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ABSTRACT

Introduction: The epidemiology of severe
lower respiratory tract infections (LRTI) is con-
stantly changing. We aimed to describe it using
the BioFire� FilmArray� Pneumonia plus
(PNplus) Panel.
Methods: In a sub-study of the PROGRESS trial,
sputum samples of 90 patients with sepsis and
LRTI were retrospectively studied. The primary
endpoint was the comparative detection rate of
pathogens between conventional microbiology
and PNplus Panel; secondary endpoints were
microbiology and the association with the
inflammatory host response.
Results: Fifty-six patients with community-ac-
quired pneumonia without risk factors for
multidrug-resistant (MDR) pathogens and

another 34 patients with risk factors for MDR
were studied; median pneumonia severity index
(PSI) was 113 (88–135). PNplus detection rate
was 72.2% compared to 10% by conventional
microbiology (p\0.001); Streptococcus pneumo-
niae was the most common pathogen. PSI and
procalcitonin were greater among patients with
bacterial pathogens than viral pathogens. Med-
ian procalcitonin was 0.49 ng/ml and 0.18 ng/
ml among patients with C 105 and
\105 copies/ml of detected bacteria, respec-
tively (p = 0.004). Resistance reached 14.4%.
Conclusion: PNplus detects severe pneumonia
pathogens at a greater rate than conventional
microbiology. High levels of inflammation
accompany bacterial detection.
Trial Registration: PROGRESS, ClinicalTrials.-
gov NCT03333304, 06/11/2017.
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Key Summary Points

Data about etiology of severe lower
respiratory tract infections are sparse.

BioFire� FilmArray� Pneumonia plus Panel
detects pathogens at a high rate.

Streptococcus pneumoniae is the commonest
pathogen of community-acquired
pneumonia.

High serum procalcitonin levels reflect
true virulence of detected pathogens.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14579211.

INTRODUCTION

Community-acquired pneumonia (CAP) is a
major cause of morbidity and mortality. Mor-
tality is mainly associated with progression into
sepsis; this is reaching almost 28% among
patients with CAP [1, 2]. The ideal strategy for
the management of pneumonia should rely on
the early identification of the pathogen and the
administration of targeted antimicrobial ther-
apy. However, this is hampered by conven-
tional microbiology that is positive in less than
half of the patients. This was underscored by the
results of the EPIC study (Etiology of Pneumo-
nia in the Community). In the EPIC study [3],
extensive microbiology and serology workups
were done to detect the pathogen of 2320
patients with CAP; molecular methods were
also used. Despite the rigorous efforts, the cul-
prit pathogens were detected in only 38% of
patients. This strongly supports utilization of
the syndromic diagnostic approach for the

diagnosis of the pathogen and for acquiring
early information on resistance.

PROGRESS (PROcalcitonin-Guided antimi-
crobial therapy to REduce long-term Sequelae of
infectionS) is a prospective randomized clinical
trial aiming to validate the impact of early stop
of antibiotics guided by procalcitonin (PCT) in
the prevention of infections by multidrug-re-
sistant microorganisms (MDRO) and Clostrid-
iodes difficile [4]. Enrolled patients had sepsis
due to either lower respiratory tract infections
(LRTI) or acute pyelonephritis (AP) or primary
bloodstream infection (BSI). The current
manuscript is a subgroup analysis of partici-
pants with LRTI where the diagnostic perfor-
mance of syndromic molecular testing using
BioFire� FilmArray� Pneumonia plus Panel was
studied.

METHODS

Study Design and Participants

This is a substudy of patients with sepsis due to
LRTI enrolled in the PROGRESS trial [4]. PRO-
GRESS was a prospective, multicenter, random-
ized trial designed to evaluate a procalcitonin
(PCT)-guided antibiotic stopping rule compared
to standard-of-care treatment, for the incidence
of infection-associated adverse events in
patients with sepsis (ClinicalTrials.gov
NCT03333304, 06/11/2017). The study was
conducted according to the Declaration of
Helsinki. From November 2017 to January 2019,
the trial recruited patients with sepsis hospital-
ized in seven internal medicine departments in
Greece. Enrolled patients were adults
(C 18 years) with LRTI, AP, or BSI. All enrolled
patients had sepsis according to the Sepsis-3
definitions, i.e., presented in the emergency
department with a Sequential Organ Failure
Assessment (SOFA) score of at least two or had
an increase of baseline SOFA score of at least
two points while hospitalized [5]. Only patients
with CAP participated in this sub-study. LRTI
was defined as a new or evolving infiltrate on
chest X-ray accompanied by at least two clinical
findings compatible with LRTI (new onset or
worsening of cough; dyspnea; auscultatory
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findings consistent with pulmonary consolida-
tion) and at least one finding consistent with
impaired respiratory function (PCT C 0.25 lg/l;
hypoxemia pO2 B 60 mmHg; oxygen satura-
tion B 90% in room air; respiratory
rate C 20 breaths/min) [6, 7]. Patients without
any previous intake of antimicrobials and
without any contact with the hospital envi-
ronment during the last 90 days were classified
into CAP without risk factors for MDR; patients
under chronic dialysis or residents in long-term
care facilities or with hospitalization or previous
antimicrobial intake during the last 3 months or
previous isolation of an MDR pathogen were
classified into CAP with risk factors for MDR
[6–8]. Main exclusion criteria were infections
requiring prolonged antibiotic therapies; para-
site infections; tuberculosis; cystic fibrosis; sev-
ere immunosuppression; pregnancy/lactation.
Written informed consent was obtained from
patients before enrollment. PROGRESS was
approved by the National Organization for
Medicines of Greece (approval number, IS-62/
17), the National Ethics Committee of Greece
(approval number, 62/17), and by the local
ethics committees of all participating hospitals.
Data were captured after review of all medical
and nursing charts by a physician team blinded
to the allocation group.

Blood samples were collected for PCT mea-
surements within the first 24 h and on day 5 of
treatment, using the VIDAS� assay with a lower
detection limit of 0.05 lg/l (bioMérieux, Marcy
l’Etoile, France). Standard-of-care microbiology
investigation was done before allocation of
participants into the study arm and prior to
initiation of antimicrobials. This comprised
bacterial cultures of blood, sputum, and pleural
fluid; urine analysis for antigen detection of
Legionella pneumophila and Streptococcus pneu-
moniae (BinaxNOW, Abbott); antibody titer
testing for Mycoplasma pneumoniae, Chlamydia
pneumoniae, and Legionella pneumoniae; and
nasopharyngeal sample analysis by routine real-
time PCR assays for the detection of influenza A
and B virus and parainfluenza virus.

Following collection, sputum samples were
transported within less than 30 min to the
central lab for Gram stain and culture. An
amount of high-quality sputum samples was

frozen at - 80 �C and the rest was cultured after
lysis with Sputasol on blood, chocolate, and
Sabouraud agar plates. Each bacterial strain
grown was identified by Analytical Profile Index
(API, bioMérieux, Marcy l’Etoile, France), and
tested for susceptibilities by Etest (bioMérieux,
Marcy l’Etoile, France). Susceptibility to colistin
was tested according to Clinical & Laboratory
Standards Institute (CLSI) standards by broth
microdilution technique in plates with twofold
dilutions from 0.06 to 64 mg/l with cation-ad-
justed Mueller–Hinton broth (BDBBLTM Muel-
ler Hinton II Broth Cation-Adjusted; Becton
Dickinson). Antimicrobial susceptibility results
were interpreted according to the European
Committee on Antimicrobial Susceptibility
Testing recommendations (EUCAST 2019, ver-
sion 9.0) [9]. Sputum samples were retrospec-
tively analyzed at the end of the study by the
PNplus Panel (BioFire Diagnostics, LLC, Salt
Lake City, UT, USA). PNplus Panel is a multiplex
PCR system that can detect eight viruses (in-
fluenza A and B virus, parainfluenza virus, res-
piratory syncytial virus, rhinovirus or
enterovirus, human metapneumovirus, coron-
avirus), three atypical pathogens (C. pneumo-
niae, L. pneumophila, M. pneumoniae), 15 bacteria
(Acinetobacter calcoaceticus-baumannii complex,
Enterobacter cloacae, Escherichia coli, Klebsiella
oxytoca, Klebsiella pneumoniae, Klebsiella aeroge-
nes, Moraxella catarrhalis, Proteus spp., Serratia
marcescens, Haemophilus influenzae, Pseudomonas
aeruginosa, Staphylococcus aureus, S. pneumoniae,
Streptococcus pyogenes, Streptococcus agalactiae),
and seven resistance genes (CTX-M, KPC, OXA-
48-like, NDM, VIM, IMP, mecA/C/MREJ). The
reported sensitivity and specificity of the
method by using sputum samples are 96.3%
and 97.2%, respectively [10]. Testing was per-
formed by technicians blinded to clinical data.

Study Endpoints

The primary endpoint was the comparison of
the detection rate of pathogens between con-
ventional microbiology and PNplus Panel. Sec-
ondary endpoints were (i) the detailed etiology
of severe LRTI; (ii) the association of the PNplus
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Panel with the inflammatory host response; and
(iii) the detection of antimicrobial resistance.

Statistical Analysis

Categorical data were presented as frequencies
and confidence intervals (CI); continuous vari-
ables with normal distribution as mean with
standard deviation (SD) and with non-normal
distribution as median with upper and lower
quartile (Q1–Q3). Fisher’s exact test was used for
comparison of categorical data whereas Stu-
dent’s t test and analysis of variance (ANOVA)
or non-parametric Mann–Whitney and
Kruskal–Wallis test were used for the compar-
ison of continuous data, as appropriate. Bon-
ferroni adjustment was applied for multiple
comparisons. Any two-sided P value lower than
0.05 was considered statistically significant.
Statistical analysis was performed using the
software SPSS version 25.0.

RESULTS

The study flowchart is demonstrated in Fig. 1.
More precisely, of the 90 patients enrolled in
the sub-study, 56 patients (62.2%) had CAP
without risk factors for MDR and 34 patients
(37.8%) had CAP with risk factors for MDR.
Median pneumonia severity index was 113
(Q1–Q3, 87.8–135.3). Mortality after 28 days
was 25.6% (23/90). Baseline demographics are
shown in Table 1.

The primary endpoint was the rate of posi-
tive microbiology using conventional tech-
niques and the PNplus Panel. When
conventional microbiology was used, at least
one pathogen was detected in nine patients
(10%; 95% confidence intervals [CI],
5.4–17.9%); the PNplus assay detected at least
one pathogen in 65 patients (72.2%; 95% CI,
62.2–84.4%; P\0.001). All pathogens detected
by conventional microbiology were also detec-
ted using PNplus. Pathogens detected by

Fig. 1 Study flowchart
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Table 1 Baseline characteristics of patients

Characteristics Cohort (N = 90)

Male gender, no. (%) 56 (62.2)

Age (years), mean ± SD 75.8 ± 12.3

APACHE II, mean ± SD 13.0 ± 4.6

SOFA score, mean ± SD 4.3 ± 2.4

Pneumonia severity index, median (Q1–Q3) 113 (87.8–135.3)

Charlson’s comorbidity index, mean ± SD 5.2 ± 2.0

Septic shock, no. (%) 5 (5.6)

Length of hospital stay, median (Q1–Q3) 7 (6–11)

Laboratory findings

Procalcitonin (lg/l), median (Q1–Q3) 0.46 (0.15–2.68)

C-reactive protein (mg/l), median (Q1–Q3) 99.6 (35.2–201.0)

White blood cells (/mm3), mean ± SD 11,088 ± 4910

Type of community-acquired pneumonia, no. (%)

Without risk factors for multidrug-resistant pathogens 56 (62.2)

With risk factors for multidrug-resistant pathogens 34 (37.8)

Comorbidities and risk factors, no. (%)

Type 2 diabetes mellitus 30 (33.3)

Chronic heart failure 17 (18.9)

Chronic renal disease 15 (16.7)

Chronic obstructive pulmonary disease 20 (22.2)

Solid tumor malignancy 9 (10.0)

Cerebrovascular disease 13 (14.4)

Degenerative neurological disease 7 (7.8)

Dementia 23 (25.6)

Coronary heart disease 18 (20.0)

Residency in long-term healthcare facilities 11 (12.2)

Previous hospitalization last 3 months 19 (21.1)

Antibiotic intake last 3 months 40 (44.4)

Administered antimicrobials, no. (%)

b-lactamase inhibitors 16 (17.8)

Ceftriaxone 34 (37.8)

Piperacillin/tazobactam 53 (58.9)

Carbapenem 12 (13.3)
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conventional microbiology were Acinetobacter
baumannii (4/9), P. aeruginosa (3/9), E. coli (1/9),
and S. aureus (1/9). When PNplus was used, it
was found that bacteria were the most common
pathogens, whereas co-detection of bacterial
and viral pathogens was found in 23 patients
(25.6%). No pathogen was detected in 25
patients (27.8%) (Fig. 2a). S. pneumoniae (11/56;
19.6%) and H. influenzae (11/56; 19.6%) were
the most common pathogens of CAP without
risk factors for MDR (Fig. 2b) whereas P. aerugi-
nosa was the most common pathogen of CAP
with risk factors for MDR (8/34; 23.5%) (Fig. 2c).
Differences in the detection of pathogen
between patients with CAP with and without
risk factors for MDR are presented in Table 2.

The analysis of the association of the find-
ings of the PNplus Panel with the inflammatory
response of the host showed that the pneumo-
nia severity index (PSI) was largely different
among patients with LRTI of viral etiology and
patients with LRTI of bacterial etiology or of
bacterial and viral co-infection (Fig. 3a).
Sequential Organ Failure Assessment (SOFA)
score, serum C-reactive protein (CRP), and
white blood cells at baseline did not differ
(Figs. 3b–d). Median baseline PCT was 0.52 lg/l
in patients with bacterial pathogens compared
to 0.19 lg/l in patients with viral pathogens

(P = 0.045) (Fig. 3e). Median PCT remained low
after 5 days of treatment and levels did not
differ among the groups (Fig. 3f). When analysis
was limited to patients with detected bacterial
pathogens by PNplus, it was found that median
PCT was 0.49 lg/l among patients with
C 105 copies/ml of any bacterial pathogen
compared to 0.18 lg/l for patients with bacterial
pathogen detected at\ 105 copies/ml
(P = 0.004) (Fig. 4a). Median PSI was 130.5
among patients with C 105 copies/ml of any
bacterial pathogen compared to 89.5 for
patients with bacterial pathogens detected
at\ 105 copies/ml (P\ 0.001) (Fig. 4b). In
patients with CAP without risk factors for MDR
and baseline PCT values C 0.25 lg/l, no patho-
gen was detected in 35.5% of cases (11/31), a
bacterial cause was detected in 54.8% (17/31),
and a viral cause was detected in 9.7% (3/31). In
patients with CAP with risk factors for MDR and
baseline PCT values C 0.25 lg/l, no pathogen
was detected in 28.6% (6/21), a bacterial cause
in 71.4 (15/21), and a viral cause in none of
these patients.

At least one resistance gene was detected in
10 (29.4%; 95% CI, 16.8–46.2) patients with
CAP with risk factors for MDR compared to 2
(3.6%; 95% CI, 1.0–12.1) patients with CAP
without such risk factors (P\0.001) (Table 2).

Table 1 continued

Characteristics Cohort (N = 90)

Levofloxacin/moxifloxacin 14 (15.6)

Linezolid 11 (12.2)

Clarithromycin 29 (32.2)

Azithromycin 23 (25.6)

Clindamycin 6 (6.7)

Oseltamivir 33 (36.7)

Outcome, no. (%)

In-hospital mortality 22 (24.4)

28-day mortality 23 (25.6)

APACHE Acute Physiology And Chronic Health Evaluation, Q quartile, SD standard deviation, SOFA Sequential Organ
Failure Assessment
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The most common detected gene was blaCTX-
M (6/90, 6.6%), followed by mecA/C (5/90,
5.5%) and blaKPC (4/90, 4.4%). Conventional
microbiology detected resistance in only 4 of
these 12 samples (33.3%) (P = 0.060).

DISCUSSION

In this study, using the PNplus Panel, we
showed that bacteria are the most common
pathogens of severe LRTI. S. pneumoniae domi-
nates in cases of CAP without risk factors for
MDR and P. aeruginosa in CAP with risk factors
for MDR. PNplus detected pathogens at

significantly greater rate than conventional
microbiology.

EPIC is the largest epidemiological study
conducted so far in CAP; samples of blood,
urine, and respiratory secretions were collected
for culture, serologic testing, antigen detection,
and molecular diagnostic testing from 2320
adults with radiographic evidence of pneumo-
nia. Analysis revealed that 24% of cases were of
viral etiology, 11% of bacterial etiology, and
that 3% of cases were co-infected by bacteria
and viruses; no pathogen was detected in 62%
of cases [3]. The comparison of the study pop-
ulation of the PROGRESS study and of the EPIC
study revealing that participants of the EPIC
study had sepsis and that they were older with
more comorbidities highlights that the distri-
bution of pathogens is different in severe LRTIs
than in non-severe LRTI (see supplementary
material).

A subsequent study using a novel serotype-
specific urinary antigen detection assay in 1736
samples coming from the EPIC trial identified
additional 76 (4.4%) cases of pneumococcal
CAP [11]. Similar results were provided by the
Global Initiative for Methicillin-resistant S. au-
reus Pneumonia (GLIMP) point-prevalence
international study among 2564 patients hos-
pitalized with CAP in 2015; S. pneumoniae was

bFig. 2 Pathogen detection among hospitalized patients
with sepsis and severe lower respiratory tract infections.
a Proportions of viral, viral–viral, bacterial–viral, bacterial,
and no pathogen detected are provided in the pie chart for
the total study cohort. Numbers and percentages of
patients with community-acquired pneumonia b without
and c with risk factors for multidrug-resistant pathogens,
in whom a specific pathogen (single pathogen is indicated
in light pink color; co-pathogens are indicated in deeper
color) was detected are provided in the bar chart.
Pathogens detected in a single patient are represented in
their respective bars

Table 2 Differences in pathogen detection between patients with community-acquired pneumonia (CAP) without and
with risk factors for multidrug-resistant (MDR) pathogens

Detection by PNplus Panel, no.
(%)

CAP-MDR risk factors (2)
(N = 56)

CAP-MDR risk factors (1)
(N = 34)

P value

At least one pathogen 39 (69.6) 26 (76.5) 0.628

At least one resistance gene 2 (3.6) 10 (29.4) \ 0.001

At least one virus 23 (41.1) 7 (20.3) 0.065

S. pneumoniae 11 (19.6) 6 (17.6) [ 0.99

H. influenzae 11 (19.6) 5 (14.7) 0.777

S. aureus 6 (10.7) 7 (20.6) 0.226

P. aeruginosa 5 (8.9) 8 (23.5) 0.069

K. pneumoniae 3 (5.4) 8 (23.5) 0.018

A. baumannii 2 (3.6) 7 (20.6) 0.024
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detected in 8.2% followed by P. aeruginosa
(4.1%) and K. pneumoniae (3.45), whereas in
35.3% no pathogen was detected [12]. Many

patients of the PROGRESS trial were found with
bacterial and viral co-infection. Although simi-
lar rates of co-infection have also been reported

Fig. 3 Markers of severity by detected pathogen. Com-
parison of a Pneumonia Severity Index (PSI), b Sequential
Organ Failure Assessment (SOFA) score, c C-reactive
protein (CRP), d total white blood cell count (WBC), and
e procalcitonin (PCT) between patients with no pathogen

detected (ND), viral pathogen, bacterial pathogen, and
bacterial–viral co-infection are provided. P values are
provided. Comparisons are done by the Mann–Whitney
test. CI confidence interval

Infect Dis Ther (2021) 10:1437–1449 1445
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by others [13], it is difficult to interpret if these
viruses represent true pathogens or if they are
bystanders that initiate an initial inflammatory
reaction leading to vulnerability for one subse-
quent bacterial infection. Unfortunately, we
were not able to obtain serial sputum samples to
conclude if viruses were detected only early
during the disease course as remnants of a prior
viral infection leading to a secondary bacterial
infection or their isolation in sputum really
represents co-infection, which is certainly a
limitation of the current study.

PCT may be a useful biomarker to discrimi-
nate viral from bacterial LRTI. In the EPIC
study, PCT at concentrations greater than
0.1 ng/ml could indicate bacterial pathogens
with 80.9% sensitivity and 51.6% specificity
[14]. In our study, serum PCT levels were sig-
nificantly elevated in patients with bacterial
LRTI compared to those with viral pathogens.
PCT levels were even more pronounced in
patients with high bacterial load in sputum,
which was helpful in understanding and inter-
preting the semiquantitative values of PNplus.
High bacterial load in sputum may be also
helpful in distinguishing true bacterial patho-
gens from bystanders in cases of isolation of
more than one species of bacteria in sputum.
Clinical improvement in spite of inappropriate
empirical antimicrobial administration in cases
of bacterial co-detection may be an indirect
index that these isolates are not true pathogens.
In our study, this was the case only in 3 of 27
patients with more than one bacterial species
detected; thus, even this retrospective evalua-
tion was unable to exclude true pathogenicity
of co-detected bacteria.

Low levels of PCT could prevent inappropri-
ate antibiotic prescriptions. A large number of
clinical trials and meta-analyses so far demon-
strated that PCT was effective in reducing
antibiotic prescription, length of therapy, and

antimicrobial-associated adverse events [15–17].
A combination of PCT guidance with molecular
syndromic testing may be a powerful weapon of
antimicrobial stewardship programs to combat
emergence of resistance, as implied by retro-
spective data and data from randomized clinical
trials [18–20]. Three main limitations of our
study should be acknowledged: (a) the retro-
spective nature of processing respiratory sam-
ples with PNplus did not give us the opportunity
to investigate any effect of the reporting of
these results to the attending physicians on
their antibiotic prescription policy and any
potential reduction in use of antimicrobials or
neuraminidase inhibitors; (b) the lack of longi-
tudinal samplings; and (c) the low success rate
of conventional microbiology which over-re-
ports the diagnostic sensitivity of BioFire�

FilmArray�. The only explanations for this low
success rate are the high number of patients
with viral infection and the high number of
patients with low counts of bacterial pathogens.

CONCLUSIONS

PNplus Panel is more sensitive than conven-
tional microbiology for the detection of patho-
gens in cases of severe LRTI. High serum PCT
and PSI correlate with detection of bacterial
pathogens. More research is needed to investi-
gate the potential benefit of a combination
strategy of PCT guidance and BioFire� FilmAr-
ray� PNplus in antimicrobial stewardship
programs.
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