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A B S T R A C T

Among critically ill COVID-19 patients, bacterial coinfections may occur, and timely appropriate therapy may
be limited with culture-based microbiology due to turnaround time and diagnostic yield challenges (e.g.
antibiotic pre-exposure). We performed a systematic review and meta-analysis of the impact of BioFire�

FilmArray� Pneumonia Panel in detecting bacteria and clinical management among critically ill COVID-19
patients admitted to the ICU. Seven studies with 558 patients were included. Antibiotic use before respira-
tory sampling occurred in 28-79% of cases. The panel incidence of detections was 33% (95% CI 0.25 to 0.41,
I2=32%) while culture yielded 18% (95% CI 0.02 to 0.45; I2=93%). The panel was associated with approximately
a 1 and 2 day decrease in turnaround for identification and common resistance targets, respectively. The
panel may be an important tool for clinicians to improve antimicrobial use in critically ill COVID-19 patients.
© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords:

COVID-19
SARS-CoV-2
Pneumonia
Bacterial
BioFire Pneumonia Panel
.T. Timbrook).

Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Background

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) has caused a worldwide pandemic beginning in 2020. A
recent meta-analysis has reflected all-cause mortality is 10% for
hospitalized patients with coronavirus disease 2019 (COVID-19)
but 34% among patients admitted to the intensive care unit
(ICU) (Potere et al., 2020). Guidelines for the management of criti-
cally ill patients on mechanical ventilation with COVID-19 have
recommended the empiric use of antimicrobials (Alhazzani et al.,
2020). Concerns over bacterial coinfections have led to significant
antimicrobial use with an estimated up to 80% of critically
ill COVID-19 patients receiving antimicrobial therapy
(Langford et al., 2020).

A recent meta-analysis on bacterial coinfections among COVID-19
patients has reported incidence of up to 15% for coinfections among
patients with secondary bacterial infections, almost universally from
studies utilizing culture-based methods (Lansbury et al., 2020). These
methods are known to be insensitive, often due to a variety of factors
including antibiotic exposure before specimens are obtained, poor
quality samples, variation in plate growth interpretation, and the
challenges associated with cultivating fastidious organisms
(Jain et al., 2015; Metlay et al., 2019). The role of culture-independent
techniques in the management of severe COVID-19 patients has been
suggested as a potential avenue towards improving judicious therapy
decisions and antimicrobial stewardship (Spernovasilis and Kofteri-
dis, 2020). The BioFire� FilmArray� Pneumonia/Pneumonia plus Pan-
els (BioFire PN/PNplus; BioFire Diagnostics, LLC, Salt Lake City, UT)
are molecular multiplex PCR tests that allow for increased sensitivity
of detecting causative etiologies of pneumonia and related resistance
gene determinates (Murphy et al., 2020). The panels include 15 com-
mon bacteria targets reported with semi-quantitative results (104,
105, 106, ≥107), qualitative results for 3 atypical bacteria (Mycoplasma
pneumoniae, Chlaymdia pneumoniae, and Legionella pneumophila), 7
genetic markers for antibiotic resistance (mecA/C and MREJ, blaCTX-M,
blaKPC, blaVIM, blaOXA-48-like, blaIMP, blaNDM), and eight groups of
viruses identified (adenovirus, coronaviruses [OC43, NL63, HKU-1,
229E), MERS-CoV [BioFire PNplus Panel], human metapneumovirus,
human rhinovirus/enterovirus [HRV/EV], influenza A, influenza B,
parainfluenza viruses (1,2,3,4), respiratory syncytial virus). SARS-
CoV-2 is not on the current version of the panel and is not cross-reac-
tive to the panel’s other coronaviruses. We performed a systematic
review and meta-analysis to determine the incidence of bacterial co-
detections using the BioFire PN/PNplus among critically ill patients
with COVID-19.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.diagmicrobio.2021.115476&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Methods

We reviewed PubMed and Embase from January 1, 2020 to June 4,
2021 for studies in English evaluating the use of the BioFire PN/
PNplus among COVID-19 patients. We searched using the query: (bio-
M�erieux OR BioFire OR FilmArray) AND (pneumonia OR LRTI OR
‘lower respiratory tract infection’) AND (COVID OR COV OR SARS-
COV-2 OR SARSCoV2 OR Coronavirus). We included clinical studies
which reported the incidence of bacterial co-detections by the panel
among COVID-19 patients admitted to the ICU. Additionally, we eval-
uated patient characteristics, epidemiology of bacterial and viral
codetections, detections by culture, and antimicrobial use among
these studies. Studies were excluded if data were insufficient to eval-
uate the contribution of PN/PNplus Panels on incidence of co-detec-
tions such as missing data or analyte only results given multiple
bacterial results are common with the panels. References of selected
articles were reviewed for identification of additional articles of rele-
vance in addition to a forward citation search via Google Scholar. Eli-
gibility assessment, data extraction, and quality assessments were
completed by two investigators (T.T.T.) and (K.D.H.) with any discor-
dance resolved by a third investigator (C.C.G.). Quality assessments
were completed using JBI Checklist (Institute, 2021). All meta-analy-
ses were performed using R version 3.5.0 (R Foundation for Statistical
Computing, Vienna, Austria) and included using ‘meta’ package
(Balduzzi et al., 2019). Pooled incidence and 95% confidence intervals
(CIs) for incidence of molecular bacterial co-detection in addition to
non-culture based approaches were assessed using random-effect
model with weights as described by DerSimonian and Laird
(DerSimonian and Laird, 1986). Random effects modeling was
employed on the assumption of heterogeneity among study charac-
teristics. Heterogeneity was evaluated using I2 and Cochran’s Q test.
For heterogeneity testing, results were considered significant with a
p<.10 as the Q test has low power. Egger test was used to evaluate
publication bias. The systematic review and meta-analysis was
reported following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines
(Supplementary Table 1).

3. Results

The literature search resulted in 155 studies meeting our search
criteria (Supplementary Figure 1). Excluded studies were comprised
of 12 duplicates studies, 96 non-PN/PNplus Panel studies, 18 review
articles or position statements, 17 non-clinical or non-human studies,
two commentaries, three non-SARS-CoV-2 study, and one study due
to insufficient data for evaluating incidence of co-detections related
to PN Panel (Khurana et al., 2021). After removing duplicate and non-
applicable studies, seven studies with 558 patients were included for
the systematic review and meta-analyses (Table 1,
Supplementary Table 2) (Camelena et al., 2021; Contou et al., 2020;
Foschi et al., 2021; Kreitmann et al., 2020; Kolenda et al., 2020;
Maataoui et al., 2021; Verroken et al., 2020). Studies included a study
from Belgium, Italy, and five studies from France occurring from Janu-
ary to December, 2020 and all used the PNplus panel version. Two
studies had overlap of less than 10 patients (personal communication
from Dr. Dauwalder) and thus both were included (Kolenda et al.,
2020; Kreitmann et al., 2020; Wood, 2007).

All studies were solely among patients admitted to ICUs and hav-
ing inclusion of respiratory specimens obtained at varying times dur-
ing their ICU stay (e.g. at ICU admit, upon intubation, within 48h of
intubation, etc.). Four studies reported on timing of specimen collec-
tion including two studies noting an average collection 1 and 5 days
after ICU admission, one study reporting an average of 3 hours after
intubation, and one study with 33% of PN Panel testing within
48 hours of ICU admission (Contou et al., 2020; Kreitmann et al.,
2020; Maataoui et al., 2021; Verroken et al., 2020). Antibiotic use



Fig. 1. Forest plot of the pooled incidence of bacterial co-detections by BioFire PN detection.*Data not available for pooled per patient estimate from Contou et al. 2020, Foschi et al
2021, Maataoui et al 2021.
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occurred in 28.1% to 79% of patients before respiratory specimenswere
obtained. One study reported on turnaround time (TAT) noting PNplus
resultshavingasignificantlydecreasedmedianTATcomparedtoculture
andantimicrobial susceptibility testingresults,5.5hvs25.9h(P<0.001)
and57h(P<0.001),respectively(Camelenaetal.,2021).Patientsmedian
agerangedfrom57-68years,andmortalitywasnotedtorangefrom28%to
57%acrossstudies.

The pooled incidence of co-detections by BioFire PNplus per
patient was 33% (95% CI 0.25 to 0.41, I2=32%, Cochran’s Q P =0.22,
Egger’s test P = 0.34; Fig. 1) (Camelena et al., 2021; Kolenda et al.,
2020; Kreitmann et al., 2020; Verroken et al., 2020). In contrast, cul-
ture-based detections yielded a pooled incidence of 18% (95% CI 0.02
to 0.45; I2=93%, Cochran’s Q P< 0.01, Egger’s test P = 0.87;
Supplementary Figure 2) (Camelena et al., 2021; Kolenda et al., 2020;
Kreitmann et al., 2020). Two additional PNplus Panel studies only
reported co-detections per specimen, indicating many patients had
multiple specimens collected, and noted 33% and 40% bacterial co-
detections, respectively (Foschi et al., 2021; Maataoui et al., 2021).
Finally, one study did not report out bacterial co-detection attributed
specifically to PNplus Panel per patient or per specimen, but noted
overall 28% co-detections by either culture or PNplus Panel
(Contou et al., 2020).

Bacteria detected by PNplus Panel among all evaluated specimens
resulted in 302 positive organism results for non-atypical bacteria
among 6 studies (Camelena et al., 2021; Contou et al., 2020;
Foschi et al., 2021; Kolenda et al., 2020; Maataoui et al., 2021;
Verroken et al., 2020). One study was excluded as individual organ-
isms could not specifically be delineated to the PNplus Panel
(Kreitmann et al., 2020). PNplus Panel detected typical bacteria
including Enterobacterales (n = 83, 27.5%), Staphylococcus aureus
(n = 69, 22.8%), Pseudomonas aeruginosa (n = 66, 21.9%), Haemophilus
influenzae (n=36, 11.9%), Acinetobacter calcoaceticus-baumannii com-
plex (n=20, 6.6%), Streptococcus pneumoniae (n = 15, 5.0%), Moraxella
catarrhalis (n = 6, 2.0%), Streptococcus agalactiae (n = 4, 1.3%), and
Streptococcus pyogenes (n=3, 1.0%). Atypical bacteria were detected in
2 studies reflecting M. pneumoniae and L. pneumophila (Foschi et al.,
2021; Kolenda et al., 2020). Viral results were noted in two studies
which reported a human rhinovirus/enterovirus and an adenovirus
(Kolenda et al., 2020; Maataoui et al., 2021). Isolates with resistant
gene detection were noted in 4 of 7 studies, including blaCTX-M
extended-spectrum b-lactamases (ESBLs), blaNDM and blaVIM carbape-
nemase, and S. aureus methicillin-resistance genes (Camelena et al.,
2021; Foschi et al., 2021; Kolenda et al., 2020; Maataoui et al., 2021;
Verroken et al., 2020).

Antibiotic therapy was reported in 6/7 (85.7%) of studies
(Camelena et al., 2021; Contou et al., 2020; Foschi et al., 2021;
Kolenda et al., 2020; Maataoui et al., 2021; Verroken et al., 2020). The
majority of therapy us;ed included 3rd generation cephalosporin or
narrower therapies. Two studies reported the clinical impact on anti-
biotic decision making (Maataoui et al., 2021; Verroken et al., 2020).
In one study, the PNplus Panel was associated with early therapy
changes in 34% (38of 112) episodes (Maataoui et al., 2021). For
negative results, 43% of cases allowed for antibiotic avoidance or dis-
continuation while the remainder of cases maintained therapy due to
severe sepsis, infection from another site, continuation of previous
treatment, or severely immunocompromised patients. The other
study noted early antibiotic modifications occurred in 46.9% (14of
32) of patients, of which 35.7% (5 of 14) of patients on initial therapy
had their antibiotics stopped due to a negative result (Verroken et al.,
2020).

4. Discusssion

In this systematic review and meta-analysis of seven studies and
558 patients, the BioFire PNplus was associated with 33% co-detec-
tions among critically ill COVID-19 patients, nearly double the detec-
tions by culture and higher than previously reported in COVID-19
culture-focused meta-analyses (Langford et al., 2020; Rawson et al.,
2020). Moreover, our review reflects a differing epidemiology of
organisms that culture focused reviews with the molecular approach
reporting predominantly Enterobacterales, S. aureus, and P. aerugi-
nosa. A recent commentary by Rawson et al highlighted the dis-
parities of current studies, including patient populations, disease
severity and, importantly, diagnostic methods. This clearly high-
lights more systematic, comprehensive testing is needed to accu-
rately define the composition, extent, and role of co-infections in
COVID-19 disease (Rawson et al., 2021). Interestingly, our results
corroborate findings in a comprehensive review of postmortem
studies of bacterial superinfections among persons with COVID-
19 reflecting 32% of potential bacterial superinfections based on
histology (Clancy et al., 2021).

As diagnostic uncertainty is a known major driver of antibiotic
use, the use of molecular diagnostics among critically ill COVID-19
patients has the potential to improve management (Livorsi et al.,
2015). The relevance of this diagnostic approach is further
highlighted from the included studies reflecting earlier antimicrobial
streamlining in 34-47% of patients including 36-43% of antibiotics
discontinued or avoided due to a negative result (Maataoui et al.,
2021; Verroken et al., 2020). The importance of streamlining appro-
priate antimicrobial management is paramount with the high rates
of antimicrobial use and mortality of up to 34% among these critically
ill ICU admitted COVID-19 patients (Potere et al., 2020).

In addition to the importance of appropriate therapy at the
patient level, there is significance for the overall state of increasing
antimicrobial resistance globally. A recent review found despite only
8% of COVID-19 patients having a bacterial or fungal co-infection dur-
ing hospitalization, up to 72% are reported to have received antimi-
crobial therapy overall and up to 100% when in the ICU (Clancy and
Nguyen, 2020; Rawson et al., 2020). Similarly, the studies in our
review reported antibiotic use in up to 79% of patients. The World
Health Organization has emphasized the importance of antimicrobial
stewardship in the pandemic response by identifying 5 key measures,
among them rapid diagnostics that differentiate between bacterial
and viral respiratory tract infections (Getahun et al., 2020). Diagnostic
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platforms like the BioFire PN/PNplus can play an important role in
reducing the antimicrobial prescribing behaviors that have devel-
oped during the COVID-19 pandemic and the potential subsequent
lasting effects well into the future.

While the improved diagnostic yield of BioFire PN/PNplus among
COVID-19 patients is recent in the literature, many studies have reflected
this broadly among pneumonia patients. A recent study evaluating the
diagnostic yield of the panel versus a pneumonia multi-test bundle
determined the panel was twice as likely to yield determination of the
bacterial etiology for community-acquired pneumonia (CAP) while cost-
ing $60 less per case for testing (Gilbert et al., 2020). Moreover, in a mul-
tinational evaluation among 52 laboratories, the BioFire PNplus was
associated with a 20% increase in detections of one of more pathogens
per specimen compared to standard of care testing (Ginocchio et al.,
2021). The increase in diagnostic yield is likely multifactorial. For
instance in one study, increased detections with the panel were shown
to be likely related to previous antibiotic exposure and culture reporting
process in 49% and 42% of cases, respectively (Buchan et al., 2020). The
variation based on culture reporting process is further suggested by our
data as the heterogeneity among BioFire PNplus detections was much
lower than culture (I2 32% vs 93%). In another study, the clinical rele-
vance of increased detections was recently explored, reflecting strong
positive correlations to level of WBC on gram stain thus indicating a cor-
relation of inflammation with these detections (Rand et al., 2020).
Finally, the increased sensitivity over culture has been demonstrated in a
Europeanmulticenter study of the BioFire PNplus, the Curetis� Unyvero�

Pneumonia Panel, and 16Smetagenomic analysis which reflected consis-
tency in detections among molecular platforms as being more sensitive
than culture (Enne et al., 2020). Evidence reflecting the improved patho-
gen detection of molecular methods for pneumonia has previously been
reported elsewhere (Gadsby et al., 2016).

As indicated in previousmeta-analyses on COVID-19 coinfections, the
present analysis is limited as some detections among the included stud-
ies may represent colonization (Langford et al., 2020). However, the Bio-
Fire PN/PNplusmay assist in this adjudication of infection vs colonization
through semi-quantitative results. Several studies have examined the
utility of using the panel’s semi-quantitative values to assist in the differ-
entiation of bacterial colonization versus infection (Buchan et al., 2020;
Edin et al., 2020; Ginocchio et al., 2021; Lee et al., 2019; Yoo et al., 2020).
Interpretation can be variable depending on several factors, including
patient population, type of pneumonia (e.g. CAP versus ventilator associ-
ated pneumonia), sample type (sputum-like versus bronchoalveolar
lavage-like), presence and amounts of other pathogens, WBC counts and
adjunctive biomarkers. Although in general the panel’s values tend to be
one or more logs greater than conventional culture values, relative path-
ogen abundances can assist in determining pathogen significance similar
to culture interpretation (Buchan et al., 2020; Edin et al., 2020;
Ginocchio et al., 2021; Lee et al., 2019; Yoo et al., 2020). Thus, in conjunc-
tion with clinical judgment, the BioFire PN/PNplus can increase the diag-
nostic information available and rate of delivery to clinicians for earlier
and more robust therapy decision making. While the panels detect com-
mon organisms and resistance targets, the results reported may be lim-
ited in generalizability depending on local organism and genotypic
resistance epidemiology. Additionally, the results may be impacted by
timing of specimen in the course of disease as noted in other reviews as
classifying co-infection vs secondary infection is challenging
(Langford et al., 2020). Moreover, the observed results on therapy impact
may be different in varying patient populations, severity of illness, and
illness history as indicated among one of the studies noting more severe
illness or immunocompromised states may challenge streamlining of
therapy on a case-by-case basis. The results of our study are limited by
regional representativeness of the included studies all originating in
Europe. Variations of bacterial coinfections may be possible, and thus,
our estimate of prevalence may lack generalizability. Future studies
should evaluate molecular co-detections of bacteria among critically ill
COVID-19 patients in additional regions. We included two studies which
had overlap of less than 10 patients (personal communication from Dr.
Dauwalder) which could add some bias to our estimates of prevalence
but based on the proportion of overlap, overall increases available infor-
mation for estimate (Kolenda et al., 2020; Kreitmann et al., 2020;
Wood, 2007). Finally, studies had heterogeneity in the eligibility for
inclusion and analysis whichmay have impacted the results.

In conclusion, our study reflects the increase of bacterial co-detec-
tions among critically ill COVID-19 ICU patients using the BioFire PN/
PNplus Panels. Thus, overcoming the limitations of culture-based
methods in terms of sensitivity and turnaround time, the BioFire PN/
PNplus Panels may be an important tool to frontline clinicians for
improving antimicrobial use in critically ill COVID-19 patients.
Author contributions statement

T.T.T., K.D.H., and C.C.G. all conceived and developed study design.
T.T.T. and K.D.H. performed all reviews, data extractions, and quality
assessments. T.T.T. performed the data analyses and graphics. T.T.T.,
K.D.H., and C.C.G. all developed and completed the manuscript.
Declaration of competing interest

T.T. Timbrook and K.D. Hueth are employees of BioFire Diagnos-
tics; C.C. Ginocchio is an employee of bioM�erieux and BioFire Diag-
nostics. Authors report no other conflicts of interest.
Acknowledgments

T.T. Timbrook and K.D. Hueth are employees of BioFire Diagnos-
tics; C.C. Ginocchio is an employee of bioM�erieux and BioFire
Diagnostics. Authors report no other conflicts of interest.
Supplementary materials

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.diagmicrobio.2021.115476.
References

Alhazzani W, Møller M, Arabi Y, Loeb M, Gong M, Fan E, et al. Surviving Sepsis Cam-
paign: guidelines on the management of critically ill adults with Coronavirus dis-
ease 2019 (COVID-19). Intensive Care Med 2020;46(5):854–87.

Balduzzi S, Rucker G, Schwarzer G. How to perform a meta-analysis with R: a practical
tutorial. Evid Based Ment Health 2019;22:153–60.

Buchan BW, Windham S, Balada-Llasat JM, Leber A, Harrington A, Relich R, et al. Practi-
cal 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(7).

Camelena F, Moy AC, Dudoignon E, Poncin T, Deniau B, Guillemet L, et al. Performance
of a multiplex polymerase chain reaction panel for identifying bacterial pathogens
causing pneumonia in critically ill patients with COVID-19. Diagn Microbiol Infect
Dis 2021;99(1):115183.

Clancy CJ, Schwartz IS, Kula B, Nguyen MH. Bacterial superinfections among persons
with coronavirus disease 2019: a comprehensive review of data from postmortem
studies. Open Forum Infect Dis 2021;8(3):ofab065.

Clancy CJ, Nguyen MH. COVID-19, superinfections and antimicrobial development:
what can we expect?. Clin Infect Dis 2020;71(10):2736–43.

Contou D, Claudinon A, Pajot O, Mica€elo M, Flandre P, Dubert M, et al. Bacterial and
viral co-infections in patients with severe SARS-CoV-2 pneumonia admitted to a
French ICU. Ann Intensive Care 2020;10(1):119.

DerSimonian R, Laird N. Meta-analysis in clinical trials. Controlled Clin Trials 1986;7
(3):177–88.

Edin A, Eilers H, Allard A. Evaluation of the BioFire FilmArray pneumonia panel plus for
lower respiratory tract infections. Infect Dis (Lond) 2020;52(7):479–88.

Enne VI, Aydin A, Baldan R, Owen DR, Richardson H, Ricciardi F, et al. Multicentre eval-
uation of two multiplex pcr platforms for the rapid microbiological investigation
of nosocomial pneumonia in UK ICUs: the INHALE WP1 Study. New York: medR-
xiv; 2020.

Foschi C, Zignoli A, Gaibani P, Vocale C, Rossini G, Lafratta S, et al. Respiratory bacterial
co-infections in intensive care unit-hospitalized COVID-19 patients: Conventional
culture versus BioFire FilmArray pneumonia plus panel. J Microbiol Methods
2021;186:106259.

https://doi.org/10.1016/j.diagmicrobio.2021.115476
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0001
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0001
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0001
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0002
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0002
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0003
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0003
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0003
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0003
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0004
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0004
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0004
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0004
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0005
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0005
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0005
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0006
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0006
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0007
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0007
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0007
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0007
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0008
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0008
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0009
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0009
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0033
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0033
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0033
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0033
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0010
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0010
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0010
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0010


T.T. Timbrook et al. / Diagnostic Microbiology and Infectious Disease 101 (2021) 115476 5
Gadsby NJ, Russell CD, McHugh MP, Mark H, Conway A, Laurenson IF, et al. Compre-
hensive molecular testing for respiratory pathogens in community-acquired pneu-
monia. Clin Infect Dis 2016;62(7):817–23.

Getahun H, Smith I, Trivedi K, Pauilin S, Balkhy H. Tackling antimicrobial resistance in
the COVID-19 pandemic. Bull World Health Organ 2020;98(7):442-442A.

Gilbert DN, Leggett JE, Wang L, Ferdosian S, Gelfer GD, Johnston ML, et al. Enhanced
detection of community-acquired pneumonia pathogens with the BioFire(R) pneu-
monia FilmArray(R) panel. Diagn Microbiol Infect Dis 2020;99(3):115246.

Ginocchio CC, Garcia-Mondragon C, Mauerhofer B, Rindlisbacher C, the EME Evaluation
Program Collaborative. Multinational evaluation of the BioFire� FilmArray� Pneu-
monia plus Panel as compared to standard of care testing. Eur J Clin Microbiol
Infect Dis 2021. doi: 10.1007/s10096-021-04195-5. [Epub ahead of print].

Jain S, Self WH, Wunderink RG, Fakhran S, Blak R, Bramley AM, et al. Community-
acquired pneumonia requiring hospitalization among U.S. adults. N Engl J Med
2015;373(5):415–27.

Khurana S, Singh P, Sharad N, Kiro VV, Rastogi N, Lathwal A, et al. Profile of co-infec-
tions & secondary infections in COVID-19 patients at a dedicated COVID-19 facility
of a tertiary care Indian hospital: implication on antimicrobial resistance. Indian J
Med Microbiol 2021;39(2):147–53.

Kolenda C, Ranc A, Boisset S, Caspar Y, Carricajo A, Souche A, et al. Assessment of respi-
ratory bacterial coinfections among severe acute respiratory syndrome Coronavi-
rus 2-positive patients hospitalized in intensive care units using conventional
culture and BioFire, FilmArray pneumonia panel plus assay. Open Forum Infect Dis
2020;7(11):ofaa484.

Kreitmann L, Monard C, Dauwalder O, Simon M, Argaud L. Early bacterial co-infection
in ARDS related to COVID-19. Intensive Care Med 2020;46(9):1787–9.

Langford BJ, So M, Raybardhan S, Leung V, Westwood D, MacFadden DR, et al. Bacterial
co-infection and secondary infection in patients with COVID-19: a living rapid
review and meta-analysis. Clin Microbiol Infect 2020;26(12):1622–9.

Lansbury L, Lim B, Baskaran V, Lim WS. Co-infections in people with COVID-19: a sys-
tematic review and meta-analysis. J Infect 2020;81(2):266–75.

Lee SH, Ruan SY, Pan SC, Lee TF, Chien JY, 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(6):920–8.

Livorsi D, Comer A, Matthias MS, Perencevich EN, Bair MJ. Factors influencing antibi-
otic-prescribing decisions among inpatient physicians: a qualitative investigation.
Infect Control Hosp Epidemiol 2015;36(9):1065–72.
Maataoui N, Chemali L, Patrier J, Dinh AT, Fevre LL, Lortat-Jacob B, et al. Impact of rapid
multiplex PCR on management of antibiotic therapy in COVID-19-positive patients
hospitalized in intensive care unit. Eur J Clin Microbiol Infect Dis 2021. doi:
10.1007/s10096-021-04213-6. [Epub ahead of print].

Metlay JP, Waterer GW, Long AC, Anzueto A, Brozek J, Crothers K, et al. Diagnosis and
treatment of adults with community-acquired pneumonia. An official clinical prac-
tice guideline of the American thoracic society and infectious diseases society of
America. Am J Respir Crit Care Med 2019;200(7):e45–67.

Murphy CN, Fowler R, Balada-Llasat JM, Carroll A, Stone H, Akerele O, et al. Multicenter
evaluation of the BioFire FilmArray pneumonia/pneumonia plus panel for detec-
tion and quantification of agents of lower respiratory tract infection. J Clin Micro-
biol 2020;58(7).

Potere N, Valeriani E, Candeloro M, Tana M, Porreca E, Abbate A, et al. Acute complica-
tions and mortality in hospitalized patients with coronavirus disease 2019: a sys-
tematic review and meta-analysis. Crit Care 2020;24(1):389.

Rand KH, Beal SG, Cherabuddi K, Couturier B, Lingenfelter B, Rindlisbacher C, et al. Per-
formance of a Semi-quantitative multiplex bacterial PCR panel compared with
standard microbiological laboratory results: 396 patients studied with the BioFire�

pneumonia panel. Open Forum Infect Dis 2020;8(1):ofaa560.
Rawson TM, Moore LS, Zhu N, Ranganathan N, Skolimowska K, Gilchrist M, et al. Bacte-

rial and fungal coinfection in individuals with coronavirus: a rapid review to sup-
port COVID-19 antimicrobial prescribing. Clin Infect Dis 2020;71(9):2459–68.

Rawson TM, Wilson RC, Holmes A. Understanding the role of bacterial and fungal infec-
tion in COVID-19. Clin Microbiol Infect 2021;27(1):9–11.

Spernovasilis NA, Kofteridis DP. COVID-19 and antimicrobial stewardship: what is the
interplay?. Infect Control Hosp Epidemiol 2020;42(3):378–9.

Verroken A, Scohy A, Gerard L, Wittebole X, Collienne C, Laterre P. Co-infections in
COVID-19 critically ill and antibiotic management: a prospective cohort analysis.
Crit Care 2020;24(1):410.

Wood JA. Methodology for dealing with duplicate study effects in a meta-analysis. Org
ResMethods 2007;11(1):79–95.

Yoo IY, Huh K, Yun SA, Chung YN, Kang OK, Huh HJ, et al. Evaluation of the BioFire Fil-
mArray Pneumonia Panel for rapid detection of respiratory bacterial pathogens
and antibiotic resistance genes in sputum and endotracheal aspirate specimens.
Int J Infect Dis 2020;95:326–31.

Institute, J.B. Checklist for Prevalence Studies. [cited 2020 December 18]. Available at:
https://joannabriggs.org/sites/default/files/2020-08/Checklist_for_Prevalence_Stu
dies.pdf. Accessed June 17, 2021.

http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0011
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0011
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0011
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0012
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0012
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0012
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0013
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0013
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0013
http://dx.doi.org/10.1007/s10096-021-04195-5. [Epub ahead of print]
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0016
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0016
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0016
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0017
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0017
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0017
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0017
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0018
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0018
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0018
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0018
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0018
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0019
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0019
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0020
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0020
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0020
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0021
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0021
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0022
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0022
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0022
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0022
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0023
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0023
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0023
http://dx.doi.org/10.1007/s10096-021-04213-6. [Epub ahead of print]
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0025
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0025
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0025
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0025
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0026
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0026
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0026
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0026
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0027
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0027
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0027
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0028
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0028
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0028
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0028
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0029
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0029
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0029
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0030
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0030
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0031
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0031
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0032
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0032
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0032
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0034
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0034
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0035
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0035
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0035
http://refhub.elsevier.com/S0732-8893(21)00169-3/sbref0035
https://joannabriggs.org/sites/default/files/2020-08/Checklist_for_Prevalence_Studies.pdf
https://joannabriggs.org/sites/default/files/2020-08/Checklist_for_Prevalence_Studies.pdf

