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 Introduction

Over the last decade, a number of manufacturers have developed multiplexed 
in vitro diagnostic (IVD) platforms that can detect the nucleic acid signatures of 
many of the organisms responsible for infectious disease. Some of these testing 
platforms offer limited test menus (i.e., influenza A, influenza B, and RSV), while 
others are designed to detect a more comprehensive set of potential pathogens that 
can cause a particular infectious disease syndrome (e.g., respiratory, gastrointes-
tinal, sepsis, meningitis) [1–3]. This chapter will describe FDA-cleared and/or 
CE-marked multiplex assays that are designed to detect a comprehensive set of 
pathogens associated with a particular infectious disease syndrome (≥10 assays/
test). These include the BioFire (Salt Lake City, UT) FilmArray® System [4], the 
GenMark (Carlsbad, CA) eSensor XT-8® [5] and ePlex® [6], and the Luminex 
(Austin, TX) xTAG® [7], nxTag® [8], and Verigene® systems [9].

In addition to being comprehensive with respect to pathogens responsible for a 
particular syndrome, these multiplex panels offer the advantage of superior test 
sensitivity and specificity. Many of these panels have been designed to be easy-to-use, 
allowing molecular testing to be performed in moderate or low complexity settings 
and eliminating barriers that prevented many laboratories from being able to per-
form molecular assays on-site. Another important benefit of multiplex panel is the 
fast time to result. Molecular multiplex tests require hours to perform instead of 
the days required for culture-based methods.
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These systems differ in particular details (the exact turnaround time, sample 
throughput, cost per sample, and number of target pathogens detected). These dif-
ferences are due to the underlying technologies used for the detection of the patho-
gen nucleic acid. However, all these systems share the common attribute that the 
incremental cost of each additional assay in the test cartridge (in materials, labor, 
and quality control (QC) testing) is small compared to the total manufacturing costs 
for the disposable. This has enabled IVD manufacturers to develop broad test panels 
that include organisms which have not been a part of standard testing protocols 
because of the technical limitations of existing methods.

Nonetheless the availability of syndromic infectious disease panels poses hard 
questions for clinicians and the healthcare system overall: Does the wealth of infor-
mation in a comprehensive test improve the treatment of an individual patient, and 
how can the economic value of this improved treatment be measured?

 Comparison of Multiplex Nucleic Acid IVD Systems

Commercially available FDA-cleared multiplex nucleic acid-based tests for infec-
tious agents include systems from Luminex, GenMark, and BioFire (now a subsid-
iary of bioMérieux) (Table 1). At present, all such systems combine the sequential 
steps of:

 1. Nucleic acid purification from the appropriate human sample matrix (e.g., nasal 
swab, blood or blood culture, stool)

 2. cDNA synthesis (reverse transcription) to convert viral RNA to DNA, if 
necessary

 3. Multiplex PCR to amplify molecules of the pathogen nucleic acid
 4. Specific detection of the expected amplicons to confirm that the correct target 

nucleic acids have been identified

The different systems vary mainly in whether the nucleic acid purification steps 
are integrated into the same cartridge that is used for amplification (Verigene, ePlex, 
and FilmArray) and in  how the specific detection of amplicon is achieved. The 
Luminex xTag and NxTag systems use a fluorescent signal generated after hybrid-
ization of the amplicon to fluorescently encoded bead arrays to detect a specific 
amplicon [10, 11]. The Verigene system uses hybrid capture of the amplicons on a 
microarray with detection by gold nanoparticle probes [12]. The GenMark eSensor 
XT-8 and the ePlex systems use electrochemical detection of the target amplicon 
hybridized to a specific gold microelectrode [13]. The FilmArray system is described 
in more detail below.
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 The FilmArray Pouch and Chemistry

The FilmArray system performs sample-to-answer multiplex nucleic acid testing for 
infectious disease. To accomplish this, the FilmArray pouch (Fig. 1) integrates all 
of the steps of nucleic acid purification, nested multiplex PCR amplification, and 
automated data analysis into a closed system [4]. The pouch is created by welding two 
sheets of plastic film together with heat in such a fashion that fluid can move between 
the working areas of the pouch via channels left in the plastic. A hard plastic fitment 
attached to the film (indicated in Fig. 1b) provides the enzymes and buffers needed to 
perform the biochemical reactions in the pouch. Other reagents (#1, #2, and #3  in 
Fig. 1a) are inserted between the film layers during manufacture of the pouch.

The FilmArray reagents are lyophilized in the pouch, and the pouch is stored 
under vacuum before use. This benefits the end user in two ways. First the freeze- 
drying process stabilizes the PCR reagents so that the pouch has a shelf life, at 
ambient temperature, in excess of 1 year – which simplifies the logistics of acquir-
ing and storing the pouches. Second vacuum storage ensures that the wells of the 
fitment are also under vacuum. Thus the user does not need to control the volume of 
hydration fluid or sample that is injected into the pouch – which simplifies the steps 
needed to load a pouch.

Lysis and homogenization of bacteria, spores, and viruses occur in the FilmArray 
pouch by means of vigorous agitation in the presence of zirconium beads (#1  in 
Fig. 1a) and a denaturing buffer. DNA and RNA in the sample are purified by bind-
ing to silica magnetic beads (#2 in Fig. 1a), the beads are washed to remove proteins 
and other PCR inhibitors, and the nucleic acids are eluted into a buffer compatible 
with reverse transcription and PCR [14].

The eluted material hydrates a pill (#3 in Fig. 1a) that contains all of the primers 
needed for reverse transcription (for RNA targets) and first stage PCR. The primers 
in this pill are specific to each pathogen target (assay) contained in the pouch.

Fig. 1 The FilmArray Pouch: (a) Picture of a pouch hydrated with blue dye (through the left-side 
sample port) and red dye (through the right-side hydration port). In the film portion of the pouch, 
white zirconium beads (#1) are located in front of a yellow rectangle of tape which protects the 
pouch during bead beating. Black silica magnetic beads (#2) bind nucleic acid from the sample. A 
white pill of PCR primers (#3) is used in the first stage PCR. The black array (#4) contains 102 
wells of 1 microliter each for 96 PCR reactions plus control empty wells. (b) Schematic of the 
pouch indicating the different functional sections of the pouch
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The FilmArray system performs nested, multiplex PCR in two stages (Fig. 2). 
Reverse transcription and first stage PCR (PCR1) are performed in the same reac-
tion volume and in a multiplex format, combining primer sets for all assays for a 
FilmArray panel in one mix. Following PCR1 amplification, the reaction is diluted 
approximately 100-fold to reduce the concentrations of the outer primers, nonspe-
cific products, and first-stage PCR chemistry. The diluted reaction is then combined 
with a fresh PCR master mix and flooded over a 102-well array, where a second 
stage PCR occurs (PCR2). Each well of the array contains assay-specific primers 
that anneal within the first-stage outer amplicon. At the end of PCR2, a DNA melt 
curve analysis of the amplicons is performed using a nonspecific DNA-binding dye, 
LCGreen® Plus [15], that fluoresces in the presence of double-stranded DNA. 
The presence of a specific melt curve with Tm (melting temperature) in the range 
predicted for that specific amplicon confirms the presence and identity of the products 
made in each well.

The mechanics and chemistry of the FilmArray pouch have been described in 
greater detail elsewhere [4]. Here we highlight some of the features of the system 
that have contributed to the robustness of the test. The combination of a denaturing 
lysis buffer and “bead beating” with zirconium beads has been shown to lyse 
organisms and release intact total nucleic acid (DNA and RNA) from spores [16] 
as well as from the cerebral spinal fluid (CSF), stool, blood culture media, and 
whole blood. The nested PCR of the multiplex chemistry makes the FilmArray test 
remarkably resistant to PCR inhibitors that may remain after nucleic acid purification. 
Even modest levels of amplification in first-stage PCR can still be detected as an 
amplicon in the inner, nested product of PCR2. The dilution step following the first-
stage amplification reduces the complexity of the input material to the second-stage 

Fig. 2 Schematic of nested multiplex PCR as performed in the FilmArray pouch. Reverse tran-
scription and the first-stage multiplex PCR occur in a blister of the pouch (shown in pink). Primers 
spotted into wells of the array (shown in blue) allow singleplex nested PCRs to occur in each well

Multiplex PCR for Detection and Identification of Microbial Pathogens
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reaction enough that, in most cases, the DNA-binding dye detects the presence of a 
single amplicon in the reaction (the melt curve analysis serves as an additional filter 
for the correct product).

The FilmArray pouch and instrument contribute to the sensitivity of the overall 
system in several important ways. First the nucleic acid sample purification starts 
with a relatively large volume of the sample (100 μl for the RP and GI panels, 60 μl 
for the BCID), and, nominally, all of the nucleic acid purified from this volume is 
delivered to the combined reverse transcription – first-stage PCR reaction. Unlike 
some benchtop protocols, there is no dilution from the purified nucleic acid into an 
RT step and a second dilution into a PCR. Secondly the pouch is controlled by pneu-
matic actuators (described below) that can move liquid between blisters of the 
pouch in seconds. This minimizes the time during which nucleic acid could be 
degraded or PCR primers could bind to an incorrect DNA or RNA target and thus 
generate specific “nonspecific” amplicons. To the same end, the FilmArray pouch 
achieves a true mechanical hot start. In both the first stage and second stage PCRs, 
the primers do not come in contact with the DNA polymerase/Mg, dNTP mixture 
until both components are at or above the temperature at which polymerization will 
take place. This minimizes the formation of primer dimers, and higher-order 
 multiplex primer structures in the first-stage PCR, which compete with the correct 
amplicons for PCR reagents. This enhances the specificity of the amplification reac-
tions and thus increases the sensitivity of the individual PCR assays.

All FilmArray pouches have at least two internal controls that demonstrate the 
proper functioning of the pouch. One is a small amount of synthetic DNA spotted 
onto the second stage PCR array along with primers to amplify this target. This 
“PCR2” control only monitors the function of the second stage PCR. A more impor-
tant control for pouch function is generated by freeze-drying a small number of cells 
of the yeast Schizosaccharomyces pombe into the well of the pouch fitment that 
receives the sample. Nucleic acid purified from these yeast cells must pass through 
all the steps of the pouch. Outer primers in the first-stage PCR and inner primers 
spotted onto the second-stage PCR array are designed to amplify a spliced messen-
ger RNA from the S. pombe cells (in the FilmArray BCID pouch which does not 
contain reverse transcriptase, the S. pombe target is a genomic DNA sequence). 
BioFire has shown during the development of several different pouches that artifi-
cially induced failure modes that prevent detection of a pathogen organism in a 
sample also prevent detection of the yeast control.

The FilmArray instrument controls the movement of liquid through the pouch 
using pneumatically-actuated bladders and seals that force liquid from a pouch 
blister or prevent liquid from leaving a blister, respectively. The hydrated reagents in 
the pouch fitment are introduced into the pouch blisters via additional pneumatically 
actuated pistons.

The amplification reactions are thermocycled using 1 inch square Peltier devices 
situated adjacent to the first- and second-stage PCRs (#3 and #4 of Fig. 1a, respectively). 
To detect the melting of the second-stage PCR amplicons, a blue LED  illuminates the 
array, and a camera with a filter to detect green light observes the signal generated by 
the DNA-binding dye LCGreen® Plus.

M. A. Poritz and B. Lingenfelter
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 Clinical Utility of Multiplex Panels

Multiplex panels are particularly attractive to clinicians because they provide a 
comprehensive and accurate test result in a short period of time, and the test panels 
have been designed to match the clinical syndrome (i.e., respiratory infection, infec-
tious gastroenteritis). However, given the increased cost of these tests, it is impor-
tant to demonstrate their impact to patient management and their cost-effectiveness. 
It is intuitive to believe that a rapid, accurate, and comprehensive diagnostic test 
should improve patient management by shortening the time to the most effective 
therapy, by preventing inappropriate therapy (especially empiric antimicrobials), by 
reducing additional diagnostic testing (e.g., imaging studies), by improving the use 
of infection control measures, and by reducing patient length of stay. Of particular 
importance, these tests can reduce the unnecessary use of empiric antimicrobials by 
reducing the time to pathogen-directed therapy. Use of broad-spectrum antibiotics 
for patients with serious illnesses and the inappropriate use of antibiotics in the 
outpatient setting “just in case” are important drivers of antibiotic resistance which 
is one of the major healthcare threats of our time. In this section, we will review 
what is known about the clinical utility and cost-effectiveness of these multiplex 
panels. Because the clinical implication for each syndromic panel is different, the 
discussion is presented by syndrome.

 Respiratory Multiplex Panels

Currently there are three vendors with multiplex respiratory panels that are both 
FDA-cleared and CE marked (BioFire Diagnostics, Salt Lake City, Utah; Luminex, 
Austin, Texas; and GenMark, San Diego, California) and several more that are 
CE-marked (Seegene, Seoul South Korea; Curetis, Holzgerlingen, Germany, Fast- 
Track Diagnostics, Sliema, Malta). These panels include assays for several viral 
pathogens (e.g., influenza, respiratory syncytial virus (RSV), human rhinovirus, 
parainfluenza viruses, adenovirus, coronaviruses, etc.) and some also include 
selected bacterial targets (e.g., Mycoplasma pneumoniae, Bordetella spp, Legionella 
pneumophila). All of the FDA-cleared test are limited to testing nasopharyngeal 
swab (NPS) samples, while several of the CE-marked tests include a larger range of 
respiratory sample types (e.g., bronchoalveolar lavage, sputum, etc.).

Prior to the availability of multiplex respiratory panels, testing for viral respira-
tory pathogens relied on viral culture, direct fluorescent antigen (DFA) testing, 
enzyme immunoassays (EIAs), and traditional PCR assays. While viral culture was 
the gold standard, it has several limitations, including that it is a complex test requir-
ing highly skilled laboratory workers to both set up the test and interpret the results, 
it is slow (taking days to complete), and only a limited number of human pathogens 
can be grown in viral cultures. DFA tests can be performed directly on the patient 
sample and can have a fast turnaround time; however, these tests are also technically 
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complex, and the range of pathogens is limited. EIA assays can be performed in a 
variety of ways and are used for rapid antigen tests. Rapid antigen tests are fast and 
simple to use but are known to have poor test sensitivity and a limited test menu. 
Traditional PCR assays are highly sensitive and specific; however, they are complex 
and require highly trained laboratory staff and specialized laboratory facilities. 
In addition, each test is ordered independently placing a large burden on the order-
ing clinician to select the correct test or to order multiple individual tests. Due to 
their complexity, these tests are commonly sent to specialized reference laboratories 
which can increase cost and slows the time to result. The introduction of multiplex 
respiratory panels has allowed for comprehensive testing (ability to test viral patho-
gens that do not grow in cell culture and the ability to simultaneously test for bacte-
rial and viral pathogens) in a shorter time frame. The easy-to-use systems allow the 
testing to be performed by laboratory workers without specialized molecular skills 
and in laboratories without specialized equipment and facilities. These systems 
allow testing to be performed closer to the patient and therefore further reduce the 
time to test result by reducing the need to transport samples and eliminating the 
delays associated with batch testing.

Multiplex respiratory panels have the potential to improve patient management 
and lower overall healthcare costs by improving use of influenza antivirals, reduc-
ing inappropriate use of antibiotics and antivirals, reducing use of healthcare 
resource (e.g., additional laboratory or imaging procedures), informing appropriate 
infection control practices, and reducing length of hospital, emergency department, 
and intensive care unit (ICU) stay.

Several studies have evaluated the effect on patient and healthcare outcomes 
linked to the use of a multiplex respiratory panel. Xu et al. [17] showed that replac-
ing DFA testing with on-demand use of the FilmArray RP for children presenting 
to the emergency department (ED) resulted in dramatic reductions in test turn-
around time (7 vs 1.4 h), timely (defined as within 3 h of discharge from the emer-
gency department) administration of oseltamivir for 81% of patients testing positive 
for influenza, effective use of cohorting for admitted patients, and a potential sav-
ing of 900 h of ED boarding time. Similarly, in a pre-/post-intervention study of 
pediatric patients admitted through the ED, Rodgers et al. [18] compared several 
outcome measures when the FilmArray RP replaced the use of three clinician-
ordered traditional PCR tests (Prodesse assays for, FluA/B/RSV, PIV 1,2,3, and 
hMPV). The study demonstrated that use of the FilmArray RP resulted in a signifi-
cant increase in the number of patients with positive test results (77.9% vs 59.8%, 
p < 0.001) and a 65% reduction in time to result (6.38 vs 18.65 h, p < 0.001) when 
compared to use of traditional PCR tests. These improvements lead to a mean 
reduction in length of hospital stay of 0.3 days for patients with positive test results, 
reduced duration of antibiotics for patients with positive test results (2.7 vs 3.2 days, 
p < 0.001) or when results were reported in <4 h (2.8 vs 3.2 days, p < 0.001), and 
an overall reduction in healthcare costs of $231/patient. Another study of 4779 
pediatric patients reported significant reductions in the duration of antibiotic use 
(4 vs 5 days, p < 0.01), use of chest radiographs (59% vs 78%, p < 0.01), and an 
increase in appropriate use of isolation measures [19].
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Similar findings have been observed in studies of adult patients. Brendish et al. 
[20] performed a prospective randomized study of adult patients presenting to 
the emergency department (ED) with respiratory symptoms over two respiratory 
seasons. In the control arm, patients were tested for respiratory viruses at the clini-
cian’s discretion using nine traditional PCR assays performed at a reference 
laboratory. In the intervention arm, all patients were tested with the FilmArray RP, 
and testing was performed in the ED. The study demonstrated the expected increase 
in pathogen detection (45% vs 15%, p < 0.0001) and reduction in time to result (2.3 
vs 37.1 h, p < 0.0001) but failed to show the expected reduction in the proportion 
of patients that received antibiotics (84% vs 83%, p = 0.96). However, there was an 
increase in the proportion of patients that received a short course of antibiotics 
(< 48 h, 17% vs 9%, p = 0.0047) especially for patients with positive FilmArray 
RP test results. Patients in the intervention group also had a mean reduction in 
hospital length of stay of 1.1 days (5.7 vs 6.8 d, p = 0.0443) with the shortest length 
of stay observed in patients with positive FilmArray RP results. The use of influ-
enza antivirals was the same in both groups (18% vs 14%, p = 0.16); however, the 
intervention group had a significant increase in the number of influenza-positive 
patients that received influenza antivirals (82% vs 47%, p = 0.0001) and a reduc-
tion in the use of antivirals for patients that were influenza-negative (18% vs 53%). 
In another study evaluating adult patients with a positive influenza result on a mul-
tiplex respiratory panel, Rappo [21] reported a significantly lower odds ratio for 
hospital admission (p = 0.046), a reduced length of stay (p = 0.040), reductions in 
antimicrobial duration (p = 0.032), and a reduction in the number of chest radio-
graphs (p = 0.005).

There is currently only one study evaluating the use of multiplex panels in an 
outpatient setting. Greene et al. evaluated the difference in use of antibiotics and 
antivirals for adult outpatients tested with the FilmArray RP that were [1] positive 
for influenza, [2] positive for non-influenza pathogen, or [3] negative for all patho-
gens [22]. They observed significant increases in the use of influenza antivirals 
(81.0% vs 5.5–2.5%, p < 0.001) and reduced use of the antibiotics (29.5% vs 48.6–
49.3%, p  =  0.005) for individuals with a positive result for influenza. However, 
detection of non-influenza viral pathogens did not lead to a reduction in the use of 
antibiotics when compared to those with no pathogen detected (48.6% vs 49.3%). 
The authors suggest that either influenza testing alone is more cost-effective for this 
patient population or that additional education and/or antibiotic stewardship is 
needed to drive appropriate use of antibiotics in the outpatient setting.

 Blood Culture Panels

Blood culture panels are designed to test positive blood cultures with the aim to 
provide a faster time to organism identification. In addition, these panels include 
assays for selected antibiotic resistance genes providing important information to 
guide antibiotic therapy. There are currently three vendors with multiplex blood 
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culture panels that are both FDA-cleared and CE-marked (BioFire Diagnostics; 
Luminex and Accelerate Diagnostics, Tucson, Arizona), while GenMark (San 
Diego, California, USA) and Curetis (Holzgerlingen, Germany) have panels that are 
CE-marked. These panels include assays for gram-positive bacteria, gram-negative 
bacteria, yeast, and antibiotic resistance markers or, in one case (Accelerate Pheno™ 
System), antibiotic susceptibility test results. The Curetis Unyvero BCU Blood 
Culture Application Cartridge® panel is the most comprehensive (with identifica-
tion of ~100 bacteria and 16 resistance markers) followed by the BioFire FilmArray 
Blood Culture Identification Panel (identification of ~27 bacteria and 3 resistance 
markers). The GenMark ePlex and Luminex Verigene systems provide separate 
panels that are specific to gram-positive bacteria, gram-negative bacteria, or yeast 
with selection of the appropriate panel determined by blood culture gram stain. All 
of these tests can be used with a variety of different blood culture media and blood 
culture systems.

Prior to the availability of multiplex blood culture panels, pathogen identification 
was performed using classic standard culture-based systems with phenotypic (or 
MALDI-TOF) identification followed by traditional growth-based antimicrobial 
susceptibility testing. These tests are the gold standard methods and are very reli-
able; however, they suffer from a slow time to result (1–3 days after the positive 
blood culture) and technical complexity. Molecular assays for specific pathogen 
identification, such as Staphylococcus aureus and Enterococci, have been in use for 
some time and have shown improvements in patient outcomes [23–26]. Another 
method that reduces time to organism identification is using MALDI-TOF to iden-
tify bacteria directly from minimally processed blood cultures without the need to 
subculture to agar plates. The MALDI-TOF identification is very comprehensive, 
and the reduced time to bacterial identification has also been shown to improve 
patient outcomes [27, 28].

While individual molecular assays and MALDI-TOF identification have both 
been shown to improve patient outcomes, they are both technically complex and 
require specialized skills. As a result, these test methods are typically performed 
during standard laboratory working hours and are typically not used on night shifts 
when staffing is limited.

Molecular multiplex panels offer the advantage of a fast time to organism identi-
fication along with ease of use. All of the FDA-cleared and CE-marked panels use 
unprocessed blood culture media and provide identification results within 1–7 h of 
test initiation. Due to the ease of use, these panels can be used by laboratory staff 
without specialized molecular biology skills; however, because these panels do not 
identify all possible pathogens, the results must be interpreted in conjunction with 
the blood culture gram stain, and traditional culture and sensitives must still be 
performed. Furthermore, appropriate adjustments to antimicrobials rely on proper 
test interpretation and a good understanding for the local patterns of antimicrobial 
resistance (e.g., antibiogram). Treatment adjustments should be based on local 
guidelines developed by an antimicrobial stewardship program (ASP) team with an 
in-depth understanding of the capabilities of the test being used, the local antibiogram, 
and the local patient populations.
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As with the individual molecular assays and the MALDI-TOF identification, 
numerous studies have shown that use of multiplex molecular blood culture panels 
dramatically reduces the time to organism identification [29–32] which drives more 
appropriate pathogen-directed therapy. Pathogen-directed therapy includes antibi-
otic escalation (the addition or change of dose when the current therapy is ineffec-
tive against the identified organism) and antibiotic de-escalation (discontinuation of 
unnecessary empiric antibiotics). A prospective randomized study conducted at the 
Mayo Clinic showed that antibiotic escalation occurred more quickly with or with-
out real-time ASP oversight (5 h with BCID and ASP, 6 h with BCID only, and 24 h 
without BCID or ASP, p = 0.04); however, optimal antibiotic de-escalation requires 
oversight by an ASP (21 h with BCID and ASP, 34 h with BCID only, and 38 h 
without BCID or ASP, p < 0.001) [29]. The finding that multiplex molecular blood 
culture panels paired with an ASP results in a faster time to optimal antibiotic ther-
apy (most narrow effective therapy) has been confirmed in several additional studies 
[31, 33]. The use of molecular multiplex blood culture panels has also been shown 
to reduce unnecessary treatment due to contaminated blood cultures [29, 34]. 
Reducing the use or duration of unnecessary antibiotics is important to reducing the 
incidence of antibiotic resistance. The cost of molecular multiplex blood culture 
panel and the fact that they do not replace existing testing have been raised as rea-
sons to not use them; however, studies of the overall healthcare cost prove the panels 
to be cost neutral [29–31] or to reduce overall healthcare cost [30, 31, 34–37].

While the evidence is strong that multiplex panels dramatically reduce time to 
organism identification and time to optimal antibiotic therapy, the evidence is incon-
sistent with regard to reductions in patient mortality and length of hospital stay, 
mostly likely because the management of patients with sepsis is complex and mul-
tifactorial. However, a recent meta-analysis [38] of studies using rapid molecular 
methods to test positive blood cultures found a small but statistically significant 
reduction in patient mortality when the results were used as part of an ASP (OR 
0.64, 95% CI 0.51–0.79) but not when used outside of an ASP (OR 0.72, 95% CI 
0.46–1.12). The improvements were seen for patients with gram-positive (OR 0.73, 
95% CI 0.55–0.97) or gram-negative bacteremia (OR 0.51, 95% CI 0.33–0.78), but 
not for patients with candidemia (OR 0.90 95% CI 0.49–1.67). The study also found 
that time to effective therapy decreased by a weighted mean difference of −5.03 h 
(95% CI −8.60 to −1.45) and that length of hospital stay decreased by −2.48 days 
(95% CI −3.90 to −1.06).

 GI Panels

Currently there are three vendors with multiplex gastrointestinal panels that are both 
FDA-cleared and CE-marked (BioFire Diagnostics; Luminex, and BD, Sparks, 
Maryland) and several more that are CE-marked (Seegene, Soul, South Korea; 
Mobidiag, Finland; Serosep, Limerick, Ireland). Some of these panels include 
assays for bacteria, viruses, and parasites in one test (FilmArray GI Panel, BioFire 
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Diagnostics; Luminex GGP, Luminex; Verigene Enteric Pathogens Test, Luminex), 
while others provide separate panels for bacterial, viral, or parasitic pathogens 
(Allplex™, Seegene; BD Max®, BD; Amplidiag®, Mobidiag; EntericBio® real-
time Dx, Serosep). Most tests are performed with raw stool samples or stool in 
transport media. The use of fecal swabs with transport media is also common, and 
direct testing of rectal swabs is desirable.

Current testing for infectious gastroenteritis includes many tests (stool culture, 
ova and parasite examination (O&P), enzyme immunoassays) that are technically 
complex and suffer from low diagnostic yield. The gold standard for stool pathogen 
testing is stool culture; however, stool culture has low diagnostic yield, is technical 
complexity, and has a long time to result. The yield for stool cultures is reported to 
be between 1.5% and 2.9% with a cost per positive result of $952 to $1200 [39]. 
Another commonly ordered test is O&P, which requires the collection and testing of 
three different stool samples. This method is also known to be technically difficult, to 
have low sensitivity, to be improperly used, and to have a low diagnostic yield of 
1.4% [40]. As a result of the low diagnostic yield, clinicians often order multiple tests 
for the same stool sample, or perform testing sequentially until a causative pathogen 
is identified. As an example, a study conducted at a children’s hospital found that a 
median of three tests (range 1–10) were ordered per stool sample [41]. To make mat-
ters worse, several studies have shown that clinician test ordering practices for gas-
troenteritis are problematic, in part due to the complexity of which pathogens are 
covered by what test [40, 42–44].

The use of culture-independent molecular multiplex panels has increased the 
diagnostic yield for stool testing due both to increased test sensitivity and an 
expanded test menu. Studies using the FilmArray GI Panel identified a pathogen in 
40–50% of stool samples [41, 45, 46]. Some of the assay requires specialized 
molecular laboratories and personnel (BD Max, Luminex GGP, Allplex); however, 
some are designed to be simple to use (FilmArray GI Panel, Verigene Enteric Panel) 
and to provide a fast time to result (as little as 1 h from test initiation).

While these tests have the benefits of offering a comprehensive and accurate 
result in a relatively fast time period, the impact to patient care is largely unknown; 
however, one recent pre-/post-implementation study highlighted several important 
improvements when the FilmArray GI Panel was used to test pediatric and adult 
inpatients [47]. These included an increase in diagnostic yield from 6.7% to 32.8% 
and an improved time to result from a mean of 54.75 h to 8.94 h when compared 
to traditional clinician ordered tests. When compared to a matched historical con-
trol group, implementation of the FilmArray GI Panel led to a reduction in the 
number of additional stool tests (3.02 vs 0.58, p = 0.001), a trend toward shorter 
duration of antibiotics (2.12 days vs 1.54 day, p = 0.06), significantly fewer imag-
ing studies (0.39 vs 0.18, p = 0.0002), and a reduction in the length of hospital stay 
after sample collection (3.9 days vs 3.4 days, p = 0.04). Reduced length of stay 
was more pronounced for the adult population (4.3 days vs 3.6 days, p = 0.01).

Recent studies have also shown that these tests have important advantages for infec-
tion control. In a recent retrospective study, the FilmArray GI Panel was used to test 
frozen stool samples that had previously been tested for rotavirus and C. difficile for 
infection control purposes [48]. The study showed that 22% of the samples contained 
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pathogens that should have required infection control measures, including norovirus, 
rotavirus, and C. difficile. Of these patients, 60% were under no or inadequate contact 
precautions, for a total of 109 patient days. Conversely 24.5% of the patients with nega-
tive results by the FilmArray GI Panel were unnecessarily placed under contact precau-
tions for a total of 181 patient days. This study illustrates that without a rapid 
comprehensive test result, contract precautions are not rationally applied, leading to 
both an increased risk of nosocomial infections and unnecessary costs associated with 
inappropriately applied contact precautions. These are important factors when consid-
ering the care of patients in hospitals and in long-term care facilities.

Use of the Luminex xTAG gastrointestinal pathogen panel (GPP) has been com-
pared with conventional laboratory testing for hospitalized patients and was found 
to be cost-effective because the increased cost of the laboratory testing was more 
than offset by the cost saving for elimination of unneeded contact precautions. 
Importantly, the cost savings was directly related to the time to test result [49].

The National Institute for Health Care Excellence (NICE) in the UK recently 
published a very comprehensive health economics assessment of molecular multi-
plex panels [50]. They reported that there was considerable uncertainty in their 
models; however, the Luminex GGP Panel was determined to be cost-effective for 
use in community-acquired and traveler diarrhea and both the FilmArray GI Panel 
and the Luminex GGP were found to be cost-effective for use in inpatients with 
diarrhea. These models will be updated as new information (such as the recent study 
by Beal [47]) becomes available.

 Future Directions

Further clinical utility studies will highlight the importance of the different patho-
gens detected by the multiplex panels. However, independent of this work, continu-
ing improvements to these IVD systems are likely to increase their value in the 
clinical infectious disease setting. 

 Real-Time Pathogen-Specific Syndromic Epidemiology

In contrast to previous generations of infectious disease IVD platforms which used cell 
culture, microscopy, or immunoassay technology, the current generation of multiplex 
systems are all highly automated and computerized [4, 6–8, 51]. This opens the pos-
sibility of exporting the results of a patient test directly to an internet (or “cloud”) 
database. A pilot version of such a system has been achieved with development of 
FilmArray Trend [52]. Trend aggregates result from geographically dispersed clinical 
laboratories and displays the results on a website (www.syndromictrends.com) in close 
to real time, resulting in a form of infectious disease “weather map.”

The pilot project summarized the respiratory pathogen results for the FilmArray 
RP from >360,000 patient samples acquired over 4 years ending in July 2017 from 20 
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clinical laboratories in the United States (Fig. 3). Similar to social media-based dis-
ease reporting systems, the data is syndrome-based [53]. However, a unique feature of 
the Trend dataset is that analysis is pathogen-specific. The FilmArray RP patient test 
results demonstrate that a number of viruses (RSV, HMPV, PIV, and CoV) show sea-
sonal occurrence that is similar to influenza and thus can be confused with influenza 
when a symptomatic diagnosis of influenza-like-illness is made. This has important 
implications for treatment of influenza and for determining the efficacy of influ-
enza vaccination and thus emphasizes the value of multiplex testing for respiratory 
symptoms. The FilmArray Trend data also show that 7% of the FilmArray RP tests 
detect the presence of two or three pathogens in a single sample. The importance 
of this result for patient treatment is not currently clear. Clinical studies that focus on 
patients presenting with more than one pathogen are needed.

Data from the FilmArray GI panel are also available at the www.syndromic-
trends.com website. Over time, additional FilmArray IVD panels will be added to 
Trend, thus enabling the tracking of the pathogens that those panels detect.

 Moving Multiplex Testing Closer to Point of Care

In 2017 the US FDA cleared the FilmArray RP-EZ panel [54]. This panel has 
Clinical Laboratory Improvement Act (CLIA)-waived status and thus can be used in 
settings close to the patient including low-complexity outpatient settings. In other work, 
the time to result for the RP panel has been decreased from 63 min for RP v1.7 to 
45 min for the RP2 panel [55]. Speed, ease of use, and a comprehensive test menu 
are all critical features if the possibilities of point-of-care syndromic testing are to 
be fully realized [56].
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In the longer term, additional simplification of the test setup procedure as well as 
reductions in the time to result should further expand the number of outpatient set-
tings able to use multiplex  testing. The data from Farrar and Wittwer [57] on 
“extreme” PCR conditions (cycle times below 1 s) suggest that reductions in the 
time to result are limited by the instrument and not by the chemistry and that sub-
stantial improvements are still possible.

 Technology Improvements and the Utility of Multiplex Nucleic 
Acid Testing

As noted earlier, the cost of multiplex diagnostic systems is not driven by that of the 
primers needed for each assay, so the number of assays in a test is limited by assay 
format and the ability to separate the signal for each analyte. The depth of multiplex 
achieved in PCR multiplexes for infectious disease has steadily increased from the 
earliest, manually performed multiplexes, compared to the those being developed for 
the automated systems of today. The point will soon be reached in which the feasi-
ble number of assays in a test begins to exceed the number of distinct pathogens 
that need to be tested for in any particular syndrome. However, there are situations 
(e.g., HIV drug resistance testing or HPV serotyping) where the ability to detect a 
limited number of point mutations would add great value to the test result.

There is also great interest in the direct detection of sepsis pathogens from blood 
because the hours saved by not having to culture the bacteria reduces the risk of 
incorrect antibiotic treatment. With a combination of direct enrichment of the bac-
teria from the blood and careful attention to removing endogenous bacteria from the 
test manufacturing process, it should be possible to achieve the necessary sensitivity 
to detect bacterial pathogens directly from blood, without the time and labor of 
culturing the sample.

An Infectious Disease Society of America policy paper from 2013 [58] made a 
number of recommendations for the key characteristics of future infectious disease 
IVD tests. The current generation of multiplex tests already meets many of these 
goals (direct testing from easily accessible sample types, able to rule out infection 
with high certainty, based on clinical syndromes). The technical improvements 
described above suggest that meeting many of the remaining goals (rapid testing, 
point-of-care syndromic testing, improved outbreak detection) will be accomplished 
in the next decade.
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