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Abstract

Background—Viruses are major etiological agents of childhood gastroenteritis. In recent years,
several molecular platforms for the detection of viral enteric pathogens have become available.

Objective/study design—We evaluated the performance of three multiplex platforms including
Biofire’s Gastrointestinal Panel (FilmArray), Luminex XTAG® Gastrointestinal Pathogen Panel
(GPP), and the TagMan Array Card (TAC) for the detection of five gastroenteritis viruses using a
coded panel of 300 archived stool samples.
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Results—The FilmArray detected a virus in 199 (96.1%) and the TAC in 172 (83.1%) of the 207
samples (187 samples positive for a single virus and 20 samples positive for more than one virus)
whereas the GPP detected a virus in 100 (78.7%) of the 127 (97 positive for one virus and three
positive for more than one virus) samples. Overall the clinical accuracy was highest for the
FilmArray (98%) followed by TAC (97.2%) and GPP (96.9%). The sensitivity of the FilmArray,
GPP and TAC platforms was highest for rotavirus (100%, 95.8%, and 89.6%, respectively) and
lowest for adenovirus type 40/41 (97.4%, 57.9% and 68.4%). The specificity of the three platforms
ranged from 95.6% (rotavirus) to 99.6% (norovirus/sapovirus) for the FilmArray, 99.6%
(norovirus) to 100% (rotavirus/adenovirus) for GPP, and 98.9% (astrovirus) to 100% (rotavirus/
sapovirus) for TAC.

Conclusion—The FilmArray demonstrated the best analytical performance followed by TAC. In
recent years, the availability of multi-enteric molecular testing platforms has increased
significantly and our data highlight the strengths and weaknesses of these platforms.
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1. Background

Acute gastroenteritis is an important public health burden causing nearly 2 million cases of
diarrheal disease each year globally [1]. The disease has been associated with a diverse
group of etiologic agents, which includes bacteria, viruses and parasites [2]. Rotavirus,
norovirus, adenovirus types 40 and 41, astrovirus, and sapovirus are the five major viral
agents of acute gastroenteritis in humans accounting for nearly 60% of the medically-
attended childhood gastroenteritis in the United States [3]. Before the introduction of
rotavirus vaccines in the United States, nearly all children were infected with rotavirus
before age 5 [4]. After the decline of rotavirus as the results of rotavirus vaccination,
noroviruses have become the leading cause of acute gastroenteritis in the United States,
especially in children < 5 years of age [5-8].

Different laboratory methods such as viral antigen detection using enzyme immunoassays or
immunochromatographic assays or molecular methods such as conventional (RT-)PCR and
real-time (RT-)PCR assays have been employed by clinical laboratories to test for
gastroenteritis viruses. Some of these methods are time-consuming and most of them usually
test for only one virus per assay [9]. In comparison, multiplex molecular assays for the
simultaneous detection of known gastrointestinal pathogens, including viruses, reduces
turnaround time for accurate results and also identify infections and/or co-infections that
remained undiagnosed by routine test methods for single pathogens. In this study, we
evaluated the performance characteristics of three multiplex platforms for the detection of
gastroenteritis viruses. These included the BioFire gastrointestinal panel (FilmArray), the
Luminex xTag Gl pathogen panel (GPP) and the TagMan Array Card (TAC) system. These
platform were chosen because they are FDA cleared (FilmArray and GPP) or available for
large throughput testing (TAC).
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The FilmArray is a cartridge-based integrated system which combines automated sample
preparation, nucleic acid extraction and multiplex PCR-based detection using DNA melting
curve analysis [10]. Luminex GPP (US-1VD) is based on multiplex RT-PCR for target
amplification and detection using Luminex microsphere XMAP and XTAG technologies [10].
The TAC system is custom developed by Life Technologies and contains singleplex or
duplex real-time PCR reactions, allowing for multi-target detection through spatial
distribution [11].

2. Objective

To evaluate the performance of three multiplex gastrointestinal platforms, a panel of coded
stool samples including five different gastroenteritis viruses was compiled and shipped to
three study sites each of which tested the panel using one of the three platforms and results
were compared to reference methods for each of the individual viruses.

3. Study design

A panel of 300 stool samples was compiled at CDC and included 187 samples positive for
one of the five viruses (rotavirus, norovirus, sapovirus astrovirus and adenovirus 40/41), 20
samples positive for at least two viruses by TagMan realtime (RT-) PCR and conventional
(RT-) PCR followed by Sanger sequencing [12-20], and 93 samples negative for any of
these viruses. The stool samples were collected from norovirus outbreaks (children and
adults) that occurred between 2008 and 2012 [21] and from sporadic cases (children) of
acute gastroenteritis [6,3]. Stool samples had been stored at —70 °C. The panel included 48
samples positive for rotavirus, 41 samples positive for norovirus (Gl and/or Gll), 41 samples
positive for sapovirus, 39 samples positive for astrovirus and 38 samples positive for
adenovirus 40/41. The panel included genotypes of each virus circulating in the United
States (Table 1). The panel was coded and distributed to three New Vaccine Surveillance
Network (NVSN) [22] study sites (Kansas City, MO. Nashville, TN, and Rochester, NY)
and one panel was kept at CDC. At CDC, the panel was retested using both reference
methods described above by a different laboratorian than who had compiled the panel. At
the Children’s Mercy Hospital in Kansas City, MO the panel was tested on the FilmArray, at
Vanderbilt University Medical Center, Nashville, TN on Luminex GPP; and at Golisano
Children’s Hospital in Rochester, NY on the TAC system. Institutional review approval for
the parent NVSN protocols was granted by CDC and each participating site’s Institutional
Review Boards.

The FilmArray and TAC systems are able to detect all five viruses (adenovirus 40/41,
astrovirus, norovirus, rotavirus and sapovirus) whereas Luminex GPP detects three viruses
(adenovirus 40/41, norovirus and rotavirus) (Table 2). In addition to the viruses, the
FilmArray is able to detect 13 bacterial and four parasite organisms; Luminex GPP is able to
detect 8 bacterial and 3 parasite organisms; and the TAC system employed in this study
could detect 15 enteric bacterial, 3 protozoal, 10 parasite, and 2 fungal organisms as well as
enteroviruses (Table 2).
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Testing stool samples on the FilmArray was performed according to the manufacturer’s
instructions [10] which requires approximately 5 min of hands-on time and results are
available in 1 h (Table 3). Briefly, 200 pL of the stool mixed in sample buffer (provided by
the manufacturer) was added to the sample injection port. The FilmArray pouch was
rehydrated with hydration solution and then inserted into the instrument (Biofire
Diagnostics, Salt Lake City, UT, USA). Each pouch contained an internal nucleic acid
extraction control and a PCR control. Runs where the internal controls failed were
considered invalid for all panel analytes and those specimens were retested.

Testing on Luminex GPP was performed in accordance with the manufacturer’s instructions
[10] and takes approximately 60 min of hands-on time and results are available within 6 h
(Table 3). Briefly, 100 pL of 10% clarified stool suspension prepared in phosphate buffered
saline was combined with 10 pL. xTAG® MS2 and pre-treated by vortexing in a Bertin SK38
bead tube containing 1 mL bioMérieux® NucliSENS® easyMAG® Lysis Buffer. Nucleic
acid was extracted by using the NucliSENS easyMAG system (BioMerieux, NC, USA).
PCR reactions and subsequent hybridization step were performed according to the
manufacturer’s instructions. The data were acquired on the Luminex 200 analyzer, and data
analysis was carried out using TDAS data analysis software.

The TAC system can process and analyze up to six samples at a time for up to 40 pathogens
tested; and requires approximately 60 min of hand-on time and 3 h to obtain results (Table
3). Nucleic acid was extracted from 200 mg of stool lysed with QiaAmp ASL buffer and
homogenized using a bead beater [11] followed by QiaAmp nucleic acid extraction protocol
(Qiagen, Valencia, CA). TAC assays were designed as described previously [11] and
purchased from Eric R. Houpt (University of Virginia). Ag-Path-1D one step RT-PCR kit
(Applied Bio-systems, Carlsbad, CA, USA) was used and the reaction mixture was loaded
into each port of the card after which the card was briefly centrifuged twice at 1200 rpm for
1 min. The card was then sealed, the loading ports excised, and run on a ViiA7 real-time
PCR (Applied Bio-systems-Thermo Fisher). The reaction conditions consisted of reverse
transcription at 45°C for 20 min followed by 10 min at 95°C to activate the Taq polymerase,
45 PCR cycles at 95°C for 15 s and 60°C for 1 min.

Samples were considered true positive for a virus when they tested positive by both
reference testing methods (i.e. (RT-)gPCR and sequencing) and samples negative in both
methods were considered true negative. We used a cycle threshold (Ct) values of 40 as cut-
off for the TagMan real-time assays. The percent clinical accuracy, sensitivity and specificity
for each of the five viruses for each platform were calculated as follows:

% clinical accuracy: 100 x (true positives + true negatives)/(true positives + true
negatives + false positive + false negative).

% sensitivity: 100 x (true positives/(true positives + false negatives))

% specificity: 100 x (true negatives/(true negatives + false positives))
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4. Results

Among the 207 true virus-positive samples (187 samples positive for a single virus and 20
samples positive for more than one virus), the FilmArray detected 199 (96.1%) samples and
the TAC system detected 172 (83.1%) samples (Table 4). The GPP, which is only able to
detect rotavirus, adenovirus type 40/41 and norovirus, detected 100 (78.7%) of the 127 true
virus-positive samples positive for one or more of the three gastroenteritis viruses. No
correlation was found between number of samples missed by each platform and virus
genotypes. The overall clinical accuracy for the five viruses was 98% for the FilmArray and
97.2% for the TAC system; for the three target viruses tested by GPP, overall clinical
accuracy was 96.9% (Table 3). The sensitivities for rotavirus were 100%, 95.8% and 89.6%
for FilmArray, GPP, and TAC system, respectively (Table 4). The sensitivities for norovirus
Gl and GII were 87.8%, 78.0%, and 87.8% and for adenovirus type 40/41 were 97.4%,
57.9% and 68.4%, respectively (Table 4). The sensitivities of FilmArray and TAC for
sapovirus and astrovirus were similar to those for norovirus and rotavirus (Table 4). The
specificity ranged from 99.6 to 95.6% (highest for norovirus/sapovirus and lowest for
rotavirus) for FilmArray, 100%-99.6% (highest for rotavirus/adenovirus type 40/41 and
lowest for norovirus) for GPP and 100%-98.9% (highest for rotavirus/sapovirus and lowest
for astrovirus) for the TAC system (Table 4). Among the three platforms, the FilmArray
detected most (59/64 (92.10%)) of the samples with a low virus titer Ct value: > 30 followed
by the TAC system (35/64 (54.6%)) and the GPP (14/37 (37.8%)) (Fig. 1).

Twenty (9.6%) of 207 true positive samples were co-infected with more than one
gastroenteritis virus, results that were confirmed by reference testing (Table 5). Overall
among true positive samples, adenovirus type 40/41 positive samples had the highest co-
infection rate (11/38 (28.9)%) followed by astrovirus (10/39 (25.6%)), norovirus (8/41
(19.5%)), sapovirus (7/41 (17.0%)) and rotavirus (5/48 (10.4%)) (Table 5). The FilmArray
was able to detect 19 (95%) of the 20 co-infections in true positive samples whereas the TAC
system detected 10 (50%) of the 20 co-infections and GPP detected two (28.5%) of the
seven co-infections (Table 5).

5. Discussion

We compared the performance characteristics of three multi-enteric diagnostic molecular
platforms for the detection of five gastroenteritis viruses to the reference methods for each
individual virus using a coded panel of 300 stool specimens. Overall, the FilmArray had the
highest clinical accuracy rate followed by the TAC system. The FilmArray was able to detect
most samples with high Ct values for all five viruses.

Most of the previous studies that compared the performance of one or more of these
platforms were focused on the detection of bacterial enteric pathogens [23-27]. Given that
acute gastroenteritis caused by the five established viruses accounts for nearly 60% of the
medically-attended childhood cases in the United States [3], we focused primarily on the
evaluation of the performance of the detection of viral gastroenteritis pathogens in these
multiplex platforms. In contrast to most of the previous studies that used only one
confirmation method to confirm true viral positive samples [23,25,2,27], we used both RT-
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gPCR as well as conventional RT-PCR followed by bidirectional sequencing as reference
methods which helped us to address discrepancies among the platforms and more accurately
assess the individual performance characteristics.

Although the overall performance for the three platforms was > 90% in terms of sensitivity
and specificity, the sensitivity for certain viral targets was relatively low. For example, the
sensitivity for adenovirus type 40/41 was 57% and for norovirus was 78% on the GPP
whereas on the TAC system the sensitivity for adenovirus type 40/41 was 68.4% and for
sapovirus was 75.6%. The low sensitivity for each of these viruses may be directly linked to
the difficulty of each platform to detect low viral load samples and/or related to mismatches
with the viral templates and the oligonucleotide primers and probes used in these systems.
The GPP and TAC systems were able to detect 37.8% and 54.6% of the samples with low
viral load whereas the FilmArray performed best for the detection of these samples except
for noroviruses (84.2%). The high sensitivity for the detection of noroviruses on the GPP
compared to the FilmArray (100% vs 91.7%) that was recently reported [23], could not be
confirmed in our study (78% vs 87.8%).

The FilmArray demonstrated the highest number of false positive samples including eleven
rotavirus and six adenovirus type 40/41 samples. High rates of false positivity for norovirus
detection using this platform was recently reported by others [2]. Although the FilmArray is
a closed system and the chances of cross contamination are minimum, we retested all
rotavirus positive samples on the FilmArray and confirmed previous results. The number of
false positive samples reduced the percent specificity of the FilmArray for rotavirus (95.6%)
and adenovirus 40/41 (97.7%) as compared to what has been reported in the other
comparative studies (> 99%) [23,2]. Because true positives were defined by the reference
methods, we cannot rule out the possibility that these methods for may have missed the
detection of rotavirus or adenovirus 40/41 in these samples. Another explanation could be
that the FilmArray is more sensitive than the reference methods.

The most advanced feature of multiplex molecular diagnostic platforms is the simultaneous
detection of more than one gastroenteritis pathogen in a single reaction. Co-infections with
more than one virus were identified in 9.6% of the true positive samples with adenovirus
40/41 as the most frequently detected virus and co-infections with non-viral pathogens have
been reported previously [23,11]. However, in this study we only focused on the
performance of detection of gastroenteritis viruses and did not evaluate the detection of the
bacterial and parasitic enteric pathogens.

Aspects such as workflow, turnaround time, cost and number of samples to test per run may
impact the choice of platform which may be different for a clinical laboratory, large hospital
laboratory, or reference laboratory. Since the turnaround time of a single sample on a Biofire
is about 90 min which includes nucleic acid extraction which is incorporated in the
completely automated system, this platform may be highly attractive for laboratories that
receive fewer than 8 samples per 8 h work shift. To increase testing capacity in a regular
shift, more than one instrument or round the clock testing is needed. The GPP and TAC
systems involve a unidirectional work flow which requires a higher level of training for staff
to avoid amplicon contamination and both platforms require nucleic acid extraction prior to
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testing [23]. For a high throughput of samples in a single run, GPP has the capacity to
process 96 samples in approximately 7 h. The TAC system is not FDA approved but can
process 6 samples in a single run in 4 h. The large number of targets simultaneously tested,
however, could make the GPP and TAC system better suited for outbreak investigations in
which the etiologic agents are unknown.

A limitation of this study was that we did not evaluate the detection of the bacterial and
parasitic enteric pathogens and therefore it was difficult to assess the true co-infections in
the panel. Additionally, the clinical meaning of samples with a high Ct is uncertain as
viruses with low copy number could be passing through the gut, be the result of an earlier
infection that resulted in long-term shedding or not be associated with clinical symptoms
[28].

In summary, each multi-enteric molecular testing platform has strengths and weaknesses in
detecting the five most important gastroenteritis viruses. The fact that to date more than 15%
of medical facilities and diagnostic laboratories are implementing multiplex enteric
pathogens platforms [29,30] requires careful evaluation of the performance characteristics
and limitations of each platform as well as the interpretation of the results (e.g., co-
infections). Therefore, our data may help in choosing the appropriate platform for
laboratories to determine the etiology of the most important causes of epidemic and endemic
acute viral gastroenteritis and thus aid in making informed decisions for their control and
prevention.
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Fig. 1.
Detection of virus-positive samples with low copy number (Ct value > 30) by the FilmArray,
GPP and TAC system.
Note: Samples were considered true positive for a virus when they tested positive by

TagMan realtime (RT-) PCR and conventional (RT-)PCR followed by Sanger sequencing
reference methods.
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Table 1

Virus genotypes included in stool panel to compare performance of three different enteric pathogen platforms.

Virus Genotypes

Adenovirus type 41

Astrovirus type 1-5and 8

Gl Norovirus  Gl.1. GI.3, Gl.4, Gl.5, G1.6, GI.8 and GI.9

GIlI Norovirus ~ GlI.2, GII1.3, GI1.4 New Orleans, Gll.4 Sydney, GII.6, GII.7, G11.8, GlII.12, GII.13, Gll,14, GlI.16, GII.17
Rotavirus G2P[4], G3P[8], GOP[8], G12P[8]

Sapovirus Gl.1. Gl.2, GL.3, Gll.1, Gll.2, GII.3, GII.5, GIl.6, GIV and GV
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Table 2

Gastroenteritis pathogens detected by the FilmArray, GPP and TAC multienteric platform systems.

Target viruses

Other enteric pathogens detected

FilmArray

GPP

TAC system

Adenovirus type 40/41,
Astrovirus, Norovirus,
Rotavirus, Sapovirus

Adenovirus type 40/41,
Norovirus, Rotavirus

Adenovirus type 40/41,
Astrovirus, Norovirus Gl,
Norovirus Gll, Rotavirus,
Rotavirus G1, G3, G8, G9,
G10, G11 and P[4], P[8], P[9],
P[11], Sapovirus

Campylobacter (jejuni, coli and upsaliensis), Clostridium difficile (toxin A/B), Plesiomonas
shigelloides, Salmonella, Yersinia enterocolitica, Vibrio (parahaemolyticus, vulni¥icus and
cholerae), Diarrheagenic E. coli/Shigella, Enteroaggregative E. coli, Enteropathogenic E.
coli, Enterotoxigenic E. coli It/st, Shiga-like toxin producing E. coli stx1/stx2, E. coli
O157and Shigella/Enteroinvasive E. coli, Cryptosporidium, Cyclospora cayetanensis,
Entamoeba histolyticaand Giardia lamblia

Campylobacter, Clostridium difficile Toxin A/B, Escherichia coli O157, Enterotoxigenic
E.coli (ETEC) LT/ST, Shiga-like Toxin producing E.coli (STEC) stx1/stx2, Salmonella,
Shigella, Vibrio cholerae, Cryptosporidium, Entamoeba histolyticaand Giardia

Campylobacter jejuni/C. coli, Campylobacter spp, Clostridium difficile, Bacteroides fragilis,
Salmonella, Vibrio cholerae, diarrheagenic Escherichia coli strains including
enteroaggregative E. coli [EAEC], enterotoxigenic E. coli [ETEC], enteropathogenic E. coli
[EPEC], and Shiga-toxigenic E. coli [STEC]), Shigella/enteroinvasive E. coli (EIEC),
Aeromonas, H. pylori, M. tuberculosis, Cryptosporidium, Giardia lamblia, Entamoeba
histolytica, Ascaris lumbricoides, Strongyloides stercoralis, Trichuris trichiura,
Ancyclostoma/Necator, Cyclospora/lsospora), E. bieneusi/intestinalis, and Enterovirus
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Features of three enteric pathogens multiplex platforms.

Table 3

Page 13

Parameters FilmArray  Luminex GPP (1VD)* TAC system Referencetesting (real-time
PCR+ sequencing
Number of targets 22 15 36 (Max. of 40) 1 (max 2)
Hand-on 5 60 60 60
processing time
(minutes)
Total turn-around 1 7 4 48
time (hours)
No. of clinical 1 96 6 96
specimens per
assay
Type of system closed open Open extraction, closed system open
thereafter
Technology Nested PCR  Fluorescent bead-based detection ~ fluorescent (TagMan) detection fluorescent (TagMan) detection
and melting
curve

JIVD = /n vitradiagnostic device.
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Viral co-infections detected in 20 stool samples by FilmArray, Luminex GPP and TAC platforms.

True co-infections (number
of samples)

Co-infection detected by
FilmArray (number of
samples)

Co-infection detected by L uminex

GPP2 (number of samples)

Co-infection detected by TAC
Systems (number of samples)

Adenovirus + Astrovirus (3)
Adenovirus + Norovirus (4)
Adenovirus + Rotavirus (2)
Adenovirus + Sapovirus (1)

Adenovirus + Norovirus +
Astrovirus (1)

Astrovirus + Norovirus (1)
Astrovirus + Rotavirus (2)
Astrovirus + Sapovirus (3)
Norovirus + Sapovirus (2)

Rotavirus + Sapovirus (1)

Adenovirus (3); Astrovirus (3)
Adenovirus (3); Norovirus (4)
Adenovirus (2); Rotavirus (2)
Adenovirus (1); Sapovirus (1)

Adenovirus (1); Norovirus (1);
Astrovirus (1)

Astrovirus (1); Norovirus (1)
Astrovirus (2); Rotavirus (2)
Astrovirus (3); Sapovirus (3)
Norovirus (2); Sapovirus (2)

Rotavirus (1); Sapovirus (1)

Adenovirus (1); Astrovirus (n/a)

Adenovirus (1); Norovirus (4)
Adenovirus (1); Rotavirus (2)
Adenovirus (1); Sapovirus (n/a))

Adenovirus (0); Norovirus (0);
Astrovirus (n/a)

Astrovirus (N/A); Norovirus (1)
Astrovirus (N/A); Rotavirus (2)

Astrovirus (n/a); Sapovirus (n/a)
Norovirus (2); Sapovirus (n/a)

Rotavirus (1); Sapovirus (n/a)

Adenovirus (1); Astrovirus (3)
Adenovirus (2); Norovirus (4)
Adenovirus (1); Rotavirus (2)
Adenovirus (1); Sapovirus (1)

Adenovirus (1); Norovirus (1);
Astrovirus (1)

Astrovirus (1); Norovirus (1)
Astrovirus (2); Rotavirus (1)
Astrovirus (3); Sapovirus (2)
Norovirus (2); Sapovirus (0)

Rotavirus (1); Sapovirus (0)

a . . .
= GPP platform only detects adenovirus 40/41, norovirus and rotavirus.
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