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KEY POINTS

� Syndromic testing allows clinicians to rapidly test for a broad number of pathogens,
generally with greater sensitivity and specificity than traditional methods.

� With the ease of testing has come the overuse of testing.

� Diagnostic stewardship is necessary to ensure proper use of syndromic testing and cor-
rect interpretation of the results in the context of the patient.
INTRODUCTION

In 2011, the first respiratory syndromic panel was cleared by the US Food and Drug
Administration (FDA). In less than 10 years’ time, syndromic panel testing has
expanded to multiple commercial assays for detection of respiratory, blood, gastroin-
testinal (GI), acute meningitis and encephalitis (ME), and lower respiratory tract infec-
tions (LRTIs) and in doing so it has revolutionized the clinical microbiology laboratory.
Syndromic panels have been embraced by clinical microbiology laboratories who
appreciate the low hands-on time and integrated work flow these assays provide.
They have also been embraced by clinicians who love the rapid turnaround time
and broad number of targets, many of which they had not been able to routinely
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test for before syndromic panels. However, with these advances have come compli-
cations—the high cost of testing, overtesting, and confusing results that do not have a
clear link to patient care, such as multiple positive results or targets of unknown sig-
nificance. In this article, we discuss the commercially available syndromic panels, the
benefits and limitations of testing, and how diagnostic and laboratory stewardship can
be used to optimize testing and improve patient care while keeping costs under
control.
DETECTION OF BLOODSTREAM PATHOGENS

Detection of bloodstream infections (BSI) is one of the most important functions of the
microbiology laboratory. Because these infections cause great morbidity and mortal-
ity, placing patients on optimal treatment as quickly as possible is a high priority.1 Syn-
dromic testing of positive blood culture broth provides rapid pathogen identification
for the majority of bacteria that cause BSIs as well as common contaminants that
do not require treatment.2 In addition, several syndromic blood panels detect antimi-
crobial resistance genes and 1 assay provides rapid phenotypic susceptibility results.
Table 1 provides a list of FDA-cleared syndromic panels for diagnosis of BSIs. These
assays provide bacterial identification 18 to 24 hours earlier than conventional culture
and identification methods. The limited susceptibility information is available 48 hours
earlier than traditional phenotypic susceptibility results. Syndromic panels for BSIs
represent an adjunct test and do not replace culture or complete antimicrobial sus-
ceptibility testing. The exception is the Accelerate PhenoTest BC (Accelerate Diagnos-
tics, Tucson, AZ), which provides identification and complete phenotypic
susceptibility results in 9 hours.3

Limitations of these assays include no detection of off-target pathogens, a lack of
full susceptibility information, cost, and false-positive results. Not every bloodstream
pathogen is represented as a target organism on syndromic panels and for these off-
target organisms no identification is provided. The scope of antimicrobial resistance
information provided depends on the targets present on the syndromic panel. Resis-
tance markers provided for gram-positive organisms are largely sufficient for optimal
antimicrobial treatment. For gram-negative organisms, most panels provide only par-
tial information. For the PhenoTest BC, the antibiotics tested are set by the manufac-
turer and may or may not meet the needs of your patient population or hospital drug
formulary. In many cases, traditional identification and susceptibility testing, and the
associated delay, is still required to provide all of the information needed for patient
care. Syndromic panels are expensive, especially compared with other testing per-
formed in the microbiology laboratory and the cost may be a challenge to implement
these assays into your institution. This issue is somewhat less important with syn-
dromic tests for BSIs because only positive blood culture broth is tested and the in-
fections being treated are of critical importance. Recently there have been reports
of false-positive Proteus and Escherichia coli results caused by nonviable DNA in
the blood culture broth of some blood culture bottles.2 These false-positive results
cause patients to be treated for bacterial infections they do not have and potentially
mistreated for bacteria that is present in their blood.
Although all laboratories have reported decreased turnaround time to results using

syndromic blood culture panels, the results of outcome studies measuring their effect
on patient care and hospital finances has been mixed. The biggest benefits are seen
with the detection of highly resistant organisms such as multidrug-resistant gram-
negative bacteria or vancomycin-resistant enterococci.4–7 Empiric therapy is often
ineffective against these organisms, so rapid identification and antibiotic escalation



Table 1
Multiplex blood culture panels, FDA-cleared

Assay Turnaround Time Throughput Targets Antimicrobial Resistance

BioFire FilmArray BCID
Panel

1 h 1 test module per
instrument (v2.0)

2–12 test modules per
instrument (Torch)

Bacterial targets
Enterococcus spp.
Listeria monocytogenes
Staphylococcus spp.
Staphylococcus aureus
Streptococcus spp.
Streptococcus agalactiae
Streptococcus pyogenes
Streptococcus

pneumoniae
Acinetobacter baumannii
Haemophilus influenzae
Neisseria meningitidis
Pseudomonas aeruginosa
Enterobacteriaceae
Enterobacter cloacae

complex
Escherichia coli
Klebsiella oxytoca
Klebsiella pneumoniae
Proteus spp.
Serratia marcescens

Fungal Targets
Candida albicans
Candida glabrata
Candida krusei
Candida parapsilosis
Candida tropicalis

Methicillin resistance
detection
mecA

Vancomycin resistance
detection
vanA
vanB

Carbapenemase detection
KPC

(continued on next page)
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Table 1
(continued )

Assay Turnaround Time Throughput Targets Antimicrobial Resistance

GenMark ePlex BCID-GP
Panel

1.5 h 3–24 test modules per
instrument

Bacterial targets
Bacillus cereus group
Bacillus subtilis group
Corynebacterium
Cutibacterium acnes

(Propionibacterium
acnes)

Enterococcus spp.
Enterococcus faecalis
Enterococcus faecium
Lactobacillus spp.
Listeria spp.
L monocytogenes
Micrococcus
Staphylococcus spp.
Staphylococcus aureus
Staphylococcus

epidermidis
Staphylococcus

lugdunensis
Streptococcus spp.
Streptococcus agalactiae
Streptococcus anginosus

group
Streptococcus

pneumoniae
Streptococcus pyogenes

Other targets
Pan gram-negative
Pan Candida

Methicillin resistance
detection
mecA

Vancomycin resistance
detection
vanA
vanB
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GenMark ePlex BCID-GN
Panel

1.5 h 3–24 test modules per
instrument

Bacterial targets
A baumannii
Bacteroides fragilis
Citrobacter spp.
Cronobacter sakazakii
Enterobacter spp. (non-

cloacae complex)
Enterobacter cloacae

complex
E coli
Fusobacterium

nucleatum
Fusobacterium

necrophorum
H influenzae
K oxytoca
K pneumoniae group
Morganella morganii
N meningitidis
Proteus spp.
Proteus mirabilis
P aeruginosa
Salmonella spp.
Serratias spp.
S marcescens
Stenotrophomonas

maltophilia
Other targets

Pan gram positive
Pan Candida

ESBL detection
CTX-M

Carbapenemase detection
IMP
KPC
NDM
OXA (OXA-23 and OXA-

48)
VIM

(continued on next page)
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Ta e 1
(c tinued )

As y Turnaround Time Throughput Ta ts Antimicrobial Resistance

Ge Mark ePlex BCID-FP
nel

1.5 h 3–24 test modules per
instrument

Fu al targets
ndida albicans
ndida auris
ndida dubliniensis
ndida famata
ndida glabrata
ndida guilliermondii
ndida kefyr
ndida krusei
ndida lusitaniae
ndida parapsilosis
ndida tropicalis
ptococcus gattii
ptococcus
neoformans
sarium
odotorula

—

Lu inex Verigene Gram-
sitive Blood Culture
st (BC-GP)

2 h 1 test module per
instrument (v1.0)

6 test modules per
instrument (v2.0)

Ba rial targets
ureus
phylococcus
epidermidis
phylococcus
lugdunensis
galactiae
neumoniae
yogenes

Methicillin resistance
detection
mecA

Vancomycin resistance
detection
vanA
vanB
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Enterococcus faecalis E
faecium

Streptococcus
anginosus

Staphylococcus spp.
Streptococcus spp.
Listeria spp.

uminex Verigene Gram-
Negative Blood Culture
Test (BC-GN)

2 h 1 test module per
instrument (v1.0)

6 test modules per
instrument (v2.0)

Bacterial targets
E coli
K pneumoniae
K oxytoca
P aeruginosa
Acinetobacter spp.
Citrobacter spp.
Enterobacter spp.
Proteus spp.

ESBL detection
CTX-M

Carbapenemase detection
IMP
KPC
NDM
OXA
VIM

2 Biosystems T2Candida
Panel

3–5 h 1 test per instrument Fungal targets
C albicans
C tropicalis
C krusei
C glabrata
C parapsilosis

2Biosystems
2Bacteria Panel

5 h 1 test per instrument Bacterial targets
E faecium
S aureus
K pneumoniae
P aeruginosa
E coli

(continued on next page)
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Table 1
(continued )

Assay Turnaround Time Throughput Ta ts Antimicrobial Resistance

Accelerate Pheno 2 h for identification
7 h for phenotypic

antimicrobial
susceptibility testing

1 test per instrument Ba rial targets
ecium
ecalis
gulase-negative
taphylococcus spp.
ureus
gdunensis
ptococcus spp.

oli
bsiella spp.
erobacter spp.
teus spp.
robacter spp.
arcescens
eruginosa
aumannii

Fu al Targets
lbicans
labrata

Phenotypic susceptibility
results

Abbreviation: ESBL, extended spectrum beta-lactamase.
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can decrease mortality, hospital length of stay, and hospital costs. For routine bacteria
causing BSI, which constitutes the majority of positive blood cultures, patients are
receiving effective empiric therapy and syndromic panel results do not affect antimi-
crobial selection, patient mortality, hospital length of stay, or hospital costs.4,6,8,9 Pas-
sive reporting of syndromic blood culture panel information results in rapid antibiotic
escalation, but deescalation and discontinuation of unnecessary antimicrobials is
much slower if it happens at all.10,11 The biggest lesson these outcome studies
have taught us is the critical value of antimicrobial stewardship programs in the timely
optimization or discontinuation of antibiotics.12

Most syndromic blood culture assays use positive blood culture broth as their test
medium. That means that a blood culture must incubate for 12 to 48 before becoming
positive and testing commences. To identify bloodstream pathogens more rapidly, it
would be ideal to eliminate the incubation period and test for pathogens directly from
whole blood. T2 Biosystems (Lexington, MA) T2Candida and T2Bacteria panels are 2
FDA-cleared culture-independent assays for detection of BSIs. Although more rapid
than culture-based syndromic panels, these assays have limited targets and do not
provide susceptibility information, so traditional blood culture is still required. Although
not yet FDA cleared, metagenomic next-generation sequencing of microbial cell free
DNA is gaining traction as an unbiased method of bacterial, viral, fungal, and parasitic
pathogen detection (Karius, Redwood City, CA).13 Results can be difficult to interpret
because this test is often positive for multiple organisms. Although testing is per-
formed directly from plasma, it must be sent to a reference laboratory, which dramat-
ically impacts the turnaround time of results. In the largest outcome study to date,
microbial cell-free DNA testing led to minimal impact on patient management.14

Culture-independent bloodstream pathogen assays are very expensive, even more
so than those that use positive blood culture broth as their testing medium. Issues
such as who should be tested, for what indications, and how frequently are not settled.
Diagnostic stewardship is necessary to optimize the benefits of these tests while
keeping the costs under control and clinical microbiology laboratory directors should
be involved in testing approval and results interpretation in close collaboration with our
infectious disease colleagues.
MENINGITIS/ENCEPHALITIS SYNDROMIC PANEL

Infections of the central nervous system, including ME, cause potentially life-
threatening diseases with a myriad of infectious causes in both the pediatric and adult
population. There is a dire need for improved diagnostic for ME to address the short-
comings of conventional microbiological approaches such as Gram stain and culture.
The FilmArray Meningitis/Encephalitis panel (FA-ME, BioFire Diagnostics, Salt Lake

City, UT) (Table 2) remains the only syndromic ME panel despite being cleared by the
FDA in 2015 for in vitro diagnostic use. There is a paucity of outcome studies evalu-
ating the clinical utility of a multiplexed panel for ME compared with current standard
of care testing. One clear-cut benefit of FA-ME is the significant improvement in her-
pes simplex virus (HSV) turnaround time, which can lead to decreased acyclovir expo-
sure.15,16 Early diagnosis of aseptic meningitis through detection of enterovirus or
parechovirus can allow providers to avoid antibiotics and possibly negate the need
for hospital admissions.17 Limited data have been published on the economic benefits
and patient outcomes associated with the FA-ME, but the data we have report hospi-
tal cost savings and decreased length of stay.18,19 Prospective studies investigating
the impact of the FA-ME panel on antimicrobial selection, patient outcomes, and



Table 2
Multiplex meningitis encephalitis panel, FDA cleared

Assay
Turnaround
Time Throughput Bacterial Targets Viral Targets Fungal Targets

BioFire FilmArray
Meningitis/Encephalitis
Panel

1 h 1 test module per
instrument (v2.0)

2–12 test modules per
instrument (Torch)

Escherichia coli K1
Haemophilus influenzae
Listeria monocytogenes
Neisseria meningitidis
Streptococcus agalactiae
Streptococcus pneumoniae

Cytomegalovirus
Enterovirus
HSV 1
HSV 2
HHV-6
Human parechovirus
Varicella zoster virus

Cryptococcus neoformans/
gattii
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hospital economics is necessary to determine the true benefits of the syndromic
panel. In this study, the potential negative impact of a large panel test should also
be assessed.
Despite some clear benefits of the FA-ME panel, there are also concerns.20 Primary

among them is the risk of false-positive and false-negative results with the HSV-1
target.21,22 Yet the performance was noted to be comparable with or superior to alter-
nate HSV polymerase chain reaction (PCR) tests in other studies.23,24 A recent meta-
analysis on the performance of the FA-ME panel reported a negative predictive value
of 99.7% after adjudication of the false-negative results.25 It is important to assess the
clinical sensitivity of FA-ME panel to determine the significance of these potentially
weak positives detected by alternate PCR and the majority of studies reporting
HSV-1 false-negative results have not pursued this point. Nevertheless, in patients
with a high suspicion for HSV infection such as neonates, HSV PCR from blood and
lesions is indicated before discontinuation of acyclovir. Additional testing recommen-
dations through interpretative comments and/or direct communications with pro-
viders in these situations may assist with correct interpretation of test results.
Providers must also be aware that the FA-ME panel is not a standalone test. For

instance, the diagnosis of cryptococcal meningitis in patients at high risk for crypto-
coccosis should consist of culture and cryptococcal antigen testing (both cerebrospi-
nal fluid [CSF] and serum) in conjunction with the FA-ME. A multifactorial approach
that include all 3 tests increases the diagnostic yield because false-negative CSF cryp-
tococcal antigen testing results have also been reported.26 A recent multicenter study
of 1384 patients confirmed that the performance of the FA-ME panel forCryptococcus
highly correlated with culture at a sensitivity of 96.4%.27 The sensitivity was lower
compared with cryptococcal antigen testing, but themajority of FA-ME false negatives
were from patients with chronic cryptococcal meningitis on antifungal therapy, indi-
cating a dependence on organism burden.
The clinical specificity of human herpesvirus (HHV)-6 detection by the FA-ME panel

is an ongoing conundrum that requires further investigation to differentiate between
self-limiting primary infection, HHV-6 reactivation, chromosomal integrated HHV-6,
or true HHV-6 central nervous system infections. The primary concern is the misdiag-
nosis of HHV-6 infections and unnecessary exposure to ganciclovir or foscarnet as re-
ported in an adult-only study.28 Contrary to the 40% rate of unnecessary therapy
reported, a recent study of 25 HHV-6 positive pediatric patients reported only 8%
of patients (2/25) were unnecessarily treated with intravenous ganciclovir for approx-
imately 24 hours.29 A 20% rate of central nervous system infections was also reported,
of which all had abnormal radiographic findings and the majority were immunocompe-
tent.29 Key tips to the interpretation of positive HHV-6 result include but are not limited
to the presence of central nervous system symptoms, abnormal radiographic findings,
and additional HHV-6 detection from alternate sources. A quantitative HHV-6 viral load
of greater than 300,000 copies/mL in peripheral blood may point to chromosomal in-
tegrated HHV-6 rather than true infection, as well as consistently high HHV-6 viral load
despite antiviral therapy.29 Testing for chromosomal integrated HHV-6 by droplet dig-
ital PCR is available at the University of Washington.
As with any laboratory tests, there are advantages and disadvantages to the FA-ME

panel and optimal use is best achieved through collaboration between the laboratory
and providers to maximize the benefits of the test while recognizing the potential chal-
lenges that may be specific to each individual patient case. An important question that
warrants further investigation is which patient population would FA-ME panel have the
highest diagnostic yield? A recent study of 705 inpatients with FA-ME testing reported
that 31.9% of patients tested had little or no suspicion for central nervous system
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infection supporting the need for potential test restrictions in patients with clear index
of suspicion for central nervous system infections.28 CSF testing restriction using pa-
rameters such as CSF pleocytosis have been proposed in the past.30 However, a
recent pediatric study on 1025 CSF samples tested by FA-ME determined that
restricting based on immune status and abnormal CSF parameters (glucose, protein,
and pleocytosis) would have resulted in missed diagnostic opportunities, particularly
in the cases of viral central nervous system infections.31 Nonetheless, further work to
identify more appropriate parameters is warranted because the positivity rate was only
11.8% in the patient cohort, indicating a high potential for test restrictions to identify
the most pertinent patients to test. Last, the FA-ME panel does not detect the most
common pathogens attributed to ventriculoperitoneal shunt infections and thus
should not be performed on ventriculoperitoneal shunt samples. The panel is also
only FDA-cleared for CSF specimens obtained by lumbar puncture.
DETECTION OF UPPER RESPIRATORY INFECTION

Before the advent of syndromic panels, routine respiratory viral testing was limited to
influenza and respiratory syncytial virus (RSV). Syndromic multiplex PCR panels
allowed laboratories to rapidly provide highly sensitive and specific test results for a
broad range of viruses and bacteria causing upper respiratory illness. Table 3 pro-
vides a list of FDA-cleared syndromic panels for the diagnosis of upper respiratory ill-
nesses. Owing to the ease of testing, these panels have been widely adopted in
clinical microbiology laboratories. Testing a broad range of targets has taught us
about the prevalence and clinical significance of many viruses. We are now aware
that human metapneumovirus often causes severe disease and that rhinoviruses
are ubiquitous, but we are still learning about the clinical significance of some of the
targets and their infectious potential in otherwise healthy patients.
Coupled with the benefits of multiplex panels are several limitations of cost, over-

testing, and difficulty with results interpretation. Syndromic respiratory panels are
very expensive compared with traditional methods of respiratory viral testing. The
ease of testing has resulted in massive overtesting, passing on the high costs to the
patient, insurance company, or hospital with little benefit to patient care. PCR detec-
tion of nucleic acids does not rely on viable organism for detection, which increases
the sensitivity over traditional methods. Conversely, patients shed virus long after
symptoms of upper respiratory illness have resolved and will remain PCR positive if
tested. For this reason, repeat testing and test of cure should not be performed.
The widespread use of syndromic panel testing has demonstrated that many patients
are positive for multiple targets, and because results are qualitative it is not always
obvious which pathogen is responsible for a patient’s symptoms. Panels that include
targets for coronaviruses HKU1, NL63, 229E, and OC43 have recently resulted in
confusion with clinicians and patients mistakenly believing they are positive for severe
acute respiratory syndrome coronavirus-2.
Outcome studies have been performed in an effort to quantify the benefit (or limita-

tions) of syndromic respiratory panels. For viral targets on respiratory syndromic
panels, only influenza, RSV and adenovirus have an associated antiviral therapy.
Theoretically, the detection of other viral targets could benefit patients by decreasing
the clinician’s suspicion of bacterial infection and either preventing initiation or pro-
moting discontinuation of antibiotic therapy. So how are upper respiratory syndromic
panels affecting patient care? Results are mixed, with some studies showing a
decrease in antibiotic therapy, decreased length of hospital stay, or decreased addi-
tional tests and imaging studies,32 whereas other studies showed no benefit.33 Many



Table 3
Multiplex upper respiratory panels, FDA cleared

Assay
Turnaround
Time Throughput Set up Bacterial Targets Viral Targets

Applied BioCode
Respiratory Pathogen
Panel (RPP)

4 h 96-well plate format Batched Bordetella pertussis
Chlamydia pneumoniae
Mycoplasma pneumoniae

Influenza A, A/H1, A/H3,
A/H1-2009

Influenza B
RSV A/B
Parainfluenza virus 1, 2, 3,

and 4
Human metapneumovirus
Human rhinovirus/

enterovirus
Parainfluenza virus 1, 2, 3,

and 4

BioFire FilmArray
Respiratory Panel 2 (RP2)

45 min 1 test module per
instrument (v2.0)

2–12 test modules per
instrument (Torch)

On demand B pertussis
Bordetella parapertussis
C pneumoniae
M pneumoniae

Influenza A, A/H1, A/H3,
A/H1-2009

Influenza B
RSV
Parainfluenza virus 1, 2, 3,

and 4
Human metapneumovirus
Human rhinovirus
Adenovirus
Coronavirus HKU1, NL63,

229E, and OC43
MERS coronavirusa

(continued on next page)
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Table 3
(continued )

Assay
Turnaround
Time Throughput Set up Bacterial Targets Viral Targets

BioFire FilmArray
Respiratory Panel EZ
(CLIA-waived)

1 h 1 test module per
instrument

On demand B pertussis
C pneumoniae
M pneumoniae

Influenza A, A/H1, A/H3,
A/H1-2009

Influenza B
RSV
Parainfluenza virus
Human metapneumovirus
Human rhinovirus/

enterovirusa

Adenovirus
Coronavirus

GenMark ePlex Respiratory
Pathogen Panel (RP)

1.5 h 3–24 test modules per
instrument

On demand C pneumoniae
M pneumoniae

Influenza A, A/H1, A/H3,
A/H1-2009

Influenza B
RSV A and B
Parainfluenza virus 1, 2, 3,

and 4
Human metapneumovirus
Human rhinovirus/

enterovirus
Adenovirus
Coronavirus

Genmark eSensor XT-8
Respiratory Viral Panel

5 h 8–24 test modules per
instrument

Batched Influenza A, A/H1, A/H3,
A/H1-2009

Influenza B
RSV A and B
Parainfluenza virus 1–3
Human metapneumovirus
Human rhinovirus/

enterovirus
Adenovirus B/E and C
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Luminex Verigene
Respiratory Pathogens Flex
Test (RP Flex)

2 h 1 test module per
instrument (v1.0)

6 test modules per
instrument (v2.0)

On demand B pertussis
Bordetella parapertussis/B

bronchiseptica
Bordetella holmesii

Influenza A, and subtypes
A/H1, A/H3

Influenza B
RSV A and B
Human rhinovirus
Parainfluenza virus 1, 2,
and 3

Human metapneumovirus
Adenovirus

Luminex NxTAG Respiratory
Pathogen Panel

5 h 96-well plate format Batched C pneumoniae
M pneumoniae

Influenza A, A/H1, A/H3
Influenza B
RSV A and B
Human rhinovirus/
enterovirus

Parainfluenza virus 1, 2, 3,
and 4

Human metapneumovirus
Adenovirus
Coronavirus HKU1, NL63,
229E, and OC43

Human bocavirus

Luminex NxTAG RVP FAST
v2

3.5 h 96-well plate format Batched Influenza A, A/H1, A/H3
Influenza B
RSV
Human rhinovirus/
enterovirus

Parainfluenza virus 1, 2, 3,
and 4

Human metapneumovirus
Adenovirus
Coronavirus HKU1, NL63,
229E, and OC43

Abbreviation: MERS, Middle East respiratory syndrome.
a Available on RP2 PLUS (not an FDA-approved target).
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of the studies found benefits only for patients with positive influenza results,34,35

showing that limited testing may be sufficient for most patients. Diagnostic steward-
ship is needed to identify patients who would benefit from broad syndromic panels
to maximize their impact on patient care.
LOWER RESPIRATORY TRACT INFECTION SYNDROMIC PANEL

LRTIs encompass a broad spectrum of syndromes including community-acquired
pneumonia, hospital-acquired pneumonia, and ventilator-acquired pneumonia and
are associated with significant morbidity and mortality, especially in hospitalized pa-
tients. Infectious agents, including bacteria, fungi, and viruses associated with LRTIs,
may vary depending on patient’s immune status and exposure history. An etiologic
diagnosis through laboratory workup followed by appropriate therapeutic manage-
ment in patients with LRTIs have been associated with a significant decrease in
mortality.36

The status of culture as a gold standard for LRTI diagnosis is in question. Traditional
quantitative or semiquantitative culture methods aim at differentiating between true
pathogens and normal respiratory flora. At best, a culture is considered adequate
and there are a number of factors that are contributory to its demise as the gold stan-
dard, including prior antibiotic exposure, poor growth of fastidious bacteria, and sub-
jective interpretation of significant versus insignificant growth.37 Hence, new and
improved approaches to LRTI diagnosis in the clinical laboratory are needed and
welcomed.
The shift in diagnostic paradigm first occurred with the development of molecular

assays to detect viral pathogens and agents of atypical pneumonia years ago and
have since been well-accepted as a superior approach compared with culture for
these groups of organisms. There are currently 2 FDA-cleared syndromic panel for
the diagnosis of LRTIs: the Unyvero LRT test (Curetis, Holzgerlingen, Germany) was
the first to receive FDA clearance followed by FilmArray Pneumonia (PN)/Pneumonia
plus (PNplus) panel (BioFire Diagnostics) (Table 4). A major difference between the 2
FDA-cleared panels is the semiquantitative capability offered only by the FilmArray PN
panel for bacteria (excluding atypical pathogens).
To date, there are no prospective studies evaluating the clinical impact of either

FDA-cleared syndromic molecular panel testing in patients with LRTIs. A nonrandom-
ized interventional study on 49 patients with nosocomial pneumonia was published
using the CE-marked version of the Unyvero assay. The difference in time to result
was significant at 4 hours versus up to 96 hours for controls, and antimicrobial therapy
was modified within 5 to 6 hours in 67% of patients. The cohort was not compared
against a standard of care only control group.38 Further studies are necessary to
determine the potential positive and negative effects of such panels on the diagnosis
and management of both adult and pediatric patients with LRTIs. The impact on anti-
microbial stewardship and infection prevention would be important metrics to capture.
There are certainly challenges associated with the LRTI syndromic panels that

require careful consideration before implementation in clinical laboratories. First,
these panels function as an adjunct to traditional respiratory culture and susceptibility
testing, and laboratories must determine the best reporting approach that would be
complementary to culture results. As mentioned elsewhere in this article, the FilmArray
PN panel best mimics the current standard of care reporting structure by providing
semiquantitative values in 10-log increments. Laboratories must determine what
would be classified as quantitatively significant compared with semiquantitative



Table 4
Multiplex lower respiratory panels, FDA cleared

Assay
Turnaround
Time Throughput Set UP Bacterial Targets Viral/Fungal Targets

Antibiotic Resistance
Genes

BioFire FilmArray
Pneumonia plus Panel

1 h 1 test module per
instrument (v2.0)

2–12 test modules per
instrument (Torch)

On Demand Acinetobacter
calcoaceticus-
baumannii complex

Enterobacter cloacae
Escherichia coli
Haemophilus
influenzae

Klebsiella aerogenes
Klebsiella oxytoca
Klebsiella pneumoniae
group

Moraxella catarrhalis
Proteus spp.
Pseudomonas
aeruginosa

Serratia marcescens
Staphylococcus aureus
Streptococcus
agalactiae

Streptococcus
pneumoniae

Streptococcus pyogenes
Legionella
pneumophila

Mycoplasma
pneumoniae

Chlamydia pneumoniae

Influenza A
Influenza B
Adenovirus
Coronavirus
Parainfluenza virus
RSV
Human rhinovirus/
enterovirus

Human
metapneumovirus

Middle East respiratory
syndrome
coronavirusa

Methicillin resistance
mecA/mecC and MREJ

ESBL
CTX-M

Carbapenemases
KPC
NDM
Oxa-48-like
VIM
IMP

(continued on next page)
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Table 4
(continued )

Assay
Turnaround
Time Throughput Set UP Bacterial Targets Viral/Fungal Targets

Antibiotic Resistance
Genes

Curetis Unyvero Lower
Respiratory Tract
Panel

4–5 h 2 test modules per
instrument

On Demand Acinetobacter spp.
C pneumoniae
Citrobacter freundii
Enterobacter cloacae

complex
E coli
H influenzae
K oxytoca
K pneumoniae
Klebsiella variicola
L pneumophila
M catarrhalis
Morganella morganii
M pneumoniae
P spp.
P aeruginosa
S marcescens
S aureus
Stenotrophomonas

maltophilia
S pneumoniae

Pneumocystis jirovecii Penicillin resistance
TEM

Methicillin resistance
mecA, mecC, and

MREJ
ESBL

CTX-M
Carbapenemases

KPC
NDM
Oxa-23, 24, 48, 58
VIM

Abbreviation: MREJ, mec right extremity junction.
a Middle East Respiratory Syndrome coronavirus will only be available on the Pneumonia Panel plus.
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culture, particularly at low abundance. Because the Unyvero LRT panel offers no
quantitative values, interpretation of significance would be more difficult.
Although comprehensive, the current panels are by no means representative of all

potential pathogens, particularly the bacterial targets, and a negative result may not
necessarily prompt deescalation of antibiotic therapy. On the other hand, increased
detection of on-target bacteria owing to increased sensitivity of molecular testing
may result in excessive misinterpretation of bacterial colonization as true infection,
leading to unnecessary antibiotic therapy. Studies conducted on both FDA-cleared
panels reported more than 70% increases in bacterial target detected39,40 and the
clinical significance of this warrant careful evaluation that must be interpreted in the
context of clinical symptoms and other laboratory findings. Concurrently, the inability
to compare and determine the significance of organisms detected against the pres-
ence of other off-target oropharyngeal flora makes interpretation of panel result all
the more difficult. Laboratories should continue to be diligent stewards by screening
respiratory samples microscopically to determine whether the sample has been signif-
icantly contaminated with pharyngeal flora and, if so, neither molecular testing nor cul-
ture should be pursued. Other challenges include associating the correct pathogen
with the correct resistance marker, particularly for the gram-negative bacteria,
because the detection of a resistance marker is not linked to a specific pathogen.
However, the FilmArray PN panel does prevents the nonspecific detection of mecA
in Staphylococcus spp. other than Staphylococcus aureus through inclusion of the
staphylococcal cassette chromosome mec right extremity junction that links the
staphylococcal cassette chromosomemec cassette with the S aureus genome. None-
theless, selection of targeted antimicrobial therapy in many of the cases still requires
follow-up culture and susceptibility testing.
Based on these challenges, laboratories that wish to implement a syndromic molec-

ular panel to aid in the diagnosis of LRTIs must be thoughtful when considering the
reporting and interpretation of the results. Both panel and culture results must be re-
ported in a cohesive manner to avoid confusion and misinterpretation. An integrative
reporting approach with inclusion of personalized expert comments by the laboratory
director to aid in the interpretation of the result may be helpful, as would consultation
with an infectious disease specialist. A pragmatic approach may be to offer testing on
bronchoalveolar lavage fluid first, because the sample types are considered a higher
quality specimen and less prone to contamination with normal oropharyngeal flora.
DETECTION OF GASTROINTESTINAL INFECTIONS

Syndromic panels for GI infections have the same benefits seen with respiratory syn-
dromic panels. They rapidly provide highly sensitive and specific detection of a broad
range of GI41–44 pathogens. Table 5 provides a list of FDA-cleared syndromic panels
for diagnosis of GI infections. GI syndromic panels are particularly helpful because
there is significant clinical overlap between pathogens causing GI disease. The broad
range of targets has highlighted the high prevalence of pathogens such as norovirus,
which was not routinely tested for before syndromic panels, despite being one of the
most common causes of acute gastroenteritis. Owing to the increased sensitivity and
rapid turnaround time, outbreaks of Cyclospora have been identified more rapidly,
allowing for timely investigation and source identification by public health officials.45

The limitations of syndromic GI panels are the inclusion of several targets of ques-
tionable clinical significance, including enteropathogenic E coli, which is among the
most frequent positive targets when present.41,46 Owing to the large number of tar-
gets present on some syndromic GI panels, specimens are frequently positive for



Table 5
Multiplex GI panels, FDA-cleared

Assay
Turnaround
Time Throughput Set up Bacterial Targets Viral Targets Parasitic Targets

Applied BioCode GI
Pathogen Panel (GPP)

4 h 96-well plate format Batched Campylobacter spp.
Clostridium difficile

toxin A and B
Salmonella spp.
Shigella/enteroinvasive

E coli
Shiga-like toxin

producing E coli
E coli O157
Enterotoxigenic E coli
Enteroaggregative E

coli
Vibrio vulnificus, V.

parahaemolyticus,
and V. cholerae

Yersinia enterocolitica

Norovirus GI and GII
Rotavirus A
Adenovirus F40/41

Giardia lamblia
Cryptosporidium spp.
Entamoeba histolytica

BDMax Enteric Bacterial
Panel

3 h 24 tests per instrument Batched Salmonella spp.
Campylobacter spp.
Shigella spp./

enteroinvasive E coli
Shiga toxin 1 and 2

BDMax Extended
Enteric Bacterial
Panel

3.5 h 24 tests per instrument Batched Plesiomonas
shigelloides

Vibrio vulnificus, V
parahaemolyticus,
and V cholerae

Enterotoxigenic E coli
Y enterocolitica
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BDMax Enteric Viral
Panel

3 h 24 tests per instrument Batched Norovirus GI and GII
Rotavirus A
Adenovirus F40/41
Sapovirus
Human astrovirus

BDMax Enteric Parasite
Panel

4.5 h 24 tests per instrument Batched G lamblia
Cryptosporidium spp.
E histolytica

BioFire bioMérieux
FilmArray GI Panel

1 h 1 test module per
instrument (v2.0)

2–12 test modules per
instrument (Torch)

On demand Campylobacter spp.
C difficile
P shigelloides
Salmonella spp.
Vibrio spp.
Enteroaggregative E

coli
Enteropathogenic E coli
Enterotoxigenic E coli
Shiga-toxin like

producing E coli
E coli O157
Shigella spp./

enteroinvasive E coli

Adenovirus 40/41
Astrovirus
Norovirus GI and GII
Rotavirus
Sapovirus

Cryptosporidium
Cyclospora cayetanensis
E histolytica
Giardia

Hologic Prodesse
ProGastro SSCS Assay

4 h 96 tests per plate Batched Campylobacter spp.
Salmonella spp.
Shiga toxin 1 and 2
Shigella spp.

Luminex Verigene
Enteric Pathogens
Test

2 h 1 test module per
instrument (v1.0)

6 test modules per
instrument (v2.0)

On demand Campylobacter spp.
Salmonella spp.
Shigella spp.
Vibrio spp.
Y enterocolitica
Shiga toxin 1 and 2

Norovirus GI and GII
Rotavirus

(continued on next page)
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Table 5
(continued )

Assay
Turnaround
Time Throughput Set up Bacterial Targets Viral Targets Parasitic Targets

Luminex xTAG GI
Pathogen Panel

5 h 96 tests per plate Batched Campylobacter spp.
C difficile
E coli O157
Enterotoxigenic E coli
Shiga-toxin like

producing E coli
Salmonella spp.
Shigella spp.
Vibrio cholera

Adenovirus 40/41
Norovirus
Rotavirus

Cryptosporidium
Entamoeba histolytica
Giardia
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multiple target.41 Although a patient may have multiple GI illnesses concurrently,
more likely scenarios are asymptomatic colonization or viral shedding owing to
past exposure. False-positive results have been reported for low incidence targets
Vibrio cholera and Entamoeba histolytica.47 Another major downside is the inclusion
of Clostridioides difficile in some panels. C difficile colonizes the GI tract of 5% to
10% of asymptomatic adults,48 and more than one-half of children under 1 year
of age. Detection of C difficile toxin does not differentiate between infection and
colonization, so it is essential that testing only be performed in the appropriate clin-
ical context. There are many instances of testing for other GI pathogens that have
led to incidental detection and subsequent treatment of patients colonized with C
difficile. In hospitalized patients, the identification of C difficile in any context risks
being classified as a hospital-acquired infection, which affects Centers for Medicare
and Medicaid Services reimbursement. For this reason, many laboratories have
elected not to report syndromic panel C difficile results at all or have selected panels
that do not include a C difficile target.
There are few outcome data surrounding GI syndromic panel testing. Themajority of

the targets do not have an associated antimicrobial treatment. Even for those targets
with treatments, most GI infections are self-limited and treatment is not recommen-
ded. A retrospective study by Beal and colleagues46 showed that the number of
days on antibiotics, imaging studies, hospital length of stay, and cost of hospitalization
were modestly decreased with GI syndromic panel testing compared with traditional
testing methods. Another study of nearly 10,000 patients found that GI syndromic
panel testing resulted in fewer endoscopies, fewer abdominal radiographs, and a
decrease in antibiotic prescriptions.49 Although these studies are promising, more
studies are needed to capture the full impact of syndromic GI testing on patient
care and hospital finances.
DIAGNOSTIC AND LABORATORY STEWARDSHIP

Every single in vitro diagnostic test offered in the clinical laboratories requires clinical
correlation. This caveat has become more evident in the era of syndromic testing
where the simplicity and ease of ordering and testing have led to an urgency and a
“need to know” mindset that can be detrimental to patient care. For example, in the
absence of respiratory symptoms, it would be inconceivable for viral cultures to be or-
dered; yet the same asymptomatic patients are tested for multiple respiratory viral and
atypical bacterial targets by syndromic panel. Thus, the exhaustive overuse over-
shadows and hinders the true benefits of syndromic testing.
Messacar and colleagues50 eloquently defined the goal of diagnostic stewardship

as “to select the right test for the right patient, generating accurate, clinically relevant
results at the right time to optimally influence clinical care and to conserve health care
resources.” The laboratory is at the forefront of this mission, functioning as stewards
to maximize clinical excellence. Independent of the actual performance of the syn-
dromic panels, clinical microbiology laboratory directors must determine the added
value of the panel compared with existing standard of care tests. Will the test provide
highly accurate, actionable results that can improve patient outcomes? Does the test
potentially improve the workload in the clinical laboratory by replacing a laborious
test? Suffice to say, this decision is often made in collaboration with our infectious dis-
ease colleagues and/or antimicrobial stewardship team. Further, costs and reim-
bursements concerns play a significant role in the equation. It is imperative that a
thorough assessment is pursued for every new diagnostic test to ensure that we are
not viewing the tests with rose-colored glasses.
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Once implemented, strict scrutiny must be applied to establish the most clinically
relevant population to test and to optimize how the results are being communicated
to the provider. Applications of laboratory stewardship include defining who to test,
how often the same patient should be tested, and what targets should be reported
is paramount. For instance, stewardship surrounding multiplex upper respiratory
panels is a topic of discussion in most clinical microbiology laboratories. How can
we identify patients that would benefit clinically from large multiplex syndromic panels
to justify the increased cost? How can we identify patients for whom limited testing
such as influenza and/or RSV is sufficient? Some laboratories have adopted a practice
of testing all specimens for influenza with or without RSV first, and reflexing to the
broad respiratory panel only if initial targets are not detected. Other stewardship mea-
sures include limiting certain syndromic upper respiratory panels to hospitalized, crit-
ically ill, or specialty clinics such as pulmonary and prohibiting repeat testing within a
set period of time as retesting within a 20-day window have demonstrated minimal
changes in test results.51 Clinicians should also refrain from testing asymptomatic pa-
tients, performing repeat testing owing to low assurance of the initial result, or for test
of cure because it can significantly contribute to overuse without any benefit to patient
care. Last, for some testing, preauthorization by the clinical microbiology laboratory
director or infectious disease team may be a potential solution. Expensive and com-
plex testing, such as metagenomic next-generation sequencing, should only be done
in conjunction with an infectious disease consultation and with clinical microbiology
laboratory director oversight for clinical review, testing approval, and results
interpretation.
Communication between clinical microbiologists and health care providers is abso-

lutely essential to maximize the benefit of test results in the context of the patient. This
point is particularly important as tests become increasingly complex and often detect
multiple organisms, some of which may not be the cause of the patient’s infection. In-
clusion of consult notes and recommendations to help guide the provider appropri-
ately interpret these molecular results can be extremely valuable and may help
mitigate potential harms that arise owing to limitations associated with a test such
as low clinical sensitivity or specificity.
It is near impossible nor sustainable for microbiologists to advocate for appropriate

use of syndromic panels at the preanalytical level in the absence of automated gate-
keeping through the electronic medical record. The development of support tools
range from soft stops, which function as a warning for providers to reconsider whether
or not the test should be ordered, to hard stops, which require providers to actively
seek approval from the laboratory director.52 A prime example is restricting orders
on patients previously positive or negative for C difficile toxin within a 7- to 14-day
period. However, sufficient information technology resources, information technology
personnel with a clear understanding of microbiology, and the support of hospital and
medical group administration is compulsory in the development of these tools. None-
theless, these tools must be paired with continued provider education and establish-
ment of key indicators of quality metrics to maximize their success.
SUMMARY

Syndromic panels have allowed clinical microbiology laboratories to rapidly identify
bacteria, viruses, fungi, and parasites with high sensitivity and specificity to aid phy-
sicians in the diagnosis of many infectious clinical syndromes. These panels are
now fully integrated into many clinical laboratories’ standard testing practices. Thus,
laboratories must implement strict measures to ensure that syndromic panels are
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being used responsibly through optimal clinician ordering practices, prohibiting repeat
testing, and continuous education of clinicians on assay usefulness and limitations.
Thoughtful reporting of results with interpretative comments and/or consultation
with the clinical microbiology laboratory director is needed to aid provider interpreta-
tion. Diagnostic stewardship is our best hope to maximize the benefits of syndromic
panels.

DISCLOSURE

J.D. Bard is a consultant for BioFire Diagnostics and Accelerate Diagnostics and is
involved in clinical trials activities with BioFire Diagnostics, Luminex Corporation, Dia-
Sorin Molecular, Applied BioCode. E. McElvania receives speaking fees, consulting
fees, and research support from BD.

REFERENCES

1. Kumar A, Roberts D, Wood KE, et al. Duration of hypotension before initiation of
effective antimicrobial therapy is the critical determinant of survival in human sep-
tic shock. Crit Care Med 2006;34:1589–96.

2. She RC, Bender JM. Advances in rapid molecular blood culture diagnostics:
healthcare impact, laboratory implications, and multiplex technologies. J Appl
Lab Med 2019;3:617–30.

3. Pancholi P, Carroll KC, Buchan BW, et al. Multicenter evaluation of the accelerate
PhenoTest BC Kit for rapid identification and phenotypic antimicrobial suscepti-
bility testing using morphokinetic cellular analysis. J Clin Microbiol 2018;56(4):
e01329-17.

4. MacVane SH, Nolte FS. Benefits of adding a rapid PCR-based blood culture iden-
tification panel to an established antimicrobial stewardship program. J Clin Micro-
biol 2016;54:2455–63.

5. Perez KK, Olsen RJ, Musick WL, et al. Integrating rapid diagnostics and antimi-
crobial stewardship improves outcomes in patients with antibiotic-resistant Gram-
negative bacteremia. J Infect 2014;69:216–25.

6. Sango A, McCarter YS, Johnson D, et al. Stewardship approach for optimizing
antimicrobial therapy through use of a rapid microarray assay on blood cultures
positive for Enterococcus species. J Clin Microbiol 2013;51:4008–11.

7. Walker T, Dumadag S, Lee CJ, et al. Clinical impact of laboratory implementation
of Verigene BC-GN microarray-based assay for detection of gram-negative bac-
teria in positive blood cultures. J Clin Microbiol 2016;54:1789–96.

8. Patel TS, Kaakeh R, Nagel JL, et al. Cost analysis of implementing matrix-
assisted laser desorption ionization-time of flight mass spectrometry plus real-
time antimicrobial stewardship intervention for bloodstream infections. J Clin
Microbiol 2017;55:60–7.

9. Perez KK, Olsen RJ, Musick WL, et al. Integrating rapid pathogen identification
and antimicrobial stewardship significantly decreases hospital costs. Arch Pathol
Lab Med 2013;137:1247–54.

10. Banerjee R, Teng CB, Cunningham SA, et al. Randomized trial of rapid multiplex
polymerase chain reaction-based blood culture identification and susceptibility
testing. Clin Infect Dis 2015;61:1071–80.

11. Juttukonda LJ, Katz S, Gillon J, et al. Impact of a rapid blood culture diagnostic
test in a children’s hospital depends on Gram-positive versus Gram-negative or-
ganism and day versus night shift. J Clin Microbiol 2020;58(4):e01400–19.

http://refhub.elsevier.com/S0272-2712(20)30055-X/sref1
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref1
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref1
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref2
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref2
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref2
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref3
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref3
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref3
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref3
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref4
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref4
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref4
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref5
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref5
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref5
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref6
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref6
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref6
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref7
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref7
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref7
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref8
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref8
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref8
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref8
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref9
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref9
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref9
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref10
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref10
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref10
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref11
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref11
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref11


Dien Bard & McElvania418
12. Pliakos EE, Andreatos N, Shehadeh F, et al. The cost-effectiveness of rapid diag-
nostic testing for the diagnosis of bloodstream infections with or without antimi-
crobial stewardship. Clin Microbiol Rev 2018;31(3):e00095-17.

13. Blauwkamp TA, Thair S, Rosen MJ, et al. Analytical and clinical validation of a mi-
crobial cell-free DNA sequencing test for infectious disease. Nat Microbiol 2019;
4:663–74.

14. Hogan CA, Yang S, Garner OB, et al. Clinical impact of metagenomic next-
generation sequencing of plasma cell-free DNA for the diagnosis of infectious
diseases: a multicenter retrospective cohort study. Clin Infect Dis 2020;ciaa035.

15. Hagen A, Eichinger A, Meyer-Buehn M, et al. Comparison of antibiotic and
acyclovir usage before and after the implementation of an on-site FilmArray men-
ingitis/encephalitis panel in an academic tertiary pediatric hospital: a retrospec-
tive observational study. BMC Pediatr 2020;20:56.

16. Van TT, Mongkolrattanothai K, Arevalo M, et al. Impact of a rapid herpes simplex
virus PCR assay on duration of acyclovir therapy. J Clin Microbiol 2017;55:
1557–65.

17. Blaschke AJ, Holmberg KM, Daly JA, et al. Retrospective evaluation of infants
aged 1 to 60 days with residual cerebrospinal fluid (CSF) tested using the FilmAr-
ray Meningitis/Encephalitis (ME) panel. J Clin Microbiol 2018;56(7):e00277-18.

18. Cailleaux M, Pilmis B, Mizrahi A, et al. Impact of a multiplex PCR assay (FilmAr-
ray(R)) on the management of patients with suspected central nervous system in-
fections. Eur J Clin Microbiol Infect Dis 2020;39:293–7.

19. Nabower AM, Miller S, Biewen B, et al. Association of the FilmArray meningitis/en-
cephalitis panel with clinical management. Hosp Pediatr 2019;9:763–9.

20. Dien Bard J, Alby K. Point-counterpoint: meningitis/encephalitis syndromic
testing in the clinical laboratory. J Clin Microbiol 2018;56(4):e00018-18.

21. Leber AL, Everhart K, Balada-Llasat JM, et al. Multicenter evaluation of BioFire
FilmArray Meningitis/encephalitis panel for detection of bacteria, viruses, and
yeast in cerebrospinal fluid specimens. J Clin Microbiol 2016;54:2251–61.

22. Liesman RM, Strasburg AP, Heitman AK, et al. Evaluation of a commercial multi-
plex molecular panel for diagnosis of infectious meningitis and encephalitis.
J Clin Microbiol 2018;56(4):e01927-17.

23. Messacar K, Breazeale G, Robinson CC, et al. Potential clinical impact of the film
array meningitis encephalitis panel in children with suspected central nervous
system infections. Diagn Microbiol Infect Dis 2016;86:118–20.

24. Naccache SN, Lustestica M, Fahit M, et al. One year in the life of a rapid syn-
dromic panel for meningitis/encephalitis: a pediatric tertiary care facility’s experi-
ence. J Clin Microbiol 2018;56(5):e01940-17.

25. Tansarli GS, Chapin KC. Diagnostic test accuracy of the BioFire(R) FilmArray(R)
meningitis/encephalitis panel: a systematic review and meta-analysis. Clin Micro-
biol Infect 2020;26:281–90.

26. Ssebambulidde K, Bangdiwala AS, Kwizera R, et al. Adjunctive sertraline for
treatment of HIVaCMT: symptomatic cryptococcal antigenemia presenting as
early cryptococcal meningitis with negative cerebral spinal fluid analysis. Clin
Infect Dis 2019;68:2094–8.

27. Van TT, Kim TH, Butler-Wu SM. Evaluation of the Biofire FilmArray meningitis/en-
cephalitis assay for the detection of Cryptococcus neoformans/gattii. Clin Micro-
biol Infect 2020. S1198-743X(20)30031-30038.

28. Green DA, Pereira M, Miko B, et al. Clinical significance of human herpesvirus 6
Positivity on the FilmArray meningitis/encephalitis panel. Clin Infect Dis 2018;67:
1125–8.

http://refhub.elsevier.com/S0272-2712(20)30055-X/sref12
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref12
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref12
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref13
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref13
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref13
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref14
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref14
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref14
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref15
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref15
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref15
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref15
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref16
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref16
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref16
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref17
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref17
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref17
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref18
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref18
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref18
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref19
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref19
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref20
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref20
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref21
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref21
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref21
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref22
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref22
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref22
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref23
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref23
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref23
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref24
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref24
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref24
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref25
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref25
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref25
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref26
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref26
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref26
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref26
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref27
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref27
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref27
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref28
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref28
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref28


Syndromic testing in Microbiology 419
29. Pandey U, Greninger AL, Levin GR, et al. Pathogen or bystander: clinical signif-
icance of detecting human herpesvirus 6 in pediatric cerebrospinal fluid. J Clin
Microbiol 2020;58(5):e00313–20.

30. Agueda S, Campos T, Maia A. Prediction of bacterial meningitis based on cere-
brospinal fluid pleocytosis in children. Braz J Infect Dis 2013;17:401–4.

31. Precit MR, Yee R, Pandey U, et al. Cerebrospinal fluid findings are poor predic-
tors of appropriate FilmArray Meningitis/Encephalitis panel utilization in pediatric
patients. J Clin Microbiol 2020;58(3):e01592-19.

32. Couturier MR, Bard JD. Direct-from-specimen pathogen identification: evolution
of syndromic panels. Clin Lab Med 2019;39:433–51.

33. Sakata KK, Azadeh N, Brighton A, et al. Impact of nasopharyngeal FilmArray res-
piratory panel results on antimicrobial decisions in hospitalized patients. Can Re-
spir J 2018;2018:9821426.

34. Rappo U, Schuetz AN, Jenkins SG, et al. Impact of early detection of respiratory
viruses by multiplex PCR assay on clinical outcomes in adult patients. J Clin Mi-
crobiol 2016;54:2096–103.

35. Semret M, Schiller I, Jardin BA, et al. Multiplex respiratory virus testing for antimi-
crobial stewardship: a prospective assessment of antimicrobial use and clinical
outcomes among hospitalized adults. J Infect Dis 2017;216:936–44.

36. Garau J, Baquero F, Perez-Trallero E, et al. Factors impacting on length of stay
and mortality of community-acquired pneumonia. Clin Microbiol Infect 2008;14:
322–9.

37. Torres A, Lee N, Cilloniz C, et al. Laboratory diagnosis of pneumonia in the mo-
lecular age. Eur Respir J 2016;48:1764–78.

38. Jamal W, Al Roomi E, AbdulAziz LR, et al. Evaluation of Curetis Unyvero, a multi-
plex PCR-based testing system, for rapid detection of bacteria and antibiotic
resistance and impact of the assay on management of severe nosocomial pneu-
monia. J Clin Microbiol 2014;52:2487–92.

39. Lee SH, Ruan SY, Pan SC, et al. 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 inten-
sive care units. J Microbiol Immunol Infect 2019;52:920–8.

40. Ozongwu C, Personne Y, Platt G, et al. Enne VI: the Unyvero P55 ’sample-in,
answer-out’ pneumonia assay: a performance evaluation. Biomol Detect Quantif
2017;13:1–6.

41. Buss SN, Leber A, Chapin K, et al. Multicenter evaluation of the BioFire FilmArray
gastrointestinal panel for etiologic diagnosis of infectious gastroenteritis. J Clin
Microbiol 2015;53:915–25.

42. Harrington SM, Buchan BW, Doern C, et al. Multicenter evaluation of the BD max
enteric bacterial panel PCR assay for rapid detection of Salmonella spp., Shigella
spp., Campylobacter spp. (C. jejuni and C. coli), and Shiga toxin 1 and 2 genes.
J Clin Microbiol 2015;53:1639–47.

43. Mengelle C, Mansuy JM, Prere MF, et al. Simultaneous detection of gastrointes-
tinal pathogens with a multiplex Luminex-based molecular assay in stool samples
from diarrhoeic patients. Clin Microbiol Infect 2013;19:E458–65.

44. Popowitch EB, O’Neill SS, Miller MB. Comparison of the Biofire FilmArray RP,
Genmark eSensor RVP, Luminex xTAG RVPv1, and Luminex xTAG RVP fast multi-
plex assays for detection of respiratory viruses. J Clin Microbiol 2013;51:
1528–33.

http://refhub.elsevier.com/S0272-2712(20)30055-X/sref29
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref29
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref29
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref30
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref30
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref31
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref31
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref31
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref32
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref32
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref33
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref33
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref33
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref34
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref34
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref34
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref35
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref35
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref35
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref36
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref36
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref36
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref37
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref37
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref38
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref38
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref38
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref38
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref39
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref39
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref39
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref39
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref40
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref40
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref40
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref41
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref41
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref41
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref42
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref42
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref42
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref42
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref43
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref43
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref43
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref44
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref44
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref44
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref44


Dien Bard & McElvania420
45. Bateman AC, Kim YJ, Guaracao AI, et al. Performance and impact of the BioFire
FilmArray gastrointestinal panel on a large Cyclospora outbreak in Wisconsin,
2018. J Clin Microbiol 2020;58(2):e01415–9.

46. Beal SG, Tremblay EE, Toffel S, et al. A gastrointestinal PCR panel improves clin-
ical management and lowers health care costs. J Clin Microbiol 2018;56(1):
e01457-17.

47. Mhaissen MN, Rodriguez A, Gu Z, et al. Epidemiology of diarrheal illness in pe-
diatric oncology patients. J Pediatric Infect Dis Soc 2017;6:275–80.

48. Loo VG, Bourgault AM, Poirier L, et al. Host and pathogen factors for Clostridium
difficile infection and colonization. N Engl J Med 2011;365:1693–703.

49. Axelrad JE, Freedberg DE, Whittier S, et al. Impact of gastrointestinal panel im-
plementation on health care utilization and outcomes. J Clin Microbiol 2019;
57(3):e01775-18.

50. Messacar K, Parker SK, Todd JK, et al. Implementation of rapid molecular infec-
tious disease diagnostics: the role of diagnostic and antimicrobial stewardship.
J Clin Microbiol 2017;55:715–23.

51. Mandelia Y, Procop GW, Richter SS, et al. Optimal timing of repeat multiplex mo-
lecular testing for respiratory viruses. J Clin Microbiol 2020;58(2):e01203–19.

52. Pritt BS. Optimizing test utilization in the clinical microbiology laboratory: tools
and opportunities. J Clin Microbiol 2017;55:3321–3.

http://refhub.elsevier.com/S0272-2712(20)30055-X/sref45
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref45
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref45
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref46
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref46
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref46
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref47
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref47
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref48
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref48
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref49
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref49
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref49
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref50
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref50
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref50
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref51
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref51
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref52
http://refhub.elsevier.com/S0272-2712(20)30055-X/sref52

