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KEY POINTS

� The successful management CAP requires rapid and accurate diagnosis of the etiologic
agent of CAP.

� Correct diagnosis enhances the appropriate use of antiviral agents and prevents overuse
of antibiotics.

� Pathogen-directed therapy requires the use of an assay that is FDA-cleared, is highly
accurate, and can be completed in a timely manner.

� New tools are becoming available and include assays that are highly accurate, especially
ones that use amplified technology.
INTRODUCTION

Community-acquired pneumonia (CAP) is one of the most important infectious
disease problems in the United States today and accounts for major morbidity and
mortality.1 There were approximately 4.5 million ambulatory care visits in 2007 in
the United States1 and an estimated 1.1 million hospitalizations for pneumonia, with
an average length of stay of 5 days.2 CAP accounts for enormous health care costs,
with an estimated $17 billion price tag annually in the United States.3

Unfortunately, in the past 20 to 25 years, with improved broad-spectrum antibiotics,
the implementation of diagnostic studies has declined and most patients do not have
an etiologic pathogen of CAP identified.1,4,5 This has been partially because of the
advance of antimicrobial agents to treat CAP, resulting in a lack of the perceived
need to know the etiologic pathogen, unless the patient does not respond to empiric
therapy.1 An important consideration of the diagnosis of CAP is the age and immune
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state of the patient. Severe and fatal disease can occur in the elderly, the immunocom-
promised, the very young, and those individuals with conditions that affect cardiopul-
monary function, and these syndromes can be caused by multiple types of organisms,
which may be etiologically indistinguishable on presentation.6 The elderly represent an
important factor in rapid diagnosis of CAP especially because this older generation is
increasing in the United States. The Centers for Disease Control and Prevention (CDC)
statistics indicate that, although pneumonia rates have been decreasing, hospitaliza-
tion for the age group older than 85 years still represents the most vulnerable popula-
tion (Fig. 1).7 From 2000 to 2010, the hospitalization rate for pneumonia per 100,000
population decreased by 20% for the total population. The rate decreased 30%
among those aged 65 to 74 years, 31% among those aged 75 to 84 years, and
33% among those aged 85 years and older. However, throughout the period, the
rate of hospitalization for 85 years and older was the highest, whereas the younger
than 65 years age group was substantially lower than the rate for any other age group.
Thus, accurate and rapid diagnosis of CAP is important for appropriate patient
management, especially in the elderly.
The diagnosis of the etiologic agent of CAP depends on the use of rapid assays.

Sensitive, specific, and rapid identification of viruses and bacteria that cause CAP
Fig. 1. Rate* of hospitalization for pneumonia, by age group. National hospital discharge
survey, United States, 2000–2010. * - Rate per 10,000 population.
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can enhance the appropriate use of antiviral agents and prevent overuse of antibiotics.
Thus, being able to diagnose respiratory viruses and bacterial pathogens is an integral
part of patient management today in the era of cost containment and antibiotic-
sparing paradigms for CAP and other respiratory infections that are not of a bacterial
origin. Several new molecular platforms exist today for identification of respiratory
viruses, and some new broad-based platforms are on the horizon for the diagnosis
of viruses, bacteria, and fungi.8,9 Although accurate diagnosis is highly desirable,
perhaps more important is the rapid diagnosis of an etiologic agent of CAP, which
can affect immediate patient management. Such rapid identification of a viral agent
can prevent the use of unnecessary antibiotics; reduce costs; facilitate timely, effec-
tive use of antiviral drugs for viral etiologies, such as influenza; and ultimately may
shorten hospital stays.
Because a variety of viruses and bacteria can be responsible for CAP, having a plat-

form that can accurately identify multiple agents is ideal. Additionally, having a single
point-of-care (POC) molecular assay that can rapidly rule in or rule out the most
common agents, such as influenza or Streptococcus pneumoniae, is also desirable
for the immediate management of CAP.

The Diagnostic Problem

The real question for optimal and rapid patient care, however, is whether the etiologic
agent of CAP is bacterial or viral, and if it is bacterial, whether it is gram-positive or
gram-negative. Answers in real time can direct agent-specific therapy and avoid over-
use of precious broad-spectrum antibiotics. Polymerase chain reaction (PCR) and
molecular tests, which have been developed for the past 20 years and have been
coexisting with routine microbiology culture, have not been widely adopted, contrib-
uting little to rapid decision making for patient care, especially for bacteria, because
many of them are laboratory-developed tests (LDTs), which are not Food and Drug
Administration (FDA) cleared or commercially available. Urinary pathogen nonmolec-
ular FDA-cleared diagnostic assays for S pneumonia and Legionella are an exception,
because their results are rapidly available.10,11

With single-pathogenmolecular tests, each test requires the suspicion of a particular
pathogen, but with the development of multiple-pathogen molecular assays, particu-
larly for viruses, the tools to advance pathogen-directed therapy may now exist.12 This
article focuses on recently developed molecular multiplex diagnostic assays and plat-
forms, many of which are FDA-cleared, and how their use can enhance and improve
the management of CAP. It provides an overview of the FDA-cleared rapid nonmolec-
ular tests compared with the new rapid molecular tests for the diagnosis of influenza,
other respiratory viruses, and bacteria, with less emphasis on those molecular tests
that are not FDA-cleared, because they offer clinicians less acute medical manage-
ment tools, except in research studies. Many of these FDA-cleared and noncleared
assays have also been recently reviewed in great detail elsewhere.6,12–14

Requirements of Molecular Assays that can Affect Patient Care

Advances in molecular diagnostic methods, which can improve management of CAP,
dictate that the result be (1) rapid, (2) accurate, and (3) have the capability to detect
multiple pathogens in one assay or a minimum of assays.Rapid POC assays are espe-
cially attractive and almost imperative because Infectious Diseases Society of Amer-
ica/American Thoracic Society guidelines recommend that it is very important that
therapy for hospitalized patients be as soon as possible and that the first antibiotic
dose be given in the emergency department (ED).15,16 These guidelines drive how
rapidly a molecular test can be performed and returned to the clinician in the ED.
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Even if a molecular test is not available in time for initial therapy, a definitive diagnosis
of an etiologic agent by a molecular test can promote quickly switching to pathogen-
directed antibiotic or antiviral therapy, while cultures still may not be completed.
Accuracy is imperative because this is required before FDA clearance can be

achieved.17 FDA-cleared assays have a great advantage over LDTs because they
have undergone extensive clinical and analytical validations, their performance char-
acteristics are well documented, and the reagents are standardized. Their use engen-
ders confidence in the quality assurance and accuracy of results.18

The ability to detect multiple pathogens simultaneously in one assay should have
a major impact on management of CAP because the menu of etiologic agents has
grown with newly recognized organisms and newly emerging agents, such as severe
acute respiratory syndrome, human metapneumonvirus (hMPV), Bordetella pertussis,
and new variants of influenza. Even the combination of several rapid tests can have
a major impact on the type of therapy instituted (narrow agent-directed antibiotic
therapy, such as for S pneumoniae, in the case of a positive urinary antigen test, or
antiviral therapy for the influenza virus as diagnosed by a POC rapid test).

Consideration of the Diagnostic Test

Historically, in addition to the traditional Gram stain and bacterial culture of sputum or
nasopharyngeal swabs for the diagnosis of CAP, there are nonmolecular and molec-
ular assays. Before the molecular assays, there was the development of several rapid
nonmolecular methods called rapid antigen direct tests (RADTs) for the detection of
influenza. Additionally, the nonmolecular assay, the direct fluorescent antibody
(DFA) test using monoclonal antibodies on direct patient viral transport culture sedi-
ments, has been used for rapid identification of influenza and other viruses and is still
popular. The molecular tests for influenza and viruses are used the most and are FDA-
cleared and have been the subject of the most advancement in diagnoses, with the
exception of several newer ones for Mycobacterium tuberculosis,19,20 including the
recently FDA-cleared FilmArray (Idaho Technology, Salt Lake City, UT) for Myco-
plasma pneumoniae, Chlamydia pneumoniae, and B pertussis.21 There are many
non-FDA cleared assays (LDTs), but their use has been mostly limited to research
studies.22,23 For actual use for the management of CAP, nonmolecular and molecular
FDA-cleared assays are the ones most valuable for patient care.
DIAGNOSTIC TESTS FOR VIRAL INFECTIONS
Nonmolecular, Nonamplified FDA-cleared Diagnostic POC Tests for Viral Respiratory
Infections

RADTs for influenza are FDA-cleared. RADTs have highly variable sensitivities (10%–
75%) and specificities (50%–100%) depending on the viral target, age of the patient,
sample collection, and duration of symptoms before testing. In general, RADTs
perform better when testing pediatric samples, because children shed higher titers
of virus and for longer time periods than adults. RADTs also perform better during
periods of high prevalence (influenza seasons). They did not perform well for the
detection of pandemic swine H1N1 viruses.14,24–26 Chartrand and colleagues14

recently provided an excellent meta-analysis describing their performance from 159
studies and reported a pooled sensitivity of 62.3% and a specificity of 98.2%. Perfor-
mance was better for influenza A (64.6%) than influenza B (52.2%). There are 14
FDA-cleared RADTs available commercially, of which five are Clinical Laboratory
Improvement Amendments (CLIA) waived; two of these can detect and distinguish
between influenza A and B.26 Development of more CLIA-waived assays with
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increased accuracy and better ability to accurately differentiate influenza types and
subtypes will improve use and clinical management decisions in CAP.26,27

Direct fluorescent antibody
Rapid DFA testing of centrifuged sediments nasopharyngeal swabs of viral transport
media can readily detect seven of the common respiratory viruses (adenovirus; influ-
enza A and B; parainfluenza virus [PIV] 1, 2, and 3; and respiratory syncytial virus
[RSV]). In addition, DFA testing can detect hMPV. The specificity of DFA testing is
high, but the sensitivities can vary from a low of 50% to 80% when compared with
nucleic acid amplification tests (NAATs). Because DFA testing can be performed in
as little as 30 to 60 minutes, its use is ideal for POC tests if the laboratory is located
near the clinic ordering the test, but a skilled microscopist is required and thus use
is limited to performance in a clinical laboratory. Although the seven viruses are
responsible for a large number of respiratory tract infections, other viruses are also
important causes of respiratory disease. These include bocavirus, selected coronavi-
ruses (229E, OC43, NL63, and HKU-1), PIV 4, and rhinovirus. They are only detected
using PCR or NAATs.25

Types of DFA The Diagnostic Hybrid method (Diagnostic Hybrids, Athens, OH)
consists of staining a cell pellet from a respiratory sample, such as a nasopharyngeal
swab sample, in liquid transport media after centrifugation with a monoclonal antibody
mixture, which is a pool of antibodies for seven viruses (influenza A and B, RSV, PIV 1
to 3, and adenovirus). Another cell spot is stained with a monoclonal for hMPV. If the
pool stains positive by fluorescent microscopy, the cell pellet is stained individually
with each monoclonal to determine which virus is staining in the pool. This is a very
efficient, rapid (w2–4 hours), and cost-effective method to screen respiratory samples
because about 90% are negative. The disadvantage is that a fluorescent microscope
and a skilled microscopist are required. Sensitivity is approximately 80% to 85% and
specificity is excellent in a skilled laboratory. An advantage is that all the negative
samples can be screened in one pool with a single microscopic visual screen with
the pool reagent. It is difficult to use as a POC test unless the laboratory is in very close
proximity to the ED or clinic.
There is a liquid DFA test available called Fastpoint (Quidel, Athens, OH). It uses

three monoclonal antibodies cocktails to detect eight viruses. This method requires
reading three cell spots with two filters each for each sample. This takes longer
than screening one pool. A disadvantage is that the PIV are not distinguished from
each other. All PIV (1–3) are labeled with phycoerythrin.

FDA-Cleared Molecular Diagnostic Tests for Viral Respiratory Infections

Non-POC FDA-cleared molecular assays
Multiplex PCR assays There are five FDA-cleared multiplex real-time reverse tran-
scriptase (RT) PCR assays (Gen-probe; Prodesse, Madison, WI) for the qualitative
detection and identification of the respiratory viruses, influenza, hMPV, PIV, and
adenoviruses (Table 1). These assays are intended for use in only CLIA high-
complexity laboratories.

1. The ProFlu1 assay targets the matrix gene for influenza A, nonstructural genes
NS-1 and NS-2 for influenza B, and the polymerase gene for RSV A and RSV B.

2. The ProFAST1 assay subtypes influenza A samples as H1N1-p, H1N1-s, or H3N2.
It is a qualitative multiplex real-time RT-PCR assay that targets the nucleoprotein
gene of 2009 influenza A H1N1, the specific hemagglutinin genes of seasonal influ-
enza A/H1 and seasonal influenza A/H3, and an internal control (MS2 phage).



Table 1
Food and Drug Administration cleared molecular assays for the detection of respiratory viruses

Manufacturer and
Test Name Time Test Method Instrument Specimen Type Virus Target

Gen-Probe/Prodesse
ProFlu1

3–3.5 h Real-time RT-PCR Cepheid SmartCycler Nasopharyngeal swab in VTM RSV, influenza A, influenza B

Gen-Probe/Prodesse Pro
hMPV

4.5–5.5 h Real-time RT- PCR Cepheid SmartCycler Nasopharyngeal swab in VTM hMPV

Gen-Probe/Prodesse
ProParaFlu1 and
Adenovirus1

4.5–5.5 h Real-time RT-PCR Cepheid SmartCycler Nasopharyngeal swab in VTM PIV 1–3
Adenovirus A-F

Luminex xTAG Respiratory
Virus Panel

8–10 h RT-PCR, TSPE, bead
hybridization

Luminex xMap 100/200 Nasopharyngeal swab in VTM Influenza A, influenza B,
hMPV, RSV, PIV 1–3,
adenovirus, rhinovirus

Nanosphere Verigene 3–3.5 h RT-PCR, gold nanoparticle
hybridization

Verigene Processor,
Verigene Reader

Nasopharyngeal swab in VTM Influenza A, influenza B, RSV

FilmArray Idaho
Technology

1 h Nested PCR, melt curve
analysis

FilmArray Instrument Nasopharyngeal swab in VTM Adenoviruses, bocaviruses,
coronaviruses, influenza A/B,
A subtypes, hMPV, PIV 1–4,
RSV, rhinoviruses

Abbreviations: hMPV, human metapneumovirus; PIV 1–3, parainfluenza virus types 1, 2, and 3; RSV, respiratory syncytial virus; RT-PCR, reverse-transcription
polymerase chain reaction; VTM, viral transport medium.
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3. The Pro hMPV1 assay targets highly conserved regions of the nucleocapsid (N)
gene for hMPV and a transcript derived from Escherichia coli bacteriophage MS2
A-protein gene (internal control).

4. The ProParaflu1 assay targets conserved regions of the hemagglutinin-
neuraminidase gene for PIV 1 to 3 and a transcript derived from E coli bacterio-
phage MS2 A-protein gene (internal control).

5. ProAdeno1 assay targets the hexon gene and detects adenovirus subtypes A to F.

All five assays are approved for testing nasopharyngeal swab specimens obtained
from symptomatic persons. Nucleic acids are extracted using aMagNAPure LC Instru-
ment (Roche Diagnostics, Indianapolis, Indiana) and the MagNA Pure Total Nucleic
Acid Isolation Kit (Roche) or a NucliSENS easyMAG System and the Automated
Magnetic Extraction Reagents (bioMérieux, Marcy, France). The purified nucleic acids
are amplified by means of RT-PCR using target-specific oligonucleotide primers and
Taqman probes complementary to highly conserved regions of the target gene. During
each PCR cycle, the fluorescent intensity is monitored by the real-time instrument, the
SmartCycler II (Cepheid, Sunnyvale CA).
The time to results, including extraction, is 3 to 3.5 hours for each test run. ProFlu1

sensitivities and specificities for the detection of influenza A were 100% and 92.6%,
respectively; for influenza B they were 97.8% and 98.6%, respectively; and for RSV
they were 89.5% and 94.9%, respectively.25 In pediatric nasopharyngeal samples,
results were 97% to 100% for ProFlu-1 and it detected respiratory viruses in 9% of
specimens that were negative by conventional methods.28 It has been compared
with the FilmArray Respiratory Panel.21

The Pro hMPV1 assay was shown to be 94.1% sensitive and 99.3% specific
compared with xTAG (Luminex Molecular Diagnostics, Austin, TX) respiratory virus
panel (RVP) assay.25 The Pro hMPV1 assay sensitivities were demonstrated to range
from 88.9%, 96.3%, and 97.3% for PIV 1, PIV 2, and PIV 3, respectively, during clinical
trials and the specificities were all higher than 99%.25

xTAG RVP The xTAG RVP was the first multiplex NAAT to receive clearance by the
FDA, in January 2009. The original FDA-approved version of RVP detected adeno-
virus, influenza A (with subtyping of seasonal influenza A/H1 and seasonal influenza
A/H3), influenza B, PIV 1 to 3, hMPV, rhinovirus, RSV A and B, and was approved
for use with nasopharyngeal swabs from symptomatic persons.29,30

Currently, the RVP is an FDA-approved, multiplexed RT-PCR assay manufactured
by Luminex (Toronto, Canada) for the detection of 12 viral targets in a single specimen:
influenza A; influenza A, subtype H1; influenza A, subtype H3; influenza B; RSV A and
B; PIV 1 to 3; hMPV; rhinovirus; and adenovirus. It is FDA-cleared for nasopharyngeal
swabs, nasal washes, or bronchoalveolar lavage samples. It requires roughly 8 to 10
hours processing and running the assay. There is a second-generation assay called
RVP FAST (Luminex) only available in Europe (not FDA-cleared in the United States)
that reduces the number of steps and the time to results by 3 to 4 hours. This assay
is intended for use in only CLIA high-complexity laboratories. It has been shown to
be highly sensitive and specific for respiratory viruses.31 It has been compared with
the FilmArray respiratory panel.32

Respiratory virus plus, Verigene Respiratory Virus Nucleic Acid Test The first-
generation Verigene Respiratory Virus Nucleic Acid Test (Nanosphere, Northbrook, IL)
was cleared by the FDA inMay 2009. This test was replaced by the automated Verigene
Respiratory Virus Nucleic Acid TestSP, a CLIA moderately complex test microarray-
based sample-to-result that is FDA-cleared for the identification of influenza A, influenza
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B (types A, Flu An H1, Flu A-2009 H1N1 Flu A-H3, and B inclusive) and RSV (A and B)
from nasopharyngeal swab specimens placed in viral transport media. The Verigene
System consists of two instruments (the fully automated Verigene Processor and the
Verigene Reader) and single-use test cartridges, random access work flow. The entire
test process only requires one user pipetting step, less than 5 minutes of technical
hands-on time, and a sample-to-result turnaround time of about 2.5 hours. Test sensi-
tivities and specificities for the detection of influenza A were 100% and 99.8%, respec-
tively; for influenza B they were 100% and 99.1%, respectively; and for RSV they were
95.7% and 98.2%, respectively. This assay is CLIA moderate complexity, and a trained
laboratory technician must perform the test. It is adequate for small- to medium-sized
laboratories. Limitations of the assay include the single-test format that requires
a dedicated processor for each sample for 3 to 3.5 hours.33 The H275Y mutation for
oseltamivir resistance panel is only available outside the United States.
Amplified molecular diagnostic POC tests for viral respiratory infections
The ideal influenza POC diagnostic would of necessity combine the sensitivity and
specificity of RT-PCR (which are very high complexity, require experienced and highly
skilled staff, and are batched, lowering clinical use) with the rapidity and simplicity of
the rapid antigen test.
There are only two FDA-cleared amplified molecular assays that can be considered

true POC, in that they each require approximately 1 hour to perform and thus could
potentially be used for initial patient management decisions in concert with other diag-
nostic tests. Although FilmArray can test for 15 viruses and several bacterial patho-
gens, the GeneXpert System only detects influenza virus.

FilmArray technology The FilmArray system combines nucleic acid extraction, nested
PCR detection, and data analysis in a single-use pouch. The automated system
enables the detection of numerous viral and bacterial respiratory pathogens in a single
test. The required reagents for the assay are enclosed in the single-use pouch. Water
is added to hydrate the lyophilized reagents and the respiratory specimen is added.
The pouch is loaded into the FilmArray instrument, and the remainder of the test is
completely automated. After extraction of nucleic acid, a nested PCR reaction is per-
formed within the pouch in an entirely closed system. The first-step PCR is a multi-
plexed reaction containing primers for all of the viral and bacterial targets; the
amplicons from the first PCR are then diluted, and a second round of PCR reactions
is performed in a multiwell array, each well containing a single primer set targeting
a specific pathogen. Both amplification and melt curve analysis allow the FilmArray
software to generate a result for each target.34 The system is very robust, detecting
a low concentration of pathogen in the presence of a high concentration of a second
pathogen, with results available in 1 hour. The respiratory panel detects 15 respiratory
viruses and B pertussis, C pneumoniae, and M pneumoniae. Originally only the viral
panel was FDA-cleared, but the bacterial targets were cleared in the summer of 2012.
Several evaluations of the FilmArray platform for viral pathogens have been pub-

lished. The FDA-cleared version includes the following targets: adenovirus; coronavi-
ruses HKU1 and NL63; hMPV; influenza A virus (to type level only); influenza An H1
seasonal virus; influenza An H3 seasonal virus; influenza A virus H1-2009; influenza
B virus; PIV 1 to 4; RSV; and rhinovirus/enterovirus (no differentiation).
Loeffelholtz and colleagues21 compared the assay with Prodesse ProFlu1, Pro-

FAST1, ProParaflu1, Pro hMPV1, and ProAdeno1 real-time PCR assays on 192
nasopharyngeal-secretion specimens collected from 81 children younger than 1
year of age with upper respiratory tract symptoms. FilmArray and Prodesse assays



Role of Newer Molecular Tests in the Management of CAP 57
showed good overall agreement (181 [94.3%] of 192; kappa 5 0.87; 95% confidence
interval [CI], 0.79–0.94). FilmArray RP detected more PIV 1 and 3 than ProParaflu1 (18
vs 13), whereas ProAdeno1 detected more adenoviruses (11 vs 6), but these differ-
ences were not statistically significant. FilmArray and Prodesse assays showed
good overall agreement (181 [94.3%] of 192; kappa 5 0.87; 95% CI, 0.79–0.94).
FilmArray RP detected more PIV 1 and 3 than ProParaflu1 (18 vs 13), whereas ProA-
deno1 detected more adenoviruses (11 vs 6), but these differences were not statisti-
cally significant. Additionally, FilmArray RP detected 138 pathogens (confirmed as
true-positives) not included in the Prodesse assays (rhinovirus/enterovirus, 118; boca-
virus, 8; coronavirus, 7; PIV 4; M pneumoniae, 1).
When compared with laboratory-developed real-time PCR assays for the detection

of various respiratory viruses and certain bacterial pathogens on a total of 215 frozen
archived pediatric respiratory specimens previously characterized as either negative
or positive for one or more pathogens by real-time PCR examined using the FilmArray
RP system, the overall agreement between the FilmArray RP and corresponding
real-time PCR assays for shared analytes was 98.6% (kappa 5 0.92; 95% CI,
0.89–0.94).35

Rand and colleagues32 compared FilmArray RP and the xTAG RVP multiplex respi-
ratory virus PCRmethods for the detection of respiratory viruses in a set of 200 patient
specimens frozen at�70�C after standard viral culture and antigen detection methods
had been performed. Both systems detected between 40% and 50% more viruses
than traditional methods, which were mostly rhinoviruses and hMPV. The FilmArray
RP detected significantly more total viruses either alone or as part of mixed infections
than the xTAG RVP, and an additional 21.6%more RSVs. The xTAG RVP required 5 to
6 hours with 2.5 to 3 hours of hands-on time, whereas the FilmArray RP took about an
hour with 3 to 5 minutes of hands-on time.
Fifteen viruses can be detected and differentiated including H1N1/2009/pdm influ-

enza. Sensitivity ranged from 88.9% for adenovirus to 100% for many of the viruses
with nearly perfect specificity. The ability to detect multiple pathogens in 1 hour with
a simple set-up and fully automated system offers a significant benefit. It is user
friendly, with about 3 to 5 minutes of labor involved, and could eventually allow
POC testing in the ED or an outpatient clinic by minimally trained health care workers
especially if the assay becomes CLIA waived. The time of the assay is 1 hour test time,
which is a great advance.
The test is limited to a single patient test per run. Thus, its low throughput could be

a significant drawback for laboratories receiving large numbers of specimens,
because only a single sample can be processed at a time with one instrument.

GeneXpert system The Cepheid GeneXpert System platform for influenza is an on-
demandmolecular diagnostics assay that is a fully integrated system. The rapid, sophis-
ticated genetic testing for organisms and genetic-based diseases automates otherwise
complex manual laboratory procedures. The easy-to-use system integrates several
complicated and time-intensive steps, including sample preparation, DNA amplifica-
tion, and detection, which enable the analysis of influenza samples in a single proprie-
tary test cartridge. It is a closed, self-contained, cartridge-based, random access assay
for performing nucleic acid extraction, PCR amplification, and real-time detection of
PCR products with no intermediate sample-handling steps. It is an automated platform
that represents a paradigm shift in the automation of molecular analysis, producing
accurate results in a timely manner with minimal risk of contamination.
The assay was first released under the FDA Emergency Use Authorization Rule

during the 2009 pandemic for detection of influenza A, including 2009 H1N1 pdm.
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The GeneXpert Emergency Use Authorization assay demonstrated 91% sensitivity for
influenza A compared with the CDC rRT-PCR assay.36

Compared with the Luminex xTAG Respiratory Virus rRT-PCR Panel, the GeneXpert
was 91.2% sensitive for detection of influenza A; additionally, it demonstrated a 92.1%
sensitivity for the detection of 2009 H1N1 compared with the Focus Diagnostics Influ-
enza A/H1N1 (2009) rRT-PCR assay.37

A newer version of the Xpert Flu (second generation) was developed subsequently
with an identification for 2009 H1N1 pdm. This assay cartridge demonstrated 93%
overall sensitivity for detection of influenza A and B in one study and 100% and
80.8% sensitivity for 88 influenza A and B, respectively, in another when compared
with laboratory-developed rRT-PCR assays.38 Tested against a laboratory-
developed rRT-PCR assay Xpert Flu showed a sensitivity of 78.8% for influenza A
and 76.5% for influenza B.39 In contrast, the second-generation Xpert Flu test showed
excellent sensitivities (98.1% and 93.8% sensitivity for influenza A and B, respectively)
compared with commercially available and FDA-cleared Gen-Probe ProFlu1 rRT-
PCR.40

DiMaio and colleagues41 compared the X-pert Flu rapid nucleic acid testing assay
with other rapid POC antigen tests for the diagnosis of influenza A. Influenza A sensi-
tivity was 97.3% for Xpert Flu, 95.9% for DFA testing, 62.2% for BinaxNOW, and
71.6% for BD Directigen. Influenza B sensitivity was 100% for Xpert Flu and DFA
testing, 54.5% for BinaxNOW, and 48.5% for BD Directigen. Specificity for influenza
A was 100% for Xpert Flu, BinaxNOW, and BD Directigen, and 99.2% for DFA testing.
All methods demonstrated 100% specificity for influenza B (Table 2).
Test performance uses three easy steps: (1) transfer 300 ml of prepared sample into

the large cartridge opening, (2) dispense elution reagent into the small opening, and (3)
insert cartridge and start assay. The advantage is that it is FDA-cleared and can meet
the requirements for an accurate POC test for influenza for a POC assay for a clinic or
ED or out-patient setting. The POC assay could eventually allow POC testing in clinics
by minimally trained health care workers, if the assay becomes CLIA waived.
Pandemic 2009 influenza A virus and H3N2 (including H2N2v), seasonal H1N1, and
influenza B can be identified. One, or two, four 16, samples, can be run simulta-
neously; or 64 samples can be run if larger random access equipment is used. The
test time is approximately 1 hour. The disadvantage is that only influenza A and B
are identified and differentiated. No other viruses are identified.
The GeneXpert System combines on-board sample preparation with real-time PCR

amplification and detection functions for fully integrated and automated nucleic acid
Table 2
Gen Xpert Fu amplified assay compared with rapid influenza tests

Influenza A Influenza A Influenza B Influenza B

% Sensitivity % Specificity % Sensitivity % Specificity

Xpert Flu 97.3 100 100 100

Direct Fluorescent Antibody 95.9 99.2 100 100

Binax NOW 62.2 100 54.5 100

BD Directogen 71.6 100 48.5 100

Sensitivity and specificity were calculated using rRT-PCR as the comparator standard.
Data from DiMaio MA, SahooMK, Waggomer J, et al. Comparison of Xpert Flu rapid nucleic acid

testing with rapid antigen testing for the diagnosis of influenza A and B. J Virol Methods 2012;
86(1–2):137–40.



Role of Newer Molecular Tests in the Management of CAP 59
analysis. The system is designed to purify, concentrate, detect, and identify targeted
nucleic acid sequences thereby delivering answers directly from unprocessed samples.
Modular in design, the GeneXpert System has a variety of configurations from a single
test format to a random access 64-test sample robot to meet the broad range of testing
demands of any clinical environment. More studies are required to determine its use in
various testing algorithms, and thecost-effectivenessof allowingamore rapid, accurate
diagnosis and treatment of influenza-infected patients at the POC setting.

Non–FDA-cleared Molecular Diagnostic Tests for Viral Respiratory Infections

This field is rapidly emerging and mostly involves assays that are multiplexed. These
assays were recently reviewed in detail by Caliendo.42 They may soon achieve FDA
clearance and should be evaluated for their advantages on the management of CAP.

Multiplex PCR-electrospray ionization mass spectrometry platform for viruses
A novel molecular approach to the identification of nearly all human respiratory viral
pathogens directly from clinical patient specimens, PCR-electrospray ionization
mass spectrometry (Ibis Biosciences, Carlsbad, CA; Abbott Molecular, DesPlains,
IL) has the potential to revolutionize diagnostic virology, but is not yet FDA-cleared.43

The platform involves the nucleic acid extraction, rt-PCR, or PCR using sets of primers
targeting highly conserved genes that flank variable genomic regions, and then fol-
lowed by injection of amplicons into an electrospray ionization time-of-flight mass
spectrometer, where the mass and number of each nucleic is measured. An excellent
review of the literature that discusses the advantages and limitations of the relatively
new platform has been published.12 Thus far, several publications point to its usability
for identification of a broad range of viral respiratory pathogens.44–46 Several formats
are available, in addition to the one for common respiratory viruses, including specif-
ically for rapid influenza typing of all H and N types.47–51 This platform was instru-
mental in identifying and characterizing the H1N1 2009 influenza strain.52 FDA
clearance may be coming soon for influenza typing.

ResPlex technology
ResPlex Technology (QIAplex Technology; Qiagen, Gaithersburg, MD) uses PCR of
extracted nucleic acid followed by a liquid-phase bead-based array technology.53

There is now a second-generation of the assay called ResPlex II and it detects
more than 15 viruses; it was compared with conventional virology and the PCR-
electrospray ionization mass spectrometry assay in which both assays performed
well, detecting more viruses than conventional virology.46,54 It is a highly complex
assay with multiple steps including postamplification handling of samples, which
can increase the potential for contamination.42

Infiniti system
This system (AutoGenomics) uses multiplex RT-PCR primers for more than 20 viruses
with automated microarray hybridization, requiring 3.5 to 4 hours for first result for 24
specimens.42 One evaluation comparing it to single real-time virus-specific demon-
strated an overall concordance of 94.1%.55

Jaguar system
This system (Handy Lab, acquired with Becton Dickinson Diagnostics, Becton Dickin-
son, Sparks, MD) uses automated nucleic acid extraction with real-time PCR for
multiple respiratory pathogens, requiring 3.5 hours for 24 samples.42 For the detection
of influenza A/B and RSV, it demonstrated sensitivities of 100%, 90%, and 100%,
respectively.56



Gaydos60
MOLECULAR DIAGNOSTIC TESTS FOR BACTERIAL INFECTIONS

Although most of the advances in molecular diagnosis of CAP, such as PCR, have
been in the area of viral infections, and there has been less development in assays
for bacterial infections that are FDA-cleared and commercially available, there have
been some outstanding ones, mostly for tuberculosis.19 However, in the area of
non–FDA-cleared research studies, there have been many assays developed, espe-
cially for pneumococcus, and some are in use in laboratories, such as LDTs. However,
the LDTs are not widely available and are less useful to practicing clinicians until they
become commercially available.6,57

FDA-Cleared Molecular Amplification Assays for Bacteria

The commercialization and FDA clearance of molecular amplified assays for bacteria
is rapidly taking place and more of these assays will soon be available for the prac-
ticing clinician for the management of CAP.

Mycobacterium tuberculosis
One of the most outstanding success stories in molecular amplification for an impor-
tant worldwide respiratory pathogen had been for mycobacteria. In view of the lack of
poor sensitivity (45%–80%) of acid-fact smear results and expensive and complex
culture methods, which can take 1 to 4 weeks for identification, the development of
FDA-cleared molecular tests had played an important role in improved patient
outcomes.25

The CDC recommends that NAATs be used for at least one respiratory sample from
patients suspected of having M tuberculosis.19 There are now several FDA-cleared
assays to choose from: (1) Amplicor Mycobacterium tuberculosis Test (Amplicor;
Roche Diagnostics)58; (2) Amplified Mycobacterium tuberculosis Direct Test (Gen-
Probe, San Diego, CA)59; and (3) the Xpert MTB/RIF (Cepheid, Sunneyvale, CA), which
detects M tuberculosis and rifampin resistance directly from clinical specimens in
approximately 2 hours, allows nucleic acid extraction within the cartridge, has low
complexity, and demonstrates high sensitivity compared with standard methodolo-
gies (Table 3).20,60,61

Mycoplasma pneumoniae, Chlamydia pneumoniae, and Bordetella pertussis
M pneumoniae, C pneumoniae, and B pertussis have been recently FDA-cleared
(FilmArray).21 Only one published article mentions the detection of oneM pneumoniae
organism in its evaluation of viral pathogens.21 It is expected that the FDA clearance
for these organisms will greatly enhance the understanding of the role they each play
in CAP in the near future (Table 4).

Staphylococcus aureus
Although S aureus was usually considered to be mostly a hospital-acquired cause of
pneumonia, it is now recognized as a more common cause of CAP, especially
methicillin-resistant S aureus (MRSA).62 The FDA has cleared several PCR tests for
the detection of MRSA in nasal swab specimens; however, there are no cleared
assays to detect MRSA or methicillin-sensitive S aureus as agents of CAP.62 Several
POC assays that are cleared for screening using nasal/nares swabs have sensitivities
from 95% to 100% sensitivity and provide results in less than 2 hours.63,64 It has also
been evaluated in skin and soft tissue and blood cultures.65

Gram-positive bacteria Verigene platform
The FDA cleared the Verigene platform (Verigene GP Blood Culture Nucleic Acid Test)
in June 2012 for the identification of gram-positive bacteria from positive blood culture



Table 3
FDA-cleared assays for the detection of tuberculosis bacterial agents in community-acquired pneumonia and lower respiratory infections

Manufacturer and
Test Name Test Method Instrument Specimen Type Gene Target Turnaround Time

Gen-Probe Amplified
Mycobacterium
tuberculosis Direct Test

TMA, HPA Gen-Probe Leader 50 AFB smear-positive and
smear-negative respiratory
specimens

M tuberculosis complex rRNA 2.5–3.5 h

Roche Amplicor
Mycobacterium
tuberculosis Direct Test

PCR, colorimetric
detection

Thermocycler EIA reader AFB smear-positive
respiratory specimens

M tuberculosis complex DNA 6.5 h

Cepheid Xpert
Mycobacterium
tuberculosis

PCR Cepheid SmartCycler Respiratory specimens M tuberculosis, rifampin
resistance

<2 h

Abbreviations: AFB, acid-fast bacilli; EIA, enzyme immunoassay; HPA, hybridization protection assay; TMA, transcription mediated amplification.

R
o
le

o
f
N
e
w
e
r
M
o
le
cu

la
r
Te

sts
in

th
e
M
a
n
a
g
e
m
e
n
t
o
f
C
A
P

6
1



Table 4
FDA-cleared assays for the detection of bacterial agents in community acquired pneumonia
and lower respiratory infections

Assay Manufacturer Date Cleared Turnaround Time

Chlamydia pneumoniae FilmArray Idaho Technology 2012 1 h

Mycoplasma pneumoniae FilmArray Idaho Technology 2012 1 h

Bordetella pertusis FilmArray Idaho Technology 2012 1 h
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bottles. The targets identified include staphylococci (including MRSA), streptococci,
Enterococcus (including vancomycin-resistant Enterococcus), and Listeria spp.

Non–FDA-Cleared Molecular Assays for Bacteria

The advance in the development of NAATs, such as PCR, in the last two decades has
offered a huge understanding of the diagnostic capability of such assays for the
management of CAP. The development of research assays has paved the way for
commercialization and FDA clearance rapidly taking place today.
Notably, these non-FDA cleared assays include the ones for atypical agents, such

as C pneumoniae, M pneumoniae, and Legionella pneumophilia.66–71

Chlamydia pneumoniae
Multiple in-house nucleic acid amplification (PCR) methodologies have been pub-
lished, but the literature has been confounded by lack of standardization and valida-
tion.72,73 The CDC workshop identified a few assays that were considered to be
“validated” enough to be used for research studies; others have been developed
and used.66,74–82

The advantages of these assays are their sensitivity, decreased possibility of
contamination, and ability to quantify DNA. A PCR assay has recently been used to
identify an outbreak of CAP among navy SEALs.83 More research using FDA-
cleared assays is necessary to further understand the role that C pneumoniae has
in CAP. An extensive study of real-time PCR in a CAP study tested 355 samples
and compared them with nested PCR, and touchdown enzyme time-released
PCR79 demonstrated increased sensitivity compared with traditional PCR methods.82

There has previously never been a commercially available NAAT assay developed,
until recently (FilmArray). A LCx research-use-only PCR developed by Abbott Labora-
tories was used in a multicenter study for comparison with PCR results using in-house
PCRs from five different laboratories, which performed very well but it was never taken
to a trial.84 Becton Dickinson performed a clinical trial for a strand displacement ampli-
fication assay (SDA), but it was not cleared by the FDA.

Mycoplasma pneumoniae
Many assays have been developed for the detection of Mycoplasma and have been
reported to work very well, especially in outbreak situations.67,71,85 Becton Dickinson
performed a clinical trial for SDA, but it was not cleared by the FDA. There has previ-
ously never been an FDA-cleared commercially available NAAT assay developed, until
recently (FilmArray).

Legionella pneumophilia
Several PCR assays have been published and are reviewed by Murdoch.68 Becton
Dickinson performed a clinical trial for SDA, which was cleared by the FDA, but never
commercialized.
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Streptococcus pneumoniae
Many research assays have been developed for the PCR amplification of the pneumo-
coccus, but thus far none are FDA-cleared.22,86,87 One of the main problems for using
these assays on sputa, nasopharyngeal swabs, and oropharyngeal swabs is how to
interpret the result, because a very sensitive assay can also detect pneumococcal
carriage and serious infection. The evolution of the noncleared PCR assays and the
challenges in the interpretation of these assays are discussed in an excellent review
by Blaschke.23 Early assays targeted the pneumolysin gene, but showed rather
poor sensitivity and specificity because of cross-reactivity with viridians strepto-
cocci.88 A comparison of several genes as targets for PCR indicted that the autolysis
(lyt) gene was the most specific target.89 Sheppard and colleagues90 demonstrated
the specificity of this target in clinical samples. Progress is being made with regard
to distinguishing carriage or colonization from pneumonia by detecting the coloniza-
tion density using real-time PCR.91

Multiplex PCR-electrospray ionization mass spectrometry platform for bacteria
A novel approach to the identification of nearly all human bacterial pathogens directly
from clinical patient specimens has the potential for revolutionize diagnostic bacteri-
ology, but is not yet FDA-cleared. An excellent review of the literature that discusses
the advantages and limitations of the relatively new platform, and that covers thou-
sands of bacteria and does not require the designation of a specific agent for the
test target, has been recently published.12
OTHER TESTS THAT ARE NOT DIAGNOSTIC

A newly recognized biomarker assay that is neither diagnostic nor molecular deserves
mentioning in consideration of CAP, and this is the procalcitonin test.92 The blood level
of procalcitonin is elevated in patients who have a bacterial infection, who have sepsis
with a bacterial agent, or who are in shock.92 Although a thorough discussion is
beyond the scope of this article, it needs to be mentioned as a new tool in the consid-
eration of other rapid diagnostic tests in making decisions regarding the diagnosis of
possible bacterial cause versus a viral cause of CAP. There is only one FDA-cleared
assay at this time (Biomerieux), and it is a 20-minute assay, making it a valuable
adjunct in clinical management of CAP when other rapid diagnostic tests are available.
The potential use of this assay has been reviewed recently and clinicians will want to
evaluate its use in future study of CAP.6,92,93

Recommendations for Use of Molecular Assays Based on Present Evidence

For optimal patient care and management of CAP, clinicians require an accurate
test that is available in real time, so that decisions about pathogen-directed antimi-
crobial therapy or antiviral therapy can be instituted rapidly. Antivirals should be
prescribed when the etiologic agent is influenza.94,95 Presently, pathogen-directed
therapy requires the use of an assay that is FDA-cleared, is highly accurate, and
can be completed in a timely manner. The last 20 years have greatly advanced
the molecular and nonmolecular diagnostic assays for routine care of patients
with CAP, and the clinician now has assays that can meet these requirements.
Some of these include:

� Rapid influenza tests that are highly accurate, especially ones that use amplified
technology

� Rapid molecular tests for M tuberculosis, especially ones that can be completed
in a few hours
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� Accurate and rapid tests for most other common respiratory viruses that can
cause CAP and lower respiratory infections

� Rapid assays that have the ability to accurately detect atypical pathogens, such
as M pneumoniae, C pneumoniae, Legionella spp, and B pertussis

Future Molecular Studies Needed to Assist Clinicians in the Medical Management
of CAP

More research is required before accurate and rapid assays are available, especially
for the FDA clinical trials clearing them for routine use, and comparisons involving the
newer POC molecular assays, which now have the potential to influence immediate
management decisions for CAP. The Infectious Diseases Society of America has
stated that “Better, rapid molecular diagnostic tests are an unmet need for respiratory
tract infections.”57 FDA-cleared assays are especially needed for the rapid diagnosis
of S pneumoniae. More research is required to ascertain the ability of rapid molecular
identification of genetic markers to predict antibiotic and antiviral resistance, which
may be the next generation of new assays. More research is needed to define the
role of highly multiplexed assays that can identify hundreds of organisms to know
how they can be implemented, especially in light of cost-containment issues in medi-
cine. Lastly, clinicians have to consider the role of antimicrobial stewardship in
improving outcomes of patients with CAP (eg, changing, de-escalation, and duration
of antimicrobials) and whether molecular diagnostic tools play a role in changing
therapy when the etiologic agent is identified.96
SUMMARY

Although clinicians have many new and sometimes rapid molecular diagnostic tools
that are the result of the explosion of new assays, and need to be using the ones
that are available, future research will advance the field such that etiologic agent iden-
tification for agents of CAP will be the routine97 rather than the exception.
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