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Abstract

Molecular methods allow for a rapid identification of the main causative agents of pneu-
monia along with the most frequent resistance genes. Prolonged broad-spectrum antibiotic
therapy without microbiological evidence of infection drives antimicrobial resistance. We
evaluated if the result provided by the molecular method is helpful for antimicrobial de-
escalation. All respiratory samples collected and directly processed via Real-Time PCR from
patients with suspected pneumonia, of whom clinical data were available, were included in
this study. In 82 patients out of a total of 174 (47.1%), antimicrobial therapy was modified
after the molecular test, and in 28/82 (34.1%), antimicrobial de-escalation was carried out.
Among the 92 patients in whom therapy was not modified, 33 (35.9%) were did not receive
any antimicrobial therapy before the molecular test and no antibiotics were prescribed after
the test. Therefore, in 61 (28 + 33) out of the 174 (35%) patients, unnecessary antimicrobials
were discontinued or avoided. The syndromic panel used at our institution can be of help
in better choosing when empiric antibiotic de-escalation therapy could be feasible.

Keywords: real-time PCR; microbiology; pneumonia; antimicrobial stewardship; diagnostics

1. Introduction

Pneumonia is an infectious disease of the lungs involving the alveolar space and is
classically divided into two broad categories, community-acquired pneumonia (CAP) and
hospital-acquired pneumonia (HAP), in relation to the setting in which the disease devel-
oped [1]. Community-acquired pneumonia is mostly caused by Streptococcus pneumoniae;
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nevertheless, in a small proportion, it can also be sustained by some Gram-negative bacte-
ria such as Pseudomonas aeruginosa or Enterobacterales [2]. Nosocomial pneumonia is of
particular concern, in relation to the high mortality often caused by Gram-negative bacteria,
sometimes carrying resistance genes [3]. It is therefore conceivable that acute pneumonia
requires the optimization of an empiric antimicrobial therapy as soon as possible, as it is
pivotal for the patient’s well-being [4-7].

At the same time, prolonged empiric antimicrobial therapy with broad-spectrum
antibiotics without microbiological evidence of infection has been described [8,9] and is
associated with an increase in bacterial antimicrobial resistance [10], mostly by ESKAPE
pathogens: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species [11]. Whenever possible,
antimicrobial de-escalation (ADE) should be carried out; it is the discontinuation of one or
more antimicrobials or the replacement of a broad-spectrum antimicrobial with a narrower-
spectrum antimicrobial [12].

Classical culture methods can take up to 48-72 h to provide an identification and an
antimicrobial susceptibility result [13], and sometimes cultures are negative, particularly in
patients already treated with antibiotics, even if clinical and/or radiological findings are
consistent with pneumonia. Nevertheless, molecular methods applied to the diagnostics of
pneumonia are becoming increasingly common [14], allowing for the rapid identification
of the main bacterial/viral pathogen causative agents of pneumonia along with the most
frequent resistance genes [15]. For some years now, a syndromic multiplex PCR assay
has been available at our institution for the etiological diagnosis of lower respiratory
tract infections.

The possible evidence of the usefulness of a rapid molecular assay as a tool for
antimicrobial de-escalation would be of great help in expediting the discontinuation of
unnecessary antibiotic therapies in relation to the identified microorganisms. In addition to
this, the ability to quickly rule out the presence of resistance genes allows us to switch to a
more targeted antibiotic therapy in the presence of bacteria susceptible to drugs already
in use.

In light of the above, we conducted an observational retrospective study aimed at
evaluating if the rapid identification of the pathogen and the resistance genes provided by
the molecular method is helpful for antimicrobial de-escalation.

2. Materials and Methods
2.1. Study Design

This is a retrospective observational study that evaluated the period from Octo-
ber 2022 to July 2024. Inclusion criteria: All patients hospitalized at the Azienda
Ospedaliero—Universitaria SS. Antonio e Biagio e Cesare Arrigo of Alessandria with sus-
pected pneumonia, from whom respiratory samples were collected and directly processed
by Real-Time PCR and from whom clinical data were available, were included in this study.

The criteria to define pneumonia and to differentiate CAP from HAP and ventilator-
associated pneumonia (VAP) that we applied were those described by Kalil et al. [1] in
the 2016 Clinical Practice Guidelines of the Infectious Diseases Society of America and
the American Thoracic Society: Pneumonia is a “new lung infiltrate plus clinical evidence
that the infiltrate is of an infectious origin, which include the new onset of fever, purulent sputum,
leukocytosis, and decline in oxygenation”, defined as CAP if the infection is acquired outside
of the hospital setting, but defined as HAP “if not incubating at the time of hospital admission
and occurring 48 h or more after admission” or VAP if “occurring >48 h after endotracheal
intubation” [1].



Microorganisms 2025, 13, 1678

3o0f11

The criteria for ADE were the discontinuation of an antibiotic no longer supported by
the microbiologic evidence or narrowed in spectrum in relation to the pathogen identified
and the absence of resistance genes.

Since the interpretation of the clinical significance and the possible modification of
the antimicrobial therapy were decided by the attending clinician and reported in the
electronic medical record, we did not compare the molecular method’s results with those
of the culture with respect to culturable pathogens or bacterial load. The clinical data
were obtained from the hospital administration system TRAKCare® (InterSystems, Boston,
MA, USA).

2.2. Molecular Assay

The commercially available BioFire® FilmArray® Pneumonia plus Panel (BioFire
Diagnostics, LLC, Salt Lake City, UT, USA) was used, according to the manufacturer’s
instructions. Briefly, the pouch was rehydrated with 300 pL rehydration solution. Around
200 uL of respiratory specimen was collected with a disposable sample swab and then
mixed with the provided sample buffer. The solution obtained was subsequently injected
into the pouch and loaded onto the FilmArray® device (Biomerieux, Marcy-1'Etoile, France)
that performed amplification and detection. The Panel allows the identification of 15 bacte-
ria (Acinetobacter calcoaceticus baumannii complex, Enterobacter cloacae complex, Escherichia
coli, Haemophilus influenzae, Klebsiella aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae group,
Moraxella catarrhalis, Proteus spp., Pseudomonas aeruginosa, Serratia marcescens, Staphylococ-
cus aureus, Streptococcus agalactiae, Streptococcus pneumoniae, and Streptococcus pyogenes),
3 atypical bacteria (Chlamydophila pneumoniae, Legionella pneumophila, and Mycoplasma
pneumoniae), 8 viruses (adenovirus, coronavirus, human metapneumovirus, human rhi-
novirus/enterovirus, influenza A, influenza B, parainfluenza virus, and respiratory syncy-
tial virus), and 7 resistance genes [methicillin resistance (mecA/C and mec right extremity
junction: MRE]), Klebsiella pneumoniae carbapenemase (KPC), Verona integron-encoded
metallo-Beta-lactamase (VIM), imipenemase (IMP), New Delhi metallo-3-lactamase (NDM),
Oxacillinase (OXA)-48-like, and Cefotaximase-Munich (CTX-M)-type ESBL]. Results are
provided within 2 h.

2.3. Cultural Assay

All samples were processed according to standard procedures [13]. Each sample first
underwent assessment for squamous epithelial cells, inflammatory cells, and bacteria. Sub-
sequently, it was cultured quantitatively onto Columbia agar +5% sheep blood, MacConkey
agar, and Haemophilus Chocolate 2 agar (all media were from BioMérieux, Marcy-1'Etoile,
France). Columbia agar +5% sheep blood and Haemophilus Chocolate 2 agar were incubated
at 35 °C in 5% CO,, while MacConkey agar was incubated at 35 °C in ambient air. Plates
were read after 24 and 48 h, and if still negative at 72 h, they were discarded. Isolates were
identified using the Vitek 2® system (bioMérieux, Marcy 1'Etoile, France) or matrix-assisted
laser desorption ionization—time of flight mass spectrometry Vitek® MS (bioMérieux, Marcy
I’Etoile, France).

2.4. Statistical Methods

Continuous variables were expressed as the median and interquartile range (IQR).
Categorical variables were expressed as absolute numbers and percentages. Frequencies
were compared using the McNemar Test. Microsoft Excel 2010 (Microsoft Corporation,
Redmond, WA, USA) was used for the analysis. The significance level was set at p < 0.05.
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3. Results

A total of 174 samples from the same number of patients satisfied the inclusion criteria
and were included in this study. The median age was 66 years (IQR: 54-75), and 119/174
(68.4%) were males. The requesting wards are reported in Table 1, and 163/174 (93.7%)
were bronchoalveolar lavage—the others were bronchial aspirates. More than half of
the samples were requested by the Intensive Care Unit (ICU), Infectious Diseases, and
Pulmonology wards.

Table 1. Details of wards involved in the study.

Ward N %
Intensive Care 61 35.1
Infectious Diseases 20 11.5
Pulmonology 28 16.1
Hematology 13 7.5
Sub-Intensive Care 13 7.5
Pediatric Intensive Care 10 5.7
Emergency Medicine 8 45
Internal Medicine 5 29
Coronary Care Unit 3 1.7
General Surgery 2 1.1
Pediatrics 2 1.1
Oncology 2 1.1
Gastroenterology 1 0.6
Nephrology 1 0.6
Neurology 1 0.6
Pediatric Emergency Room 1 0.6
Respiratory Rehabilitation 1 0.6
Spinal Unit 1 0.6
Urology 1 0.6

Total 174 100

In total, 118 samples of 174 (67.8%) were positive based on the molecular assay. The
microorganisms and resistance genes identified are described in Figure 1. The co-infections
accounted for 63.6% (75/118) of the positive samples. Among these, 34/75 (45.3%) patients
were co-infected by two pathogens, 29 /75 (38.7%) by three pathogens, 11/75 (14.7%) by four,
and 1/75 (1.3%) by six pathogens. The most frequent pathogen recovered in co-infection
was S. aureus (35/75; 46.7%), followed by P. aeruginosa (24/75; 32%) and E. coli (18/75;
24%). Bacterial-viral co-infections accounted for 42.7% (32/75). Rhinovirus/enterovirus
(9/32; 28.1%) and respiratory syncytial virus (8/32; 25%) were the viruses most frequently
identified in bacterial-viral co-infections.

Concerning resistance genes, CTX-M and mecA /C + MRE] were the most frequent. In
total, 16 samples of 118 (13.5%) were only positive for viruses.

Otherwise, cultures resulted positive in 39/172 (22.7%) samples, taking into account
that in two cases, culture was not requested. The microorganisms recovered are described
in Figure 2. Co-infections occurred in 11/39 (28.2%) of the positive samples: 10/11 (91%)
sustained by two pathogens and 1 (9%) by three pathogens. The most frequent pathogen
recovered in co-infections was S. aureus (7/11; 63.6%), followed by P. aeruginosa (4/11;
36.4%).
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Figure 1. Bacteria and viruses identified using the molecular method along with the main resistance genes.
B Pseudomonas aeruginosa
W Staphylococcus aureus
Escherichia coli
' W Kiebsiella pneumoniae

W Proteus mirabilis

Acinetobacter baumannii
W Enterobacter cloacae

Serratia mercescens

Q. 7 ltovhili,
P {5

" Haemophilus influenzae
W Kiebsiella acrogenes

W Citrobacter freundii

Figure 2. Microorganisms identified by cultural assay.

The comparison of the two methods is reported in Table 2, and the microorganisms
identified according to the proposed method are listed in Table 3. The McNemar Test
yielded a significant difference (p < 0.0001). It is indeed evident how in 77/172 (44.8%)
samples, the molecular method was positive against a negative culture. Conversely, no
samples positive via culture were negative using the molecular method.

Table 2. Comparison of the molecular and cultural methods.

Cultural Method
Positive Negative Total
Molecular Positive 39 77 116
assa Negative 0 56 56
y Total 39 133 172

In total, 119 patients out of 174 (68.4%) were already on antimicrobial therapy before
the molecular test. In 82/174 (47.1%) patients, the antimicrobial therapy was modified
after the molecular test, and in 28/82 (34.1%), ADE was carried out. Among the 28 pa-
tients that underwent ADE, 12/28 (42.9%) had a positive molecular test corresponding
to a negative culture and 9/28 (32%) had a negative molecular test. Therefore, 75% of
ADE patients [(12 + 9)/28] had a negative culture. The remaining 7/28 (25.1%) patients
underwent both a molecular test and positive culture, and the bacteria identified by Fil-
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marray had estimates of bacterial amounts based on FA-Pneumo Bin results ranging from
10* and 10° DNA copies/mL. These findings from the molecular test were considered not
significant by the attending physician. They corresponded to values of <1 x 103> CFU/mL
from cultures.

Table 3. Microorganisms identified according to proposed method.

Microorganism Identified only by Identified only by Identified by Both
Molecular Methods Culture Methods
Acinetobacter baumannii 2 0 2
Klebsiella pneumoniae 8 0 5
Pseudomonas aeruginosa 15 0 14
Proteus spp. 5 0 4
Enterobacter cloacae complex 9 0 1
Escherichia coli 17 0 5
Haemophilus influenzae 19 0 1
Staphylococcus aureus 28 0 12
Stenotrophomonas maltophilia 0 1 0
Klebsiella oxytoca 12 0 0
Citrobacter freundii 0 1 0
Streptococcus agalactiae 4 0 0
Moraxella catarrhalis 10 0 0
Streptococcus pneumoniae 9 0 0
Klebsiella aerogenes 4 0 1
Serratia marcescens 4 0 1
Total 146 2 46

Conversely, in 54/82 (65.9%) patients, treatment was escalated or switched to a tar-
geted antibiotic therapy. Among the remaining 92 patients in which therapy was not
modified, 33 (35.9%) did not receive any antimicrobial therapy before the molecular test
and no antibiotics were prescribed after the test. Those patients were mostly hospitalized
in Intensive Care Units, often suffering from conditions such as chest injury, concurrent
heart failure, hematologic malignancies, respiratory distress syndrome, high white blood
cell counts, and lung attenuation on chest X-ray. In relation to the frequent hemodynamic
instability and the risk of possibly worsening the clinical picture within a short time, the
molecular method was used.

Therefore, in 61 (28 + 33) out of a total of 174 (35%) patients, unnecessary antimicrobials
were discontinued or avoided. Figure 3 describes the drugs removed from therapy after
the result of the molecular method was available. It can be seen how the antimicrobials
more frequently stopped were linezolid and meropenem. Antimicrobial de-escalation was
carried out within 48-72 h of the result.

Linezolid

Meropenem
Ceftriaxone
Azithromycin
Ceftolozane/tazobactam
Piperacillin/tazobactam
Vancomycin
Metronidazole
Levofloxacin
Fluconazole
Clarithromycin
Ceftobiprole
Ceftazidime/avibactam

Cefepime

Amikacin

0 2 4 6 8 10 12

Figure 3. Drugs removed from empiric antimicrobial therapy according to the result of the molecular
method.
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4. Discussion

The main result of this study is the finding of the discontinuation or avoidance of
unnecessary empirical antimicrobial therapy in more than one third of patients with sus-
pected pneumonia. Our findings substantially match those of Verroken et al. [16]. Their
prospective clinical trial included 85 adult patients with severe acute pneumonia and a
mean age and prevalence of male patients similar to those in this study. They found that
the antimicrobial therapy was modified in about half of patients after the molecular test
was performed. The proportion of those patients who underwent ADE was the same as
in the present study [16]. Likewise, in the study of Buchan et al. [17] on a population of
259 adult inpatients, the authors found the potential for discontinuation or de-escalation
in 48.2% of patients. Finally, similar results were also obtained by Plattner et al. [18] on a
pediatric population of 126 patients, for whom a change in antibiotic therapy occurred for
46% of patients after the results of the molecular method were obtained.

Concerning the classes of discontinued antimicrobials, Stafylaki et al. [19] conducted
a study including 79 patients diagnosed with pneumonia in the ICU and tested with the
same panel used in this study and compared them with 40 control patients tested with
conventional diagnostics. They found a significant reduction in meropenem prescription, in
line with the results of the present study. Also, Monard et al. [20] conducted a retrospective
multicenter study including 159 pneumonia episodes. The de-escalation of empirical
antimicrobial therapy was considered in 40% of patients based on the result of the molecular
method. In this study, the antibiotic suspended more frequently from empirical antibiotic
therapy was linezolid. This is conceivable, since in a total of 40 S. aureus detected, only
6/40 (15%) were positive for mecA/C and MRE].

Regarding the pathogens identified by the molecular method, in addition to the
studies already described above (16-18), the results match those reported by other authors
that used the same technology. Indeed, Crémet et al. [21], in a study including 100 ICU
patients, found a higher prevalence of H. influenzae, S. aureus, E. coli, and K. pneumoniae. The
most frequent resistance gene was CTX-M. Likewise, Mitton et al. [22] evaluated 59 lower
respiratory tract specimens from subjects with suspected pneumonia, and among the most
frequent pathogens identified, there were P. aeruginosa, S. aureus, and K. pneumoniae groups.
In a single-center, retrospective, observational study including 163 tracheal aspirates from
109 mechanically ventilated patients, Ferrer et al. [23] reported S. aureus and P. aeruginosa
as the most frequent pathogens identified. Similarly, S. aureus, E. coli, P. aeruginosa, and
H. influenzae were the most frequent pathogens identified by Szymankiewicz et al. [24] in
a study evaluating 79 samples of bronchoalveolar lavage. Concerning the viruses most
commonly detected, the results of this study are in line with those of Webber et al. [25], who
found rhinovirus/enterovirus, influenza A virus, and respiratory syncytial virus as the most
frequent. Also, Van Der Westhuyzen et al. [26] identified mostly rhinovirus/enterovirus on
a total of 125 lower respiratory tract samples.

With regard to the significant difference in pathogen identification between the molec-
ular method and culture, it must be considered that nearly 70% of patients were already
undergoing antimicrobial therapy at the time of testing and DNA strains of non-viable
bacteria were amplified as well. Moreover, in more than 13% of the samples found positive
by the molecular method, only viruses were identified, and at our laboratory, no viral
culture was performed. On the other hand, culture allows us to identify Citrobacter freundii
and Stenotrophomonas maltophilia, which are missed by the molecular method since it is
not present in the panel. Nevertheless, those isolates were together with S. aureus and K.
pneumoniae, respectively, both identified using the molecular method. Therefore, those
samples are included in the set of 39 positive ones obtained using both the molecular
method and culture.
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The results of the present study contribute to a better understanding of the role and
utility of rapid Real-Time PCR-based tests in the diagnosis of lower respiratory tract infec-
tions. On the one hand, they allow valuable information to be obtained in a short period
of time that can be used to make difficult decisions for septic patients with hemodynamic
instability by integrating this information with clinical history, physical examination, and
radiological findings to avoid possible false positive results due to the higher sensitivity
of culture. On the other hand, this study provides an experience, albeit limited to a single
center, of how such tests can also be considered in antimicrobial de-escalation, an aspect so
important nowadays for circumscribing the phenomenon of antibiotic resistance. Further
multicenter studies with a larger sample size will allow this role to be better defined.

The effect of the rapid availability of the results of the syndromic panel can be analyzed
from a pharmacoeconomic standpoint as well. Ferrer et al. [23] reported potential overall
savings of EUR 6675.8 regarding antibiotic adjustment in around half of the 99 patients
evaluated. In our setting, the empirical therapy for HAP involves the use of linezolid (EUR
4.08/DDD), meropenem (EUR 5.34), ceftriaxone (EUR 0.76), azithromycin (EUR 20.04),
piperacillin—tazobactam (EUR 5.50), ceftolozane-tazobactam (EUR 147.06), and caspofungin
(EUR 18.93), resulting in an average cost of approximately EUR 30 per defined daily dose
(DDD). With the information obtained from the FilmArray Pneumonia Panel, it was possible
to conduct antibiotic de-escalation in 54 out of 82 patients (65.9%) to a third-generation
cephalosporin, with an average cost of EUR 1 per DDD. In considering an average antibiotic
treatment duration of 10 days, the adjustment resulted in cost savings of EUR 203 per
patient. Since the diagnostic test costs EUR 190, there is no direct evidence of economic
benefit from antibiotic cost reduction. However, it must be considered that our evaluation
was focused on susceptible bacterial strains and was not affected by antibiotic treatment
for multidrug-resistant organisms. Furthermore, beyond economic considerations, the
de-escalation of antibiotic therapy may offer several important clinical and public health
benefits such as reduced hospital stays and faster clinical recovery, thereby improving
patient outcomes, optimizing hospital resource management, and reducing indirect costs
in an economy-of-scale logic [27,28].

To confirm the clinical utility of rapid molecular tests in guiding antimicrobial therapy
and promoting antibiotic de-escalation in critically ill patients, a well-structured multicenter
randomized controlled trial (RCT) is essential. Such a study should rely on methodological
approaches already validated in the literature, including the ADAPT multicenter observa-
tional study [20] and the SCRIPT prospective cohort [29].

The proposed RCT would involve at least 10 intensive care units (ICUs) across various
regions to ensure diversity in patient populations and healthcare settings. Patients with
suspected hospital-acquired or ventilator-associated pneumonia (HAP/VAP) requiring
empirical antibiotic therapy would be randomized 1:1 to either a standard-of-care group or
an intervention group managed with rapid multiplex PCR testing on respiratory samples.

The primary endpoint would be the rate of antibiotic de-escalation at 72 h, while
secondary outcomes would include total antibiotic use, ICU and hospital length of stay, the
incidence of multidrug-resistant organism infections, and patient-centered outcomes such
as mortality. Stratified randomization and standardized protocols for interpreting molec-
ular results, supported by antimicrobial stewardship teams, would be vital to maintain
consistency across all participating centers.

Findings from ADAPT and SCRIPT studies consistently show that rapid molecular
testing significantly enhances pathogen detection compared to traditional cultures and its
integration into clinical practice allows for timely de-escalation without increasing adverse
outcomes. Nonetheless, single-center or retrospective designs limit the generalizability of
these findings.
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A multicentric study would enable broader applicability by considering regional
variations in pathogen epidemiology, resistance patterns, and clinical practices. Such an
approach would yield robust, high-quality evidence to guide the optimal implementation
of molecular diagnostics in critical care settings globally.

The abovementioned aspect is a limitation of the present work. Furthermore, we
did not have information regarding mortality, length of hospital stay, reinfection rate,
and the occurrence of complications. The retrospective nature implies the possibility of
selection bias, and the patients included were those for whom data were found and could
be extracted. Moreover, since this is a monocentric study, the results cannot be necessarily
applied to other settings. Finally, the use of a Real-Time PCR-based diagnostic tool, on one
hand, requires expensive disposables and equipment and qualified people; on the other
hand, it has the risk of reporting a positive a sample that potentially contains only DNA
from microorganisms already killed via antibiotic therapy. Defining a meaningful threshold
of DNA copies/mL is the subject of an ongoing study:.

5. Conclusions

This study showed how the syndromic panel in use at our institution not only helps
carry out a faster etiological diagnosis of pneumonia but also allows us to better choose
when empiric antibiotic therapy de-escalation could be feasible.

Author Contributions: Conceptualization, C.L. and A.R. (Andrea Rocchetti); formal analysis, C.L.;
investigation, L.E,, D.V,, LD.M,, E.C,, LS, ES., C.B.,, V.B. and FG; data curation, M.Z. and C.D.B.;
writing—original draft preparation, C.L. and A.R. (Andrea Rocchetti); writing—review and editing,
P.B.; supervision, A.R. (Annalisa Roveta), A.M. and A.R. (Andrea Rocchetti). All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: We deeply thank the following colleagues for invaluable help in data acquisition:
Valeria Cavallo, Valentina Pizzo, Marcella Cerrato, Manal Abielala, Haymanot Bonelli, Valentina
Repetto, Monica Canepari, Salvatore Castaldo, Erika Berta, and Cristina Bara.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Kalil, A.C.; Metersky, M.L.; Klompas, M.; Muscedere, J.; Sweeney, D.A.; Palmer, L.B.; Napolitano, L.M.; O’Grady, N.P; Bartlett,
J.G.; Carratala, J.; et al. Management of Adults with Hospital-acquired and Ventilator-associated Pneumonia: 2016 Clinical

Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin. Infect. Dis. 2016, 63,
e61-el11. [CrossRef] [PubMed]

2. Cill6niz, C.; Dominedo, C.; Torres, A. Multidrug Resistant Gram-Negative Bacteria in Community-Acquired Pneumonia. Crit.
Care 2019, 23, 79. [CrossRef] [PubMed]

3. Chen, CY; Yang, K.Y,; Peng, C.K,; Sheu, C.C.; Chan, M.C.; Feng, ].Y.; Wang, S.H.; Chen, C.M.; Zheng, Z.R.; Liang, S.J.; et al.
Clinical outcome of nosocomial pneumonia caused by Carbapenem-resistant gram-negative bacteria in critically ill patients: A

multicenter retrospective observational study. Sci. Rep. 2022, 12, 7501. [CrossRef] [PubMed]

4. Pereira, ].M.; Gongalves-Pereira, J.; Ribeiro, O.; Baptista, ].P; Froes, F.; Paiva, ].A. Impact of antibiotic therapy in severe community-
acquired pneumonia: Data from the Infauci study. J. Crit. Care 2018, 43, 183-189. [CrossRef]

5. Candel, EJ.,; Salavert, M.; Basaras, M.; Borges, M.; Cantén, R.; Cercenado, E.; Cilloniz, C.; Estella, A.; Garcia-Lechuz, ] M.;
Garnacho Montero, J.; et al. Ten Issues for Updating in Community-Acquired Pneumonia: An Expert Review. J. Clin. Med. 2023,

12, 6864. [CrossRef]


https://doi.org/10.1093/cid/ciw353
https://www.ncbi.nlm.nih.gov/pubmed/27418577
https://doi.org/10.1186/s13054-019-2371-3
https://www.ncbi.nlm.nih.gov/pubmed/30850010
https://doi.org/10.1038/s41598-022-11061-7
https://www.ncbi.nlm.nih.gov/pubmed/35525867
https://doi.org/10.1016/j.jcrc.2017.08.048
https://doi.org/10.3390/jcm12216864

Microorganisms 2025, 13, 1678 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Barbier, F.; Dupuis, C.; Buetti, N.; Schwebel, C.; Azoulay, E; Argaud, L.; Cohen, Y,; Hong Tuan Ha, V.; Gainnier, M.; Siami,
S.; et al. Single-drug versus combination antimicrobial therapy in critically ill patients with hospital-acquired pneumonia and
ventilator-associated pneumonia due to Gram-negative pathogens: A multicenter retrospective cohort study. Crit. Care 2024, 28,
10. [CrossRef]

Chang, Y.; Jeon, K; Lee, S.M.; Cho, Y.J.; Kim, Y.S.; Chong, Y.P.; Hong, S.B. The Distribution of Multidrug-resistant Microorganisms
and Treatment Status of Hospital-acquired Pneumonia/Ventilator-associated Pneumonia in Adult Intensive Care Units: A
Prospective Cohort Observational Study. J. Korean Med. Sci. 2021, 36, €251. [CrossRef]

Patzke, C.L.; Armahizer, M.].; Badjatia, N.; Motta, M. A Retrospective Analysis of Prolonged Empiric Antibiotic Therapy for
Pneumonia Among Adult Neurocritical Care Patients. Neurohospitalist 2019, 9, 15-21. [CrossRef]

Thomas, Z.; Bandali, E; Sankaranarayanan, J.; Reardon, T.; Olsen, K M.; Critical Care Pharmacotherapy Trials Network. A Multicenter
Evaluation of Prolonged Empiric Antibiotic Therapy in Adult ICUs in the United States. Crit. Care Med. 2015, 43, 2527-2534. [CrossRef]
Salam, M.A.; Al-Amin, M.Y,; Salam, M.T.; Pawar, ].S.; Akhter, N.; Rabaan, A.A.; Alqumber, M.A.A. Antimicrobial Resistance: A
Growing Serious Threat for Global Public Health. Healthcare 2023, 11, 1946. [CrossRef]

Mancuso, G.; Midiri, A.; Gerace, E.; Biondo, C. Bacterial Antibiotic Resistance: The Most Critical Pathogens. Pathogens 2021, 10, 1310.
[CrossRef]

Tanzarella, E.S.; Cutuli, S.L.; Lombardi, G.; Cammarota, E; Caroli, A.; Franchini, E.; Sancho Ferrando, E.; Grieco, D.L.; Antonelli,
M.; De Pascale, G. Antimicrobial De-Escalation in Critically Ill Patients. Antibiotics 2024, 13, 375. [CrossRef]

Carroll, K.C,; Pfaller, M.A; Karlowsky, ].A.; Landry, M.L.; Landry, A.].; McAdam, R.P.; Bobbi, S.P. Manual of Clinical Microbiology,
13th ed.; ASM Press: Washington, DC, USA, 2024.

Lee, S.H; Ruan, S.Y,; Pan, S.C.; Lee, T.E,; Chien, ].Y.; Hsueh, PR. Performance of a multiplex PCR pneumonia panel for the
identification of respiratory pathogens and the main determinants of resistance from the lower respiratory tract specimens of
adult patients in intensive care units. J. Microbiol. Immunol. Infect. 2019, 52, 920-928. [CrossRef]

Gastli, N.; Loubinoux, J.; Daragon, M.; Lavigne, J.P.; Saint-Sardos, P; Pailhories, H.; Lemarié, C.; Benmansour, H.; d’'Humieres,
C.; Broutin, L.; et al. Multicentric evaluation of BioFire FilmArray Pneumonia Panel for rapid bacteriological documentation of
pneumonia. Clin. Microbiol. Infect. 2021, 27, 1308-1314. [CrossRef]

Verroken, A.; Favresse, J.; Anantharajah, A.; Rodriguez-Villalobos, H.; Wittebole, X.; Laterre, PF. Optimized Antibiotic Manage-
ment of Critically Ill Patients with Severe Pneumonia Following Multiplex Polymerase Chain Reaction Testing: A Prospective
Clinical Exploratory Trial. Antibiotics 2024, 13, 67. [CrossRef] [PubMed]

Buchan, B.W.; Windham, S.; Balada-Llasat, ].M.; Leber, A.; Harrington, A.; Relich, R.; Murphy, C.; Dien Bard, J.; Naccache, S.;
Ronen, S.; et al. Practical Comparison of the BioFire FilmArray Pneumonia Panel to Routine Diagnostic Methods and Potential
Impact on Antimicrobial Stewardship in Adult Hospitalized Patients with Lower Respiratory Tract Infections. J. Clin. Microbiol.
2020, 58, €00135-20. [CrossRef] [PubMed]

Plattner, A.S.; Lockowitz, C.R.; Dumm, R.; Banerjee, R.; Newland, ].G.; Same, R.G. Practice Versus Potential: The Impact of the
BioFire FilmArray Pneumonia Panel on Antibiotic Use in Children. J. Pediatric Infect. Dis. Soc. 2024, 13, 196-202. [CrossRef]
[PubMed]

Stafylaki, D.; Maraki, S.; Vaporidi, K.; Georgopoulos, D.; Kontoyiannis, D.P.; Kofteridis, D.P.; Chamilos, G. Impact of Molecular
Syndromic Diagnosis of Severe Pneumonia in the Management of Critically Il Patients. Microbiol. Spectr. 2022, 10, e0161622.
[CrossRef]

Monard, C.; Pehlivan, J.; Auger, G.; Alviset, S.; Tran Dinh, A.; Duquaire, P.; Gastli, N.; d'Humieres, C.; Maamar, A.; Boibieux,
A.; et al. Multicenter evaluation of a syndromic rapid multiplex PCR test for early adaptation of antimicrobial therapy in adult
patients with pneumonia. Crit. Care 2020, 24, 434. [CrossRef]

Crémet, L.; Gaborit, B.; Bouras, M.; Drumel, T.; Guillotin, F; Poulain, C.; Persyn, E.; Lakhal, K.; Rozec, B.; Vibet, M.A ; et al.
Evaluation of the FilmArray® Pneumonia Plus Panel for Rapid Diagnosis of Hospital-Acquired Pneumonia in Intensive Care
Unit Patients. Front. Microbiol. 2020, 11, 2080. [CrossRef]

Mitton, B.; Rule, R.; Said, M. Laboratory evaluation of the BioFire FilmArray Pneumonia plus panel compared to conventional
methods for the identification of bacteria in lower respiratory tract specimens: A prospective cross-sectional study from South
Africa. Diagn. Microbiol. Infect. Dis. 2021, 99, 115236. [CrossRef]

Ferrer, |.; Clari, M.A.; Giménez, E.; Carbonell, N.; Torres, L; Blasco, M.L.; Albert, E.; Navarro, D. The Biofire® Filmarray®
Pneumonia Plus panel for management of lower respiratory tract infection in mechanically-ventilated patients in the COVID-19
era: A diagnostic and cost-benefit evaluation. Diagn. Microbiol. Infect. Dis. 2023, 105, 115847. [CrossRef] [PubMed]
Szymankiewicz, M.T,; Szczepanska, A.; Stefaniuk, E. Evaluation of the BioFire® FilmArray® Pneumonia plus Panel for Detecting
Bacterial Etiological Agents of Lower Respiratory Tract Infections in an Oncologic Hospital. Comparison with Conventional
Culture Method. Pol. ]. Microbiol. 2023, 72, 391-398. [CrossRef] [PubMed]


https://doi.org/10.1186/s13054-023-04792-0
https://doi.org/10.3346/jkms.2021.36.e251
https://doi.org/10.1177/1941874418792138
https://doi.org/10.1097/CCM.0000000000001294
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.3390/pathogens10101310
https://doi.org/10.3390/antibiotics13040375
https://doi.org/10.1016/j.jmii.2019.10.009
https://doi.org/10.1016/j.cmi.2020.11.014
https://doi.org/10.3390/antibiotics13010067
https://www.ncbi.nlm.nih.gov/pubmed/38247626
https://doi.org/10.1128/JCM.00135-20
https://www.ncbi.nlm.nih.gov/pubmed/32350045
https://doi.org/10.1093/jpids/piae014
https://www.ncbi.nlm.nih.gov/pubmed/38332718
https://doi.org/10.1128/spectrum.01616-22
https://doi.org/10.1186/s13054-020-03114-y
https://doi.org/10.3389/fmicb.2020.02080
https://doi.org/10.1016/j.diagmicrobio.2020.115236
https://doi.org/10.1016/j.diagmicrobio.2022.115847
https://www.ncbi.nlm.nih.gov/pubmed/36403558
https://doi.org/10.33073/pjm-2023-035
https://www.ncbi.nlm.nih.gov/pubmed/37815433

Microorganisms 2025, 13, 1678 11 of 11

25.

26.

27.

28.

29.

Webber, D.M.; Wallace, M.A.; Burnham, C.A.; Anderson, N.W. Evaluation of the BioFire FilmArray Pneumonia Panel for Detection
of Viral and Bacterial Pathogens in Lower Respiratory Tract Specimens in the Setting of a Tertiary Care Academic Medical Center.
J. Clin. Microbiol. 2020, 58, €00343-20. [CrossRef] [PubMed]

Van Der Westhuyzen, M.; Samodien, N.; Brink, A.J.; Moodley, C. Utility of the BioFire® FilmArray® Pneumonia Panel plus assay
for syndromic testing of lower respiratory tract infections in a low /middle-income setting. JAC Antimicrob. Resist. 2023, 5, dlac139.
[CrossRef]

Chastre, J.; Wolff, M.; Fagon, ].Y.; Chevret, S.; Thomas, F.; Wermert, D.; Clementi, E.; Gonzalez, J.; Jusserand, D.; Asfar, P.; et al.
Comparison of 8 vs. 15 days of antibiotic therapy for ventilator-associated pneumonia in adults: A randomized trial. JAMA 2003,
290, 2588-2598. [CrossRef]

Torres, A.; Niederman, M.S.; Chastre, ]J.; Ewig, S.; Fernandez-Vandellos, P.; Hanberger, H.; Kollef, M.; Bassi, G.L.; Luna, C.M,;
Martin-Loeches, I.; et al. International ERS/ESICM/ESCMID/ALAT guidelines for the management of hospital-acquired
pneumonia and ventilator-associated pneumonia. Eur. Respir. . 2020, 50, 1700582. [CrossRef]

Zhu, M; Pickens, C.I; Markov, N.S.; Pawlowski, A.; Kang, M.; Rasmussen, L.V.; Walter, ] M.; Nadig, N.R.; Singer, B.D.; Wunderink,
R.G.; et al. Antibiotic de-escalation patterns and outcomes in critically ill patients with suspected pneumonia as informed by
bronchoalveolar lavage results. Eur. J. Clin. Microbiol. Infect. Dis. 2025. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JCM.00343-20
https://www.ncbi.nlm.nih.gov/pubmed/32321782
https://doi.org/10.1093/jacamr/dlac139
https://doi.org/10.1001/jama.290.19.2588
https://doi.org/10.1183/13993003.00582-2017
https://doi.org/10.1007/s10096-025-05144-2

	Introduction 
	Materials and Methods 
	Study Design 
	Molecular Assay 
	Cultural Assay 
	Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

