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Porcine  epidemic  diarrhea  virus  (PEDV)  has  been  recognized  as a swine  pathogen  for  40  years,  but  until
2013  had  not  been  detected  in the  Western  Hemisphere.  From  originally  causing  a  relatively  mild  and
sporadic  disease,  PEDV  has  been  more  recently  associated  with  severe  outbreaks  of  diarrheal  disease
in  Asia,  and  subsequently  North  America.  PEDV  shares  some  important  characteristics  with  two  major
pandemic  viruses  (porcine  reproductive  and  respiratory  virus;  porcine  circovirus  type  2)  of  pigs that  have
high rates  of  mutation  and  high  host  specificity,  and  appear  to have  been  present  in the  swine  virome
merging diseases
irome
eedborne transmission

for  decades  prior  to emerging  to  cause  severe  clinical  disease.  A  unique  feature  of  the PEDV  in North
America  has  been  the implication  of  feed  as  a vehicle  for transmission,  with  particular  concerns  related
to ingredients  of  porcine  origin.  The  importance  of relatively  rare  events  in  contributing  to  both  the
emergence  and  transmission  of  PEDV  is  discussed  in  relation  to approaches  for  managing  the associated

risks.

. Introduction

The emergence of porcine epidemic diarrhea virus (PEDV) in
he western Hemisphere in 2013/14 is among the most signifi-
ant events of transboundary spread of animal disease of recent
imes. The unanticipated appearance of a highly infectious agent
hat can cause explosive outbreaks with high mortality creates a
ressure cooker environment with urgent questions about what
as happened (how, when, from where, why, who) and even more
rgent questions about what needs to be done, both immediately
o limit the damage, and in the longer term to prevent other events.
oth formal and informal systems to manage animal health risks
ssociated with trade and commercial operations have evolved at
ultiple levels—international, national, provincial, industry and

he individual farm (Zepeda et al., 2005; Pitkin et al., 2009). All
ace the task of balancing freedom of commercial operation against
he inherent risks of pathogen transfer in traded animals, animal
roducts, or any other vehicles for transmission (Boqvist et al.,
014). Beyond the most self-evident pathways (e.g., shipment of

ive pigs, semen, or unprocessed animal products), most potential

cenarios for pathogen spread at the local and international level
ight reasonably be deemed to have low probability.
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Low risks that are borne widely are among the most chal-
lenging problems in population health. For example, the popular
contention that the US food supply is ‘failing consumers’ is based
upon recent CDC estimates of an annual toll of 48 million cases of
foodborne disease, including 128,000 hospitalized cases and 3000
fatalities (Scallan et al., 2011a,b). However, assuming these esti-
mates to be valid, they in fact indicate that the food supply is
extraordinarily safe. In terms of individual risk, the probability of
these adverse outcomes translates to approximately one case per
7100 meals; one hospitalization per 2.7 million meals; and one
fatality per 113 million meals. The challenge of managing events
of extremely low, but ‘non-zero’, risk pertains similarly to inter-
national trade in animals and animal products, and to biosecurity
practices at the individual farm level. For example, an assessment of
trade in animals vaccinated for foot and mouth disease concluded
that although risk was deemed to be very low ‘it is not possible
to assert that the risk is zero’, and ‘a very low level of risk is both
unavoidable and acceptable if such trade is to be conducted’ (Garland
and de Clercq, 2011). In an era of increasing trade liberalization and
trade volume, it is inevitable that if risks were to remain fixed, unde-
sirable events would become more frequent. Analogously at a herd
level, assuming fixed biosecurity practices, the steady increases in
herd sizes seen in developed countries will translate into a higher
temporal frequency of adverse events due to the greater flux of

all inputs (animals, semen, feed, water, biologics, personnel, etc.)
into farms. This reality is already reflected in the substantial invest-
ments in biosecurity in larger swine herds in the USA, that have
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nderpinned the transition to larger herd sizes without substantial
egative impact on swine health (Davies, 2012; Alonso et al., 2013).

. Continuing an unhappy tradition: emergence and
volution of PEDV as a swine pathogen

Including the 2013 introduction of PEDV, over the last three
ecades the US swine industry has experienced three major disease
pidemics (the 2009 HINI influenza introduction is not included
s it had minimal clinical impact in the industry). The respec-
ive causative agents share some salient features: all are highly
ost specific viruses; all exhibit relatively rapid rates of mutation;
nd all appear to have been associated with swine for years to
ecades before highly pathogenic disease syndromes were man-

fest. The sudden emergence of apparently novel pathogens is
nherently perplexing, and events of interspecies transmission of
reviously host-limited pathogens are generally viewed to be of
ajor importance (Chan et al., 2013; Gessain and Garcia-Arenal,

015). The following discussion presents some evidence to sup-
ort the proposition that the proximate source of the highly
athogenic variants of each of these 3 viruses was the extant swine
irome.

The genomic revolution is transforming paradigms of host-
gent interaction from simple models of mutual antagonism
owards ecosystem models in which microbes play multiple and
omplex roles in both health and disease (Cadwell, 2015). The
lobal virome comprises ‘the most abundant and fastest mutat-
ng genetic elements on earth’, with the order of 1031 ‘members’
ncluding viruses that infect host cells, viruses infecting non-viral
rganisms of the host microbiota, and virus-derived elements from
hromosomes (Virgin, 2014). It is suggested that to date only about
% of the global virome has been identified (Mokili et al., 2012), and
hat cellular host organisms are like ‘islands in an ocean of the global
irosphere’ (Villarreal and Witzany, 2015). In mammals, bacterial
ells outnumber mammalian cells by approximately 10-fold, and
he number of viral elements may  be another order of magnitude
igher. (Mokili et al., 2012). Furthermore, the mammalian virome

s in a continual state of flux due to rapid evolution of viruses and
ntroduction of viruses from the environment or between species.
Virgin, 2014).

Over almost 3 decades, porcine reproductive and respiratory
yndrome (PRRS) has been unrivalled as the most economically
evastating disease of swine in the USA, with annual costs esti-
ated to exceed $664 million (Holtkamp et al., 2013). PRRS was

rst recognized to be a novel clinical entity in the United States
f America in 1987, and has subsequently been confirmed in most
wine producing countries (Perez et al., 2015). Experimental repro-
uction of disease to fulfill Koch’s postulates was achieved readily
ith PRRS virus, confirming its role as the primary pathogen in

he syndrome (Terpstra et al., 1993). Based on the coincidence of
ery similar clinical syndromes, as well as similarities in virus mor-
hology and physicochemical characteristics, it was a reasonable
ssumption that the Lelystad virus (LV) isolated first in Europe
now type 1 PRRS) and the VR2332 virus later isolated in the USA
now type 2 PRRS) would prove to be the same agent. Perhaps the

ost extraordinary feature in the history of PRRS was the discov-
ry that the two arteriviruses causing the respective epidemics in
orth America (circa 1987) and Europe (circa 1990) were clearly
istinct. The two epidemics, therefore, appear to be independent
vents, both of undefined origin. Important differences in anti-
enicity were observed in the first studies to compare the European

nd North American prototype viruses. Using pig sera from field
ases in Europe and North America it was observed that European
era reacted most with the LV isolates, and North American sera
eacted most with US isolates (Wensvoort et al., 1992). Substantial
edicine 122 (2015) 235–241

differences between the North American PRRS isolates and LV were
consistently reported in later sequencing studies (Mardassi et al.,
1994; Murtaugh et al., 2010), and the latter authors considered
the genetic differences were consistent with both the biological
commonalities and the serological disparities of the two  prototype
viruses.

Increasingly sophisticated tools of nucleotide sequencing and
phylogenetic analysis have been used to investigate the phylogeny
and evolution of PRRS viruses. Although estimates of time to
most recent common ancestor vary widely, most studies point
to divergence of the prototype viruses at least a century before
the emergence of the clinical syndromes (Forsberg, 2005). Indeed,
recent studies estimate that type 1 PRRS viruses found worldwide
diverged approximately 100 years ago and appear to have been
endemic in several populations without recognition of any clini-
cal disease (Nguyen et al., 2014). The origin of the viruses remains
a mystery, and a working hypothesis is that the type 1 and type
2 viruses diversified in separate reservoirs prior to emergence of
the clinical disease (Forsberg, 2005). It has been proposed that a
monophyletic origin of PRRS is likely on the basis that one spe-
ciation event followed by independent radiation on two  different
continents is more likely than two  independent speciation events
with convergent evolution culminating in almost simultaneous epi-
demics on different continents (Murtaugh et al., 2010). If true, this
would imply that non-pathogenic ancestors of PRRS virus were
present for perhaps over 100 years in at least some subsets (likely
geographically restricted) of the global population of Suidae. How-
ever, the earliest serological evidence of pigs being infected with
PRRS virus was from 1979 (Carman et al., 1995), some 8 years before
the initial reports of the clinical syndrome. Interestingly, although
PRRS virus is considered among the most genetically labile viruses,
it is highly host specific and has not been found to replicate in any
species other than swine (Butler et al., 2014). The genetic lability of
PRRS virus appears to play a central role in the difficulties in con-
trolling the disease due to the regular emergence of genetic variants
with limited heterologous immunity, and the limited and variable
success seen with vaccination (Kappes and Faaberg, 2015; Perez
et al., 2015; Wang et al., 2015a).

Porcine circovirus (PCV), a single stranded DNA virus with a
circular genome, is the smallest virus known to replicate in mam-
malian cells (Allan et al., 2012). The two  major variants of porcine
circoviruses, termed PCV1 and PCV2, share 83% homology in the
ORF1 gene but PCV1, originally discovered as a cell culture contam-
inant, has never been associated with significant clinical disease in
pigs (Allan et al., 2012; Xiao et al., 2015). In contrast, PCV2 emerged
to be a major pathogen of swine in most swine producing coun-
tries. The natural history of PCV2 ‘from an inoffensive virus to a
devastating disease’ was  recently reviewed in detail (Segales et al.,
2013). The first known outbreak of clinical disease linked to PCV2
occurred in 1991 in Saskatchewan, Canada (Ellis, 2014), and ini-
tially only sporadic disease was observed. In 1997 severe outbreaks
of PCV2 associated disease (PCVAD) were reported in Europe, and
similarly severe disease occurred somewhat later (2004–2006) in
the USA and Canada (Segales et al., 2013). Although DNA viruses
typically have slower mutation rates than RNA viruses (Sanjuan
et al., 2010), mutation rates are inversely related to genome size
and single stranded DNA viruses appear to have substitution rates
approximating those of RNA viruses of similar size (Duffy et al.,
2008). The nucleotide substitution rate of PCV2 (∼1.2 × 10−3 sub-
stitutions/site/year) was the greatest observed in a DNA  virus (Firth
et al., 2009), and genetic variation appears to have played a central
role in the evolution of PCV2 as a pathogen. Within PCV2, 4 clades

(PCV2a, PCV2b, PCV2c, PCV2d) have now been delineated, and evi-
dence suggests rapid and ongoing shifts in the global distribution
of genotypes over the last 20 years (Xiao et al., 2015). Most notably,
the shift from a predominance of PCV2a to PCV2b was  temporally
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ssociated with the emergence of severe clinical PCVAD in many
ountries. However, there is now some indication that the PCV2d
lade is becoming increasingly prevalent globally (Xiao et al., 2015).
nlike PRRS virus, the introduction of PCV2 vaccines was remark-
bly effective in controlling PCVAD. This confirmed the previously
ncertain primary role of PCV2 in these clinical syndromes, and
lmost universal adoption of vaccination in affected industries has
he potential to influence the future evolution of the virus (Segales
t al., 2013; Ellis, 2014; Xiao et al., 2015).

Again akin to PRRS, the collective epidemiological evidence indi-
ates that PCV2 viruses were likely widespread among the global
ig population for at least several decades before the pandemic of
evere clinical disease (Jacobsen et al., 2009; Segales et al., 2013).
etrospective studies provide evidence that the virus occurred in
igs as early as 1962, and it was first documented in association
ith systemic disease of pigs in 1985, over a decade prior to the
rst epidemics of severe PCVAD (Jacobsen et al., 2009; Segales et al.,
013). Although PCV2 was not thought to have natural hosts other
han pigs, there is a very recent report of PCV2 isolation from buffalo
n China (Zhai et al., 2014), and mice can be infected experimentally
Wang et al., 2015b). However, the evidence overall indicates a high
egree of host specificity for PCV2 virus, including the absence of
oonotic risk (Burbelo et al., 2013).

Unlike PRRS and PCV2, which were previously unknown agents,
he alphacoronavirus PEDV is a familiar swine pathogen that has
ncreased in geographical range and clinical severity. The clinical
yndrome of porcine epidemic diarrhea was initially observed in
eeder pigs and fattening swine in England in 1971, and then later in
uckling pigs in the UK and Europe by 1978 when the causal corona-
irus was identified (Chasey and Cartwright, 1978; Pensaert and de
ouck, 1978). Although PEDV was associated with some severe out-
reaks of disease in Europe, over time it decreased in importance
nd has only been sporadically reported as a cause of significant
linical disease. In contrast, severe outbreaks of PEDV have occurred
n Asia (Japan, China, South Korea and Thailand) since the mid  1990s
Saif et al., 2012). Notably, outbreaks have been very severe in China
ince 2010, which has been attributed to the emergence of more
irulent strains of the virus (Chen et al., 2014). Prior to 2013, PEDV
as unknown in the western hemisphere, but over the course of

pproximately one year PEDV was identified for the first time in the
SA, Canada, Mexico, Peru, Colombia, and the Dominican Republic.

n addition, outbreaks of more severe clinical disease were observed
n some Asian countries from 2013 (Park et al., 2014). Phylogenetic
nalysis indicates the viruses isolated in the Western Hemisphere
re closely related to viruses in China, which is considered the most
ikely source of introduction to the US. However, the routes of the
ntroductions to the USA and other countries remain unexplained.

 recent phylogeographic analysis of 219 PEDV isolates from Asia
istinguished two clades designated as ‘classical’ (clustering with
he original European isolates) and ‘pandemic’ (Sun et al., 2015).
ased on the analysis, the authors postulated that the pandemic
iruses in Asia likely originated in Korea, which was the location
f the oldest virus in this group (1999), then spread into Japan,
hailand and China. Subsequently, pandemic strains emerging in
orea after 2013 appear to have originated from a Chinese vari-
nt (Sun et al., 2015). Coronaviruses, notably the zoonotic SARS the
ERS viruses, have had a high profile among emerging diseases in

everal species (Borucki et al., 2013; Graham et al., 2013), and the
enetic plasticity of PEDV appears to have played a major role in
ts transition from a relatively minor and localized pathogen to a

ajor concern for global swine production.
In the ‘one health’ era, interspecies transmission of pathogens
olds the center stage of scientific and public interest. However,
he intensive systems of single species food animal production
hich now predominate in developed countries are arguably more

ikely to favor the emergence of host specific pathogens (Davies,
edicine 122 (2015) 235–241 237

2012; Harding, 2014). A striking parallel in the histories of PRRS,
PCV2, and PEDV, is that considerable periods passed from the time
the viruses were first found in swine until the advent of pan-
demics of severe disease. An analogous example in human health
is the emergence of AIDS associated with HIV-1 and HIV-2 viruses,
where current opinion is that the interspecies transmission events
of the viruses occurred many decades prior to the recognition of
the disease (Sharp and Hahn, 2011). More broadly, it is becom-
ing recognized in both plant and animal systems that cross-species
transmission of viruses is followed by complex processes of host
adaptation that may  have varied outcomes ranging for inappar-
ent infections to severe disease. One study of the fecal virome of
pigs reported that 99% percent of viral sequences were related
to RNA virus families of the Picornaviridae, Astroviridae, Coron-
aviridae, and Caliciviridae, and 1% were related to the small DNA
virus families Circoviridae, and Parvoviridae (Shan et al., 2011).
The porcine RNA viruses identified included kobuviruses, astro-
viruses, enteroviruses, sapoviruses, sapeloviruses, coronaviruses,
bocaviruses, and teschoviruses. Other reports similarly attest to the
diversity of the swine virome, including the presence of previously
undescribed viruses (Lager et al., 2012 Zhang et al., 2014; Dumarest,
et al., 2015). Against this vast, diverse and dynamic backdrop of viral
evolution in pigs, the emergence of 3 highly pathogenic viruses over
25 years can be considered extremely rare events, but probably
provides a reasonable estimate of what we should anticipate into
the future. It is also likely that features of modern swine production
including globalization, intensification and extensive movement of
pigs have contributed to the success of these agents in expanding
their geographic ranges (Murtaugh, et al., 2010; Ayudhya, et al.,
2012; Davies, 2012).

Although influenza viruses pose an imminent and perpetual
threat for disease emergence from interspecies transmission, the
discussion above points to the likelihood that future ‘new’ viruses
causing significant disease in swine will emerge from currently rec-
ognized or unrecognized ‘orphan’ viruses among the extant swine
virome. This paradigm presents challenges to national and interna-
tional animal health authorities with respect to developing models
for surveillance and response to emerging diseases that are not
readily managed within current norms of regulatory control. As
novel agents PRRS and PCV2 were not listed among transbound-
ary diseases of concern, hence there was  a vacuum of regulatory
authority for managing the diseases at the national or international
levels. Similarly, despite being a recognized swine pathogen for
decades, as well as reports of severe clinical outbreaks in Asia, the
profile of PED virus as a pathogen had not triggered proactive regu-
latory contingencies at any level. This led, in the face of the outbreak
in the Western Hemisphere, to uncertainty and some finger point-
ing about what the appropriate regulatory responses should entail.
In a globalized environment, one can argue that a more sensitive
and proactive contingency plan will be required to detect and limit
virulent emergent pathogens and thereby avoid pandemic losses
on the scale that has occurred with these recent viruses. A more
sensitive infrastructure will have costs and impacts that will not be
equally shared, especially with respect to trade and market access.
Also, it must be recognized that perhaps a majority of ‘events of con-
cern’ about disease emergence will not presage a pending epidemic.
However, the frequency and impact of emerging viral diseases in
swine has been such that it demands active consideration of how
the inevitable future event should be managed.

3. The baby and the bathwater: feeding products of swine

origin

A role for contaminated feed ingredients in the transboundary
spread of PEDv, and its subsequent propagation within countries,
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as been speculated since the original cases in the USA (Alumbaugh,
014). Early cases of PEDV in Canada linked to a common feed
ource led to the recall of swine feed containing spray-dried plasma
roteins (SDPP), and recommendations to exclude all products
f porcine origin from feed (Byrne, 2014; Pasick, et al., 2014).
ield investigations (Dee et al., 2014) and growing anecdotal evi-
ence implicating feed sources in some PEDv outbreaks markedly
ltered swine feeding practices in the USA, particularly the use
f products of porcine origin (e.g., rendered products, SDPP, and
ydrolyzed protein products). These precautionary decisions were
riven by the economic consequences of introducing PEDV to
ow farms, but were made in a virtual vacuum of objective data
n the risk of PEDV introduction via feed. On May 6, 2014, the
uropean Commission announced precautionary measures that
ig blood products imported for use in pig feed must have been
reated at 80 ◦C and stored for 6 weeks at room temperature
ue to perceived risks of PEDV. Such changes in feeding strate-
ies add cost to production and disrupt markets, augmenting the
mpact of PEDv beyond direct production losses. In delivering the
om Alexander Lecture at the International Pig Veterinary Society
eeting in July 2014, Dr. John Harding provided a comprehensive

verview of concerns about emerging diseases in modern swine
roduction (Harding, 2014). This included some strong and radical
ecommendations for altering industry structure and operations.
mong them were recommendations that feed industries glob-
lly ‘discontinue the importation of animal protein destined for
ny livestock or pet food, and to find alternative sources of pro-
ein suitable for nursery pigs’, and that all national governments
ban the feeding of rendered pigs and pig by-products back to
igs.’

For feed to be a vehicle of pathogen transmission, it must
ecome contaminated with an infectious agent that can survive the

ourney through feed manufacturing and distribution to be ingested
n sufficient dose to cause infection. As omnivores, the ability of
wine to convert diverse food sources into high quality protein and
at was central to their domestication and still drives swine nutri-
ion today (Stein and Shurson, 2009). Exposure risk to physical,
hemical or biological hazards via ingestion is self-evident and most
eveloped countries regulate animal feeding due to concerns about

ntroduction of foreign animal pathogens via feed. In the USA, the
wine Health Protection Act (1980) regulates feeding of ‘garbage’
defined as waste derived from meat or other animal materials) to
igs, which is legal only after heating the materials to 212◦ F for
0 min, and under license. However, processed products of animal
rigin are legal and valuable components of swine diets, notably
endered products, spray dried porcine plasma (SDPP), hydrolyzed
roteins that are byproducts of heparin extraction, and pet food
yproducts (Cromwell, 2006; Jablonski, et al., 2006; Peace, et al.,
011; Myers, et al., 2014). The Animal Feed Safety System (AFSS) of
he Food and Drug Administration (FDA) approves feed additives;
versees regulatory compliance pertaining to feed manufacturing,
abeling, storage, and distribution; and acts to remove unsafe feed
rom the marketplace. AFSS has historically focused on specific
ssues such as residues from medicated feeds, bovine spongiform
ncephalopathy (BSE), and Salmonella.  International Codex Alimen-
arius guidelines and the US feed industry’s voluntary ‘Safe Feed/
afe Food’ program focus mostly on chemical hazards and only BSE,
almonella, Brucella, and some parasites are specifically identified
s biological hazards of concern in animal feed (Anon., 2010; Food
nd Drug Administration, 2014). The heavy emphasis on chemical
ather than biological hazards common to these programs reflects,
ith well-known exceptions, the relative unimportance of feed in
ransmission of most biological hazards, particularly viruses. Prior
o the emergence of PEDV in North America, there was  a paucity of
eports implicating animal feed as a mode of transmission of swine
iruses (Kim, et al., 2008).
edicine 122 (2015) 235–241

The presence of endemic pathogens in raw materials of porcine
origin is inevitable, and substantial research has been done to estab-
lish the safety of rendered and spray-dried products destined for
animal feed (Polo et al., 2005; Franco, 2006; Pujols et al., 2011).
Historically, the paucity of published reports of disease outbreaks
linked to swine feed in the USA indicates that existing procedures
for mitigating risk have delivered an acceptable level of protection
over an extended period. However, investigations of the first cases
of PEDV identified in Canada, and of a unrelated outbreak in the
USA, implicated contaminated feed ingredients and feed as a vehi-
cles of transmission (Dee, et al., 2014; Pasick, et al., 2014). SDPP
associated with the Canadian outbreak that was imported from the
USA tested positive for PEDV RNA. Bioassays were performed using
both SDPP and feed containing 6% SDPP by administering 5 g of
material in 50 ml  of suspension per pig. No infection occurred in
the pigs receiving complete feed, but PEDV infection confirmed in
the pigs receiving SDPP and also in pigs placed in contact with them
11 days after exposure (Pasick, et al., 2014). In addition, among the
affected herds a dose-response relationship was  observed with the
inclusion rate of SDPP, (O’Sullivan et al., 2015) with an attack rate
of approximately 30% in herds in the highest exposure category of 3
to–6% SDPP (Pascale Aubry, personal communication). In contrast,
industry data indicate that large amounts (corresponding to the
consumption by 3.4–4 million pigs) of PCR positive SDPP (mean
Ct = 31.1) were exported and fed to pigs in western Canada and
Brazil without PEDV outbreaks occurring (Crenshaw, et al., 2014).

Many North American veterinarians and producers have
adopted the precautionary approach advocated by Harding to with-
hold all materials of porcine origin from swine diets. An alternative
approach is to apply risk assessment methods to integrate avail-
able data on processing methods and the characteristics of the
virus to attempt to quantify risks, their associated uncertainties
and economic implications, and data gaps that should be addressed
in future research. Our group at the University of Minnesota con-
ducted a risk assessment of the transmission of PEDv in feed
ingredients of porcine origin. (Sampedro, et al., 2015) Estimated
D-values (time need for a 1-log reduction of virus at a given tem-
perature) based on recent experimental studies at the University
of Minnesota were used to assess the impact on PEDV survival
of thermal inactivation as employed in the respective processes
(rendering, spray-drying, hydrolysates). It is important to note that
D-values are temperature and matrix specific, and the experimental
conditions were not identical to commercial conditions. Although
no data were available on raw material contamination entering
the rendering and hydrolysate processes, the large log reductions
predicted for thermal inactivation with the time-temperature com-
binations employed in these processes indicated negligible risk of
PEDV survival, even at high levels of contamination of raw materi-
als.

Much shorter time-temperature profiles are employed in spray-
drying, and assessment of thermal inactivation alone predicted
potential survival of PEDV under some assumptions regarding ini-
tial virus viability. However, it is recognized that observations
on thermal resistance alone do not accurately predict survival of
organisms during spray-drying (Licari and Potter, 1970; Ghandi,
et al., 2012). Modeling was also performed using recent experi-
mental data on PEDV inactivation in laboratory scale spray dryers
(Gerber, et al., 2014; Pujols and Segales, 2014) and predicted neg-
ligible survival of PEDV during the spray-drying process across
a range of assumptions regarding initial virus viability. However,
one source of uncertainty is that laboratory scale processes do not
exactly reflect the range of conditions in commercial scale spray

dryers. The complexity of ‘scaling up’ of spray-drying processes is
well recognized and differences in the physical environment sur-
rounding particles and their thermohydric profiles vary between
laboratory, pilot, and commercial scales (Thybo, et al., 2008). Also,
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ariability in spray-drying conditions or inconsistency in the pro-
esses could potentially lead to incomplete viral inactivation on
ccasions (Gerber, et al., 2014). In conclusion, the apparently
neventful history of feeding SDPP to pigs over the last two decades,
ogether with currently available data suggest that the risk of PEDV
urvival in porcine plasma under current industry conditions of
pray drying and storage is extremely low, but non-zero. How-
ver, data limitations on several important aspects would need to
e addressed to reach more robust conclusions (Sampedro, et al.,
015).

. The dilemma of managing low risks

The identification of a non-zero, but likely very low, risk of
EDV transmission via feed represents a dilemma of low individ-
al risk but high collective risk that is analogous to the problem of
isk management in the human food supply. Bioassay experiments
sed to assess PEDV viability in SDPP or feed have to date used
mall (4–40) numbers of animals per group, typically with single
r double exposure of a small amount (0.9–8 g) of feed or ingredient
Gerber, et al., 2014; Pasick, et al., 2014). In contrast, under modern
ommercial conditions weaned pigs in a 2500 head facility might
onsume 50 kg of SDPP in a week (0.4 kg daily feed intake; 5% SDPP
n feed). Notably, in the Canadian outbreak of PEDV in early 2014,
pproximately 70% of herds receiving the suspected ingredient in
he high exposure group (3–6% of SDPP) did not become infected.
his implies that risk at the individual pig level was  extremely low
nd unlikely to be reproduced with complete feed in small bioassay
tudies. This is not an unprecedented problem, as infection of ani-
als (particularly young chicks) with Salmonella can occur at levels

f feed contamination that are below the limit of detection, mak-
ng the conceptually appealing recommendation for ‘Salmonella
ree’ feed problematic under commercial conditions (Davies, et al.,
004).

Returning to the question of risk management, the complete
ithdrawal of all products of porcine origin from swine diets seems

 sound recommendation when viewed through the narrow prism
f swine health. However, public scrutiny of meat industries is
ncreasingly focused on many other issues, including the envi-
onmental impact of meat consumption (Sabate and Soret, 2014;
lsaffar, 2015). All constraints on diets will introduce costs, and the
iverse processes used to produce the range of feed ingredients of
orcine origin will not present equivalent risk profiles. Therefore,
here is room for a more nuanced discussion of the relative merits of
ithdrawing specific feed ingredients from diets. The long history

f feeding pigs with protein and fat products derived from render-
ng has yielded remarkably little angst about animal health, with
ossible exception of Salmonella from the food safety perspective.
s yet there is no concrete or circumstantial evidence implicating
endered products in the spread of PEDV. In the USA, livestock and
oultry account for over half of the use of protein products, and
5% of the fat products, from the rendering industry (Sampedro,
t al., 2015), and the use of these recycled nutrients makes a valu-
ble contribution to reducing the environmental impact of meat
roduction.

An arguably extreme example of the consequences of banning
nimal byproducts can be found in estimates of costs of the BSE epi-
emic in Europe. The largest component of cost (>50%) was due to
he withdrawal of animal proteins from the animal feed chain, esti-

ated to be approximately 1 billion Euro in Germany alone (Probst,
t al., 2013). An analysis of the ‘cost of the precautionary princi-

le’ in the Netherlands estimated the cost-effectiveness of all BSE
easures in the Netherlands ranged from 4.3 million euros per life

ear saved in 2002 to 17.7 million euros in 2005 (Benedictus, et al.,
009). Additionally, one analysis linked deforestation of Brazilian
edicine 122 (2015) 235–241 239

rainforest to greater soybean demand in the EU due to the BSE
preventive measures (Elferink, et al., 2007). The point is not to
debate the wisdom of the precautionary principle in specific cir-
cumstances, but to propose that a blanket and global ban on use
of ingredients of porcine origin in swine feed could have substan-
tial negative economic and environmental consequences that need
to be objectively assessed. As stated by Boqvist et al. (2014), ‘the
complexity of science means that simple solutions to challenges
provided by contagious animal diseases are rare. Cost–benefit anal-
yses are very important for policy makers as a basis for deciding
on cost effective control measures. Such analyses are not straight-
forward and depend on data availability and quality, as well as
decisions on which costs should be included and how costs are
calculated’ (Boqvist, et al., 2014). As we  shift into the post epidemic
phase of PEDV in North America, there is a challenge to integrate
information that is now accumulating rapidly to underpin sound
policies for risk management from the herd to the international
level. This should include more comprehensive evaluation of the
relative importance of different pathways of PEDV transmission
among farms, as well as cost-benefit of managing feed related risks
(both from ingredients and cross contamination) in relation to the
nutritional value of respective ingredients.
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