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a  b  s  t  r  a  c  t

Porcine  epidemic  diarrhea  (PED)  was identified  in  the  United  States  in  the spring  of  2013,  and  profession-
als  from  many  parts  of the  U.S.  swine  industry  responded  rapidly  to understand  and  control  the  newly
emerging  disease.  In less  than  two months,  the disease  had  spread  to more  than  200  herds  in  thirteen
states.  Experts  from  the  US  Department  of  Agriculture  (USDA)  engaged  in laboratory  diagnostics,  analytic
support,  epidemiology  expertise,  and  data  management  to facilitate  the  effort.  By  2014,  a  great  deal  had
been  learned  about  the  disease;  however,  the  question  of  how  it entered  the  United  States  remained
unanswered.  In  2014,  USDA  formed  an  investigative  group  to address  the  question  and  leverage  current
knowledge  with  resources  and  partnerships  not  readily  available  to  non-federal  investigators.  The  group
formed  collaborations  with  other  government  and  non-government  organizations  and  individuals,  and
followed many  avenues  of inquiry;  ultimately  arriving  at a small  number  of  scenarios  that  describe  pos-
sible  mechanisms  for  PED  introduction.  For  a scenario  to  be  plausible,  it had  to  explain:  contamination  of
a person  or product  in the source  country,  its transit  and  entry  to  the  United  States,  rapid  dispersal  across
a wide  geographic  area,  and  exposure/infection  of pigs.  It had  to  be compatible  with  findings  of  swine
herd  investigations  and  research  studies.  Potential  products  had  to  have been  imported  legally  during

the  time  prior  to  the beginning  of the  epidemic,  or  delivered  to  the  United  States  through  prohibited
channels.  Follow-up  studies  were  initiated  to gather  more  evidence  for the  most  plausible  scenarios.  Of
the  scenarios,  flexible  intermediate  bulk  containers  (“feed  totes”)  used  to transport  bulk  feed  serving  as
fomites for  movement  of  PED  virus  provided  the  simplest  explanation  for the  accumulated  findings  of
the  investigation.

© 2015  Published  by  Elsevier  B.V.
. Introduction

Cases of porcine epidemic diarrhea (PED) were first diagnosed in
he United States (U.S.) beginning in April 2013. The swine industry
nd associated professionals responded on many fronts with the
eterinary Services (VS) branch of U.S. Department of Agriculture

USDA), Animal and Plant Health Service (APHIS) initially engaging
n laboratory diagnostics, analytic support, epidemiology expertise,
nd data management. Multiple investigations and studies were
onducted in an attempt to answer questions about the epidemic;

t the top of the list were how the virus arrived in the United States
nd if there was risk of another disease following the same path.

∗ Corresponding author at: 2150 Centre Ave, Fort Collins, CO, USA.
E-mail addresses: aaronescott@aphis.usda.gov, aaronescott@hotmail.com
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Feed was initially suspected by veterinarians in several of the
first-detected cases, and became a focus for a case-control study.
The study included multiple farms with 25 cases and 18 controls. It
was completed by June, 2013 and summarized by Dr. Harry Snelson
from AASV at the 2014 World Pork Expo (Snelson, 2014). This was
conducted as a collaborative effort between the American Associ-
ation of Swine Veterinarians (AASV), National Pork Board (NPB),
National Pork Producers Council (NPPC), VS’ Center for Epidemiol-
ogy and Animal Health, VS’ Chief Epidemiologist, and the National
Center for Foreign Animal and Zoonotic Disease Defense (currently:
Institute for Infectious Animal Diseases (IIAD), a DHS Center of
Excellence at Texas A&M University). Univariate regression anal-
ysis on the probability of being a case (i.e., presence of PED virus
RNA plus animals with clinical signs) revealed feed factors that

were associated with statistically significant higher odds of hav-
ing PED. Feed that was  custom mixed off-farm, increased number
of meal/mash rations fed to nursery or finisher pigs, and whether
vitamins and minerals were in the same as opposed to separate

dx.doi.org/10.1016/j.prevetmed.2015.11.013
http://www.sciencedirect.com/science/journal/01675877
http://www.elsevier.com/locate/prevetmed
http://crossmark.crossref.org/dialog/?doi=10.1016/j.prevetmed.2015.11.013&domain=pdf
mailto:aaronescott@aphis.usda.gov
mailto:aaronescott@hotmail.com
dx.doi.org/10.1016/j.prevetmed.2015.11.013
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remixes increased the odds of PED on a farm between 1.5 and
.5 times. These variables suggest the potential for contamination
f feed where complete feed mixed off-farm is related to an effect
here more ration types could mean more chances to get a contam-

nated batch. Although the case-control study suggested that feed
as associated with the outbreak, subsequent investigations and
erd histories failed to show a common feed or ingredient among
he farms.

In late spring 2014, the mechanisms by which PED arrived in the
nited States had not been determined. USDA formed an investiga-

ive group to research the root cause of the epidemic; that is, to find
he initiating cause or causal chain where an intervention could rea-
onably be implemented. A Root Cause Investigation Group (RCG)
as tasked with revisiting the mass of information that had accu-
ulated following the initial outbreak, and to leverage resources

nd partnerships not readily available to non-federal investiga-
ors. The group’s objective was to identify the mechanism or most
ikely mechanisms by which PED reached the United States and
nfected U.S. pigs. The RCG reviewed literature; evaluated data from
esearch projects; consulted with swine industry and veterinary
pecialists familiar with the individual outbreaks; collaborated
ith U.S. Government partners; reviewed reports published on uni-

ersity, industry, and laboratory websites; examined U.S. Customs
nd Border Protection (CBP) data on imported products; evaluated
ata from prohibited product seizures at U.S. ports; and collated
esting data from affected herds. Additionally, the RCG initiated
ew studies as indicated, analyzed data, and conducted follow-up

nvestigations of early-affected farms, and also reached out to inter-
ational partners that had experienced outbreaks of novel swine

nteric coronavirus diseases.

In many instances, information gathering was  complicated
ecause records and recall were not available or not collected at

1. In order to travel  fro m another coun try-par�cularly 
from Asia, environmental and carrie r matrix 
condi�ons  mus t be must be adequate for  virus  
stability . 

2. The scenario sh ould explain why the epidemic 
occurred in the United States and not Canada or 
the EU given thei r simil ar indus trie s, travele rs, and  
interna�onal imports.  

3. The scenario must be compa�ble with the outbreak 
inves�ga�on data.  That is, a product or person is 
not li kel y associated with the epidemic if never in 
contact or  linked in some way to the index farms.

4. The scenario must explain virus  trans it through four 
segments of travel , all are necess ary and  none 
sufficient alone: 

a. How people /fomites became contaminated 
in the source coun try, 

b. How the virus entered the United States, 
c. How it was disp ersed to separate geographic 

loca�ons  in a short �me, and 
d. How pigs were exposed and infected.

5. If the scenario involves legal impor ts, the product 
must have record of being shipped to the United 
States in the �me prior  to the outbreaks (e.g., CBP 
data and APHIS import permits).

Fig. 1. Criteria to narrow the scope of the investigation.
Medicine 123 (2016) 192–201 193

the time of the initial veterinarian’s herd examinations. Although
many people were eager to help solve the problem, some had con-
cerns about sharing intellectual property or individual information
with the Federal Government.

2. Methods

2.1. Epidemiology approach

During 2014, APHIS-VS prepared a pathway entry risk assess-
ment entitled, Pathways Assessment: Entry Assessment for Exotic
Viral Pathogens of Swine as the first step towards determining
whether significant gaps exist in import regulations that may  result
in infections of U.S. domestic swine with exotic viral pathogens
(USDA-APHIS, 2014). The RCG used the conclusions of this report
and results of published research studies as a baseline, and followed
with an epidemiological approach to narrow the scope and more
specifically address the entry of PED virus into the United States.
The group applied basic concepts of host, agent, environment, and
evaluation of transmission mechanisms to develop scenarios that
could explain the epidemic. National epidemic curves and timelines
were developed to plot the course of the disease spread. Indi-
vidual herd data gathered by first-responding veterinarians, and
later augmented by revisits by VS officers to farms provided vital
information for limiting the number of likely disease introduction
mechanisms. Host factors, such as a naïve swine population with
an explosive spread of disease, helped to limit the probable time
of first introduction. Data from genetic epidemiology, virus sur-
vival, and infectious dose studies further narrowed the possibilities.
Fig. 1 describes five criteria the RCG considered essential for a sce-
nario to explain PED virus entry to the country.

2.2. Collaborations

Collaborations were established with other government and
non-government entities, including Food and Drug Administra-
tion (FDA), other APHIS units (Wildlife Services (WS) and Plant
Protection and Quarantine (PPQ)), U.S. Department of Homeland
Security National Biodefense Analysis and Countermeasures Center
(NBACC), and CBP, as well as universities and industry organiza-
tions.

2.3. Interviews with swine veterinary consultants

U.S. veterinary consultants were interviewed for their front line
perspective on the herd outbreaks and impressions about the dis-
ease introduction. Unlike the case control study which had detailed
survey questions (Snelson, 2014), the interviews were structured
as informal discussions. A framework for topics was  formulated to
guide the discussions (Figs. 2 and 3), but the experts were encour-
aged to brainstorm and speculate about potential scenarios.

2.4. Herd investigations

Eight infected herds were identified by the testing data or by
swine consultants as having occurred in April and May  2013, and
were believed to include the earliest affected farms. These were
chosen for further investigation. Results from the case control sur-
vey (Snelson, 2014) that included the eight farms were evaluated,
and the farms re-visited by VS veterinary officials during summer

and fall 2014. The veterinarians originally attending the herds were
interviewed as well as production managers or owners. In some
cases, the follow-up visits extended to the feed mills that formu-
lated rations for the farms.
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Table 1
Risk terms used to assess CBP data potential for a feed related product to move SECD
viruses.

Risk term Definition

Negligible Occurs so rarely that it does not merit consideration
Low Occurs rarely
94 A. Scott et al. / Preventive Veter

.5. Data analysis

Data from voluntary laboratory submissions through May  2014
ere fit to an exponential distribution using the distribution fit-

ing function software in @Risk version 6.3.0 software (copyright
alisade Corporation) to form an epidemiological outbreak curve
Fig. 4). There were data limitations in that sample submissions
rior to a June 2014 USDA Federal Order were voluntary, but
ssumed to be reasonably complete. In the initial six weeks follow-
ng the first identified cases of PED, submissions represented herds,

hile later data represented laboratory accessions. It is unknown
hether the latter data represented individual herds. Univariate

egression analysis was conducted on data from an initial case-
ontrol study with 25 cases and 18 controls (Snelson, 2014) at
SDA’s Center for Epidemiology and Animal Health using SAS soft-
are (Copyright, SAS Institute Inc.) to determine odds ratios and

ignificance for association of cases with feed related factors. Addi-
ionally, Iowa State University Veterinary Diagnostic Laboratory
ISUVDL) conducted retrospective testing on specimens with sub-

ission reasons of gastrointestinal (G.I.) disease archived between
ecember 2012 and May  2013. The G.I. samples represent highly
argeted samples for finding PED in cases across the laboratory’s
rea of service across the Midwestern region of the United States.
SDA epidemiologists qualitatively evaluated metadata data from

ig. 2. General interview topics for swine veterinary consultants and first respon-
ers.  The veterinarians were encouraged to postulate and expand on each topic.
Medium Occurs sometimes, but not often
High Occurs often

Custom and Border Patrol Import Tracking Database to identify
categories of products that could potentially be associated with
swine feed and serve as mechanical vectors of SECD virus. The data
were then qualitatively risk-analyzed by USDA trade risk special-
ists based on five criteria. Methods are described in further detail
in Entry Assessment for Exotic Viral Pathogens of Swine (USDA-APHIS,
2014). Criteria included:

1 Likelihood of swine, swine tissues, or fluids contact with raw
ingredients.

2 Likelihood typical processing will not inactivate coronaviruses.
3 Likelihood of swine, swine tissues, or fluids will have contact with

the ingredient post-processing.
4 Likelihood that virus will survive transport from manufacturer to

swine farm.
5 Likelihood that swine will be exposed to the ingredient.

Definitions of risk estimation terms are presented in Table 1.

2.6. Genetic epidemiology

Genetic epidemiology reports from the peer reviewed literature
were evaluated to help characterize the virus agent as well as to
determine the nearest worldwide relatives. Additional study was
initiated with government partners in the Department of Home-
land Security, National Biodefense Analysis and Countermeasures
Center (NBACC) to further evaluate the virus’ nearest relatives and
time of divergence from them.

2.7. United States Customs and Border Protection (CBP) data

The RCG reviewed U.S. CBP metadata for products considered
to have the potential for carrying PED virus. These were products
that could be contaminated in the source country with an ultimate
use that might expose U.S. pigs (e.g., organic soybeans, or products
that could be repurposed for feed). In collaboration with APHIS
Plant Protection and Quarantine (PPQ) data managers, the group
accessed detailed CBP data, and risk-evaluated it to further narrow
the list of likely products. Those that had non-negligible risk were
further assessed to determine if they had been imported to the
United States during the three months of 2013 prior to the initial
detection of PED.

2.8. Scenario development

By combining information learned through the avenues
described above, the RCG developed possible scenarios where the
product could have facilitated virus transit through four segments
of travel from the origin country to end up in the locations where
PED virus was initially detected (Fig. 1). The four segments include
contamination in the source country, transit and entry to the United
States, dispersal across the nation, and exposure of pigs. Product

shipments were considered less likely to have caused the U.S. epi-
demic if the quantity was very small (e.g., less than five kilograms),
or if the product was consigned to companies in the western part of
the United States, specifically those without nationwide distribu-
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Fig. 3. Feed specific interview topics for swine veterinary consultants and first
r
t

t
c
n
r
i
i
o
c

d
i
a
t
n
m
n

i
t
i
s
p
(
i
p
m

2

1

data); (Huang et al., 2013; Stevenson et al., 2013; Chen et al., 2014;
esponders. The veterinarians were encouraged to postulate and expand on each
opic.

ion networks. The group considered products more likely when the
onsignor was located in the swine-dense geographic area of China
ear where the closest known ancestors of the U.S. viruses were
eported in the international literature, and less likely if they orig-
nated in more distant areas. Products were considered less likely
f not identified as a ration component in the herd investigations,
r processing steps would eliminate the virus and post-processing
ontamination was unlikely.

Scenarios that were generated explained the evidence from the
ifferent avenues of inquiry to greater or lesser degrees. The result-

ng hypotheses led to further questions, studies, and collaborations,
nd finally to a small number of possible candidates. Several poten-
ial scenarios were ruled out if they were identified as having
egligible risk of entry in the Pathways Assessment: Entry Assess-
ent for Exotic Viral Pathogens of Swine (USDA-APHIS, 2014) and
ot further investigated.

Scenarios that were further evaluated included mechanisms
nvolving: flexible intermediate bulk containers (aka: FIBC or “feed
ote bags”), food salvage warehousing and transport networks,
mported pet treats, imported organic soybeans, a reservoir in feral
wine, intentional or accidental introduction by humans, trans-
ort by birds, semen and live animals, spray dried porcine plasma
SDPP), accidental release from a laboratory or diagnostic facil-
ty, contaminated biological, plant material used as antibiotic filler,
rohibited product importation, amino acid supplements, and vita-
in  and mineral premixes.

.9. Follow-up studies

) Imported organic soybean testing. Between March and
September 2015, samples from shipments of organic soybeans
originating China were collected at three U.S. Ports of Entry and
submitted to South Dakota State University Diagnostic Labora-
tory for testing for six viruses. The laboratory followed standard
diagnostic methodology (http://www.sdstate.edu/vs/adrdl/) for
PED virus, Porcine Delta coronavirus (PDCoV), transmissible gas-

troenteritis (TGE), porcine circovirus type 2 (PCV2), and North
American and European type porcine reproductive and respira-
tory syndrome viruses (PRRS).
Medicine 123 (2016) 192–201 195

2) During 2012–2013 FDA collected and archived samples of pet
jerky treats imported from China that had been submitted in
association with pet deaths. Methods for extraction and speci-
men  testing by polymerase chain reaction (PCR) were developed
and tests conducted for PED virus RNA by Dr. Haile Yancy’s group
at the FDA’s Center for Veterinary Medicine.

3) Stability of PED virus in FIBC material was  evaluated using a
cell culture model; 1.5′′ by 1.5′′ pieces of polypropylene tote
material were placed in sterile, plastic petri dishes. 1 ml  of cell
culture adapted PED stock virus diluted in MEM was  added
to the center of each piece of tote material and allowed to
dry overnight at room temperature in a biocontainment hood.
Petri dishes were covered and placed in closed containers (30
dishes) at each temperature. After each time-point was reached,
replicates for each temperature were removed, rehydrated in
1 ml  MEM  and titered on confluent Vero-76 cells in 96-well
plates. Each titration was conducted in triplicate, resulting in
9 replicates/time-point/temperature variables. At 20 h post-
infection, the virus titration plates were fixed in 80% acetone,
and then stained with PED virus SD6-29 FITC conjugated mon-
oclonal antibody. Individual foci of PED VIRUS infected cells
were counted at appropriate dilutions (generally at the high-
est virus dilution showing 10–30 individual foci/well). Infectious
virus titers for each time point and temperature were presented
graphically as mean fluorescent focus units (FFU)/ml.

4) Testing for evidence of PED virus circulation in feral swine.
Detecting PED virus in feral swine samples archived prior to April
2013 would suggest that the initial introduction into the United
States was  earlier than indicated by reported test data, and that
the path of introduction differed significantly than what might
be expected in commercial swine. The purpose of retrospective
testing of feral swine was to produce evidence to inform the
hypothesis that SECD-related virus was  circulating in feral swine
prior to the initial detection of clinical signs in domestic swine in
April 2013. Testing of the samples was  conducted with an ELISA
test (Whole Virus ELISA for PED virus) recently developed by
ISUVDL. Initial performance testing on domestic swine indicated
that the diagnostic specificity was  98.5% and the sensitivity was
greater than the indirect immunofluorescence assay (IFA) from
2 to 7 weeks post inoculation (diagnostic sensitivity point esti-
mate 99.2%). Serum samples from 368 feral swine were provided
from the Wildlife Services Wildlife Disease Program archive for
fiscal years 2011–2013. The samples were collected opportunis-
tically from various locations in Iowa, Indiana, Michigan, Ohio,
Illinois, and Hawaii.

3. Results

3.1. Epidemiology research summary

PED virus is highly transmissible with an infectious dose that
is likely only a few dozen virions (Goyal, 2013; Schumacher et al.,
2015). It appears to remain viable longer at cooler temperatures
(Verma et al., 2014), and has been shown to spread through vari-
ous mechanisms including trucks, feed, animals, manure, and other
fomites (Lowe et al., 2014; McCluskey, 2014; Snelson, 2014; Verma
et al., 2014; Yeske, 2014; Nugent, 2015; Sampedro et al., 2015).
Genetic epidemiology investigations identify the closest known
relatives of the U.S. outbreak to be viruses associated with the
2010–2013 outbreaks in China with the exact date of divergence
from a common ancestor unknown (NBACC 2015-unpublished
Wang et al., 2014a,b). Transpacific transport of products by ocean
travel from China and distribution within the United States would
likely require three or more weeks and viability of the virus for at

http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
http://www.sdstate.edu/vs/adrdl/
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ig. 4. Sample accessions from October 2012 through May  2014 are shown. Samp
rom  previous diarrheal disease outbreaks. The earliest two infected herds develope
uring  the summer months of 2013, probably due to summertime environmental c

east that amount time. This would assume some degree of protec-
ion from the environment as well as cool temperatures that might
e expected in the spring months of a temperate climate.

.2. Herd investigations and interviews with swine consultants

Initial herd investigations were conducted in 2013 by each
ompany’s veterinarian and accompanied by a detailed epidemi-
logical survey questionnaire (Snelson, 2014); VS acquired the
urvey results and reviewed details prior to visiting farms. In 2014
S officials revisited eight farms that were identified as having PED
t or near the beginning of the outbreak between April 15 and May
2 2013, as well as other farms with epidemiological circumstances
hat were unusual or suggestive of a specific source of introduction.
dditionally, VS interviewed herd veterinarians, managers, owners,
nd feed mills. Aggregated information is described below.

The consultant interviews and individual herd investigations
ere unable to identify the source of the epidemic, but in combina-

ion with other accrued information, provided valuable insight for
he RCG. Affected farms used different brands of feed from different
ource companies. There were no common veterinarians, and the
erds were owned by different companies. The age and production
ypes of the pigs were different between cases, as were ration for-

ulations. Most of the farms employed good if not best practices for
iosecurity; in several cases, they were farms that had been able to
xclude endemic contagious viruses such as porcine reproductive
nd respiratory syndrome (PRRS). There was no single brand or type
f biological or vaccine that was used in the different farms. No farm
eported visitors from other countries or suspicious activities that
uggested an intentional infection of their pigs. The farms were not
ssociated geographically and were not proximate to research or
aboratory facilities. Semen came from different sources, all within
he United States. None of the herds that were reported through
aboratory testing data in the first month of the outbreak were
mall herds; i.e., all affected herds were of size greater than 1000
nimals. Operations with less than 1000 head compose approxi-

ately 80% of all U.S. swine operations (USDA-NASS, 2012), and

mall farms in general have been shown less likely to have stringent
iosecurity practices (USDA-APHIS-VS-CEAH, 2012). Although pos-
ible that small farms may  use veterinary or diagnostic services and
es prior to May  2013 were tested retrospectively from laboratory samples banked
ical signs on approximately April 15th. The slope of the epidemic curve is more flat
ons.

report less frequently than larger commercial farms, smaller farms
may not have been affected because of different management prac-
tices such as receiving feed in bulk quantities. Of the consultants
interviewed, three believed the virus introduction was associated
with feed, one thought it unlikely that PED virus would remain
viable for the length of time required for transit to the United
States in feed, and others believed feed as a possibility but were
non-committal as to mechanisms. Other alternatives varied widely
between experts.

Documentation was  not available for every herd, but several
had record of feed deliveries within 24 h of initial signs. No two
farms were found with feed products or supplements having com-
mon  lot numbers. In some cases, trucks were dedicated to the farm
and feed mixed at on-site company owned feed mills. Rations and
ingredients varied between farms; however, almost all feed mills
used various repurposed products in some of their ration formula-
tions. These included dried distillers grains, soybean hulls, pet food,
recycled human food, dairy products, and bakery products.

3.3. Epidemiology data analysis

The first date that PED virus infected herds were detected in
the United States was April 15, 2013. Although it is possible that
other earlier cases could have existed, PED was unlikely to have
been present more than a few days or weeks prior to this date
for multiple reasons. Iowa State University Veterinary Diagnos-
tic Laboratory (ISUVDL) tested diagnostic samples from nearly all
swine raising regions of the Midwest that had been submitted for
gastrointestinal disease. The samples, archived in 2012 and 2013,
were found negative for PED virus RNA (personal communication,
approximately 800 samples). Because they were collected from pigs
with clinical signs compatible with PED, these represented highly
targeted samples for detection of PED if it had been present in the
herds. Although data were not available from other laboratories, no
positive results were reported for PED virus.

The epidemiology curve for PED shows eight herds initially

infected between April 15 and May  5 2013, followed by rapid
expansion of disease (Figs. 4 and 5). Each point on the curve in
Fig. 4 represents a laboratory accession from one herd or one asso-
ciated group of herds from one company. The slope of the curve in
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Fig. 5. Timeline of known PED infected herds showing number of herds detected
during each week. The first six cases were geographically dispersed in the states of
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tion numbers, six post-hoc groups of pigs were identified by
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hio, Indiana, and Iowa and followed shortly by herds in Colorado and Minnesota
nd  then other states.

ig. 4 is lower for the months of June–September, which may  be
he result of summer time high temperatures, followed by steeper
xponential increase over the winter months. The curve suggests
ne or a small number introductions of PED virus followed by a
apidly propagating epidemic typical of a highly contagious disease
Smith, 1995).

Fig. 5 shows a time line of the first cases that were identified.
ach point on the curve represents the number of herds identified
uring the week, and dates are adjusted to best represent the first
ay that clinical signs were reported to be present. A case is defined
s one or more herds in a facility or geographically associated facil-
ties belonging to one company. The first cases show that herds in
t least six separated companies became infected within approx-

mately two weeks in geographically dispersed locations across
hio, Indiana, and Iowa (Fig. 5). These were shortly followed by
utbreaks in Colorado and Minnesota, and other states.
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ig. 6. After 10 weeks of storage, PED virus remained stable at −80 ◦C at a concentration o
imilar  stability over time. In contrast, PEDV held at room temperature demonstrated a d
eeks  of storage at room temperature.
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Finally, because the initial PED virus was  very virulent causing
dramatically overt signs in farrowing sows and young piglets, it
would likely have been identified quickly by private veterinarians
through passive disease surveillance unless in an isolated popula-
tion such as feral swine.

3.4. U.S. CBP data

Because the number of products shipped to the United States is
large, the RCG filtered the number of plausible ones as described.
Products that are not shipped to the United States from Asia such
as spray dried porcine plasma and live swine, or products that were
not shipped during the first three months of 2013 were excluded.
Products identified from the CBP data that met  these criteria as
candidates with greater than negligible risk were organic grains
(i.e., soybean), pet treats, lysine, or contaminated Flexible Interme-
diate Bulk containers (FIBC) that could have cross-contaminated
feed ingredients.

3.5. Results summary of follow-up studies

1) Imported organic soybean testing. As of 9/22/15, samples from
30 shipments of imported soybeans had been received with no
detection of any of the assayed viruses (PEDv, PDCoV, TGE, PRRS,
PCV2).

2) Testing archived pet jerky treats from China. No virus was
detected from 40 samples of the imported jerky pet treats
archived prior to April 2013.

3) Stability of PED virus in FIBC material. Results for survival of
PED virus on FIBC material are suggestive that the FIBC scenario
has merit. The woven fabric was  treated with a preset amount
of cultured PED virus. The virus concentrations remained stable
through the 10-week time point for both the 4 ◦C or −80 ◦C tem-
peratures. Viable virus was  detected after five weeks but not six
weeks at room temperature (Fig. 6).

4) PED virus circulation in feral swine from a set of feral swine
serum samples archived prior to the PED outbreak. Although
considerable uncertainty exists in estimating feral pig popula-
VS and WS  biologists. With the assumption that sampling was
proportional to population size and the sampled pig units repre-
sented 25 to 90% of the population in each group, the estimates

 35 42 49 56 70
 of Dried Virus (Days)

ipping Tote Material

-80°C

4°C

Room Temerature

f approximately 2 × 105 FFU/ml. In addition, PED virus stored at 4 ◦C demonstrated
rop in titer of approximately 1 log per week. No viable PEDV was detected after 5
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food is transported in FIBCs and may  provide opportunity for virus
movement (VS field officers-personal communication). Incorpora-
tion of pet food or pet treats is uncommon in swine rations in either

Fig. 7. FIBC “totes” are reusable, tough, versatile bags made to transport many bulk
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of minimum detection levels ranged from 5 to 30%. All results
were negative, and provide no evidence to support the hypoth-
esis that PED virus was present in the United States prior to the
first detection in domestic swine in April 2013.

. Discussion

The SECD Root Cause investigation evaluated a comprehensive
et of empirical data from swine testing, U.S. import data, and
esearch findings as well as published reports and non-structured
ata from interviews with consultants and first responders. The
roup also revisited the first identified farms and initiated follow-
p testing and studies to address specific questions. Each data
ource had inherent limitations. Prior the U.S. Federal Order of
une 5 2014, laboratories submitting test results did not identify

hether the result was for a herd or accession. The group assumed
hat the shape of the epidemic curve would not vary significantly
ue to those accessions that could have represented more than a
ingle herd. The customs import data provide very limited descrip-
ion of products through a Harmonized Tariff Code and a brief
roduct description (e.g., “SOYBEANS W/N  BROKEN, ORGANIC”).

mporter and consignee data represent the port of origin and des-
ination but do not identify the final disposition of a product, and
he possibility exists for misidentification of products. Recogniz-
ng potential limitations, the Root Cause investigators met  with
PHIS port inspectors and data managers to help clarify questions
bout the customs data definitions and inspection processes. Infor-
ation from farm visits and interviews were subject to recall bias

ecause the outbreak began 15–18 months earlier than the investi-
ation. Some farms had records of ration components, invoices, and
eliveries while others had partial records or recollection available.
lthough no single data source could supply definitive answers, the
ggregated information led to several possible scenarios to explain
he source of the outbreak.

Scenarios were developed to explain the accumulated data as
ell as to meet four essential pathway criteria of: (1) the carrier

ecame contaminated at its origin, (2) traveled to the United States,
3) became dispersed across multiple states in a very short time and
4) infected pigs at farms. Although many scenarios could be pos-
ible, movement associated with feed containers (FIBC) best fit the
ata, met  the criteria, and was the simplest explanation requiring
he fewest assumptions about the findings.

.1. Flexible Intermediate Bulk Containers (FIBC) as fomites

Feed totes (FIBC) are large container sacks that are commonly
sed to transport bulk animal feed as well as many other prod-
cts. A commonly used variety is made of woven polypropylene
nd may  also have an internal liner. The interior of the FIBCs
re designed with reinforcing material, various folds, and exit
hutes as well as area between the woven fibers that could
rovide protection from environmental conditions such as flush-

ng by product, desiccation, heat, and ultraviolet radiation from
unlight. In the United States prior to the SECD epidemic, they
ere frequently reused, and are not likely to have been cleaned

r disinfected in a manner to eliminate viruses. In addition to
euse at feed mills, recycled FIBCs are available for sale and
ay  be purchased online for use with any number of products.
ne retailer of the repurposed FIBCs suggests examples of possi-
le use as: “Landscape Debris–Compost Carriers–Large Sand and
ags for Levees” (http://www.repurposedmaterialsinc.com/store/

roducts/used-tote-bags-bulk-bags/). Similarly, reusable FIBCs are
dvertised for sale in other countries for a multitude of uses.

We  can only speculate on how or if FIBCs may  have been contam-
nated, and do not know whether FIBCs used for importing products
Medicine 123 (2016) 192–201

are new or used. There were no federal regulations or requirements
in 2013 that precluded importing products in previously used FIBCs
as long as they passed visual inspection on entry to U.S. ports. In
September 2015, the FDA enacted the Food Safety and Modern-
ization Act (FSMA) which requires companies to conduct a hazard
analysis and mitigate potential risks for products and would include
hazards associated with food or feed such as containers.

FIBCs are designed for reuse, so it is plausible for an FIBC to carry
contaminated material and later be used to carry other products.
The FIBCs are commonly used to transport a variety of products
including grain, sand for flood control, fertilizer, compost, and wood
shavings. Products may  become contaminated in transit in the open
topped FIBCs. For example, Blomme  (2014) describes transmission
of PED virus by European starling droppings that may  contaminate
any materials that are in unprotected containers (Blomme, 2014).
An additional opportunity for FIBCs or products to become con-
taminated is through untreated water either used for washing or
exposure to waste or flood water from a crop or animal farm. Fig. 7
shows a picture of FIBCs on pallets in an open field under a tree
used to transport fertilizer.

An alternative pathway for FIBC contamination would be via
contaminated products imported into the United States trans-
ported in FIBCs. The RCG investigated two products that could fit
this scenario. Prior to 2013, a large number of pet treats sold in
the United States were processed in China, and were associated
with pet deaths (FDA-CVM, 2013). Evaluation of the processing and
biosecurity practices of the treat manufacturers was reported by
FDA, and the inspection reports describe sanitary conditions and
processes in the manufacturing plants (FDA-CVM, 2012a,b). Viruses
are unlikely to remain viable through cooking, but post-cooking
biosecurity between cooked and raw product as described in the
FDA reports may  not be adequate to prevent cross-contamination
with the highly contagious PED virus. Pre-shipping procedures
include a voluntary cold sterilization irradiation process, which
appears be effective against bacterial contaminants, but would not
be not adequate to prevent virus carriage. It is unknown whether
pet treats in the United States are repurposed and incorporated
with other pet food into swine rations, but if so, repurposed pet
products but are not specifically designed to exclude environmental contaminants
that could harbor viruses. They are commercially available for purchase from many
retailers worldwide. This image shows totes containing fertilizer under a tree in
an open field. Products carried in them could easily be exposed to contaminated
content, bird traffic, flood water, or other sources of virus.
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anada or European Union countries due to regulations prohibiting
he practice (USDA-FAS, 2010; CFIA, 2012).

A second product with the potential for contamination is organic
oybean. The United States is a major soybean exporter, but due
o high demand for organically grown and non-genetically mod-
fied organism (GMO) beans, the United States imports organic
oybeans from several countries including China. For the period
n 2013 between January 1st and April 15th, imports from China
otaled approximately 31,000 metric tons of soybean and 1000 tons
f soy flours (CBP import data). The soybeans are frequently trans-
orted to the United States in FIBCs. Since the first PED virus herds
etected were not organic farms, transmission of virus would have
o occur via an intermediate fomite such as reused FIBCs. After a
ontaminated product is removed, the FIBC would remain contam-
nated, and its reuse would potentially transmit virus to the next
roduct it contained. The second product or the container would
hen arrive at a feed mill or farm to infect pigs.

.1.1. Recycle/transport/warehousing networks; dispersion
ithin the United States

Several companies in the Midwestern United States provide
aluable services to swine producers by recycling various prod-
cts and by-products used in formulating rations. In this scenario,
ontaminated food or feed products are warehoused temporarily,
nd then shipped to feed mills for repurposing into swine feed. The
ontamination source may  be either the product or its container.
ecause of the efficient network, this may  occur within days.

Although no fault was identified or suspected during the evalua-
ion of company operations, they may  have inadvertently provided

 mechanism that quickly moved the highly contagious PED viruses
o multiple locations. Company websites advertise trucking net-
orks that service areas having a radius of several hundred miles;

reas that easily encompasses all of the early PED affected farms. In
ddition to trucking, they often provide services for trading grain,
eed ingredients, by-products, and recycled human food products.

arehousing facilities are available as well as multiple kinds of
rucks, trailers, and rail delivery. With a large volume of trucks and
rade, they have the opportunity to visit many locations in a short
ime.

.1.2. Pig exposure
Investigations have suggested feed to be a source of PED virus,

nd feed mills a possible transit point (Dee et al., 2015; McCluskey,
014; Yeske, 2014). Feed mills that formulate swine rations receive
nd process ingredients using various types of equipment, such as
rinders and mixers, and send the final mixed ration to farms. Expo-
ure in the FIBC scenario would happen when a finished ration
ecomes contaminated by FIBC or processing equipment and is
elivered to the farm.

The early-herd outbreak case control study (Snelson, 2014) and
everal herd investigations demonstrated a significant association
f outbreaks with feed, but the investigations failed to show a
ommon feed type, brand, company, or component between the
nfected herds. The FIBC scenario would explain this apparent con-
radiction as being an association with feed delivery and transport
ontainers rather than the actual feed product.

Results for survival of PED virus on FIBC material are further sup-
ortive that this scenario has merit. The woven fabric was treated
ith a preset amount of cultured PED virus. Virus capable of infect-

ng Vero cells was present in samples taken after five weeks but

ot six at room temperature. After 10 weeks there was  negligi-
le reduction in virus concentration in samples that were stored
t either 4 ◦C or in the −80 ◦C controls. Although the stability study
as conducted in-vitro, it is highly suggestive that PED virus would
Medicine 123 (2016) 192–201 199

remain stable through transit of several weeks at temperatures
likely present during the early spring months of 2013.

4.2. Feral swine PED virus reservoir

A second scenario that was tested was  that PED virus had been
circulating in a feral swine reservoir prior to introduction in domes-
tic pigs. Because the first PED virus proved to be very virulent,
its unnoticed circulation in domestic or feral swine prior to April
2013 would be unlikely unless in an isolated population. Detecting
PED virus in feral swine samples archived between January 2010
and April 2013 would suggest that the initial introduction into the
United States was earlier than indicated by reported test data, and
that the path of introduction differed significantly than what might
be expected in commercial swine.

To test the hypothesis of whether there was a reservoir of
PED virus in feral swine, VS conducted a study in collaboration
with APHIS-Wildlife Services (WS) and ISUVDL to gather additional
information. The purpose of retrospective testing of feral swine was
to produce evidence to inform the hypothesis that PED virus was
circulating in feral swine prior to the initial detection of clinical
signs in domestic swine in April 2013. A total of 368 serum sam-
ples had been collected and archived from 2010 through April 2013
by WS  from feral swine control activities; no positive serological
results were found. The samples were collected opportunistically
from various locations in Iowa, Indiana, Michigan, Ohio, Illinois,
and Hawaii. Although considerable uncertainty exists in estimat-
ing feral pig population numbers, six post-hoc groups of pigs were
identified by VS and WS  biologists. With the assumption that sam-
pling was proportional to population size and the sampled pig units
represented 25–90% of the population in each group, estimates of
minimum detection levels ranged from 5 to 30%. The scenario was
not ruled out, but considered unlikely.

4.3. Introduction by humans

Postulating introduction of PED viruses into the United States
by people provides several compelling scenarios; however, there is
little data to support this actually happening. International move-
ment of people in the swine industry and veterinary professions
has been substantial for the last decade as China modernizes its
large swine industry, but there was  no known change in numbers
of travelers before or after April 2013. It is likely that veterinary
consultants and swine industry professionals coming to meetings
in the United States, or individuals buying swine breeding stock
were in contact with affected pigs before traveling to the United
States because of the high prevalence of the disease in China (Feng,
2014). Swine consultants that have worked in China for many
years acknowledged the risk, but explained that travel biosecu-
rity measures have been standard and adequate to prevent disease
introduction in the past. Practices in the U.S. commercial swine
industry for visitors or employees include down time after travel,
isolation of visitors from pigs, and segregation of clothing (personal
communication swine consultants).

PED virus was able to enter farms that were considered to have
excellent biosecurity through unknown mechanisms (Stevenson
et al., 2013), and infect farms that had been able to exclude other
contagious viruses such as PRRS (personal communication swine
consultants). There was  no history of visitors or travel to foreign
countries by personnel, managers, or other company employees in
any of the PED virus herds investigated and no human link between
the herds. These findings are not definitive, but indicate that acci-

dental introduction by people on clothing is probably not likely.

Intentional introduction is a possible scenario, but there is no
evidence of a person directly infecting herds. None of the investiga-
tions or consultant interviews identified visitors or unusual events



2 inary 

a
o
t
d
a
t
c
w
w
e

4

t
r
n
i
p
f
s
s
s
n
d
c
s
t
r
o
r
S
i
b
a
m
b
s

5

U
r
v
n
S
t
i
i
t
u
a
o
m
s
s
s

s
o
r
m
e
t

00 A. Scott et al. / Preventive Veter

ssociated with outbreaks that might suggest intentional exposure
f swine, while much of the collected evidence suggests an associa-
ion with feed or feed delivery. Although the sudden appearance of
isease in multiple farms at close to the same time might suggest
n intentional introduction, an access route for direct introduc-
ion to the farms by a person was not identified. While someone
ontaminating a central location such as a feed distribution net-
ork as described above is possible, employing Occam’s razor
ould suggest that simpler explanations are more likely (https://

n.wikipedia.org/wiki/Occam%27s razor).

.4. Other scenarios considered

Other scenarios were evaluated including birds as carriers, con-
aminated semen, live animals, spray dried porcine plasma (SDPP),
elease from diagnostic laboratory or research facility, contami-
ated biological, antibiotic filler (e.g., rice hulls), prohibited product

mportation, vitamin and mineral premixes, and amino acid sup-
lements. Many were ruled as unlikely because investigation data
rom the earliest detected herds did not support them or were con-
idered less likely because of other data. Evaluation of the entire
et of information required a number of assumptions for these
cenarios to be feasible. Birds were considered unlikely because
one of the herds had exposure to migratory birds, and no evi-
ence has been reported that the current strains of SEC viruses
an cross species to infect birds then back to pigs again. Different
ources of semen, supplies, and biologicals were reported between
he farms, and none of the operations were located proximate to
esearch facilities or laboratories. Although some were fed antibi-
tic products, others were not. Further, the plant material fillers like
ice hulls are very dry and likely not hospitable to virus stability.
DPP was used in some rations but not in others, and is a prohib-
ted import from China. Use of prohibited products was  feasible,
ut unlikely that all of the diverse farms received the same product
nd none reported using any products likely to contain prohibited
aterial. While not available from all farms, lot and product num-

er from vitamin, mineral, and amino acids were from different
ources.

. Conclusion

The specific route and travel of PED viruses that came to the
nited States may  never be uncovered; however, a common theme

uns through the most plausible scenarios described above. The
iruses must have been carried through four segments of the jour-
ey: contamination in the country of origin, entry to the United
tates, dispersion to multiple locations, and exposure and infec-
ion of pigs. The FIBC scenario explains a mechanism for each and
s compatible with findings of herd investigations as well as other
nformation gathered with few assumptions. It is plausible that pet
reats entered the United States contaminated by PED virus, but
nlikely that they infected pigs without a secondary fomite such
s the FIBCs and unknown if they were ever fed to pigs. Similarly,
rganic soybeans could be contaminated with viruses, but they too
ust have a secondary carrier to achieve the dispersal and expo-

ure parts of the journey to infect pigs. The same conclusion, that a
econdary fomite is necessary, exists for almost any of the plausible
cenarios that the RCG investigated.

Breaking any one of the four segments of virus transit would
uffice to mitigate the risks of this type of event. Contamination
f products in an origin country is largely out of U.S. Government

egulatory control and likely outside the realm of industry manage-
ent. Inspections at entry ports are vital, but visual inspections or

ven empirical testing would be unlikely to identify products con-
aminated with miniscule amounts of infectious virus. If the fomite
Medicine 123 (2016) 192–201

that moved the virus was  indeed the FIBC, sanitary management
prior to reusing the bags may  be an effective mitigation. Further
research is necessary to identify appropriate cleaning and disinfec-
tion procedures and parameters, but the answer could be as simple
as not reusing the bags, or a to-be-determined, protocol of dry heat
or disinfection prior to reusing the containers.
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