did not start an appropriate therapy 
on day 0 (including both rapid initiation and rapid esca-
lation of therapy, again potentially prompted by more 
rapid availability of PNplus panel results compared to 
culture). Exclusion criteria were (i) age less than 18 years; 
(ii) already included in the study for a previous VABP 
episode.

The MULTI-SITA project was approved by the ethics 
committee of the coordinating center (Liguria Region 
Ethics Committee, registry number 390/2020), with a 
subsequent amendment authorizing the conduct of the 
RAPID-SITA PHENOTYPES study within the MULTI-
SITA project. The other participating centers followed 
the local ethical committees requirements and started to 
enroll patients prospectively once activated. Conscious 
patients at time of enrollment signed an informed con-
sent to participate in the study. A waiver of informed 
consent for data collection from unconscious patients at 
the time of enrollment due to severe clinical conditions 
was obtained within the ethics committee approval, in 
line with the observational nature of the analyses and in 
order not to bias research results towards low mortality 
prejudicing scientific validity.

Microbiological procedures
Identification of bacterial isolates from BAL specimens 
was performed by means of matrix-assisted laser desorp-
tion ionization time of flight mass spectrometry (MALDI 
Biotyper, Bruker Daltonics, Billerica, MA, USA; or Vitek 
MS MALDI-TOF mass spectrometry, bioMérieux, 
Craponne, France;) or automated systems, depending 
on standard local procedures. Antimicrobial susceptibil-
ity testing (AST) was performed by means of automated 
systems (MicroScan, Beckman Coulter, Brea, CA, USA; 
Vitek 2, bioMérieux, Craponne, France; or Phoenix, Bec-
ton Dickinson Diagnostics, Sparks, MD, USA) according 
to local standard procedures.

PNplus panel testing
The PNplus panel testing was performed following the 
manufacturer’s instructions. Briefly, approximately 200 
µL of the BAL-like (i.e. BAL and mini-BAL) specimen 
was transferred to the sample injection vial using a ster-
ile sample swab provided in the test kit. The sample was 
then mixed with the provided buffer and loaded into 
the FilmArray pouch (a closed system disposable that 
stores all the necessary reagents), that was subsequently 
inserted into the FilmArray instrument providing with: 
i) automated nucleic acid extraction; ii) multiplex PCR; 
and iii) post-amplification analysis. Each positive and 

negative assay result was interpreted by the BIOFIRE 
Software to provide results for the identification of spe-
cific bacteria (i.e., Acinetobacter calcoaceticus-baumannii 
complex, Enterobacter cloacae complex, Escherichia coli, 
Haemophilus influenzae, Klebsiella aerogenes, Klebsi-
ella oxytoca, Klebsiella pneumoniae group, Moraxella 
catarrhalis, Proteus spp., Pseudomonas aeruginosa, Ser-
ratia marcescens, Staphylococcus aureus, Streptococcus 
agalactiae, Streptococcus pneumoniae, Streptococcus 
pyogenes), atypical bacteria (i.e., Chlamydia pneumoniae, 
Legionella pneumophila, Mycoplasma pneumoniae), 
viruses (i.e., adenovirus, coronavirus, human meta-
pneumovirus, human rhinovirus/enterovirus, influenza 
A virus, influenza B virus, middle east respiratory syn-
drome coronavirus, parainfluenza virus, respiratory syn-
cytial virus), and antimicrobial resistance markers (i.e. 
CTX-M, KPC, IMP, VIM, NDM, OXA-48-like, mecA/C 
and MREJ).

Definitions and data collected for the study
VABP was defined as ventilator-associated pneumonia 
with bacterial etiological diagnosis achieved on BAL by 
either PNplus panel or standard microbiological cultures. 
Ventilator-associated pneumonia was defined as new or 
changing chest X-ray or chest computerized tomogra-
phy infiltrate/s occurring more than 48 h after initiation 
of invasive mechanical ventilation, plus both of the fol-
lowing: (i) leukocytosis (total white cell count ≥ 10,000 
cells/μL)/leukopenia (total white cell count ≤ 4500 cells/
μL)/> 15% immature neutrophils and/or new onset of 
fever (body temperature ≥ 38  °C)/hypothermia (body 
temperature ≤ 35  °C); (ii) new onset of suctioned respi-
ratory secretions and/or need for acute ventilator sup-
port system changes to enhance oxygenation [13, 14]. 
Besides information regarding primary and secondary 
outcome measures, the following demographic and clini-
cal variables were collected as they were at the time of 
VABP onset: age in years; sex; diabetes mellitus; chronic 
obstructive pulmonary disease (COPD); New York Heart 
Academy (NYHA) score; chronic liver disease (defined 
histologically as liver cirrhosis or in presence of a clini-
cal diagnosis supported by laboratory, endoscopy, and 
radiologic findings [15]); chronic kidney disease (defined 
as estimated glomerular filtration rate < 60 mL/min/1.73 
m2); chronic intermittent hemodialysis; solid neo-
plasm; metastatic solid neoplasm; hematological malig-
nancy; previous hematopoietic stem cell transplantation 
(HSCT); previous solid organ transplantation (SOT); 
human immunodeficiency virus (HIV) infection; autoim-
mune disease; age-adjusted Charlson Comorbidity Index 
[16]; previous antibiotic therapy, overall and stratified 
according to different agents/classes (within 6  months); 
previous antifungal therapy, overall and stratified accord-
ing to different agents/classes (within 6 months); previous 
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chemotherapy (within 6  months); previous steroid 
therapy (within 6  months); previous therapy with other 
immunosuppressants (within 6 months); previous major 
surgery (within 3  months); previous isolation of car-
bapenemase-producing Enterobacterales (CPE); previous 
isolation of carbapenem-resistant Acinetobacter bau-
mannii (CRAB); previous isolation of carbapenem-resis-
tant Pseudomonas aeruginosa (CRPA); previous isolation 
of methicillin-resistant Staphylococcus aureus (MRSA); 
days from ICU admission to VABP onset; sequential 
organ failure assessment (SOFA) score [17]; presence of 
central venous catheter (CVC); presence of septic shock 
[18]; presence of at least mild acute respiratory distress 
syndrome (ARDS) [19]; neutropenia (defined as abso-
lute neutrophil count < 500 cell/mm3); continuous renal 
replacement therapy (CRRT); extracorporeal membrane 
oxygenation (ECMO); presence of at least stage 1 of 
acute kidney injury (AKI) according to the Kidney Dis-
ease: Improving Global Outcome (KDIGO) criteria [20]; 
concomitant BSI (either by the same etiological agent/s 
of VABP or by other microorganisms); other concomi-
tant infections requiring antibiotic therapy (besides BSI); 
etiological agents of VABP according to culture results 
and/or PNplus panel results; days from VABP onset to 
appropriate antibiotic therapy (defined as therapy with 
at least one agent displaying in vitro activity against the 
given BAL isolate/s, whenever BAL culture result were 
available; for patients with only positive PNplus panel, 
appropriate therapy was defined as therapy with at least 
one agent considered as presumably active based on the 
type of identified microorganism/s and presence/lack 
of identified resistance genes; appropriateness of antibi-
otic therapy based solely on positive PNplus panel was 
assessed by two independent investigators, with cases of 
disagreement being resolved by a third investigator); use 
of cytokine blood filter/s; administration of intravenous 
immunoglobulins. De-escalation was defined as a reduc-
tion in the spectrum of administered antibiotics through 
the discontinuation of antibiotics or switching to an 
agent with a narrower spectrum [21].

Statistical analysis
Demographic and clinical characteristics of the study 
population were compared between critically ill patients 
with VABP in whom the PNplus panel was performed on 
BAL (independent of concomitant performance of BAL 
culture) and critically ill patients with VABP in whom 
only BAL culture was performed (and the PNplus panel 
was not performed) for descriptive purposes, using the 
Fisher exact test or the chi-squared test for categorical 
variables, as appropriate, and the Wilcoxon test for con-
tinuous variables. The crude 30-day mortality from the 
onset of VABP was summarized graphically by means 
of the Kaplan–Meier method, and compared between 

critically ill patients with VABP in whom the PNplus 
panel was performed and critically ill patients with VABP 
in whom only BAL culture was performed using the log-
rank test.

The primary study analysis was to assess the indepen-
dent impact of the performance of the PNplus panel 
on 30-day mortality. In this regard, we first performed 
Rubin’s multiple imputation [22]. The association of per-
formance of the PNplus panel and other demograph-
ics and clinical variables with 30-day mortality was first 
tested in univariable Cox regression models, with ICU 
discharge within 30 days from VABP onset as a right-cen-
soring event. Then, all the variables potentially associated 
with mortality in univariable comparisons (P < 0.10) were 
included in an initial multivariable Cox regression model, 
with subsequent selection for inclusion in the final mul-
tivariable Cox regression model (multivariable model A) 
by means of a backward stepwise procedure. In line with 
the purpose of the study, the variable “PNplus panel per-
formed” was included in multivariable model A indepen-
dent of its selection by the stepwise procedure. Variables 
included in multivariable model A were also included in 
an additional multivariable Cox regression model (multi-
variable model B) also including center as shared frailty 
[23]. In all Cox regression models for the assessment of 
factors associated with 30-day mortality, the variable 
“days from VABP onset to appropriate antibiotic ther-
apy” was considered as a time-dependent variable (i.e. 
increase of one unit each passing day without antibiotic 
therapy or with no appropriate antibiotic therapy).

A secondary study analysis was to assess the indepen-
dent impact of the performance of the PNplus panel on 
anticipating discontinuation of antibiotic therapy (i.e., 
reducing length of VABP treatment). The association of 
performance of the PNplus panel and other demograph-
ics and clinical variables with earlier discontinuation of 
antibiotic therapy was first tested in univariable Fine-
Gray models, with ICU discharge within 30  days from 
antibiotic therapy initiation for VABP as a right-censor-
ing event, and death as a competing risk [24]. Then, all 
the variables potentially associated with mortality in uni-
variable comparisons (P < 0.10) were included in an initial 
multivariable Fine-Gray model, with subsequent selec-
tion for inclusion in the final multivariable Fine-Gray 
model (multivariable model C) by means of a backward 
stepwise procedure. In line with the purpose of the study, 
the variable “PNplus panel performed” was included in 
multivariable model C independent of its selection by 
the stepwise procedure. Variables included in the mul-
tivariable model C were also included in an additional 
Fine–Gray competing risks model (multivariable model 
D), accounting for center-level clustering through robust 
variance estimation. Of note, in Fine-Gray models for 
antibiotic therapy discontinuation, a subdistribution 
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hazard ratio (sHR) > 1.00 indicated a direction of effect 
towards reduction of the length of antibiotic therapy. For 
both the primary analysis and secondary analysis aimed 
at assessing predictors of mortality and earlier discontin-
uation, respectively, sensitivity analyses of models A, B, 
C, and D were conducted including only patients without 
concomitant BSI.

Other secondary analyses were aimed to compare 
the following descriptive outcomes between patients 
in whom the PNplus panel was performed and patients 
in whom only BAL culture was performed: (i) time to 
appropriate antibiotic therapy from VABP onset, in days 
(compared using the Wilcoxon test); (ii) composite out-
come of antibiotic de-escalation in patients receiving 
appropriate therapy from infection onset or starting of 
an appropriate therapy from day 1 (compared using the 

Fisher exact test); (iii) incidence rate of CDI and can-
didemia per 1000 patient days in ICU (compared using 
Poisson regression).

The analyses were conducted using SAS software (ver-
sion 9.4, SAS Institute Inc., Cary, NC, USA) and R Statis-
tical Software (version 4.2.2, R Foundation for Statistical 
Computing, Vienna, Austria).

Results
During the study period, 237 critically ill patients with 
VABP were included in the analyses, of whom 132 
(55.7%) underwent PNplus panel testing on BAL and 105 
(44.3%) underwent BAL culture only (Fig. 1).

The demographic and clinical characteristics of the 
study population, overall and stratified according to 
performance of PNplus testing, are reported in Table 1. 

Fig. 1  Flow-chart of the patient inclusion process. BSI, bloodstream infection; VABP, ventilator-associated bacterial pneumonia

 



Page 6 of 13Giacobbe et al. Critical Care          (2025) 29:403 

Variables* Total (n = 237) PNplus panel per-
formed (n = 132)

Only BAL culture per-
formed (n = 105)

P

No. of patients (%) No. of patients (%) No. of patients (%)
Demographics
Age in years, median (IQR) 63 (54–71) 59 (52–70) 65 (58–75) 0.001
Male sex 162 (68.4) 96 (72.7) 66 (62.9) 0.105
Comorbidities and medical history
Diabetes mellitus 43/232 (18.5) 22 (16.8) 21 (20.8) 0.437
COPD 41/227 (18.1) 20 (15.3) 21 (21.9) 0.201
NYHA score, median (IQR) 2 (1–3) 2 (1–3) 2 (1–2) 0.067
Chronic liver disease 9/229 (3.9) 8 (6.2) 1 (1.0) 0.082
Chronic kidney disease 19/231 (8.2) 7 (5.3) 12 (12.0) 0.068
Chronic intermittent hemodialysis 19/234 (8.1) 10 (7.6) 9 (8.7) 0.759
Solid neoplasm 38/232 (16.4) 18 (13.7) 20 (19.8) 0.216
Metastatic solid neoplasm 9/232 (3.9) 4 (3.1) 5 (5.0) 0.508
Hematological malignancy 11/233 (4.7) 5 (3.8) 6 (5.9) 0.541
Previous HSCT 5/233 (2.2) 1 (0.8) 4 (3.9) 0.171
Previous SOT 10/233 (4.3) 7 (5.3) 3 (2.9) 0.519
HIV infection 10/228 (4.4) 9 (6.9) 1 (1.0) 0.047
Autoimmune disease 23/231 (10.0) 12 (9.2) 11 (11.0) 0.644
Age-adjusted Charlson Comorbidity Index, median (IQR) 4 (2–5) 3 (2–5) 4 (2–6) 0.056
Previous antibiotic therapy 71/183 (38.8) 35 (32.7) 36 (47.4) 0.045
 Previous aminoglycosides 5/183 (2.7) 1 (0.9) 4 (5.3) 0.162
 Previous fluoroquinolones 8/183 (4.4) 4 (3.7) 4 (5.3) 0.720
 Previous macrolides 3/183 (1.6) 2 (1.9) 1 (1.3) 1.000
 Previous trimethoprim/sulfamethoxazole 1/183 (0.6) 1 (0.9) 0 (0.0) 1.000
 Previous metronidazole/clindamycin 6/183 (3.3) 3 (2.8) 3 (4.0) 0.694
 Previous antistaphylococcal penicillins 2/183 (1.1) 1 (0.9) 1 (1.3) 1.000
 Previous semisynthetic aminopenicillins 12/183 (6.6) 7 (6.5) 5 (6.6) 1.000
 Previous piperacillin/tazobactam 33/183 (18.0) 16 (15.0) 17 (22.4) 0.199
 Previous cefazolin 5/183 (2.7) 2 (1.9) 3 (4.0) 0.651
 Previous ceftriaxone/cefotaxime 13/183 (7.1) 8 (7.5) 5 (6.6) 0.816
 Previous ceftazidime/cefepime 2/183 (1.1) 2 (1.9) 0 (0.0) 0.512
 Previous ceftaroline/ceftobiprole 9/183 (4.9) 3 (2.8) 6 (7.9) 0.166
 Previous ceftolozane/tazobactam 4/183 (2.2) 0 (0.0) 4 (5.3) 0.028
 Previous ceftazidime/avibactam 11/183 (6.0) 8 (7.5) 3 (4.0) 0.366
 Previous cefiderocol 4/183 (2.2) 3 (2.8) 1 (1.3) 0.643
 Previous carbapenems 24/183 (13.1) 10 (9.4) 14 (18.4) 0.080
 Previous imipenem/relebactam 0/183 (0.0) 0 (0.0) 0 (0.0) -
 Previous meropenem/vaborbactam 0/183 (0.0) 0 (0.0) 0 (0.0) -
 Previous fosfomycin 4/183 (2.2) 2 (1.9) 2 (2.6) 1.000
 Previous polymyxins 1/183 (0.6) 1 (0.9) 0 (0.0) 1.000
 Previous tigecycline 6/183 (3.3) 4 (3.7) 2 (2.6) 1.000
 Previous glycopeptides 10/183 (5.5) 4 (3.7) 6 (7.9) 0.323
 Previous daptomycin 20/183 (10.9) 9 (8.4) 11 (14.5) 0.195
 Previous linezolid 20/183 (10.9) 13 (12.2) 7 (9.2) 0.530
Previous antifungal therapy 23/180 (12.8) 13 (12.2) 10 (13.7) 0.760
 Previous azoles 6/180 (3.3) 2 (1.9) 4 (5.5) 0.225
 Previous echinocandins 16/180 (8.9) 9 (8.4) 7 (9.6) 0.785
 Previous polyenes 3/180 (1.7) 2 (1.9) 1 (1.4) 1.000
Previous chemotherapy 17/223 (7.6) 9 (7.0) 8 (8.4) 0.700
Previous steroid therapy 37/181 (20.4) 21 (19.8) 16 (21.3) 0.803
Previous therapy with immunosuppressants 13/178 (7.3) 7 (6.7) 6 (8.2) 0.695
Previous major surgery 80/211 (37.9) 33 (28.5) 47 (49.5) 0.002

Table 1  Demographic and clinical characteristics of critically ill adult patients with VABP
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As shown in the table, the most frequent, non-mutu-
ally exclusive, etiological agents of VABP were mem-
bers of the order Enterobacterales (131/237, 55.3%), 
followed by Pseudomonas aeruginosa (58/237, 24.5%) 

and Staphylococcus aureus (47/237, 19.8%). In patients 
who underwent PNplus panel testing, positivity of both 
PNplus panel and culture was registered in 63.6% of cases 
(84/132), while positivity of PNplus panel only and of 

Variables* Total (n = 237) PNplus panel per-
formed (n = 132)

Only BAL culture per-
formed (n = 105)

P

No. of patients (%) No. of patients (%) No. of patients (%)
 Previous isolation of CPE 5/178 (2.8) 4 (3.8) 1 (1.4) 0.650
 Previous KPC-producing CPE 2/178 (1.1) 1 (1.0) 1 (1.4) 1.000
 Previous MBL-producing CPE 2/178 (1.1) 1 (1.0) 1 (1.4) 1.000
 Previous OXA-48-producing CPE 1/178 (0.6) 1 (1.0) 0 (0.0) 1.000
Previous isolation of CRAB 1/178 (0.6) 0 (0.0) 1 (1.4) 0.410
Previous isolation of CRPA 3/178 (1.7) 0 (0.0) 3 (4.1) 0.067
Previous isolation of MRSA 2/178 (1.1) 2 (1.9) 0 (0.0) 0.513
Variables at VABP onset
 Days from ICU admission to VABP onset, median (IQR) 5 (2–12) 5 (2–13) 5 (2–12) 0.734
 SOFA score, median (IQR) 7 (4–9) 7 (4–9) 6 (4–8) 0.344
 Presence of CVC 234 (98.7) 129 (97.7) 105 (100.0) 0.257
 Presence of septic shock 68/230 (29.6) 35 (27.6) 33 (32.0) 0.459
 Presence of ARDS 106/234 (45.3) 59 (44.7) 47 (46.1) 0.833
 Neutropenia 16/236 (6.8) 5 (3.8) 11 (10.6) 0.039
 CRRT 54/234 (23.1) 33 (25.2) 21 (20.4) 0.387
 ECMO 8/233 (3.4) 5 (3.9) 3 (2.9) 1.000
 KDIGO stage of AKI, median (IQR) 0 (0–2) 0 (0–1) 0 (0–2) 0.464
 Concomitant BSI 39 (16.5) 13 (9.8) 26 (24.8) 0.002
 Other concomitant infections requiring antibiotic therapy 41/230 (17.8) 22 (16.8) 19 (19.2) 0.638
Causative agents and VABP therapy
 Causative agents of VABP**
 Pseudomonas aeruginosa 58 (24.5) 29 (22.0) 29 (27.6) 0.315
 Acinetobacter spp. 19 (8.0) 8 (6.1) 11 (10.5) 0.214
 Members of Enterobacterales 131 (55.3) 79 (59.9) 52 (49.5) 0.112
 Staphylococcus aureus 47 (19.8) 34 (25.8) 13 (12.4) 0.010
 Streptococcus pneumoniae 9 (3.8) 8 (6.1) 1 (1.0) 0.046
 Haemophilus influenzae 30 (12.7) 24 (18.2) 6 (5.7) 0.004
 Stenotrophomonas maltophilia 12 (5.1) 2 (1.5) 10 (9.5) 0.005
 Days from VABP onset to appropriate antibiotic therapy 1 (0–3) 1 (0–3) 1 (0–3) 0.457
 Cytokine blood filtration 4/224 (1.8) 1 (0.8) 3 (2.9) 0.333
 Intravenous immunoglobulins 0.628
 Polyclonal intravenous immunoglobulins 4/223 (1.8) 3 (2.5) 1 (1.0)
 IgM-enriched intravenous immunoglobulins 1/223 (0.5) 1 (0.8) 0 (0.0)
AKI, acute kidney injury; ARDS, acute respiratory distress syndrome; BAL, bronchoalveolar lavage; BSI, bloodstream infection; COPD, chronic obstructive 
pulmonary disease; CPE, carbapenemase-producing Enterobacterales; CRAB, carbapenem-resistant Acinetobacter baumannii; CRPA, carbapenem-resistant 
Pseudomonas aeruginosa; CRRT, continuous renal replacement therapy; CVC, central venous catheter; ECMO, extracorporeal membrane oxygenation; HIV, human 
immunodeficiency virus; HSCT, hematopoietic stem cell transplantation; ICU, intensive care unit; IgM, immunoglobulin M; IQR, interquartile range; KDIGO, Kidney 
Disease: Improving Global Outcomes; KPC, Klebsiella pneumoniae carbapenemase; MBL, metallo β-lactamases; NYHA, New York Heart Association; OXA, oxacillinase; 
PNplus, Pneumonia Plus; SOFA, sequential organ failure assessment; SOT, solid organ transplantation; VABP, ventilator-associated bacterial pneumonia
* Results are presented as No. of patients/Total of patients unless otherwise indicated. Number of missing values per variable were as follows (reflected in 
frequencies calculations): Diabetes mellitus (n = 5/237); COPD (n = 10/237); NYHA score (n = 9/237); Chronic liver disease (n = 8/237); Chronic kidney disease (n = 6/237); 
Chronic intermittent hemodialysis (n = 3/237); Solid neoplasm (n = 5/237); Metastatic solid neoplasm (n = 5/237); Hematological malignancy (n = 4/237); Previous 
HSCT (n = 4/237); Previous SOT (n = 4/237); HIV infection (n = 9/237); Autoimmune disease (n = 6/237); Previous antibiotic therapy (n = 54/237); Previous antifungal 
therapy (n = 57/237); Previous Chemotherapy (n = 14/237); Previous steroid therapy (n = 56/237); Previous therapy with immunosuppressants (n = 59/237); Previous 
major surgery (n = 26/237); Previous isolation of CPE (n = 59/237); Previous isolation of CRAB (n = 59/237); Previous isolation of CRPA (n = 59/237); Previous isolation 
of MRSA (n = 59/237); Days from ICU admission to VABP onset (n = 27/237); Presence of septic shock (n = 7/237); Presence of ARDS (n = 3/237); Neutropenia (n = 1/237); 
CRRT (n = 3/237); ECMO (n = 4/237); Other concomitant infections requiring antibiotic therapy (n = 7/237); Days from VABP onset to appropriate antibiotic therapy 
(n = 21/237); Cytokine blood filtration (n = 13/237); Polyclonal intravenous immunoglobulins (n = 14/237); IgM-enriched intravenous immunoglobulins (n = 14/237). 
No missing values were registered for all other remaining variables
** Non-mutually exclusive

Table 1  (continued) 
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culture only was registered in 34.1% (45/132) and 2.3% 
(3/132) of cases, respectively. In patients with positivity 
of both PNplus panel and BAL culture, the same bacteria 
identified in BAL culture were also detected by PNplus 
panel in 79/84 cases (94.0%). However, in 20 out of these 
79 cases (25.3%), the PNplus panel also identified addi-
tional bacteria besides those grown in culture. Resistance 
genes were detected by the PNplus panel in 26.5% of 
cases (35/132) with the following non-mutually exclusive 
distribution: CTX-M (18/35, 51.4%); mecA/C – MREJ 
(9/35, 25.7%); KPC (5/35, 14.3%); VIM (5/35, 14.3%); 
NDM (1/35, 2.9%). BAL culture was positive in 24/35 
cases in which resistance genes were detected by the 
PNplus panel, showing consistence between phenotypi-
cal resistance and the detected resistance gene/s in 14/24 
cases (58.3%). In 30.0% (3/10) of the remaining cases with 
discordant phenotypical resistance and presumed resis-
tance based on detected resistance gene/s, the PNplus 
panel identified at least an additional organism (com-
pared with culture) that could express the detected resis-
tance gene/s. Regarding the 3 cases in which only BAL 

culture was positive and the PNplus panel was negative, 
in two of them cultures yielded pathogens not included 
in the PNplus panel (Corynebacterium spp. and Morgan-
ella spp.), while in third case BAL culture was positive for 
Staphylococcus aureus (bacterial count in colony forming 
units not available).

As shown in Fig. 2, unadjusted 30-day cumulative mor-
tality was 28.7% (confidence interval [CI] 19.1%−38.3%) 
in patients with VABP in whom the PNplus panel was 
performed and 26.4% (CI 16.7%−36.1%) in patients with 
VABP in whom only BAL culture was performed (log-
rank test, p = 0.936). Results of univariable and mul-
tivariable analyses of factors associated with 30-day 
mortality are reported in Supplementary Table S1 and 
Table  2, respectively. In the final multivariable model 
(model A), SOFA score (HR 1.13, 95% CI 1.04–1.22, 
p = 0.003), previous isolation of CRPA (HR 3.02, 95% CI 
1.25–7.32, p = 0.015), and solid neoplasm (HR 2.15, 95% 
CI 1.12–4.14, p = 0.022) were associated with increased 
mortality, while no association was registered for PNplus 
panel performed (HR 1.07, 95% CI 0.59–1.93, p = 0.825). 

Fig. 2  Unadjusted cumulative mortality up to Day 30 in patients with VABP. Unadjusted cumulative mortality up to Day 30 in patients with VABP in whom 
the PNplus panel was performed (red line) and patients with VABP in whom only BAL culture was performed (blue line). The time of origin was set as the 
day of VABP onset. Death was the event of interest and right-censoring was applied at the end of follow-up (ICU discharge or Day 30, whichever came 
first). BAL, bronchoalveolar lavage; ICU, intensive care unit; VABP, ventilator-associated bacterial pneumonia
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The direction of effects in model A was confirmed in 
model B, also including center as shared frailty (Supple-
mentary Table S2).

With regard to the secondary analyses of factors asso-
ciated with timing of antibiotic discontinuation, results 
of univariable and multivariable models are reported in 
Supplementary Table S3 and Table 3, respectively. In the 
final multivariable model (model C), days from VABP 
onset to appropriate antibiotic therapy (sHR for one day 

increase 0.88, 95% CI 0.81–0.95, p = 0.002), concomitant 
BSI (sHR 0.50, 95% CI 0.28–0.88, p = 0.016), other con-
comitant infections requiring antibiotic therapy (sHR 
0.53, 95% 0.34–0.84, p = 0.006), chronic intermittent 
hemodialysis (sHR 0.37, 95% CI 0.18–0.75, p = 0.006), 
solid neoplasm (sHR 0.54, 95% CI 0.31–0.93, p = 0.025), 
and Acinetobacter spp. as etiological agent (sHR 0.27; 
95% CI 0.11–0.65, p = 0.004) were associated with delayed 
discontinuation, while no association was registered for 
PNplus panel performed (sHR 1.03, 95% CI 0.75–1.40, 
p = 0.871). The direction of effects in model C was con-
firmed in model D, also accounting for center-level 
clustering through robust variance estimation (Supple-
mentary Table S4).

The results of sensitivity analyses for predictors of mor-
tality and earlier antibiotic discontinuation in patients 
without concomitant BSI were consistent in terms of 
direction of effect with those of the main analyses con-
ducted in the entire study population (see Supplementary 
Tables S5 and S6).

Time to appropriate antibiotic therapy was 1 day (inter-
quartile range [IQR] 0–3) both in patients who under-
went PNplus panel testing on BAL and in patients who 
underwent BAL culture only (p = 0.457). However, the 
composite outcome (antibiotic de-escalation in patients 
who received appropriate therapy from day 0 or initiation 
of an appropriate therapy from day 1 in those who did 
not initiate an appropriate therapy on day 0) was regis-
tered more frequently in patients who underwent PNplus 
panel testing on BAL (41.3% [52/126] vs. 27.8% [25/90], 
p = 0.041). Results stratified for the two different compo-
nents of the composite outcome are displayed graphically 
in Fig.  3. The incidence rate of candidemia was 14 per 
1000 patient-days in ICU both in patients who under-
went and in patients who did not underwent PNplus 
panel testing (incidence rate ratio 0.99; 95% CI 0.30–3.24, 
p = 0.986). No CDI episodes were reported.

Discussion
PNplus panel testing on BAL in patients with VABP 
resulted in higher frequencies of antibiotic therapy de-
escalation and initiation of appropriate therapy on day 
1 from VABP onset, compared with treatment decisions 
based on availability of BAL culture results only. The use 
of rapid molecular testing did not impact 30-day mortal-
ity and time to antibiotic therapy discontinuation.

The lack of an effect on mortality testifies to the safety 
of treatment decisions based on PNplus panel results and 
in line with antimicrobial stewardship principles (e.g., 
increased rates of de-escalation). Overall, our results 
are in line with those of the INHALE WP3 multicenter, 
randomized, controlled trial (RCT), in which, in a study 
population of 545 patients with suspected hospital-
acquired/ventilator-associated pneumonia (eventually, 

Table 2  Multivariable analysis of factors associated with 30-day 
mortality
Variable HR (95% CI) p-value
PNplus panel performed 1.07 (0.59–1.93) 0.825
Solid neoplasm 2.15 (1.12–4.14) 0.022
Previous isolation of CRPA 3.02 (1.25–7.32) 0.015
SOFA score 1.13 (1.04–1.22) 0.003
Only variables retained in the final multivariable model after backward stepwise 
selection are presented. Variables included in the initial multivariable model 
were the following: PNplus panel performed; age; solid neoplasm; previous 
isolation of CRPA; SOFA score; ECMO; age-adjusted Charlson Comorbidity 
Index; previous therapy with immunosuppressants; presence of septic shock. 
The variable PNplus panel performed was retained in the final multivariable 
model independent of stepwise backward selection, in line with the purpose 
of the study. CI, confidence interval; CRPA, carbapenem-resistant Pseudomonas 
aeruginosa; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; 
PNplus, Pneumonia Plus; SOFA, sequential organ failure assessment

Table 3  Multivariable analysis of factors associated with earlier 
antibiotic discontinuation
Variable sHR (95% CI) p-value
PNplus panel performed 1.03 (0.75–1.40) 0.871
Chronic intermittent hemodialysis 0.37 (0.18–0.75) 0.006
Solid Neoplasm 0.54 (0.31–0.93) 0.025
Concomitant BSI 0.50 (0.28–0.88) 0.016
Other concomitant infections requiring 
antibiotic therapy

0.53 (0.34–0.84) 0.006

Acinetobacter spp. as causative agent 
of VABP

0.27 (0.11–0.65) 0.004

Days from VABP onset to appropriate 
antibiotic therapy*

0.88 (0.81–0.95) 0.002

Fine-Gray model with discontinuation of antibiotic therapy as the event of 
interest and death as competing risk. Only variables retained in the final 
multivariable model after backward stepwise selection are presented. 
Variables included in the initial multivariable model were the following: 
PNplus panel performed; chronic liver disease; chronic kidney diseases; chronic 
intermittent hemodialysis; solid neoplasm; previous isolation of CPE; previous 
KPC-producing CPE; previous isolation of CRPA; presence of septic shock; 
presence of ARDS; concomitant BSI; other concomitant infections requiring 
antibiotic therapy; Acinetobacter spp. as VABP causative agent; members 
of the Enterobacterales as VABP causative agents; Days from VABP onset to 
appropriate antibiotic therapy. The variable PNplus panel performed was 
retained in the final multivariable model independent of stepwise backward 
selection, in line with the purpose of the study. ARDS, acute respiratory 
distress syndrome; BSI, bloodstream infection; CI, confidence interval); CPE, 
carbapenemase-producing Enterobacterales; CRPA, carbapenem-resistant 
Pseudomonas aeruginosa; KPC, Klebsiella pneumoniae carbapenemase; PNplus, 
Pneumonia Plus; sHR, subdistribution hazard ratio; VABP, ventilator-associated 
bacterial pneumonia
* Modeled as fixed, despite the time of origin of the Fine-Gray analysis 
corresponding to the start of any therapy (either initially appropriate or 
inappropriate). This choice was supported by the non-significance of a time 
interaction term (p = 0.055)
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64% were ventilator-associated among confirmed pneu-
monia cases), 28-day mortality was similar in the inter-
vention (diagnostic algorithm including PNplus panel) 
and standard of care arms (31.3% vs. 28.2%, HR 1.18; 95% 
CI 0.87–1.61) [25]. Moreover, in the INHALE WP3 RCT 
appropriate antibiotic therapy within 24 h from random-
ization was more frequent in the intervention arm than 
in the standard of care arm (76.5% vs. 55.9%; estimated 
difference 21%; 95% CI 13–28%). The same was not reg-
istered in our observational study, in which the median 
time to appropriate antibiotic therapy was 1  day from 
VABP onset (IQR 0-3) with both the PNplus-including 
approach and the only culture approach, possibly reflect-
ing the high rate of appropriate empirical therapy since 
VABP onset (> 25%) in the study population. What dif-
fered between the two approaches in our study was the 
length of empirical appropriate therapy, that, owing to 
the higher frequency of de-escalation, was shorter in the 
PNplus-guided approach.

Time to appropriate antibiotic therapy was shorter and 
the rate of early de-escalation was higher by employ-
ing the BioFire FilmArray pneumonia panel in another 
single-center RCT conducted among patients with sus-
pected pneumonia, although the eventual number of 
VABP in the study was low (< 20%) [26]. Of note, also in 
this latter study mortality was not different between the 
panel-guided and the conventional approaches (22.6% vs. 
20.4%, p = 0.42) [26]. Overall, results from observational 
studies in terms of the impact of molecular syndromic 
panels on the timing of appropriate antibiotic therapy in 
patients with VABP are heterogenous and likely depend-
ing on local rates of resistance and empirical treatment 
protocols. Nonetheless these studies consistently dem-
onstrate that rapid molecular tests are able to influence 
therapeutic decisions in patients with VABP, usually with 
a potential advantage in terms of antimicrobial steward-
ship-related endpoints (e.g., reduced time to diagnosis, 
reduced time to first antibiotic change) [27–32].

Fig. 3  Composite outcome of antibiotic de-escalation in patients who received appropriate therapy from VABP onset (day 0) or initiation of an appropri-
ate therapy from day 1 in those who did not initiate an appropriate therapy on day 0. p values from chi square test. VABP, ventilator-associated bacterial 
pneumonia. In patients with PNplus panel performed, de-escalation was obtained through discontinuation of anti-Gram positive agents (15/24, 62.5%), 
discontinuation of anti-Gram negative agents (5/24, 20.8%), change to an agent with narrower spectrum (3/24, 12.5), or discontinuation of ani-anaerobes 
agents (1/24,4.2%). In patients with only culture performed, de-escalation was obtained through discontinuation of anti-Gram positive agents (4/8, 
50.0%), discontinuation of anti-Gram negative agents (2/8, 25.0%), or change to an agent with narrower spectrum (2/8, 25.0%). In patients with PNplus 
panel performed, initiation of appropriate therapy from day 1 occurred because of initiation of any therapy on day 1 (19/28, 67.9%), or change of therapy 
on day 1 (9/28, 32.1%). In patients with only culture performed, initiation of appropriate therapy from day 1 occurred because of initiation of any therapy 
on day 1 (15/17, 88.2%), or change of therapy on day 1 (2/17, 11.8%)
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The apparent lack of impact of the PNplus panel on 
anticipating antibiotic therapy discontinuation in our 
study could again rely on the high rate of appropriate 
empirical therapy from VABP onset. Indeed, even if de-
escalated less often in the culture only approach, appro-
priate empirical, broad-spectrum antibiotic therapies are 
likely not to impact the total duration of VABP treatment 
(differently from delayed appropriate therapy, as shown 
in our analysis). This introduces a first limitation of our 
study also shared by other experiences in the literature, 
that is, no data is available on the long term impact of 
PNplus guided treatment decisions. In our opinion, this 
would require dedicated study designs, able to capture 
any possible long-term favorable impact of the use of the 
PNplus panel, and represents the next step in its real-life 
assessment, now that current studies have frequently 
demonstrated a substantial lack of unfavorable effects 
in terms of relevant clinical outcomes, e.g., short-term 
mortality.

The current study has some limitations. The first one 
is the possible heterogeneity of clinicians’ decisions on 
the basis of PNplus panel results, that was not standard-
ized across centers. To limit the relevance of between-
center heterogeneity in our study, we used shared frailty 
models and center-level clustering. A second important 
limitation is the possible selection bias related to the 
real-life nature of the study. Indeed, PNplus panel test-
ing might have been deemed unnecessary according to 
clinical judgment in some patients who underwent only 
conventional culture. Third, part of the clinical impact 
of PNplus panel testing could depend on the etiology of 
VABP and the rate/type of multidrug-resistant organ-
isms. For example, we cannot exclude, also in line with 
some existent literature discussed above, that different 
settings with higher endemicity for carbapenemase-pro-
ducing organisms and/or for some high-burden patho-
gens (e.g. Acinetobacter spp.) could benefit from the use 
of rapid molecular testing also in terms of time to appro-
priate therapy. Fourth, while we selected our primary and 
secondary endpoints to specifically investigate the pos-
sible impact of PNplus panel on survival and immediate 
stewardship-related outcomes, other outcomes such as 
possible impact on ICU length of stay and hospital length 
of stay were not investigated by design and may deserve 
dedicated post-hoc investigation. Fifth, it cannot be ruled 
out that, although PNplus panel results are communi-
cated rapidly to clinicians via phone calls or notifications 
as part of institutional antimicrobial stewardship and 
diagnostic protocols at all participating centers, delays 
in communication may have occurred in some cases, 
such as the absence or limited number of dedicated staff 
at night, which represent a potential unmeasured con-
founder. Finally, the composite secondary outcome of 
antibiotic de-escalation in patients receiving appropriate 

therapy from VABP onset (day 0) and start of an appro-
priate therapy on day 1 after VABP onset, while having 
been rationally defined to capture those choices occur-
ring before BAL culture results (i.e., those in which the 
impact of PNplus results on clinical decisions could be 
maximized), may still require external evaluation and 
validation. Regarding strengths of our study, the large 
sample of patients with VABP and not only of suspected 
pneumonia, conferring homogeneity to the entire study 
population, should be highlighted.

In conclusion, our study confirmed that PNplus panel 
testing in patients with VABP is able to impact antibiotic 
decisions, without affecting mortality. Further study is 
necessary to assess the long-term effects in terms of anti-
microbial stewardship of PNplus panel-based antibiotic 
treatment decisions.
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