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Abstract

Acute gastrointestinal infection (AGI) represents a significant public health concern. To con-
trol and treat AGl, it is critical to quickly and accurately identify its causes. The use of novel
multiplex molecular assays for pathogen detection and identification provides a unique
opportunity to improve pathogen detection, and better understand risk factors and burden
associated with AGI in the community. In this study, de-identified results from BioFire® Fil-
mArray® Gastrointestinal (Gl) Panel were obtained from January 01, 2016 to October 31,
2018 through BioFire® Syndromic Trends (Trend), a cloud database. Data was analyzed to
describe the occurrence of pathogens causing AGI across United States sites and the rela-
tive rankings of pathogens monitored by FoodNet, a CDC surveillance system were com-
pared. During the period of the study, the number of tests performed increased 10-fold and
overall, 42.6% were positive for one or more pathogens. Seventy percent of the detections
were bacteria, 25% viruses, and 4% parasites. Clostridium difficile, enteropathogenic
Escherichia coli (EPEC) and norovirus were the most frequently detected pathogens. Sea-
sonality was observed for several pathogens including astrovirus, rotavirus, and norovirus,
EPEC, and Campylobacter. The co-detection rate was 10.2%. Enterotoxigenic E. coli
(ETEC), Plesiomonas shigelloides, enteroaggregative E. coli (EAEC), and Entamoeba his-
tolytica were detected with another pathogen over 60% of the time, while less than 30% of
C. difficile and Cyclospora cayetanensis were detected with another pathogen. Positive cor-
relations among co-detections were found between Shigella/Enteroinvasive E. coliwith E.
histolytica, and ETEC with EAEC. Overall, the relative ranking of detections for the eight Gl
pathogens monitored by FoodNet and BioFire Trend were similar for five of them. AGI data
from BioFire Trend is available in near real-time and represents a rich data source for the
study of disease burden and Gl pathogen circulation in the community, especially for those
pathogens not often targeted by surveillance.
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Introduction

Every year around the world, 1.5 to 2.5 million children under the age of five die from diar-
rhea, one of the main symptoms of acute gastrointestinal infections (AGI) [1]. In the United
States, AGI accounts for 178.8 million cases a year [2], representing a significant burden to
public health. AGI can be caused by a wide range of noninfectious and infectious agents. To
effectively control and reduce the disease burden associated with AGI, it is critical to under-
stand which agent is causing the disease, how frequently and when infection occurs in the pop-
ulation, and the potential sources of exposure. Surveillance systems often rely on cases that are
reported to public health authorities to compile and analyze this information and monitor the
occurrence of illnesses in a population. Among the critical events that must occur for a disease
to be reported to authorities is the identification of the AGI agent(s) by clinical laboratories
[3]. The quick and accurate identification of the cause of illness is also essential for the effective
treatment of AGI patients, which can result in shorter hospital stays, appropriate use of antimi-
crobials, avoidance of unnecessary isolation of patients, and cost savings [4, 5].

Bacteria, viruses, and parasites are among the infectious agents frequently associated with
AGI [6]. Historically, clinical diagnoses and surveillance efforts have been mainly focused on
bacteria and relied on culture methods to detect and characterize GI pathogens. Culture is
highly specific, only detecting viable organisms that can be cultured. Culture has been the diag-
nostic pillar for foodborne disease surveillance providing isolates that can be furthered ana-
lyzed to obtain information for outbreak detection, food source attribution, and antimicrobial
resistance monitoring [7-9]. However, culturing methods can be expensive, time consuming,
and limited to organisms for which methods have been validated [4]. Given that culture meth-
ods for most pathogens are specific, and often AGI symptoms are generic, it might not always
be evident to physicians which type of culture tests to order, potentially resulting in the request
of diagnostic tests that will not identify the actual cause of the infection [4, 10, 11]. Novel
molecular based culture-independent diagnostics tests (CIDTs), on the other hand, can detect
ten or more pathogens in a single test, increasing the likelihood of identifying pathogens espe-
cially for which culture is not available or not often requested [4, 5]. Further, CIDTSs are highly
sensitive, faster, and generally more cost-effective than culture methods [4, 5]. For those rea-
sons, their usage in clinical laboratories is increasing, even though they do not yield an isolate
and may detect genetic material from non-viable organisms unrelated to disease.

One example of an FDA-cleared molecular based CIDT, is the BioFire®™ FilmArray® Gas-
trointestinal (GI) Panel [12]. The technology used is based on the extraction, amplification,
and detection of target nucleic acid sequences by real-time polymerase chain reaction
(RT-PCR) and melting curve analysis. The BioFire GI Panel detects 22 pathogens, including
13 bacteria, 5 viruses, and 4 parasites in patients’ stool samples [12]. The BioFire GI Panel is a
qualitative test that has been validated with human stool collected in Cary Blair transport
medium [12]. The indications for use of the test are only for patients with signs and symptoms
of AGI and its methodology has been described in detail previously [12, 13]. Clinical laborato-
ries using BioFire™ FilmArray™ Panels for respiratory and gastrointestinal pathogens have the
option to upload de-identified test results to a BioFire cloud database named BioFire™ Syndro-
mic Trends (Trend) in near real-time [14, 15]. BioFire Trend then aggregates results from par-
ticipating clinical laboratories across the globe. The use of BioFire Trend for the surveillance of
respiratory pathogens has been previously described [15], but there is no equivalent study con-
ducted on GI pathogens.

While CIDTSs pose some immediate challenges to the current way GI pathogens are sur-
veyed by not immediately yielding an isolate [7-9], they also provide a unique opportunity for
the public health community to both improve pathogen detection and better understand the
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circulation and burden of AGI in the community. To explore and convey the potential use of
CIDTs, data from BioFire Trend was obtained, described, and a subset was compared to data
from the Foodborne Diseases Active Surveillance Network (FoodNet), an active surveillance
system from the Centers for Disease Control and Prevention (CDC) for selected foodborne
pathogens frequently associated with AGI [3].

Materials and methods

BioFire Trend GI data was extracted in July 2019 for the period of January 01, 2016 to October
31, 2018 (34 months). The dataset contained de-identified clinical test variables, anonymized
at the participating site level, and included: laboratory location, organism(s) detected, approxi-
mate date of the test (obfuscated for privacy) for all participating BioFire Trend sites using the
BioFire GI Panel. The test time obfuscation process imports tests from each site in sets of three
tests, leading to an average of hours to a couple days between actual time and time recorded in
BioFire Trend. To ensure the panel was being routinely used for patient testing and not for test
validation, only sites utilizing an average of 10 or more GI tests per month with a median
monthly test count within 20% of the mean were included in this study. Additionally, only
sites located in the United States were selected. An IRB waiver was obtained as the study did
not involve private, identifiable human subjects data, interactions with any human subject,
and did not constitute research involving human subjects as defined by the United States Code
of Federal Regulations (45 CFR 46.102) [16].

Time series plots were calculated using a centered three-week moving average for the num-
ber of tests and number of detections in BioFire Trend. The overall percentage of positives was
calculated as the number of pathogen detections over the total number of GI tests performed,
including negative tests, for all the 34 months. Further, to estimate seasonality, pathogen spe-
cific percentage of positives were calculated overtime using a centered three-week moving
average where the number of detections for a given pathogen was divided by the total number
of tests performed (including negatives).

The overall co-detection rate was estimated as the number of tests positive for multiple
pathogens (e.g.: 2 or more pathogens detected in the same test) divided by the total number of
tests, including negative tests. The proportion of co-detection for each pathogen was estimated
as the number of a given pathogen detected with one more organism (i.e.: 2 detections) or two
(i.e.: 3 detections) divided by the total number of the given pathogen detected during all the 34
months.

To further explore the potential associations between different GI pathogens being detected
together, pairwise pathogen correlations were conducted and the phi coefficient was calculated
for each pathogen combination across all positive tests with two and three pathogens detected
in the same test.

The proportion of detection for eight pathogens monitored by CDC’s FoodNet surveillance
network: Salmonella, Campylobacter, Shigella, Yersinia, Shiga toxin-producing Escherichia coli
(STEC), Vibrio, Cryptosporidium, and Cyclospora was calculated to compare their magnitude
of detection and relative ranking with data obtained from BioFire Trend for the same time
period. FoodNet regularly contacts the clinical laboratories located in 10 states, covering about
15% of the United States population [3]. Data from FoodNet is still subjected to underreport-
ing and underdiagnosis [3], however out of the surveillance systems for the eight pathogens
above, its data is the most reliable, accessible, and therefore was selected as the dataset for our
comparison. The number of confirmed and probable pathogen infections were obtained from
FoodNet for 2016 and 2017 via an email request to the surveillance program at CDC. The
probable cases included results where CIDT was positive and reflex culture (i.e., culture of
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CIDT-positive specimens) was either negative or was not performed. The FoodNet proportion
of detection for each of the eight pathogens was calculated by dividing the total pathogen
count by the sum of all FoodNet confirmed and suspected pathogens. The same method was
applied to the BioFire Trend dataset for these eight pathogens. BioFire Trend reports Vibrio
cholerae and Vibrio non-cholerae, as well as STEC and E. coli O157, however in the data
received from FoodNet those pathogens were only characterized as Vibrio and STEC. There-
fore, the detections recorded in BioFire Trend for those pathogens were combined respectively
into a single Vibrio and STEC category to ensure similar comparisons.

All descriptive and statistical analyses were done using Python 3.7.

Results

BioFire Trend data included a total of 45 clinical laboratories, which consisted of i) laborato-
ries receiving pediatric and non-pediatric patient samples from many medical institutions to
one location (20% (9/45)), and ii) in-house laboratories servicing large (>500 beds, 22% (10/
45)), medium (100-500 beds, 40% (18/45)), or small hospitals (<100 beds, 18% (8/45)). Out
the 45 clinical laboratories, 29 (3 pediatric and 26 general population) met the test utilization
criteria for this analysis. From January 01, 2016 through October 31, 2018; 91,401 GI tests
were performed by the selected laboratories across 19 states in the United States. Table 1
shows the distribution of tests by year and across the four United States regions as well as the
states where the participating laboratories were located. Out of all the tests, 38,943 (42.6%)
were positive (detected one or more pathogens) and 52,458 (57.4%) were negative. The total
number of tests performed increased approximately 10-fold during the period of the study,
from 127 tests per week in January 2016 to 1,226 tests per week in October 2018 (Fig 1). Along
with the growth in usage of GI tests, the number of pathogens detected also increased over
time (Fig 1). A total of 50,192 organisms were detected during the 34 months of the study. Bac-
terial pathogens accounted for 71% (35,421/50,192) of all organisms detected, followed by
viruses (25%; 12,588/50,192), and parasites (4%; 2,183/50,192). Clostridium difficile (30.4%;
15,257/50,192), Enteropathogenic Escherichia coli (EPEC) (15.6%; 7,848/50,192), and norovi-
rus (11.1%; 5,567/50,192;), represented over half (57.1%) of the pathogens detected during the
34 months of the study (Fig 2).

Table 1. Distribution of test number by United States region and year (N = 91,401) for the 29 clinical
laboratories.

Year Region States # Tests in Trend

2016 West AK, CA? CO% HI, UT, WA 4,511
South GA? SC, TX 2,531
Northeast NY* 612
Midwest IL, IN, KS, NE, OH, SD, WI 7,353

2017 West AK, CA?, CO?* HI, UT, WA 9,216
South GA? SC, TX 3,801
Northeast NY? PA 4,154
Midwest IL, IN, KS, MI, NE, OH, SD, WI 14,035

2018 West AK, CA? CO* HL, ID, UT 9,865
South FL, GA?, SC, TX 3,424
Northeast NY?, PA 9,716
Midwest IA, IL, IN, KS, MI, NE, OH, SD, WI 22,183

Total 91,401

2 States (or selected counties in CA and CO) are also FoodNet sites.

https://doi.org/10.1371/journal.pone.0250767.t001
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Fig 1. Number of BioFire Trend GI tests collected from the selected laboratories (N = 91,401) and detected pathogens
from January 2016 through October 2018 (N = 50,192).

https://doi.org/10.1371/journal.pone.0250767.9001

The pathogen weekly percentage of positives are shown in Fig 3. Overall, the data from Bio-
Fire Trend suggests a clear seasonality for several GI pathogens. Astrovirus and norovirus had
increased percentage of positives during the winter months (January-March), while the detec-
tion of rotavirus increased in the Spring (April and May). Both sapovirus and adenovirus did
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Fig 2. Total number of pathogen detections and overall proportion of single and co-detections for 22 GI pathogens in BioFire
Trend from January 2016 through October 2018 (N = 50,192).

https://doi.org/10.1371/journal.pone.0250767.9002
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Fig 3. Weekly percentage of positives for viral (N = 12,588), bacterial FoodNet (N = 7,798), bacterial non-FoodNet
(N =27,623), and parasitic (N = 2,183) GI pathogens detected using BioFire Trend from January 2016 through
October 2018.

https://doi.org/10.1371/journal.pone.0250767.9003

not seem to vary in their percentage of positive over the period of the study (Fig 3). No sea-
sonal trends were apparent for C. difficile, Y. enterocolitica, and the Vibrios; but percentage of
positives increased during the summer months (June-September) for Campylobacter, Salmo-
nella (less pronounced), and Plesiomonas shigelloides. The percentage of positives of EPEC had
clear, distinct peaks during the months of August and September; however, those were not as
pronounced for the other E. coli types, including Shigella/Enteroinvasive E. coli (EIEC) among
others. Of the parasitic GI pathogens evaluated, a significant increase in the percentage of posi-
tives was observed for Cryptosporidium around September 2016. Only a few Cyclospora cayeta-
nensis detections (N = 201) were observed; however, across all years those were primarily
concentrated between the months of March and September, with increased percentages
around July. The pattern of detection for G. lamblia had several peaks during the 34 months
for the study, however no distinct season pattern was observed. Only 37 positives were associ-
ated with Entamoeba histolytica, with more than 50% (20/37) occurring in October 2016 and
April 2017.
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for each pairwise correlation. Darker red indicates stronger positive correlation between two pathogens, while darker
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https://doi.org/10.1371/journal.pone.0250767.9004

The overall co-detection rate was 10.2% (9,356/91,401) of the total number of tests or 24.0%
of positive tests (9,356/38,943). Co-detections with two pathogens (79.8%; 7,463/9,356) were
more frequent than co-detections with three organisms (20.2%; 1,893/9,356) detected. In the
dataset there were 3,889 tests with four or more pathogens detected, however those were
excluded from the analysis due to the likelihood that those were validation tests and not actual
patient samples. Fig 2 shows the proportion of single detections as well as co-detections (two
or three organisms detected) for each of the pathogens from the BioFire GI Panel. Overall the
co-detection proportions varied from 26.9% to 71.3% depending on the pathogen. Over 60%
of the detections of ETEC, E. histolytica, P. shigelloides, and EAEC were co-detections; while
less than 30% of the detections of C. difficile and C. cayetanensis, included another pathogen
(Fig 2).

The phi coefficient for each pathogen combination is shown in Fig 4. There was not a
strong correlation between any of the pathogen pairs (i.e.: coefficients values between +0.25);
however, C. difficile was generally negatively correlated with other pathogens, especially with
EPEC (-0.24). Conversely, the Shigella/EIEC-E. histolytica and ETEC-EAEC pairs have a weak
positive correlation with each other, with phi coefficients equal to 0.10 and 0.11, respectively.

During 2016 through 2017, there were a total of 49,736 confirmed and suspected infections
captured by FoodNet for the eight pathogens Salmonella (16,159), Campylobacter (18,145),
Shigella (5,076), Yersinia (816), STEC (5,039), Vibrio (596), Cryptosporidium (3,686), and
Cyclospora (219). The proportion of detection for these eight pathogens were compared in Fig
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Fig 5. Proportion of detection and relative ranking of eight pathogens monitored by FoodNet (N = 49,736) and reported
to BioFire Trend (N = 4,832) during 2016 and 2017.

https://doi.org/10.1371/journal.pone.0250767.9005

5. Overall, the relative ranking of detections for the eight pathogens were similar between the
two data sources, with Campylobacter and Salmonella being the top pathogens for both data-
sets during 2016 and 2017, and Y. enterocolitica, Vibrio and C. cayetanensis being the lowest
ranking for each. Although the relative rankings were comparable, over 69% of the detections
in FoodNet were Campylobacter and Salmonella while those pathogens only made up 50.2% of
BioFire Trend results for those eight pathogens (Fig 5).

Discussion

This is the first study to summarize and evaluate a large dataset of test results for 22 GI patho-
gens obtained from 29 clinical laboratories across the United States that use a multiplex real-
time PCR assay, the BioFire GI Panel. The results were obtained from BioFire’s cloud database,
BioFire Trend, Syndromic Trends (Trend), which collects, aggregates, and displays calculated
de-identified test results in near real-time for participating sites. BioFire Trend data represents
patients who seek medical care in institutions that not only used the BioFire GI Panel, but also
participated in BioFire Trend. For those reasons, results are not representative of the United
States. Nevertheless, the overall percentage of positives, negatives, co-detection rate, as well as
the most frequently detected pathogens (i.e.: C. difficile, EPEC, norovirus, EAEC, and Cam-
pylobacter) reported in this study were similar to what has been reported in previous studies
that used the BioFire GI Panel in clinical settings [12, 17-21].

C. difficile was the most frequently detected pathogen in this study; however, without fur-
ther information such as age and medical history of patients, the clinical and public health rele-
vance of this finding is difficult to interpret but is consistent with what others have found
when working with this type of dataset [17-21]. Rates of C. difficile are also likely to have been
overestimated since we were not able to identify and exclude test results from children under 2
years of age; a population known to have high colonization rates of C. difficile [22] and for
which testing for this pathogen is not generally recommended [23]. EPEC and EAEC were also
detected frequently, but not much is known about the domestically acquired burden of those
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two pathogens in developed countries [24, 25]. A study conducted in Minnesota suggested
that EAEC represents an important GI pathogen and that the proportion of domestically
acquired EAEC infections might be underestimated [24]. Further, it has been suggested that
AGI can change host inflammation causing an imbalance in the host microbiota leading to an
outgrowth of Enterobacteriales [17, 25]. This could potentially justify the high numbers of
EAEC and EPEC found in this study since over 50% of the detections of these two pathogens
were associated with other highly prevalent GI pathogens such as C. difficile, norovirus, Salmo-
nella and Campylobacter. The high frequency of detection of EAEC and EPEC found here sug-
gests that those pathogens have a more significant impact in the burden of AGI than
previously thought and requires further research to better characterize their epidemiology as
well as sources of exposures and risk factors. Norovirus, on the other hand, has a known bur-
den of illness and is estimated to cause over 21 million AGI annually in the United States, mak-
ing it the leading cause of foodborne diseases, followed by Salmonella [26]. Not surprisingly,
norovirus was the third most frequently detected pathogen in this study and also showed a
clear seasonality pattern aligned with surveillance reports from the CDC [27].

In addition to norovirus, distinct seasonal trends were observed for rotavirus, astrovirus,
and Campylobacter for the 34-month study period. These findings are in agreement with data
published in the literature and with surveillance reports presented by CDC [28-30]. P. shigel-
loides and EPEC showed distinct peaks in the percentage of positives during the summer
months, also consistent with the literature [31, 32]. The peak percentage rates for P. shigelloides
were particularly pronounced during July. This pathogen is often undetected by culture meth-
ods because of its small colony size and/or low prevalence in stool samples. As such, P. shigel-
loides can be easily overlooked; however, PCR-based methods, such as the BioFire FilmArray
have increase its detection [32]. A review published on P. shigelloides highlighted the need to
investigate risk factors associated with both intestinal and systemic infections and the fre-
quency of co-detection of this pathogen with others [32]. The seasonality of Cryptosporidium,
suggested by the increase in the percentage of positives for the pathogen around September
and October, differs from data from the CDC that indicates outbreaks peak during summer
months [33]. A possible explanation for this difference is that BioFire Trend is capturing spo-
radic cases of Cryptosporidium, as well as small, localized outbreaks that go undetected by pub-
lic health agencies given the complexities of disease reporting and potential for underdiagnosis
and underreporting [2, 3].

With the increased use of novel molecular CIDTs, the rates of detection of multiple patho-
gens have also increased. In 2017, the CDC’s Food Safety Modernization Act Surveillance
Working Group highlighted the need to better understand those types of detections and their
significance [34]. However, only a few studies in the United States have been published
describing the interactions between GI pathogens. In a study conducted at the University of
Washington and Harborview Medical Centers, co-detections represented 9.8% of all detec-
tions of GI pathogens [19]. Patients with more than one pathogen detected in their stool,
tended to be younger, and more likely to have traveled internationally [19]. In the current
study, the overall patterns of co-detection (i.e., rates, proportions, and correlations) for all 22
pathogens detected over 34 months in 29 medical institutions located across the United States
were characterized and was found to be similar to previous published studies [12, 18, 19]; how-
ever, because de-identified data was used, further characterization was not possible. The corre-
lations found between pathogens were weak, however, this could be potentially helpful in
generating hypotheses that could be further investigated. For instance, while C. difficile was
detected in high numbers during the study period, less than 30% of the detections occurred
with other organisms and there were negative correlations between the pathogens detected
with C. difficile (Fig 4). It might be possible that some of the patients had history of recent
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antibiotic treatment thereby pre-disposing them to C. difficile while reducing the presence of
other GI pathogens [35].

Direct comparisons between Trend and FoodNet rates of detection would not have been
appropriate with the data available in this study since they covered different regions in the
country (Table 1). However, an initial comparison of the proportion of detection for eight
FoodNet pathogens (Campylobacter, Cyclospora, Salmonella, STEC, Cryptosporidium, Shigella,
Vibrio, and Yersinia) was done to assess, at the higher level, the magnitude and relative ranking
of those eight enteric pathogens across the two datasets. Our findings demonstrated that over-
all, the relative ranking of the eight pathogens is quite similar with exception of Cryptosporid-
ium and Shigella. Further, the proportion of lower ranking pathogens in BioFire Trend (i.e.:
Yersinia, Vibrio and Cyclospora) were higher than in FoodNet potentially due to the compre-
hensive nature of the BioFire GI Panel (i.e.: every stool is tested for all 22 GI pathogens) which
increases the chances of detecting those pathogens that otherwise would not have been identi-
fied since clinicians might be less likely to order culture tests for those types of pathogens [11].
A region-by-region comparison between data from BioFire Trend and FoodNet were not pos-
sible at the time of the study, because only a few contributing states overlapped (Table 1).
Comparisons over time were not done as new participating sites were constantly added during
the study period.

In this study, the potential for outbreak detection was not investigated; however, it has been
suggested in the literature that the BioFire GI Panel could play a role in early detection of out-
breaks [10]. Our data for C. cayetanensis also suggests this possibility. In Fig 3, there are two
distinct peaks in the percentage of detection for C. cayetanensis around July 2016 and July
2017; those coincide with two multistate outbreaks detected by the CDC around the same time
[36, 37]. The CDC epidemiologic curve is only available for the 2017 outbreak [36] and also
shows a sharp increase in the number of cases in the month of July, suggesting BioFire Trend
detected the same pattern. There might be potential to explore outbreak detection for those
pathogens with discrete percent of positives peaks and that are detected infrequently.

A cornerstone of BioFire Trend is the protection of patient’s privacy. For this reason, the
data does not contain any information on age, risk factors, exposure, or medical history. This
limitation poses some challenges on how the dataset can be used when interpreting the results,
as it has been identified in this paper. However, the benefit of BioFire Trend to public health is
not related to the scientific questions that could be answered if demographic and medical his-
tories were available. As demonstrated in this paper, BioFire Trend offers an opportunity to: i)
improve the overall understanding of the burden of AGI in the community (especially for
those pathogens not often routinely tested or surveyed), ii) track pathogen seasonality, iii) gen-
erate scientific hypothesis, and iv) potentially detect outbreaks and monitor pathogens trends
over time. Because BioFire Trend results are uploaded to the cloud database within a day, on
average, near real-time monitoring of changes in the frequency of detection are possible.

The adoption of multiplex CIDTs is increasing rapidly as shown by the 10-fold increase in
tests usage in the 34-month study period, representing a unique chance for public health, as
well as the opportunities for the scientific and medical community to learn more about the epi-
demiology of these pathogens.

Author Contributions
Conceptualization: Juliana M. Ruzante, Rangaraj Selvarangan.

Data curation: Juliana M. Ruzante, Katherine Olin, Lindsay Meyers.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250767  April 30, 2021 10/13


https://doi.org/10.1371/journal.pone.0250767

PLOS ONE

Real-time gastrointestinal illness surveillance through cloud-based network

Formal analysis: Juliana M. Ruzante, Katherine Olin, Breda Munoz, Jeff Nawrocki, Lindsay
Meyers.

Funding acquisition: Juliana M. Ruzante.
Investigation: Juliana M. Ruzante.

Methodology: Juliana M. Ruzante, Breda Munoz.
Project administration: Juliana M. Ruzante.
Supervision: Juliana M. Ruzante, Rangaraj Selvarangan.
Visualization: Katherine Olin, Jeff Nawrocki.

Writing - original draft: Juliana M. Ruzante.

Writing - review & editing: Juliana M. Ruzante, Katherine Olin, Jeff Nawrocki, Rangaraj Sel-
varangan, Lindsay Meyers.

References

1.  Chow CM, Leung AKC, Hon KL. Acute gastroenteritis: from guidelines to real life. Clin Exp Gastroen-
terol. 2010; 3: 97—-112. https://doi.org/10.2147/ceg.s6554 PMID: 21694853

2. Scallan E, Griffin PM, Angulo FJ, Tauxe RV, Hoekstra RM. Foodborne iliness acquired in the United
States—unspecified agents. Emerg Infect Dis. 2011; 17:16-22. https://doi.org/10.3201/eid1701.
091101p2 PMID: 21192849

3. The Center for Disease Control and Prevention (CDC). 2015 [cited 30 April 2019]. In: FoodNet surveil-
lance [Internet]. [about 2 screens]. Available from: https://www.cdc.gov/foodnet/surveillance.html

4. Beal SG, Tremblay EE, Toffel S, Velez L, Rand KH. A Gastrointestinal PCR Panel improves clinical
management and lowers health care costs. J Clin Microbiol. 2017; 56: e01457—-17. https://doi.org/10.
1128/JCM.01457-17 PMID: 29093106

5. Janda JM, Abbott SA. Culture-independent diagnostic testing: have we opened Pandora’s box for
good? Diagn Microbiol Infect Dis. 2014; 80: 171-176. https://doi.org/10.1016/j.diagmicrobio.2014.08.
001 PMID: 25200256

6. Hall AJ, Wikswo ME, Manikonda K, Roberts VA, Yoder JS, Gould LH. Acute gastroenteritis surveillance
through the National Outbreak Reporting System, United States. Emerg Infect Dis. 2013; 19: 1305—
1309. https://doi.org/10.3201/eid1908.130482 PMID: 23876187

7. Shea S, Kubota KA, Maguire H, Gladbach S, Woron A, Atkinson-Dunn R, et al. Clinical microbiology
laboratories’ adoption of culture-independent diagnostic tests is a threat to foodborne-disease surveil-
lance in the United States. J Clin Microbiol. 2016; 55:10-19. https://doi.org/10.1128/JCM.01624-16
Print 2017 Jan. PMID: 27795338

8. Atkinson R, Maguire H, Gerner-Smidt P. A challenge and an opportunity to improve patient manage-
ment and public health surveillance for food-borne infections through culture-independent diagnostics.
J Clin Microbiol. 2013; 51:2479-2482. https://doi.org/10.1128/JCM.00253-13 PMID: 23515538

9. Cronquist AB, Mody RK, Atkinson R, Besser J, D’Angelo MT, Hurd S, et al. Impacts of culture-indepen-
dent diagnostic practices on public health surveillance for bacterial enteric pathogens. Clin Infect Dis.
2012; 54: S432-439. https://doi.org/10.1093/cid/cis267 PMID: 22572666

10. Buss SN, Alter R, lwen PC, Fey PD. Implications of culture-independent panel-based detection of
Cyclospora cayetanensis. J Clin Microbiol. 2013; 51: 3909. https://doi.org/10.1128/JCM.02238-13
PMID: 23985921

11.  Stockmann C, Rogatcheva M, Harrel B, Vaughn M, Crisp R, Poritz M, et al. How well does physician
selection of microbiologic tests identify Clostridium difficile and other pathogens in paediatric diarrhoea?
Insights using multiplex PCR-based detection. Clin Microbiol Infect. 2015; 21:179.e9—-179. https://doi.
org/10.1016/j.cmi.2014.07.011 PMID: 25599941

12. Buss SN, Leber A, Chapin K, Fey PD, Bankowski MJ, Jones MK, et al. Multicenter evaluation of the Bio-
Fire FilmArray gastrointestinal panel for etiologic diagnosis of infectious gastroenteritis. J Clin Microbiol.
2015; 53:915-925. hitps://doi.org/10.1128/JCM.02674-14 PMID: 25588652

13. Biofire Diagnostics. 2019 [cited 05 November 2019]. In: FilmArray Gl reagent instruction booklet—
ITI0030. Available from: https://www.online-ifu.com/ITI0030/14480/EN

PLOS ONE | https://doi.org/10.1371/journal.pone.0250767  April 30, 2021 11/13


https://doi.org/10.2147/ceg.s6554
http://www.ncbi.nlm.nih.gov/pubmed/21694853
https://doi.org/10.3201/eid1701.091101p2
https://doi.org/10.3201/eid1701.091101p2
http://www.ncbi.nlm.nih.gov/pubmed/21192849
https://www.cdc.gov/foodnet/surveillance.html
https://doi.org/10.1128/JCM.01457-17
https://doi.org/10.1128/JCM.01457-17
http://www.ncbi.nlm.nih.gov/pubmed/29093106
https://doi.org/10.1016/j.diagmicrobio.2014.08.001
https://doi.org/10.1016/j.diagmicrobio.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/25200256
https://doi.org/10.3201/eid1908.130482
http://www.ncbi.nlm.nih.gov/pubmed/23876187
https://doi.org/10.1128/JCM.01624-16
http://www.ncbi.nlm.nih.gov/pubmed/27795338
https://doi.org/10.1128/JCM.00253-13
http://www.ncbi.nlm.nih.gov/pubmed/23515538
https://doi.org/10.1093/cid/cis267
http://www.ncbi.nlm.nih.gov/pubmed/22572666
https://doi.org/10.1128/JCM.02238-13
http://www.ncbi.nlm.nih.gov/pubmed/23985921
https://doi.org/10.1016/j.cmi.2014.07.011
https://doi.org/10.1016/j.cmi.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25599941
https://doi.org/10.1128/JCM.02674-14
http://www.ncbi.nlm.nih.gov/pubmed/25588652
https://www.online-ifu.com/ITI0030/14480/EN
https://doi.org/10.1371/journal.pone.0250767

PLOS ONE

Real-time gastrointestinal illness surveillance through cloud-based network

14.

15.

16.
17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

BioFire Diagnostics. 2017 [cited 30 April 2019]. In: About FilmArray® Trend [Internet]. [about 2
screens]. Available from: https://syndromictrends.com/info/main

Meyers L, Ginocchio CC, Faucett AN, Nolte FS, Gesteland PH, Leber A, et al. Automated real-time col-
lection of pathogen-specific diagnostic data: Syndromic infectious disease epidemiology. JMIR Public
Health Surveill. 2018; 4: e59. https://doi.org/10.2196/publichealth.9876 PMID: 29980501

US Department of Health and Human Services. Title 45. Public Welfare CFR 46 (2018).

Murphy CN, Fowler RC, lwen PC, Fey PD. Evaluation of the Biofire FilmArray gastrointestinal panel in a
midwestern academic hospital. Eur J Clin Microbiol Infect Dis. 2017; 36: 747—754. https://doi.org/10.
1007/s10096-016-2858-7 PMID: 27957599

Khare R, Espy MJ, Cebelinski E, Boxrud D, Sloan LM, Cunningham SA, et al. Comparative evaluation
of two commercial multiplex panels for detection of gastrointestinal pathogens by use of clinical stool
specimens. J Clin Microbiol. 2014; 52: 3667—-3673. https://doi.org/10.1128/JCM.01637-14 PMID:
25100818

Cybulski RJ Jr, Bateman AC, Bourassa L, Bryan A, Beail B, Matsumoto J, et al. Clinical impact of a mul-
tiplex gastrointestinal polymerase chain reaction panel in patients with acute gastroenteritis. Clin Infect
Dis. 2018; 67:1688—-1696. https://doi.org/10.1093/cid/ciy357 PMID: 29697761

Spina A, Kerr KG, Cormican M, Barbut F, Eigentler A, Zerva L, et al. Spectrum of enteropathogens
detected by the FilmArray Gl panel in a multicentre study of community-acquired gastroenteritis. Clin
Microbiol Infect. 2015; 21: 719-728. https://doi.org/10.1016/j.cmi.2015.04.007 PMID: 25908431

Binnicker MJ. Multiplex molecular panels for diagnosis of gastrointestinal infection: performance, result
interpretation, and cost-effectiveness. J Clin Microbiol. 2015; 53:3723-3728. https://doi.org/10.1128/
JCM.02103-15 PMID: 26311866

Jangi S, Lamont JT. Asymptomatic colonization by Clostridium difficile in infants: implications for dis-
ease in later life. J Pediatr Gastroenterol Nutr. 2010; 51: 2—7. https://doi.org/10.1097/MPG.
0b013e3181d29767 PMID: 20512057

McDonald CL, Gerding DN, Johnson S, Bakken JS, Carroll KC, Coffin SE, et al. Clinical practice guide-
lines for Clostridium difficile infection in adults and children: 2017 update by the Infectious Diseases
Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin Infect Dis.
2018; 66:987-994. https://doi.org/10.1093/cid/ciy149 PMID: 29562266

Beczkiewicz A, Cebelinski E, Decuir M, Lappi V, Wang X, Smith K, et al. High relative frequency of
Enteroaggregative Escherichia coli among patients with reportable enteric pathogens, Minnesota,
2016-2017. Clin Infect Dis. 2019; 69: 473-479. https://doi.org/10.1093/cid/ciy890 PMID: 30321302

Lupp C, Robertson ML, Wickham ME, Sekirov |, Champion OL, Gaynor EC, et al. Host-mediated inflam-
mation disrupts the intestinal microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host
Microbe. 2007; 16:119-129.

Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, et al. Foodborne illness
acquired in the United States—major pathogens. Emerg Infect Dis. 2011; 17:7-15. https://doi.org/10.
3201/eid1701.p11101 PMID: 21192848

The Center for Disease Control and Prevention (CDC). 2019 [cited 1 May 2019]. In: NoroSTAT data
[Internet]. [about 2 screens]. Available from: https://www.cdc.gov/norovirus/reporting/norostat/data.
html

Bosh A, Pinto RM, Guix S. Human astrovirus. Clin Microbiol Rev. 2014; 27: 1048—1074. https://doi.org/
10.1128/CMR.00013-14 PMID: 25278582

The Center for Disease Control and Prevention (CDC). 2018 [cited 1 May 2019]. In: Rotavirus in the U.
S. [Internet]. [about 2 screens]. Available from: https://www.cdc.gov/rotavirus/surveillance.html

Geissler AL, Carrillo FB, Swanson K, Patrick ME, Fullerton KE, Bennett C, et al. Increasing Campylo-
bacterinfections, outbreaks, and antimicrobial resistance in the United States, 2004-2012. Clin Infect
Dis. 2017; 65:1624—1631. https://doi.org/10.1093/cid/cix624 PMID: 29020144

Croxen MA, Law RJ, Scholz R, Keeney KM, Wlodarska M, Finlay BB. Recent advances in understand-
ing Enteric Pathogenic Escherichia coli. Clin Microbiol Rev. 2013; 26: 822—880. https://doi.org/10.
1128/CMR.00022-13 PMID: 24092857

Janda JM, Abbott SL, Mclver CJ. Plesiomonas shigelloides revisited. Clin Microbiol Rev. 2016; 29:
349-374. https://doi.org/10.1128/CMR.00103-15 PMID: 26960939

Gharpure R, Perez A, Miller AD, Wikswo ME, Silver R, Hlavsa MC. Cryptosporidiosis outbreaks—
United States, 2009—-2017. MMWR Morb Mortal Wkly Rep. 2019; 68:568-572. https://doi.org/10.
15585/mmwr.mm6825a3 PMID: 31246941

Board of Scientific Counselors, Office of Infectious Diseases, Food Safety Modernization Act Surveil-
lance Working Group. Annual report to the secretary, Department of Health and Human Services. 2017.
Available from https://www.cdc.gov/ddid/docs/BSC-OID-FSMA-SurvWG-2017-AnnualReport-508.pdf.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250767  April 30, 2021 12/13


https://syndromictrends.com/info/main
https://doi.org/10.2196/publichealth.9876
http://www.ncbi.nlm.nih.gov/pubmed/29980501
https://doi.org/10.1007/s10096-016-2858-7
https://doi.org/10.1007/s10096-016-2858-7
http://www.ncbi.nlm.nih.gov/pubmed/27957599
https://doi.org/10.1128/JCM.01637-14
http://www.ncbi.nlm.nih.gov/pubmed/25100818
https://doi.org/10.1093/cid/ciy357
http://www.ncbi.nlm.nih.gov/pubmed/29697761
https://doi.org/10.1016/j.cmi.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25908431
https://doi.org/10.1128/JCM.02103-15
https://doi.org/10.1128/JCM.02103-15
http://www.ncbi.nlm.nih.gov/pubmed/26311866
https://doi.org/10.1097/MPG.0b013e3181d29767
https://doi.org/10.1097/MPG.0b013e3181d29767
http://www.ncbi.nlm.nih.gov/pubmed/20512057
https://doi.org/10.1093/cid/ciy149
http://www.ncbi.nlm.nih.gov/pubmed/29562266
https://doi.org/10.1093/cid/ciy890
http://www.ncbi.nlm.nih.gov/pubmed/30321302
https://doi.org/10.3201/eid1701.p11101
https://doi.org/10.3201/eid1701.p11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
https://www.cdc.gov/norovirus/reporting/norostat/data.html
https://www.cdc.gov/norovirus/reporting/norostat/data.html
https://doi.org/10.1128/CMR.00013-14
https://doi.org/10.1128/CMR.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/25278582
https://www.cdc.gov/rotavirus/surveillance.html
https://doi.org/10.1093/cid/cix624
http://www.ncbi.nlm.nih.gov/pubmed/29020144
https://doi.org/10.1128/CMR.00022-13
https://doi.org/10.1128/CMR.00022-13
http://www.ncbi.nlm.nih.gov/pubmed/24092857
https://doi.org/10.1128/CMR.00103-15
http://www.ncbi.nlm.nih.gov/pubmed/26960939
https://doi.org/10.15585/mmwr.mm6825a3
https://doi.org/10.15585/mmwr.mm6825a3
http://www.ncbi.nlm.nih.gov/pubmed/31246941
https://www.cdc.gov/ddid/docs/BSC-OID-FSMA-SurvWG-2017-AnnualReport-508.pdf
https://doi.org/10.1371/journal.pone.0250767

PLOS ONE Real-time gastrointestinal illness surveillance through cloud-based network

35. Brown KA, Khanafer N, Daneman N, Fisman DN. Meta-analysis of antibiotics and the risk of commu-
nity-associated Clostridium difficile infection. Antimicrob Agents Chemother. 2013; 57: 2326—2332.
https://doi.org/10.1128/AAC.02176-12 PMID: 23478961

36. The Center for Disease Control and Prevention (CDC). 2018 [cited 1 May 2019]. In: Cyclosporiasis out-
breaks investigations—United States, 2017 [Internet]. [about 4 screens]. Available from: https://www.
cdc.gov/parasites/cyclosporiasis/outbreaks/2017/index.html

37. Casillas SM, Bennett C, Straily A. Notes from the field: multiple cyclosporiasis outbreaks—United
States. MMWR Morb Mortal Wkly Rep. 2018; 67:1101-1102. icon. https://doi.org/10.15585/mmwr.
mm6739a6 PMID: 30286055

PLOS ONE | https://doi.org/10.1371/journal.pone.0250767  April 30, 2021 13/13


https://doi.org/10.1128/AAC.02176-12
http://www.ncbi.nlm.nih.gov/pubmed/23478961
https://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2017/index.html
https://www.cdc.gov/parasites/cyclosporiasis/outbreaks/2017/index.html
https://doi.org/10.15585/mmwr.mm6739a6
https://doi.org/10.15585/mmwr.mm6739a6
http://www.ncbi.nlm.nih.gov/pubmed/30286055
https://doi.org/10.1371/journal.pone.0250767

