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Editorial on the Research Topic

Foot-and-Mouth Disease in Swine

iNtrodUCtioN

Foot-and-mouth disease (FMD) is one of the most devastating diseases of livestock (1). The disease 
is caused by infection with a picornavirus, generically referred as FMD virus (FMDV), which is 
considered one of the most infectious agents affecting animals (2). FMD status affects national 
and international movement and trade of animals and animal products, and food animal trade 
is expected to play an important role in poverty alleviation (Perez). Applied knowledge about 
FMD pathogenesis and epidemiology is important in the design and implementation of effective 
prevention and control programs, minimizing detrimental effects of FMD outbreaks. Decision tools 
have been developed by applying simulation models based on characteristics of FMD pathogenesis 
and epidemiology. These tools are meant to be used by risk managers and risk communicators to 
help prioritize control options during an FMD epidemic and making the evidence available for all 
stakeholders [Willeberg et al.; (3)].

Much of the literature on FMD has focused on the pathogenesis and epidemiology of the 
disease in cattle. However, FMD also affects other food animal species, most notably, swine. This 
research topic contributes to the gain and dissemination of important knowledge on the dynamics 
of one of the most devastating diseases of livestock when occurring in the pig, a susceptible species 
for which limited information is available in the peer-reviewed literature. The ultimate objective 
of these original articles and reviews was to contribute preventing and mitigating the impact of 
FMD in swine, thus, promoting health and economic development of non-affected as well as 
affected countries and regions.

This research topic features nine studies supplementing the state-of-the-art of the knowledge 
on the pathogenesis and epidemiology of FMD in swine. Three papers focus on the analysis of 
experimental studies, which have been designed with the objective of gaining basic knowledge 
on the pathogenesis of the disease. Three other papers summarize the results of field studies and 
review fundamental features of FMD transmission and the effectiveness of FMD vaccination in 
swine. The last three papers describe the design and implementation of applied epidemiology 
approaches to prevent or mitigate the impact of FMD epidemics in disease-free regions.

EXPEriMENtal StUdiES

The potential for FMDV transmission during the preclinical incubation period of infection was 
assessed in seven groups of pigs, which were sequentially exposed to a group of infected donor 
pigs (Stenfeldt et  al.). Results demonstrated significant differences between contact-exposed 
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groups, in the time between virus exposure to first detection 
of FMDV shedding, viremia, and clinical lesions. These results 
are important because they suggest that FMDV shedding in 
oropharyngeal fluids does not correlate well with clinical signs of 
FMDV infection in pigs, which may affect FMDV transmission, 
and hence the effectiveness of control strategies in the face of an 
FMD epidemic.

The extent to which maternally derived antibodies interfere 
with the protection conferred by FMD vaccination was assessed 
in piglets (Dekker et al.). Results suggest that immune responses 
in piglets with maternally derived antibodies vaccinated at 7 or 
9 weeks of age are similar to those of piglets without maternal 
immunity that were vaccinated at 3 weeks of age. These results 
are important because they demonstrate that maternally derived 
antibody levels in piglets strongly depend on the antibody titer 
in the sow, so the optimal time for vaccination in piglets will be 
affected by the vaccination scheme and the quality of vaccine 
used in the sows.

A review of results from recent experimental studies sug-
gested that pigs were more susceptible to FMDV infection via 
exposure of the upper gastrointestinal tract (oropharynx) than 
through virus inhalation (Stenfeldt et al.). Due to massive ampli-
fication and shedding of virus, acutely infected pigs constitute an 
important reservoir for amplification of virus over the course of 
an epidemic. However, infection is ultimately cleared due to a 
strong humoral response and there is no evidence of subclinical 
persistence of FMDV infection in pigs. In general, FMDV infec-
tion in pigs spreads rapidly among in-contact pigs and efficiency 
of transmission depends on a number of factors, including the 
virus strain and the intensity of exposure to the virus. Under 
experimental conditions, physical separation of pigs may be 
sufficient to prevent virus transmission, which, in the field, may 
result in different infection patterns between and among sections 
or rooms within pig farms.

dESCriPtiVE StUdiES aNd rEViEWS

Foot-and-mouth disease is still to be eradicated from many 
regions of the world; for example, FMD epidemics are recurrent 
in Israel and in many Middle Eastern countries (Elnekave et al.). 
Although, for cultural reasons, swine production is not prevalent 
in the Middle East, there is a large population of wild boars in the 
region. On assessing 120 wild boar (Sus scrofa lybicus) samples, 
15 (12.5%) were found to be FMD seropositive. Most of the 
FMD-positive samples obtained from wild boar [13/15 (86.7%)] 
were collected during 2007, and because clinical signs of FMD 
infection were not evident in these animals, it is possible that, 
under certain conditions, wild boars may contribute to mainte-
nance and spread of FMD infection in the region.

Foot-and-mouth disease control programs in endemic set-
tings are largely based on the use of vaccines. However, recent 
FMD epidemics in Asia demonstrated that developing an 
adequate artificial immune response is challenging in pigs. The 
performance of FMDV vaccines has been reviewed to identify 
knowledge gaps and provide ideas to improve efficiency and 
efficacy of vaccination programs (Lyons et al.). Factors found to 
affect vaccine performance include potency, antigenic payload, 

formulation of the vaccine, antigenic match between the vac-
cine and heterologous circulating field strains, and the vaccine 
administration regime, i.e., timing, frequency, and herd-level 
coverage.

In countries free from FMD infection, such as the US, 
response strategies are required in early control of hypothetical 
incursions, and disease simulation models play a role in the 
design of prevention and mitigation activities. Values associ-
ated with the duration of the stages of FMD infection (latent 
period, subclinical period, incubation period, and duration of 
infection), the probability of transmission (within-herd and 
between-herd via spatial spread), and the diagnosis of FMD 
within a herd were evaluated using a combination of a meta-
analysis of the peer-reviewed literature and elicitation of expert 
opinion (Kinsley et al.). Although most US swine practitioners 
believed that they could detect an FMD incursion relatively 
soon, some estimated that up to half of the herd would need 
to show clinical signs before detection via passive surveillance 
would occur, which suggests the need for disease awareness 
programs in FMD-free countries.

aPPliEd StUdiES

The ultimate objective of epidemiological studies is to create the 
foundations for the design and implementation of strategies and 
policy to prevent or mitigate disease impact, including modeling 
and risk analysis techniques [Perez; Willeberg et al.; (3)]. The risk 
of introducing FMDV into Australia through illegal importation 
of infected meat was quantified for large-scale pig producers, 
small-scale producers (<100 sows) selling at sales yards and 
abattoirs, and small-scale producers selling through informal 
means (Hernández-Jover et  al.). Risk was quantified using 
scenario trees and Monte Carlo stochastic simulation. Although 
risk was predicted to be extremely low for the three sectors of the 
pig industry, exposure through direct swill feeding was 10–100 
times more likely to occur than through contact with infected 
feral pigs. Furthermore, the FMDV would be more likely to 
spread from small-scale farms selling at sales yards and abat-
toirs compared to other sectors. Factors most influential on the 
probability of FMDV spread from the first-case farm included 
the effectiveness of the farmer in early disease detection, the 
probability of FMDV spread through contaminated fomites, and 
contact with ruminants on the farm. These results stress again 
the importance of programs to facilitate awareness and promote 
early detection of the disease in the face of an epidemic, and  
also, the importance of biosecurity in preventing disease intro-
duction and spread into FMD-free areas.

One of the most challenging aspects of FMD response plans 
in FMD-free countries is the design of plans to secure continu-
ity of business (COB) while implementing control measures 
to keep the food system functional and mitigate the impact of 
the epidemic. Animal health emergency response plans have 
been designed in the US to mitigate the unintended negative 
consequence of an FMD epidemic to stakeholders (Goldsmith 
et al.; Patterson et al.). The COB principles and goals adopted 
by the United States Department of Agriculture for respond-
ing to foreign animal diseases, such as FMD, are to (1) detect, 
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control, and contain the disease in animals as quickly as possible;  
(2) to eradicate the disease using strategies that stabilize animal 
agriculture, the food supply, and the economy that protect 
public health and the environment; and (3) to provide science- 
and risk-based approaches and systems to facilitate COB for 
non-infected animals and non-contaminated animal products.  
A protocol has been developed to use proactive risk assess-
ments (i.e., before an outbreak happens) to authorize specific 
movements from low-risk premises located in control areas that 
are not known to be infected (Goldsmith et al.). However, this 
requires a system of prioritization of different types of move-
ments. Highest priority was given by the industry to movement 
of weaned pigs originating from multiple sow farm sources to 
an off-site nursery or wean-to-finish facility, the movement of 
employees or commercial crews, the movement of vaccination 
crews, the movement of dedicated livestock hauling trucks, and 
the movement of commercial crews such as manure haulers and 
feed trucks onto, off, or between sites. These critical movements 
provide an initial guide for prioritization of risk management 
efforts and resources to be better prepared in the event of an 
FMD outbreak in the US and other FMD-free countries with the 
ultimate objective of regaining disease-free status while mitigat-
ing the impact on the industry.

FiNal rEMarKS

In summary, the articles in this research topic explore and dis-
cuss important aspects of FMDV infection in swine, highlighting 
features that differ from traditional knowledge on the patho-
genesis and epidemiology of the disease, as observed in cattle. 
The research topic advances our understanding of challenges 
in the design and implementation of vaccination campaigns to 
control the disease, the importance of biosecurity measures to 
prevent and limit its spread, and the role that modeling and risk 
assessments may play in mitigating the economic impact of FMD 
epidemics in swine.
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The greatest proportion of foot-and-mouth disease (FMD) clinical research has been 
dedicated to elucidating pathogenesis and enhancing vaccine protection in cattle with 
less efforts invested in studies specific to pigs. However, accumulated evidence from 
FMD outbreaks and experimental investigations suggest that critical components of 
FMD pathogenesis, immunology, and vaccinology cannot be extrapolated from investi-
gations performed in cattle to explain or to predict outcomes of infection or vaccination 
in pigs. Furthermore, it has been shown that failure to account for these differences may 
have substantial consequences when FMD outbreaks occur in areas with dense pig 
populations. Recent experimental studies have confirmed some aspects of conventional 
 wisdom by demonstrating that pigs are more susceptible to FMD virus (FMDV) infection 
via exposure of the upper gastrointestinal tract (oropharynx) than through inhalation 
of virus. The infection spreads rapidly within groups of pigs that are housed together, 
although efficiency of transmission may vary depending on virus strain and exposure 
intensity. Multiple investigations have demonstrated that physical separation of pigs is 
sufficient to prevent virus transmission under experimental conditions. Detailed patho-
genesis studies have recently demonstrated that specialized epithelium within porcine 
oropharyngeal tonsils constitute the primary infection sites following simulated natural 
virus exposure. Furthermore, epithelium of the tonsil of the soft palate supports substan-
tial virus replication during the clinical phase of infection, thus providing large amounts of 
virus that can be shed into the environment. Due to massive amplification and shedding 
of virus, acutely infected pigs constitute a considerable source of contagion. FMDV 
infection results in modulation of several components of the host immune response. 
The infection is ultimately cleared in association with a strong humoral response and, in 
contrast to ruminants, there is no subclinical persistence of FMDV in pigs. The aim of this 
review is to provide an overview of knowledge gained from experimental investigations 
of FMD pathogenesis, transmission, and host response in pigs. Details of the temporo- 
anatomic progression of infection are discussed in relation to specific pathogenesis 
events and the likelihood of transmission. Additionally, relevant aspects of the host 
immune response are discussed within contexts of conventional and novel intervention 
strategies of  vaccination and immunomodulation.

Keywords: foot-and-mouth disease, foot-and-mouth disease virus, pigs, pathogenesis, host response, virus 
diseases, virology
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ReLevANCe

Foot-and-mouth disease (FMD) is recognized as one of the most 
contagious and economically important diseases of domestic live-
stock. The etiological agent, FMD virus (FMDV), an aphthovirus 
of the Picornaviridae family, is capable of infecting a multitude 
of cloven-hoofed animal species including both ruminants and 
suids (1, 2). Although domestic cattle are often prioritized with 
regards to FMD prevention and strategic countermeasures, it is 
important to recognize that pigs constitute a substantial propor-
tion of agricultural production in large areas of the world. Even 
though cattle and pigs may be similarly susceptible to FMDV 
infection under most circumstances, there are critical differences 
in FMD pathogenesis and infection dynamics that emphasize the 
importance of species-specific experimental investigations and 
adaptation of countermeasure policies. Important distinctions 
between cattle and pigs in FMD pathogenesis events include vari-
ations in permissiveness to infection by different routes of virus 
exposure and thereby differences in the most likely mechanisms 
of virus transmission between animals. Furthermore, variations 
in the quantities of virus shed by aerogenous routes, as well as the 
capability of long-term persistence of infectious virus in tissues of 
ruminants, but not pigs, indicate important differences pertain-
ing to risk assessments and practical management of infected or 
convalescent animals.

It is well known that the clinical severity of FMD may vary 
greatly depending both on the virus strain and the affected host 
species (1, 2). Acute clinical FMD has been reported to be more 
severe in pigs compared to ruminant species (1). Contrastingly, 
pigs are more efficient in complete clearance of the infection, and 
there is no subclinical “FMDV carrier state” in suids (3). It has 
also been widely accepted that while pigs are capable of generat-
ing large amounts of aerosolized virus, they are less susceptible to 
airborne infection compared to ruminants (4, 5). Demonstrated 
variability in host range of certain FMDV strains that are signifi-
cantly attenuated in cattle, yet virulent in pigs provides additional 
evidence of the existence of host-specific differences in the 
molecular pathways of FMDV infection (6–9). Specifically, it was 
confirmed that a mutation within the FMDV 3A coding region 
was the determinant for the strictly porcinophilic phenotype of 
the serotype O FMDV that caused an outbreak in Taiwan in 1997 
(8, 10).

A large proportion of experimental studies investigating 
FMDV pathogenesis and vaccinology have been performed in 
cattle. Furthermore, the guidelines for FMDV vaccine production 
published by the World Organization for Animal Health (OIE) 
only define procedures for efficacy testing in cattle (11). In many 
regions, it is common practice to vaccinate only cattle, but not 
pigs, based on the assumption that this practice may be sufficient 
to prevent dissemination of a potential outbreak. This premise 
may be misguided if extrapolated to regions with intensive 
pig production or substantial quantities of wild suids. Several 
experimental studies have demonstrated difficulty in achieving 
sufficient protection against clinical FMD in pigs by vaccination, 
especially when the virus challenge consisted of direct exposure 
to clinically infected pigs (12–15). Additionally, recent experi-
ences from South Korea have shown that high quality FMDV 

vaccines with confirmed efficacy in cattle may fail to elicit suf-
ficient levels of immunity (based on serum neutralization testing) 
when administered to pigs in commercial production settings 
(16). These distinct, porcinocentric scenarios may be explained 
by species-specific differences in susceptibility to the virus or by 
differences in the host response to vaccination. Regardless of the 
causality, the documented variations between cattle and pigs in 
outcomes of both vaccination and infection suggest that FMD 
control policies may, justifiably, be based on species-specific 
data and should be adapted to account for the composition of 
the animal population in any given region. Such differences are 
also highly relevant for disease modeling, wherein it is critical to 
account for species-specific aspects of FMDV infection dynamics 
and transmission in order to precisely model distinct scenarios.

FMD iN PiGS

Routes of infection
Early experimental studies performed by Terpstra (17) concluded 
that pigs were highly susceptible to FMDV via artificial aerosol 
exposure, while a 1000-fold higher inoculation dose was required 
to achieve successful infection by virus instillation in the oral cav-
ity. This was subsequently contradicted in works by Alexandersen 
and Donaldson which demonstrated that pigs were largely 
resistant to FMDV infection by inhalation of naturally produced 
aerosols (4, 5). Additionally, more recent investigations have con-
firmed that the porcine upper respiratory tract (nasopharynx) is 
less permissive to inoculation by direct deposition of virus when 
compared to the upper gastrointestinal tract (oropharynx) (18, 
19). Infection via the oral route is likely mediated by virus entry 
through the mucosal surfaces of the oropharyngeal tonsils rather 
than trough the lower gastrointestinal tract. This is supported by 
demonstrated tropism of tonsillar epithelium to primary FMDV 
infection (20) as well as the instability of FMDV at low pH (21, 
22), which likely leads to dissociation of virus particles that reach 
the stomach. The predilection for virus entry via the porcine 
upper gastrointestinal tract is in direct contrast to primary FMDV 
infection of cattle, which has been demonstrated to occur in the 
upper respiratory tract (23–26). However, despite this apparent 
discrepancy in anatomic location, there are striking similarities 
in microanatomic characteristics of the epithelium that supports 
primary FMDV replication in both cattle and pigs (19, 23, 25). 
Specifically, in both species, primary infection occurs at distinct 
regions of epithelium overlaying mucosa-associated lymphoid 
tissue (MALT). In these regions (so-called reticular- or follicle-
associated epithelium), the epithelium is intimately associated 
with the subjacent lymphoid follicles, the basement membrane is 
discontinuous, and there are abundant intraepithelial (transmi-
grating and resident) leukocytes.

The relative resistance of pigs to aerogenous FMDV infection 
has been further corroborated by several experimental studies, 
which have shown that physical separation of pigs is sufficient 
to prevent transmission of virus under experimental conditions 
(27–29). Contrastingly, direct contact exposure leads to rapid 
transmission of infection within groups of pigs that are housed 
together. Furthermore, it has been demonstrated that this system 
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of virus exposure is often sufficient to overcome vaccine protec-
tion (15) even though vaccination may reduce shedding of virus 
and thereby lower the transmission rate (12, 14). The efficiency 
of transmission of FMDV under experimental conditions varies 
between different strains of FMDV (30, 31). Additionally, exter-
nal factors, such as housing density, the intensity of interactions 
between animals, and the duration of exposure, will directly 
influence the outcome of experimental transmission studies (30, 
32, 33). Even though these findings strongly suggest that direct 
physical contact between pigs facilitates FMDV transmission, 
the specific route of virus entry during contact exposure has 
not been completely identified. The susceptibility of the porcine 
oropharyngeal mucosa to FMDV infection would support 
virus transmission via the oral route, e.g., from salivation and 
subsequent ingestion of shed virus during communal feeding. 
However, direct entry of virus through skin abrasions and punc-
tures derived from biting or oral entry mediated through direct 
contact to exposed vesicular lesions on donor animals may also 
constitute likely transmission routes.

There are many options for challenge systems for FMD 
experimentation in pigs, which reflect the differences described 
above. FMDV infection in pigs is often achieved by intraepi-
thelial injection of the heel bulb (27, 34–39). This technique is 
convenient for vaccine studies, as the pedal epithelium is highly 
permissive to FMDV infection, leading to substantial amplifica-
tion of the injected virus at the inoculation site and consistently 
rapid progression of generalized FMD in susceptible animals. 
Despite the convenience and consistency of injection-based 
inoculation techniques, these systems are less appropriate for 
studies of disease pathogenesis as they are based on an artificial 
route of virus entry that bypasses the natural barrier of the 
mucosal immune system. As mentioned above, direct contact 
exposure to infected animals is highly efficient in generating 
infection in susceptible animals. However, critical factors, such 
as the dose and timing of virus challenge, are difficult to control 
in contact-based systems, which may lead to inconsistencies 
across studies or misinterpretations of experimental outcomes. 
Recent studies have demonstrated that controlled exposure of 
the porcine upper gastrointestinal tract by deposition of virus 
inoculum in the oropharynx of sedated pigs is highly efficient in 
generating consistent and synchronous clinical FMD and may 
thus be considered a valid alternative to the more traditional 
injection-based challenge systems (18–20).

Temporo-Anatomic Progression 
of infection
Primary Infection (Pre-Viremia)
Relatively few experimental studies have been dedicated to 
investigation of the progression of FMDV infection in porcine 
tissues following natural or simulated natural virus exposure (17, 
20, 34, 36, 40). There is general agreement across these investiga-
tions that epithelial tissues of the oropharynx constitute the main 
sites of virus replication during early infection, whereas abundant 
amplification of virus occurs in vesicular lesions at secondary 
(peripheral) replication sites (Figure 1). However, there are slight 
variations among published works regarding the interpretation 

of the precise events that constitute the initial phase of FMDV 
infection in pigs.

A recent investigation demonstrated specific predilection 
of primary FMDV infection to porcine paraepiglottic tonsils 
(Figure 2A). This was concluded based on consistent detection 
of FMDV RNA and infectious virus by qRT-PCR and virus isola-
tion (VI), respectively, prior to the development of viremia and 
generalization of infection. Additionally, FMDV structural and 
non-structural viral proteins were localized to crypt epithelium 
of this specific tonsil by immunomicroscopy at 6–24  h post 
intraoropharyngeal inoculation (20). Early detection of FMDV 
RNA and infectious virus was more variable in the tonsil of the 
soft palate, lingual tonsil, and the dorsal soft palate, suggesting 
that these sites may also be potential sites of primary infection. 
A similar investigation performed by Murphy et al. (34) reported 
detection of FMDV RNA in tonsils, submandibular lymph nodes, 
spleen, liver, tongue, skin, and pharynx, prior to the detection of 
viremia. However, the earliest time point for tissue collection in 
this study was 24 h post contact exposure, which may account for 
the somewhat wider distribution of viral genome. Additionally, in 
this study, localization of viral replication was not confirmed by VI 
or microscopy. Similarly, an earlier investigation by Alexandersen 
et al. (36) concluded that the highest quantities of FMDV RNA 
during pre-clinical infection of contact exposed pigs were found 
in the dorsal soft palate and tonsil (24–48  h post exposure). 
Noteworthy for these latter two investigations is that the term 
“tonsil” is not further defined anatomically but may be assumed to 
represent the tonsil of the soft palate. However, there are multiple 
distinct tonsils in the porcine oropharynx, including the tonsil of 
the soft palate, lingual tonsil, and paraepiglottic tonsils (41).

An earlier study by Brown et al. (40) described an investiga-
tion of tissue distribution of FMDV RNA by in situ hybridization 
(ISH) in pigs infected by intraepithelial injection, as well as 
morphological characterization of microscopic lesions associated 
with the detection of viral genome. This study described wide-
spread dissemination of FMDV genome in the epidermis from 
24 to 96 hours post infection (hpi), at sites with or without visible 
FMDV-associated lesions (40). The study does not include deter-
mination of the onset of viremia and systemic dissemination of 
virus in relation to the time points for tissue collection. However, 
it is mentioned that pigs euthanized at 24 hpi, corresponding to 
the earliest time point investigated, were clinically depressed with 
marked vesicles at the epithelial inoculation sites on the snout and 
lips. The somewhat different findings between these published 
studies highlights the differences in experimental outcomes per-
taining to experimental design, e.g., inoculation/exposure routes 
and time points included in the investigation, as well as methods 
used for virus detection. It is clear that detection of virus genome 
by qRT-PCR or ISH may lead to different outputs compared to 
VI or detection of antigen by immunomicroscopy. Combining 
multiple techniques incurs additional cost and time investment, 
but ultimately provides a more detailed and substantiated experi-
mental output.

Viremia and Clinical Disease
In all in vivo studies, the onset of viremia is a critical milestone in 
FMD pathogenesis, as it accompanies a surge in contagion and 
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FiGURe 1 | Schematic illustration of virus distribution in tissues during distinct phases of FMD in pigs. (A) During the pre-viremic phase of infection, 
primary virus replication is localized to epithelium of oropharyngeal tonsils. (B) During the clinical phase of infection, FMDV can be recovered from essentially every 
tissue or organ sampled due to high titers of virus in blood. Virus replication in oropharyngeal tonsil epithelium continues, while substantial amplification of FMDV 
occurs in vesicular lesions on the feet, snout, and in the oral cavity. (C) After resolution of viremia and clinical disease, FMDV genome and antigen can be recovered 
from lymph nodes that drain lesion sites for up to 2 months. However, there is no persistence of infectious virus.
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predicts the impending clinical syndrome. In pigs, viremia may 
be detected as early as 24 h after natural or artificial virus expo-
sure, and it is associated with a substantial increase in shedding 
of infectious virus via the oropharyngeal route (3, 20, 30, 42). The 
onset of clinical FMD, which usually occurs approximately 24 h 
after detection of viremia, is characterized by fever, loss of appe-
tite, and the appearance of vesicular lesions on feet, snout, and 
within the oral cavity (20, 30, 34). The initial phase of infection, 
consisting of the progression from primary, pre-viremic, infec-
tion to viremia and clinical disease may be prolonged following 
exposure to an FMDV strain of reduced virulence, or if exposure 

conditions are less stringent (e.g., suboptimal exposure route, low 
challenge dose, or time-limited exposure) (19, 27, 30, 33, 43).

During clinical FMD, the highest quantities of infectious virus 
are found in vesicular lesions in cornified epithelium of the feet 
(heel bulbs and coronary bands), on the snout and on the dorsal 
surface of the tongue (20, 34, 36, 40). It has recently been dem-
onstrated that during clinical disease abundant virus replication 
occurs in epithelial crypts of the tonsil of the soft palate, and that 
microscopic vesicular lesions containing large quantities of viral 
protein can be detected at this site (Figures 2B,C) (20). During 
peak viremia, FMDV RNA and infectious virus can be recovered 
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FiGURe 2 | Development of microvesicles within oropharyngeal tonsil 
epithelium during early infection. (A) Earliest detection of infection occurs 
within paraepiglottic tonsil at 24 h post intraoropharyngeal inoculation. FMDV 
antigen (red) in clusters of infected cytokeratin-positive (green) epithelial cells 

in superficial layers of crypt epithelium. (B) At 48 h post intraoropharyngeal 
inoculation, a single microvesicle is present within the tonsil of the soft palate. 
Focus of FMDV-infected (red) epithelial cells expanding through deeper layers 
of epithelium (green). (C) At 78 h post intraoropharyngeal inoculation, three 
distinct microvesicles are present within crypt epithelium of the tonsil of the 
soft palate. Sloughed FMDV VP1/cytokeratin double positive cells are present 
in vesicle lumen. 10× magnification.

(Continued)

FiGURe 2 | Continued
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from essentially any tissue sampled (Figure 1), but such detec-
tion represents intravascular, viremic FMDV rather than regional 
replication (20).

It is well established that clinically infected pigs release infec-
tious FMDV in exhaled air at quantities substantially greater than 
cattle (43–46). However, the anatomic source of exhaled virus 
remains incompletely elucidated. Donaldson and Ferris (47) 
used an approach of direct air sampling from intact or intubated 
pigs to evaluate the sources of exhaled virus during different 
phases of FMD. This demonstrated that infectious FMDV was 
primarily recovered from the upper respiratory tract during early 
infection, but that both upper and lower segments of the respira-
tory tract contributed to exhaled virus during the clinical phase 
of FMD (47). Unfortunately, there was no collection or analysis 
of tissue samples in this study, and more detailed conclusions 
 regarding the anatomic sites of released virus are therefore lack-
ing. With the exception of Terpstra (17), tissue-based pathogen-
esis studies have failed to demonstrate substantial amplification 
of FMDV in porcine lungs (20, 34, 36).

The tonsil of the soft palate is the only tissue in the respiratory 
or gastrointestinal tract that has been shown to support substan-
tial levels of FMDV replication (20, 36), and it is therefore the best 
candidate as the source of aerosolized FMDV derived from pigs. 
This tonsil is located at the dorsal boundary of the oropharynx 
and is therefore not within the direct route of exhaled air pass-
ing from the lungs through the nasopharynx and nasal cavity. 
However, the tonsil is anatomically continuous with the dorsal 
soft palate, and therefore FMDV originating from the tonsil may 
be aerosolized in the nasopharynx. Additionally, exhalation of 
air through the oropharynx and mouth, as would occur during 
vocalization, would pass directly across the surface of the tonsil 
of the soft palate and facilitate direct aerosolization. Another 
potential source of airborne virus is secondary resuspension of 
virus that has been shed into the environment in secretions and 
sloughed vesicles. However, this would not provide an explana-
tion for the apparently higher quantities of aerogenous virus 
produced by pigs compared to cattle.

Despite relative resistance to FMDV infection via aerog-
enous exposure (4, 5), clinically infected pigs are a potential 
source of infection for exposed ruminants due to release of large 
amounts of aerosolized virus (44). Furthermore, the extent 
of virus dissemination in porcine tissues during viremia is 
noteworthy in that pigs and pork harvested during the viremic 
phase of disease contain massive loads of infectious FMDV. 
Thus, FMDV-infected pigs constitute a considerable source of 
contagion during the clinical phase of disease, and movement 
of live pigs or associated products can have substantial impact 
on disease spread. These aspects of FMD pathogenesis are of 
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FiGURe 3 | Progression of foot lesions in pig infected with FMDv A24 Cruzeiro at 2 (A) and 24 (B) days after intraoropharyngeal inoculation.  
(A) Vesicular lesion on solar aspect of hind foot at 2 dpi. Blanching (white) epithelium (delineated within arrows) extends across both heel bulbs and interdigital skin 
with clear demarcation from normal skin. (B) The same animal at 24 dpi. Proliferative dyskeratotic scar tissue has replaced sloughed epithelium.
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critical importance for the establishment of efficient measures 
to control outbreaks. Stringent restrictions on movements 
of animals and animal products, as well as depopulation of 
infected premises are generally required in order to control 
dissemination of the disease, regardless of whether emergency 
vaccination is applied.

Clearance of Infection
The clinical phase of FMD subsides within approximately 
7–14 days post infection (dpi). In the absence of complications 
due to secondary bacterial infections, adult pigs generally recover 
from FMDV infection, although severe foot lesions may cause 
enduring lameness and debilitation (Figure 3).

FMDV-neutralizing antibodies can be measured in serum 
of the infected pigs from approximately 4–7 dpi (39, 48). This is 
followed by a subsequent clearance of infectious virus from blood 
within approximately 7–14 dpi (3, 49). A single publication by 
Mezencio et al. (50) concluded that it was possible to detect FMDV 
RNA in porcine sera as late as 300 dpi. However, this finding has 
not been repeated or confirmed in any subsequent investigations. 
Consistent shedding of FMDV RNA can be detected in oral and 
nasal secretions for up to 14  dpi (3, 49), with some variation 
across different virus strains. It is likely that the infectiousness of 
shed virus and thereby contagion associated with pigs recovering 
from infection is substantially reduced concurrent with increas-
ing titers of neutralizing antibodies in secretions. Nonetheless, 
despite a large number of published FMDV contact transmission 
studies, there is no detailed experimental investigation that has 
precisely documented the duration of infectiousness of FMDV-
infected pigs.

In contrast to ruminant species, pigs that survive FMDV 
infection efficiently clear infectious virus from all tissues after 

resolution of the clinical disease (3). A study by Rodriguez-Calvo 
et al. (49) demonstrated that infectious serotype C FMDV could 
be recovered from porcine tonsils as late as 17 dpi, postulating 
existence of a putative FMDV carrier state in pigs. A subsequent 
investigation, using five different strains of FMDV, demonstrated 
that it was not possible to recover infectious FMDV from any 
porcine tissues harvested beyond 28  dpi, corresponding to the 
commonly acknowledged threshold for FMDV persistence (3). 
However, the same investigation showed that (non-infectious) 
FMDV RNA could be detected within porcine lymphoid tissue 
for up to 60  dpi, with highest detection prevalence and most 
abundant RNA quantities found in the popliteal lymph node 
that drains the hind feet (Figure  1). Concurrent detection of 
FMDV structural protein and absence of non-structural protein 
in popliteal lymph nodes by immunomicroscopy supported 
the conclusion that viral degradation products may persist 
in lymphoid organs beyond clearance of infectious virus (3). 
Detection of FMDV RNA in lymph nodes harvested from both 
domestic and feral pigs after resolution of clinical disease has 
been demonstrated in several studies (51–53). However, there is 
no convincing report documenting isolation of infectious FMDV 
from porcine tissues beyond 17 dpi.

FMDv Myocarditis in Pigs
Although FMD-related mortality among adult pigs is generally 
low, mortality rates may be higher in juvenile animals (1), and 
there are often reports of sporadic deaths occurring during 
experimental studies (6, 19, 31, 54, 55). FMD-related deaths are 
often attributed to acute viral myocarditis, even in cases when 
the precise cause of death has not been definitively determined. 
However, it is well established that acute FMDV infection may 
cause infection of the myocardium, leading to heart failure and 
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FiGURe 4 | Gross, histological, and immunomicroscopic characterization of FMDv myocarditis. (A) Gross image of porcine heart with confirmed 
FMDV-associated myocarditis. Multifocal pallor on the surface of both right and left ventricles (arrows). (B,C) Right ventricle of pig found dead at 5 days post 
infection with FMDV A24 Cruzeiro. Interstitial edema and mixed mononuclear infiltrates consisting of lymphocytes, large macrophage-like cells, and scarce 
neutrophils. Myocyte necrosis and fragmentation (arrows). Hematoxylin and eosin (B) 4× magnification, (C) 20× magnification. (D) Immunohistochemical staining 
demonstrating localization of FMDV within cardiomyocytes. Anti-FMDV capsid monoclonal antibody (red). Micropolymer alkaline phosphatase. Gill’s hematoxylin 
counterstain. 20× Magnification. Gross image (A) was edited to reduce artifactual glare from flash; lesion areas were not modified.
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sudden death (56–58). The gross pathological findings associ-
ated with FMDV-induced myocarditis may range from complete 
absence of visible lesions to distinct areas of pallor on the cardiac 
surface that extend into subjacent myocardium (Figure  4A). 
Effusion in thoracic and/or abdominal cavities may occur in 
subacute or chronic cases indicating congestive heart failure, but 
are often absent in acute, rapidly progressing cases. The terms 
“tiger stripes” or “tiger heart” are commonly used to describe 
gross pathological changes associated with FMDV myocarditis. 
It is our opinion that these are inappropriate and often confus-
ing descriptions as the myocardial pallor induced by FMDV 
myocarditis rarely assumes a striped pattern. In contrast, stripe-
like pale coloration of the myocardial surface is often found as 
part of normal anatomy associated with superficial vessels and 
epicardial fat.

Histological findings suggestive of FMDV-induced myo-
carditis may be predominantly acute and necrotizing or 

subacute–chronic with various hallmarks of inflammation 
(Figures  4B,C). Generally, necrosis and inflammation coexist 
in every lesion with continuum of severity. Inflammation typi-
cally includes lymphohistiocytic infiltration and edema, whereas 
 cardiomyocyte degeneration and necrosis may occur as individual 
cells, small clusters, or may be regionally extensive (Figure 4C) 
(58). Regions of architectural disruption may have evidence of 
viral replication including presence of viral antigens and nucleic 
acids detectable by immunomicroscopy and in situ hybridization, 
respectively (Figure 4D).

Viral loads in the myocardium are massive, often approaching 
levels otherwise only found in vesicular lesions (58). The preva-
lence of FMDV myocarditis varies between different strains of 
FMDV as well as the age of the infected host (2). Interestingly, 
despite extensive investigation, we have not found evidence of 
FMDV replication in myocardium of any infected pigs that did 
not display clinical signs of heart failure.
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Since FMDV RNA and infectious virus can be recovered 
from essentially any tissue harvested during the viremic phase of 
infection, isolation of FMDV from the heart of a pig with FMD 
is not sufficient for a diagnosis of FMDV myocarditis. A tenta-
tive diagnosis of myocarditis may be based on clinical history 
of unexpected death in an animal confirmed to be infected with 
FMD combined with gross findings of (multi)focal mycocardial 
pallor (Figure 4A). Viral loads in myocardium, which are higher 
than those detected in serum, provide further support. But, 
confirmation of FMDV myocarditis requires histopathological 
identification of lesions combined with immunohistochemical 
confirmation of presence of FMDV. Additionally, it is noteworthy 
that identical clinical and histopathological findings have been 
documented following infection of pigs with encephalomyocardi-
tis virus (EMCV) (59, 60), a related Picornavirus with worldwide 
distribution (61).

HOST ReSPONSe TO FMDv iN PiGS

FMD virus has been demonstrated to modulate the host immune 
response via several mechanisms. Thus, understanding host/
pathogen interactions and elucidating the contributions of innate 
versus adaptive immune responses have become a central topic in 
FMDV research. Although the host response to FMDV infection 
is incompletely elucidated, in recent years several studies in swine 
and cattle have been published, some of them with controversial 
results. These differences directly reflect the existence of species-
specific variations in both systemic and cellular responses to 
infection (62) that ultimately justifies continued investigation in 
both suids and ruminants.

Cellular and Humoral immune Response
During the early phase of viral infections, interactions between 
pathogens and cellular components of the innate immune 
response, such as natural killer (NK) cells, dendritic cells (DCs), 
and macrophages, define the cellular and humoral adaptive 
immune response that is believed to ultimately clear the infection. 
During FMDV replication in pigs, the virus may come in contact 
with antigen-presenting cells (APCs), either as a result of lytic 
infection of epithelial cells and subsequent phagocytosis of dam-
aged tissue (63) or by direct infection of immune cells through an 
antibody-dependent internalization process [macrophages (64, 
65) or DCs (66, 67)]. Although the interactions between FMDV 
and APCs have been shown to be abortive and no virions are 
produced (63, 67), there are functional consequences that affect 
the host response. During acute infection, the virus stimulates 
DCs to produce interleukin (IL)-10, thus directing the adaptive 
immune response toward a stronger humoral rather than a 
T-cell-mediated response (67). FMDV also blocks the ability of 
porcine DCs to differentiate into mature conventional DCs (67) 
and impairs the response to stimulation by TLR ligands (68).

A distinct subset of DCs; plasmocytoid DCs (pDCs), are 
susceptible to FMDV infection in  vitro (66). pDCs internalize 
immunoglobulin-bound FMDV immune complexes via FcγRII 
surface receptors, and uptake of these complexes results in abor-
tive virus replication (66). Similarly, studies in pigs have shown 
that these cells are directly affected by FMDV, as the infection 

leads to depletion of pDCs in peripheral blood, and the remaining 
pDCs are less capable of producing interferon (IFN)-α in response 
to ex vivo stimulation by TLR ligands or FMDV (69). Porcine 
Langerhan cells (LCs), identified as a langerin-expressing subset 
of DCs found in the epidermis (70), are also affected by FMDV 
infection (68, 71). Although these cells constitutively express type 
I IFN, in vitro studies have demonstrated that FMDV is able to 
attach to, and become internalized by LCs; however, there is no 
evidence of internalization leading to replication of viral RNA or 
production of viral proteins (71). Furthermore, LCs from FMDV-
infected pigs produced less IFN-α after ex vivo stimulation, 
although the cells’ ability to present antigen was retained (68).

Natural killer cells also play a critical role during the initial 
host response to pathogens. Although in  vitro stimulation of 
porcine NK cells using pro-inflammatory cytokines induces 
lysis of FMDV-infected cells and increased expression of IFN-γ 
(72), in vivo studies have demonstrated that NK cells from swine 
infected with FMDV have a reduced capacity to lyse target cells 
and secrete IFN-γ (72). NK cell dysfunction during the viremic 
phase of acute infection suggests that FMDV can effectively block 
NK function, thereby evading the host’s immune system and 
promoting virus replication and dissemination within the host.

Another mechanism whereby FMDV may evade the porcine 
cellular immune response is the induction of severe lymphopenia 
and lymphoid depletion during peak viremia. The lymphopenia 
is accompanied by a long-lasting suppression of T-cell function, 
as T-cells have been shown to respond poorly to mitogen stimulus 
even after the lymphopenia is resolved (73, 74). However, the 
mechanisms by which the virus induces this immunosuppression 
are not completely understood. Lymphocyte depletion and T-cell 
dysfunction may be caused by viral replication in lymphocytes 
as has been described during FMDV serotype C infection in 
swine (73), as well as in in vitro experiments investigating FMDV 
infection of bovine peripheral blood mononuclear cells (PBMCs) 
(75). However, subsequent studies concluded that active infection 
of lymphocytes by FMDV could not be demonstrated when pigs 
were infected with other FMDV serotypes (69, 74). Furthermore, 
these investigations concluded that FMDV infection was not 
associated with cell death, suggesting that lymphopenia during 
FMDV infection might not be related to virus-mediated kill-
ing. Additionally, it cannot be ruled out that FMDV-associated 
lymphopenia may represent a shift of circulating lymphocytes 
from circulating pool to marginating and tissue-residing pools. 
An additional mechanism that may contribute to the diminished 
T cell response during FMDV infection could be related to the 
elevated amounts of IL-10 produced by conventional DCs that, as 
mentioned above, has been reported to have immunosuppressive 
functions in vivo for FMDV (67) and for other viruses (76).

Despite the apparent inhibitory actions of FMDV on the 
cellular host response during early infection, pigs are capable 
of mounting a substantial humoral response within few days 
of infection, and there is no documentation of any long-term 
negative effects on the immune system in pigs that survive FMDV 
infection. In fact, the high levels of IL-10 during acute infection 
may skew the adaptive immune response toward a stronger 
humoral rather than a T-cell-mediated cellular response. The 
serological response of naive pigs to FMDV infection consists of 
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a rapid surge of anti-FMDV IgM that peaks at 7 dpi and subse-
quently declines to baseline levels by approximately 4 weeks after 
infection (39). The IgM response is followed by a sustained anti-
FMDV IgG response, which remains at high titers beyond 28 days 
(39). High titers of neutralizing antibodies can be detected as 
early as 4–7 days after infection, and unpublished results from 
our laboratory have confirmed that neutralizing antibody titers 
remained at high levels as late as 100  days after infection with 
FMDV A24 Cruzeiro. To the best of our knowledge, there is no 
published documentation of the duration of immunity following 
FMDV infection in pigs.

Systemic Antiviral Host Response
Type I, II, and III IFNs, including IFN-α, -β, -γ, and -λ, are 
critical components of the innate host response to viral infec-
tion. Induction of IFN pathways involve initial recognition of 
pathogen-associated molecular patterns (PAMPs) by cellular 
pattern-recognizing receptors (PRRs), such as the family of toll-
like receptors (TLRs) and cytosolic sensors, eventually leading to 
the activation of interferon-stimulated genes (ISGs) and produc-
tion of a variety host proteins with antiviral  functions (77–82).

FMD virus has been shown to partially counteract the innate 
immune response in vitro by blocking the expression of IFN (83, 
84). Similarly, in vivo in pigs, it has been shown that during acute 
infection FMDV suppresses IFN-α production by skin, myeloid, 
and plasmacytoid DCs (68, 69, 74). However, it has also been 
reported that FMDV infection induces a systemic IFN response, 
which coincides with the onset of viremia (69).

Although the extent of endogenous IFN response in FMDV-
infected pigs is incompletely understood, it has been thoroughly 
documented that FMDV replication in pigs is highly sensitive to 
the exogenous administration of type I, II, and III IFNs delivered 
using recombinant vector constructs (83, 85–88). Specifically, 
pigs pretreated with human adenovirus serotype 5 (Ad5) vectors 
expressing either porcine IFN-α (Ad5–poIFN-α), porcine IFN-β 
(Ad5–poIFN-β), porcine IFN-γ (Ad5–poIFN-γ), or porcine 
 IFN-λ (Ad5–poIFN-λ) were efficiently protected against chal-
lenge with different FMDV serotypes at 1 day after IFN delivery 
(37, 88–91) and IFN-induced protection has been demonstrated 
to last approximately 3–5 days (90). Interestingly, combination of 
type I and type II IFN results in synergistic anti-FMDV activity 
in vivo; swine inoculated with a combination of Ad5–poIFN-α 
and Ad5–poIFN-γ, at doses that alone do not protect against 
FMDV, are completely protected against clinical disease and do 
not develop viremia (88). More recently, a similar approach using 
an Ad5 that expressed porcine IFN-α and IFN-γ bicistronically 
also showed an enhancement of the antiviral activity as compared 
to Ad5 constructs that only expressed either IFN alone (92). 
Studies aimed at elucidating the mechanisms by which IFN pro-
tects swine against FMD have demonstrated that protection of 
swine inoculated with Ad5–poIFN-α correlated with recruitment 
of skin DCs (38), which showed a partial maturation phenotype 
with increased expression of CD80/86 and decreased phagocytic 
activity (93).

Administration of Ad5–IFN, type I, II, or III to cattle or 
pigs leads to induction of numerous genes in association with 
protection against FMDV (38, 88, 93). However, by directly 

administering IFN constructs, the natural pathways of interac-
tion of unique viral molecules (or PAMPs) with specific PRRs 
present in host cells are bypassed. Therefore, to induce a broader, 
enhanced, and prolonged antiviral response, treatment of 
animals with various PAMPs could potentially result in a posi-
tive feedback induction of additional IFN production (94, 95). 
Recently, two different strategies have successfully exploited this 
concept in pigs: (i) the use of double stranded RNA, poly IC, in 
combination with IFN treatment (96) and (ii) expression of a 
constitutively active transcription factor, IRF7/3 (5D) fusion 
protein delivered with the Ad5 vector platform (97).

The value of enhanced understanding of IFN and ISG effects 
upon FMDV replication in pigs derives from the potential to 
develop combined-delivery products containing FMDV vaccines 
and select immunomodulatory constructs. Such products could 
provide rapid onset and broad protection that could prevent pri-
mary virus infection prior to the development of vaccine-induced 
antibodies. Additionally, enhancement of specific pathways of the 
innate host response may also serve to strengthen the adaptive 
immune response, ultimately leading to an overall improved 
vaccine response.

CONCLUDiNG ReMARKS

To summarize the consensus interpretation of typical FMD 
pathogenesis in pigs, the majority of experimental investigations 
suggest that primary FMDV replication during pre-viremic 
infection occurs in the oropharynx. More detailed investigations 
have identified epithelial crypts of oropharyngeal tonsils as 
preferred site of primary infection. Oropharyngeal shedding of 
virus increases substantially concurrent with the development of 
viremia, which occurs approximately 24  h prior to appearance 
of clinical FMD lesions. Abundant quantities of infectious virus 
can be recovered from essentially all tissues harvested during 
peak virema, although virus replication in the oropharynx and in 
vesicular lesions on the feet, snout, and in the mouth constitute 
the most significant sources of contagion during the clinical 
phase of disease. FMDV modulates the host immune response 
and causes severe lymphopenia during acute infection. However, 
there is a strong humoral immune response, and virus is cleared 
from circulation within 2 weeks of infection. FMDV RNA and 
structural antigen may be recovered from lymphoid tissues for 
several weeks after resolution of the clinical disease, but there is 
no evidence of the existence of an FMDV carrier state in pigs. 
These distinct aspects of FMD in pigs should be considered in 
the development and deployment of response policies and in the 
modeling of FMD in pigs.
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We investigated to what extent maternally derived antibodies interfere with foot-and-
mouth disease (FMD) vaccination in order to determine the factors that influence the 
correct vaccination for piglets. Groups of piglets with maternally derived antibodies were 
vaccinated at different time points following birth, and the antibody titers to FMD virus 
(FMDV) were measured using virus neutralization tests (VNT). We used 50 piglets from 
5 sows that had been vaccinated 3 times intramuscularly in the neck during pregnancy 
with FMD vaccine containing strains of FMDV serotypes O, A, and Asia-1. Four groups of 
10 piglets were vaccinated intramuscularly in the neck at 3, 5, 7, or 9 weeks of age using 
a monovalent Cedivac-FMD vaccine (serotype A TUR/14/98). One group of 10 piglets 
with maternally derived antibodies was not vaccinated, and another group of 10 piglets 
without maternally derived antibodies was vaccinated at 3 weeks of age and served as a 
control group. Sera samples were collected, and antibody titers were determined using 
VNT. In our study, the antibody responses of piglets with maternally derived antibodies 
vaccinated at 7 or 9  weeks of age were similar to the responses of piglets without 
maternally derived antibodies vaccinated at 3  weeks of age. The maternally derived 
antibody levels in piglets depended very strongly on the antibody titer in the sow, so the 
optimal time for vaccination of piglets will depend on the vaccination scheme and quality 
of vaccine used in the sows and should, therefore, be monitored and reviewed on regular 
basis in countries that use FMD prophylactic vaccination.

Keywords: FMD, vaccine, maternal antibodies, porcine, timing of vaccination

inTrODUcTiOn

Foot-and-mouth disease (FMD) is a contagious disease of ruminants and pigs caused by FMD 
virus (FMDV). The disease is considered a major threat to commercially kept ruminants and 
pigs. As  transmission of FMD occurs even when animal movement is prohibited, the major 
transmission routes most likely include people moving between farms. “Stamping out” in a small 
radius around infected farms has recently been applied in several outbreaks, but this involves 
many people moving between potentially infected farms. Therefore, a control measure that 
requires fewer people, such as vaccination, is preferred. Furthermore, from an ethical point of 
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view, vaccination is preferred to stamping out farms at risk (1). 
However, maternally derived antibodies can interfere with the 
development of vaccine-induced immunity (2, 3). There has 
been discussion whether FMDV oil vaccines in pigs can induce 
immunity irrespective of maternally derived antibodies but 
Francis and Black (4) showed that maternally derived antibodies 
hinder the development of protective immunity. In cattle, it has 
been shown that a heterologous strain within the same serotype 
can induce an immune response in calves with maternally 
derived antibodies (5), so the immune response is not neces-
sarily blocked by maternally derived antibodies. In addition, in 
pigs with maternally derived antibodies, a response to influenza 
vaccination can also be measured in the presence of maternally 
derived antibodies. However, the response is lower and will 
probably not protect (6). One of the options to boost immunity 
levels is repeated vaccination, i.e., first vaccination in the pres-
ence of maternally derived antibodies, to prime the immune 
system, and a second vaccination 1 or 2 months later. However, 
the costs of two vaccine administrations are high, not only due 
to the cost of vaccine but also the logistics and labor costs, which 
are often higher. Therefore, it may be preferable to optimize the 
timing of a single vaccination.

The objective of this study was to determine the factors that 
influence the optimal age for FMDV vaccination of piglets. We 
measured the neutralizing antibody response in piglets born to 
vaccinated sows at 3, 5, 7, and 9 weeks of age. The neutralizing 
antibody titer was compared with non-vaccinated piglets from 
the same sows, as well as with vaccinated piglets born from non-
immune sows.

MaTerials anD MeThODs

Vaccine
The antigens used in the vaccines in this study were produced 
on an industrial scale using baby hamster kidney (BHK) cells. 
The antigens were inactivated with binary ethyleneimine (BEI) 
and concentrated approximately 100 times by two cycles of poly-
ethylene glycol (PEG) precipitation. The antigen concentration 
was determined by sucrose gradient analysis (7). The oil vaccines 
were formulated using a mineral oil as adjuvant in a double oil 
emulsion, as previously described (8). The vaccines were formu-
lated to contain at least six PD50 per dose (i.e., six times the dose 
that protects 50% of the cattle against virulent challenge in the 
tongue). One trivalent vaccine batch was used for the sows and 
one monovalent vaccine batch was used for the piglets. A single 
dose was 2 ml.

Vaccination of sows
The sows (SPF pigs TN20 and TN70 from the genetics company 
Topigs Norsvin) used in this study were available from a vaccine 
safety test. The sows had not been vaccinated against FMD before 
beginning the study and were free of antibodies against FMDV. 
The sows were vaccinated intramuscularly with trivalent FMDV 
vaccine containing O Manisa, Asia-1 Shamir, and A TUR/14/98 
antigen. The sows were vaccinated at day 36, 57, and 85 of gesta-
tion. Piglets were born after 112–114 days of gestation.

Vaccination Piglets
A total of five vaccinated sows were selected that had nine or 
more piglets. From each sow, two piglets with maternally derived 
antibodies were selected randomly and assigned to one of the five 
groups of piglets (except in Group 5 where one sow supplied three 
piglets and one sow only one piglet). Two non-vaccinated sows 
supplied each five piglets for Group 6 (vaccinated piglets without 
maternally derived antibodies).

Piglets with maternally derived antibodies in Groups 1, 2, 
3, and 4 were vaccinated intramuscularly with a single dose of 
monovalent FMD vaccine containing A TUR/14/98 at 3, 5, 7, and 
9 weeks of age, respectively. The piglets that were used as vaccina-
tion control (Group 6) were vaccinated at 3 weeks of age. Serum 
samples were collected weekly up to 6 weeks after vaccination.

Virus neutralization Test
Sera were tested for virus neutralizing antibodies against FMDV 
A TUR/14/98, O Manisa, and Asia-1 Shamir, using primary por-
cine kidney cells (9). Twofold dilutions of the serum samples were 
tested starting with undiluted serum. Titers were expressed as 
log10 of the reciprocal of the dilution that inhibited virus growth 
in 50% of the wells. For calculation of the mean titers and for the 
use in statistical tests, we used 0 for the observations with a log10 
titer of <0.30.

statistical analysis
Because the same animals were sampled at different time points, 
we analyzed the antibody response in the sows by forward 
selection in a linear mixed-effects model (10, 11) using the virus 
neutralization tests (VNT) titer as continuous response variable, 
the time after vaccination and strains as possible explanatory 
nominal variables. The animal ID was included as random 
variable (model M1). The relation between neutralizing antibody 
titer in the sows 3 weeks after the last vaccination (approximately 
30 weeks of gestation), and the antibody titer in the piglets just 
after colostrum uptake was analyzed by linear regression. Using 
forward selection, the effect of serotype was analyzed (M2).

The median time for which neutralizing antibody titers in 
the piglets were detected (titer ≥0.3) was analyzed in a logistic 
mixed-effects model (10, 11). Whether or not a neutralizing anti-
body titer was observed was the binary result variable. Possible 
nominal explanatory variables used were group, serotype, and 
mother, whereas the possible continuous explanatory variables 
were age and neutralizing antibody titer at birth. The piglet was 
entered as random variable (M3).

The half-life of the neutralizing antibody titers was analyzed 
in a linear mixed-effects model (10, 11). The neutralizing anti-
body titer measured was the result variable. Possible nominal 
explanatory variables used were group, serotype, and mother, 
whereas the possible continuous explanatory variables were age, 
neutralizing antibody titer of the dam, and neutralizing antibody 
titer at birth. The piglet was entered as random variable (M4). In 
the abovementioned analyses, the best fitting model was selected 
in a forward selection procedure using the Aikaike information 
criterion (12, 13). Analysis was performed using R version 3.2.3 
and lme4 library version 1.1.10 using default settings.
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TaBle 1 | Final selected linear mixed-effects model (M1) using the VnT 
titer in the sows (n = 5) as continuous response variable, the time after 
vaccination, and strains as possible explanatory nominal variables.

random effects Variance sD

Sow 0.007 0.08
Residual 0.05 0.23

Fixed effects estimate se t-Value

Intercept  −0.3 0.07 −4.5
0.9 weeks post vaccination 0.0 0.08 0.0
1.9 weeks postvaccination 0.6 0.08 7.4
2.9 weeks postvaccination 0.6 0.08 6.8
3.9 weeks postvaccination 0.7 0.08 8.6
4.9 weeks postvaccination 0.8 0.08 9.9
5.9 weeks postvaccination 0.7 0.08 9.0
6.9 weeks postvaccination 0.7 0.08 8.7
7.9 weeks postvaccination 0.9 0.08 10.3
8.9 weeks postvaccination 1.0 0.08 12.4
9.9 weeks postvaccination 0.8 0.08 9.8
Strain A TUR/14/98 0.5 0.04 12.4
Strain O Manisa 0.5 0.04 10.8

The animal was included as random variable.

FigUre 1 | Titers observed in sows (n = 5) vaccinated with trivalent 
FMD vaccine (at least six PD50 per dose) three times during gestation. 
Antigens included in the vaccine were type A TUR/14/98 (diamonds), O 
Manisa (squares), and Asia-1 Shamir (triangles). The arrows indicate the time 
of vaccination. The error bars (only one direction to avoid overlap) indicate 
the SEM.
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resUlTs

The neutralization titers observed in the sows are given in 
Figure 1. The linear mixed-effects model (M1, Table 1) showed 
that the neutralizing antibody response was significantly higher 
2–10  weeks after vaccination compared with the titer at the 
time of vaccination, but differed significantly between strains. 
The titer induced by serotype Asia-1 was approximately 0.5 

log10 lower than the titers against A TUR/14/98 and O Manisa 
(Table 1).

Table  2 shows the neutralizing antibody titers against A 
TUR/14/98 in the piglets in the various groups. In the piglets 
with maternally derived antibodies (Groups 1–5), the mean 
neutralizing antibody titer (log10) against A TUR/14/98 was 1.7 
(SEM 0.05) at birth. The mean neutralizing antibody titer (log10) 
against O Manisa was slightly higher (mean, 2.0 SEM 0.06) and 
lower for serotype Asia-1 Shamir (mean, 1.3 SEM 0.06). The 
neutralizing antibody titer of the piglets was strongly correlated 
with the neutralizing antibody titer of the sows. On average, a 1 
log10 higher antibody titer in the sows resulted in a 1 log10 higher 
antibody titer in the piglets (univariate linear regression, data not 
shown). However, the relation was different for each serotype, 
and an interaction effect was found between serotype and the 
neutralization titer of the dam (M2, Table  3). The interaction 
effect was caused by the fact that the titers in the dam for type A 
TUR/14/98 were 0.9 or 1.05, and no relation between antibody 
titer in the dam and the piglet for this serotype could be deter-
mined (Table 3).

The duration for which maternally derived antibodies could 
be detected differed for the different serotypes (Figure  2). The 
logistic mixed-effects model (M3, Table  4) showed that the 
presence of VNT titres was statistically dependent on the titer 
at birth, age, the serotype with an interaction effect between 
age, and serotype. The median time that antibodies are present 
increases with approximately 29–53 days when the titer at birth 
is 1 log10 higher, depending on the serotype. For piglets with a 
neutralizing antibody titer of 2 log10 at birth (the mean titer for O 
Manisa in the dataset), the model produced a median time that 
neutralizing antibodies could be detected of 9, 14, and 9 weeks, 
respectively, for serotype A TUR/14/98, O Manisa, and Asia-1 
Shamir. Interestingly, when the analysis was performed with only 
the non-vaccinated piglets (Group 5), a significant interaction 
effect between age and serotype was found, indicating that the 
median time for which antibodies are present are different for 
different serotypes even if the piglets were born from the same 
mother and started with the same neutralizing antibody titer at 
birth (results not shown).

The total number of sera tested in Groups 1–5 was 421; the 
number of left censored data (sera with a titer <0.3) was different 
for each serotype 57 for O Manisa, 71 for A TUR/14/98, and 254 
for Asia-1. However, none of the piglets had a titer <0.3 at the 
beginning of the study. In the linear mixed-effects model, to study 
of the decline of neutralizing antibody titers in the piglets (M4, 
Table 5), only sera with a titer of 0.3 or higher were included. 
The analysis showed that the antibody titer depended on the 
age of the piglets, the titer of birth, the titer of the dam, and the 
serotype. There were interaction effects found between serotype 
and age, titer at birth and age, and titer of the sow and serotype. 
The interaction effect between both serotype and titer at birth 
with age shows that half-life of neutralizing antibodies detected in 
our study depends on the serotype and the titer at birth. The esti-
mated half-life of neutralizing antibodies for a piglet that started 
with a neutralizing antibody titer of 2 log10 (based on the observed 
mean titer in week 1 for O Manisa) was 11, 16, and 12 days for, 
respectively, serotype A TUR/14/98, O Manisa, and Asia-1.
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TaBle 5 | Final selected linear mixed-effects model (M4) using the VnT 
titer in the piglets (n = 50) as continuous response variable, the age, VnT 
titer at birth, VnT titer of the sows, and strains as possible explanatory 
variables.

random effects Variance sD

Piglet 0.01 0.10
Residual 0.04 0.20

Fixed effects estimate se t-Value

Intercept 0.2 0.07 2.8
Age (days) −0.02 0.002 −8.3
VNT titer at birth 0.8 0.06 12
VNT titer dam 0.4 0.1 3.9
Strain A TUR/14/98 −0.8 0.4 −2.0
Strain O Manisa −0.05 7 −0.8
Interaction age and strain A TUR/14/98 −0.002 0.002 −0.8
Interaction age and strain O Manisa 0.006 0.001 6.4
Interaction age and VNT titer at birth −0.005 0.001 −5.3
Interaction VNT titer dam and strain A 
TUR/14/98

0.8 0.4 1.9

Interaction VNT titer dam and strain O 
Manisa

−0.1 0.09 −1.6

The piglet was included as random variable. Strain Asia-1 was the baseline variable.

TaBle 4 | Final selected logistic mixed-effects model (M3) using the 
presence of a VnT titer (<0.3 is negative, 0.3 or higher is positive) in the 
piglets (n = 50) as binary response variable, the age (days), the VnT titer 
at birth, and strains as possible explanatory variables.

random effects Variance sD

Piglet 2.7 1.7

Fixed effects estimate se z-Value p-Value

Intercept −0.2 0.9 −4.5 0.8
VNT titer at birth 6.5 0.8 8.1 ≪ 0.001
Age (days) −0.2 0.02 −8.8 ≪ 0.001
Strain A TUR/14/98 2.7 2.6 1.0 0.3
Strain O Manisa −1.2 1.2 −0.9 0.3
Interaction age and strain 
A TUR/14/98

−0.4 0.05 −0.8 0.4

Interaction age and strain 
O Manisa

0.1 0.02 3.6 0.0003

The piglet was included as random variable. Strain Asia-1 was the baseline variable.

FigUre 2 | Proportion of piglets with FMDV neutralizing antibody titers 
≥0.3. For non-vaccinated piglets A TUR/14/98 (only Group 5, diamonds, 
central line). For all piglets with maternally derived antibodies (Group 1–5) for 
serotype O Manisa (squares, line on the right) and serotype Asia-1 Shamir 
(triangles, line on the left). The data were analyzed by a logistic mixed-effects 
model. The dashed line indicates the extrapolated part of the curve.

TaBle 3 | Final selected linear model (M2) using the VnT titer at birth of 
the piglets (n = 50) as continuous response variable, the VnT titer of the 
dam and strains as possible explanatory variables.

estimate se t-Value p-Value

Intercept 0.6 0.1 5.5  ≪ 0.001
VNT titer of dam 1.6 0.2 8.3 ≪ 0.001
Strain A TUR/14/98 1.3 0.6 2.2 0.03
Strain O Manisa 0.6 0.2 3.5 0.0006
Interaction VNT titer dam 
and strain A TUR/14/98

−1.7 0.6 −2.9 0.005

Interaction VNT titer dam 
and strain O Manisa

−0.7 0.2 3.2 0.001

Strain Asia-1 was the baseline variable.

TaBle 2 | age and neutralizing antibody titer against the strain used for vaccination (a TUr/14/98).

group number age of vaccination (days) VnT titer (a TUr/14/98) at birth VnT titer (a TUr/14/98) at vaccination

Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum

1 10 21 22 23 0.90 1.7 2.10 0.60 1.2 1.65
2 10 35 36 37 1.35 1.8 2.25 0.45 0.9 1.50
3 10 49 50 51 0.90 1.7 2.25 <0.30 0.5 1.05
4 10 63 64 65 1.35 1.8 2.40 <0.30 0.1 0.60
5 10 NA NA NA 1.35 1.8 2.25 NA NA NA
6 10 20 21 21 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3

Mean titers are calculated considering <0.30 as 0.
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Figure  3 shows the response of the piglets to homologous 
vaccination with a monovalent FMDV serotype A TUR/14/98 
vaccine. The curves show that all groups of piglets respond to vac-
cination; after vaccination, the curve does not follow the decrease 

of maternally derived antibodies observed in non-vaccinated 
piglets. However, piglets vaccinated 4 or 5 weeks after birth did 
not have a response to the vaccine up to the level seen in a previ-
ous study (horizontal dotted line in Figure 3) in which pigs were 
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FigUre 3 | FMD type a TUr/14/98 serology profile following homologous vaccination of piglets with maternally derived antibodies. Piglets were either 
vaccinated at 3 (open triangle), 5 (solid circle), 7 (open box), or 9 (solid triangle) weeks of age. One group of piglets (open circle) did not receive a vaccination and 
one group did not have maternally derived antibodies (solid box). The horizontal line indicates the mean virus neutralization titer observed 28 days postvaccination in 
a previous study in pigs vaccinated with a vaccine containing six PD50 per dose.

Dekker et al. FMD Vaccination in Piglets with Maternal Antibodies

Frontiers in Veterinary Science | www.frontiersin.org June 2016 | Volume 3 | Article 52

vaccinated with an FMD vaccine containing six PD50 per dose. 
The response in the piglets vaccinated 7 and 9 weeks after birth 
was similar to the response observed in pigs vaccinated with an 
FMD vaccine containing six PD50 per dose. Based on this six PD50 
per dose threshold value, the response in the piglets vaccinated 
7 and 9 weeks after birth was deemed sufficient, and the piglets 
vaccinated 9 weeks after birth had an earlier and initially a higher 
response than the piglets born from non-vaccinated sows.

DiscUssiOn

The objective of this study was to determine the optimal age for 
FMD vaccination of piglets based on measurement of serological 
titers following vaccination and the corresponding level of pro-
tection that can be expected. In contrast to an earlier publication 
(4), we observed a response in piglets with maternally derived 
antibodies vaccinated 3 weeks after birth; following vaccination, 
the curve did not follow the decrease of maternally derived anti-
bodies observed in non-vaccinated piglets. In our experiment, 
when considering the six PD50 per dose threshold value (shown 
in Figure  3) the response to vaccination was sufficient when 
piglets were vaccinated 7–9 weeks after birth. Piglets can respond 
to vaccination in the presence of maternally derived antibodies, 
as has been shown before for FMDV vaccines (14), as well as 
for influenza vaccines (6). Our experiment confirms the earlier 
finding that the higher the maternally derived antibody titer, 
the lower the response to vaccination. To induce a neutralizing 
antibody titer likely to confer protection, piglets should ideally 
be vaccinated when maternally derived antibodies are at very 
low level. The median time that maternally derived antibod-
ies are present in piglets depends on the titer at birth and the 
serotype. The titer at birth depends on the titer of the sows and 
the serotype of the vaccine. We observed a large variation in 

antibody titers between seroptypes in the sows, which, in turn, 
resulted in differences between serotypes in maternal antibody 
titers and, consequently, the optimal time for vaccination of 
the piglets. The antibody response for Asia-1 Shamir in pigs 
was known to be lower in comparison to A TUR/14/98 and O 
Manisa (15). It is difficult to extrapolate our findings to other 
FMD vaccines since different vaccine formulations might induce 
higher or lower responses in sows. The vaccination protocol of 
the sows can also influence the outcome. In our case, the sows 
were vaccinated three times during pregnancy, because the 
study was a repeat-dose safety study for a vaccine marketing 
authorization application. In a field situation, it is probably easier 
to vaccinate sows one or two times per year, which will prob-
ably result in higher variation in titers in the piglets compared 
with a scheme suggested earlier (16), where sows are vaccinated 
before pregnancy and boosted once during pregnancy to obtain 
the highest titers in the piglets. Therefore, it is important that 
authorities responsible for vaccination monitor the response and 
study the optimal time for vaccination on a regular basis, as 
different FMD vaccines used in sows can influence the immune 
status of the mother.

A remarkable finding in both the logistic mixed-effects 
model and the linear mixed-effects model was the interaction 
effect between age and serotype. In the linear mixed-effects 
model, this interaction could be explained in the difference in 
censoring for the different serotypes; for serotype Asia-1, there 
were more observations with a VNT titer <0.3. In the logistic 
mixed-effects model, there was no censoring. This indicates 
that the decrease of maternally derived antibodies was differ-
ent between the different serotypes. Such an interaction effect 
was not observed when we studied the duration of maternally 
derived antibodies in calves (5). The difference can be explained 
by the fact that decrease of maternally derived antibodies is not 
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only due to antibody metabolism but also due to the growth 
of the piglet (3), in combination with the fact that the titers at 
birth were not the same. The biggest change in weight (rela-
tively) is in the beginning, when piglets grow from 1–2 kg to 
approximately 10 kg within a month. This is almost a 10-fold 
increase in weight. The next 10-fold increase takes more than 
5  months. In the profile of the O Manisa, maternally derived 
antibody titers, approximately a 1 log10 decrease is seen in the 
first 4 weeks, then the decrease becomes less steep. For serotype 
Asia-1 and the non-vaccinated piglets for A TUR/14/98, a 1 log10 
decrease is also observed in the same period. But for serotype 
Asia-1, most piglets have titers below the detection level of the 
assay after 4  weeks (Figure  2), so it is not possible to assess 
the reduction in slope. It is unlikely that the metabolization of 
maternally derived antibodies is different between the different 
serotypes.

The antibody response in this study was only followed for 
6 weeks after vaccination, but fattening pigs should be protected 
for at least 6 months. Therefore, it is advisable that further studies 
in countries using vaccination are carried out, also to obtain data 
on antibody response in a field situation.

The most important result from our study was the observa-
tion that large differences arise in the duration of the maternally 

derived antibodies, which mainly depend on the titer at birth, 
which, in turn, depends on the titer in the sows. Therefore, 
every country that uses vaccination to control FMD in swine 
populations should determine the optimal vaccination strategy 
for the vaccine they are using monitoring titers in sows. A reas-
sessment of the strategy is warranted when new FMD vaccines 
are introduced.
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Understanding the quantitative characteristics of a pathogen’s capability to transmit 
during distinct phases of infection is important to enable accurate predictions of the 
spread and impact of a disease outbreak. In the current investigation, the potential for 
transmission of foot-and-mouth disease virus (FMDV) during the incubation (preclinical) 
period of infection was investigated in seven groups of pigs that were sequentially 
exposed to a group of donor pigs that were infected by simulated-natural inoculation. 
Contact-exposed pigs were comingled with infected donors through successive 8-h 
time slots spanning from 8 to 64 h post-inoculation (hpi) of the donor pigs. The transition 
from latent to infectious periods in the donor pigs was clearly defined by successful 
transmission of foot-and-mouth disease (FMD) to all contact pigs that were exposed 
to the donors from 24 hpi and later. This onset of infectiousness occurred concurrent 
with detection of viremia, but approximately 24 h prior to the first appearance of clinical 
signs of FMD in the donors. Thus, the latent period of infection ended approximately 
24 h before the end of the incubation period. There were significant differences between 
contact-exposed groups in the time elapsed from virus exposure to the first detection 
of FMDV shedding, viremia, and clinical lesions. Specifically, the onset and progression 
of clinical FMD were more rapid in pigs that had been exposed to the donor pigs during 
more advanced phases of disease, suggesting that these animals had received a higher 
effective challenge dose. These results demonstrate transmission and dissemination of 
FMD within groups of pigs during the incubation period of infection. Furthermore, these 
findings suggest that under current conditions, shedding of FMDV in oropharyngeal 
fluids is a more precise proxy for FMDV infectiousness than clinical signs of infection. 
These findings may impact modeling of the propagation of FMD outbreaks that initiate in 
pig holdings and should be considered when designing FMD control strategies.

Keywords: foot-and-mouth disease, foot-and-mouth disease virus, virus diseases, pigs, transmission, incubation, 
subclinical, preclinical
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inTrODUcTiOn

Foot-and-mouth disease (FMD) is a highly contagious and eco-
nomically devastating disease that affects cloven-hoofed animal 
species. The infectious agent, foot-and-mouth disease virus 
(FMDV; genus Apththovirus, family Picornaviridae), is infectious 
at low doses and capable of rapid dissemination within suscep-
tible animal populations (1). Clinical FMD is characterized by 
fever, lameness, and ptyalism concurrent with the occurrence of 
vesicular lesions in the oral cavity and on the feet. However, the 
clinical manifestations of FMD may vary greatly depending both 
on biological properties of the different virus strains and on the 
host species affected (2–4).

Although FMD-associated mortality rates among adult ani-
mals are generally low, the intensive countermeasures enacted to 
combat disease outbreaks in FMD-free countries often result in 
depopulation and destruction of large numbers of infected and 
susceptible animals (5–7). Large regions of the world, including 
Europe, Australia, North America, and parts of South America, 
are kept free of FMD by means of strict regulations on import 
of animals and agricultural products. Animal populations within 
these regions where prophylactic vaccination is not practiced 
are highly vulnerable to potential FMDV incursions due to the 
lack of herd immunity. As access to international trade markets 
for agricultural products is largely dictated by a country’s official 
FMD status, introduction of the disease into these regions will 
have massive financial and logistical implications for the agricul-
tural sectors (8). Additionally, there are substantial ethical and 
environmental concerns associated with depopulation of large 
numbers of animals for the purpose of controlling potential FMD 
outbreaks.

The ability to efficiently combat FMD outbreaks in regions 
with highly susceptible animal populations is dependent on early 
detection of the incursion as well as the ability to efficiently trace 
and identify animals, herds, and premises that may have been 
exposed to the source of infection (9–12). The time elapsed from 
the first infection until the first case has been detected is generally 
referred to as the “high risk period” (13). As was seen during the 
extensive FMD outbreak in the UK in 2001, inability to detect 
infection during this early phase of an outbreak can result in 
substantial dissemination before appropriate countermeasures, 
such as animal movement restrictions, are enforced (14, 15). Two 
critical factors that complicate control of the early phase of an 
outbreak are potentially subtle or unapparent clinical signs of 
infection as well as disease transmission occurring during the 
incubation period, prior to the development of detectable clinical 
signs of FMD.

In a study by Charleston et al. (16), it was concluded that cat-
tle exposed to FMDV by direct contact to infected cattle, were 
not infectious until, on average, 0.5 days after the appearance of 
clinical signs of FMD. Thus, the conclusion of this study was that 
transmission of FMDV during the incubation phase would not be 
likely to have a significant influence on disease dissemination in 
an outbreak situation. In contrast to this, a previous publication by 
Orsel et al. (17) concluded that substantial FMDV transmission 
may occur prior to onset of clinical signs in groups of cattle or 
pigs that are housed together. However, the latter publication also 

reported substantial differences in the occurrence of preclinical 
FMDV transmission depending on host species (cattle, pigs, or 
sheep) as well as on the age of the animals. While the occurrence 
of preclinical transmission was low within groups of young calves 
and lambs, it was substantially higher within groups of multipa-
rous dairy cows as well as among 10–12 weeks old pigs (17).

Orsel’s study design allowed for an approximation of the 
extent of preclinical transmission that had occurred. However, it 
was not possible to determine at which specific times transmis-
sion had occurred or to estimate the onset of infectiousness in 
the donor animals. These limitations resulted from the utiliza-
tion of data from previous experiments that were originally 
designed for other purposes (18–21). The ratios of preclinical 
transmission were estimated by determining the number of 
new infections [defined by detection of FMDV shedding in 
oropharyngeal fluid (OPF)] that occurred before the donors 
developed clinical signs of FMD.

Multiple investigations have demonstrated rapid and 
efficient transmission of FMDV within groups of pigs that 
are housed together during the clinical phase of infection 
(18, 22–29). However, to the best of our knowledge, there are 
no published works characterizing the onset or continuous 
progression of infectiousness in FMDV-infected pigs. The 
current investigation was designed to determine the onset of 
infectiousness in relation to the development of clinical disease 
in pigs infected with FMDV. This work provides a novel and 
detailed characterization of the time-dependent progression 
of FMDV transmission dynamics within groups of pigs. The 
demonstration of substantial preclinical transmission of FMDV 
may influence modeling of FMDV outbreak scenarios involving 
this host species and is highly relevant to the development of 
outbreak response strategies.

MaTerials anD MeThODs

Virus
The virus used for this study was a cattle-derived strain of FMDV 
A24 Cruzeiro that had been passed once in pigs. Details of the 
generation and titration of the virus stock has been published 
previously (23).

animal experiments
All animal studies were performed within the BSL-3Ag con-
tainment facility at the Plum Island Animal Disease Center. 
Experimental protocols were approved by the facility’s Institutional 
Animal Care and Use Committee, which functions to ensure ethi-
cal and humane treatment of experimental animals. All animals 
were castrated male Yorkshire pigs, weighing approximately 
30 kg upon delivery that were obtained from a certified vendor 
(Animal Biotech Industries Inc., Danboro, PA, USA). Pigs were 
allowed 2 weeks of acclimation in the facility before the start of 
the experiment.

Preliminary Studies
In order to determine appropriate design of FMD transmission 
studies in pigs, a series of experiments were performed to establish 
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FigUre 1 | experimental design. Seven groups of five pigs were comingled with five FMDV-infected donor pigs through successive 8-h time slots. The first 
contact group was housed together with the donor pigs from 8 to 16 h post-infection (hpi) of the donors. Contact groups were sequentially shifted in and out of the 
isolation room housing the donor pigs at 8-h intervals until all contact groups had been exposed to the donors at 64 hpi. Contact groups were housed in separate 
isolation rooms before and after exposure and were monitored for the development of FMD.
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the antemortem infection dynamics subsequent to simulated-
natural inoculation of donor pigs. These experiments have been 
described in detail in other publications (30–32). A system of 
intra-oropharyngeal (IOP) deposition of 100 50% infectious doses 
titrated in pig heel bulbs [50% PHID; (29)] was selected based 
on consistent, synchronous FMD in inoculated pigs and close 
simulation of natural infection. A total of 15 pigs were inoculated 
with FMDV A24 using this dose and route combination in order 
to determine the duration of the incubation period (i.e., onset of 
clinical signs) and to estimate the inferred latent period (i.e., onset 
of FMDV shedding as proxy for contagiousness). The duration of 
these experiments ranged from 12  h to 60  days depending on 
study objectives. An intensive schedule of sample collection was 
utilized through the early phase of infection to enable detailed 
characterization of infection dynamics in infected pigs. In brief, 
samples consisting of serum and oropharyngeal (OP) swabs 
(see below) were collected at 4- to 6-h intervals until 24 h post-
inoculation (hpi), and at 12- to 24-h intervals subsequently, with 
some variation in sampling time points between study cohorts.

Contact Transmission Trials
The contact transmission trial included 40 pigs that were divided 
into 8 groups of 5 pigs per group (Figure  1). All groups were 
housed in separate isolation rooms and one group (the donor 
pigs) was infected with FMDV A24 Cruzeiro using the optimized 
IOP-inoculation system (30).

Starting at 8 hpi of the donor pigs, the remaining seven groups 
of pigs (contact groups 1–7) were sequentially comingled with 
the donor pigs for periods of 8 h each (Figure 1). The donor pigs 
were kept in the same isolation room throughout the study, while 
contact groups were moved from a clean pre-exposure room 
into the donor room, and subsequently transferred to a differ-
ent, clean post-exposure room before the subsequent contact 
group was moved into the donor room (Figure 1). Thus, the first 
contact group was exposed to the donor pigs from 8 to 16 hpi, 
the second group was exposed from 16 to 24  hpi, continuing 
similarly, until the seventh and final contact group had been 
exposed to the donors, at 64 hpi (Figure 1). Water was available 
ad libitum throughout the experiment. A small amount of feed 
was distributed on the floor of the donor’s room at the start of 
each contact period. Physical handling and sample collection was 
standardized to avoid passive transfer of virus between rooms. 
Animal handlers moved from clean to contaminated areas with 
showers and changes of clothes between rooms.

Clinical Evaluation and Sample Collection
Samples consisted of whole blood collected in serum separation 
tubes from the jugular vein and OP swabs obtained through 
direct swabbing of the tonsil of the soft palate using a large 
cotton swab. Swabs were immersed in 2-ml minimal essential 
media containing 25mM HEPES directly upon collection. Blood 
samples and OP swabs were centrifuged to extract serum and 
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OPF, respectively. All samples were immediately frozen at −70°C 
until further processing.

The onset and progression of the pigs’ clinical status (lesion 
distribution) were quantitated using a previously described scor-
ing system (29, 30, 33). In brief, each of 16 digits having a charac-
teristic FMDV lesion contributed one point toward a cumulative 
score, with 4 additional single points added for lesions within the 
oral cavity, on the snout, on the lower lip, and on carpal/tarsal 
skin, respectively, thus resulting in an initial maximum score of 
20. Individual animals’ scores were subsequently converted to a 
0–5 scale to facilitate statistical comparison to other investigations 
performed within our laboratory. This was achieved by dividing 
each animal daily score by the maximum score and multiplying 
the fractional value by 5.

Serum and OP swabs were collected from all pigs prior to 
inoculation or exposure. Subsequent sampling of donor pigs 
consisted of collection of blood at 16, 24, 48, and 64 hpi, and OP 
swabs directly after inoculation and at 8-h intervals subsequently, 
corresponding to the time points when contact groups were 
moved in/out of the donor’s room. Clinical observations of donor 
pigs were likewise performed at 8-h intervals.

Post-exposure OP swabs were collected from contact pigs as 
they were transferred out of the donor’s room [8 h post-exposure 
(hpe)] and again at 16 and 24 hpe. Serum and OP swabs were 
subsequently collected at 24-h intervals (corresponding to once 
per day) from 24  hpe until the pigs had developed fulminant 
clinical FMD and were removed from the study (72–120 hpe). 
Pigs that did not develop any signs of FMD were sampled once 
daily for 10  days, with additional samples collected at 14 and 
21  days post-exposure (dpe). Clinical examinations of contact 
pigs were performed each time samples were collected.

FMDV rna Detection in serum and swabs
Serum and OPF were analyzed using qRT-PCR, targeting the 
3D region of the FMDV genome (34), as described previously 
(31,  32, 35, 36). Cycle threshold values were converted into 
FMDV genome copy numbers (GCN) per milliliter by use of 
a standard curve derived from analysis of 10-fold dilutions of 
in vitro synthesized FMDV RNA. The equation of the curve of 
GCN versus Ct values was further adjusted for dilutions used 
during processing of samples. Results reported in Figures 2 and 3 
represent the geometric group mean (log10 GCN/ml ± SEM) for 
each time point.

Virus isolation
Oropharyngeal swab samples collected from contact groups 1 
and 2 were cleared from debris and potential bacterial contami-
nation by centrifugation through Spin-X® filter columns (pore 
size 0.45  μm, Sigma-Aldrich) and were subsequently analyzed 
for infectious FMDV through virus isolation (VI) on LFBK αvβ6 
cells (37, 38), following a protocol previously described (36). 
Absence of FMDV was further confirmed by qRT-PCR analysis 
of VI cell culture supernatants.

Definitions
Successful transmission was determined by the detection of clini-
cal FMD in contact-exposed pigs concurrent with viral dynamics 

consistent with infection. Pigs that did not develop clinical signs 
of FMD were kept through 21 days for the assessment of sero-
conversion to rule out the possibility of subclinical infection. The 
onset of FMDV shedding was determined as the time of the first 
detection of FMDV RNA in OPF that led to sustained subsequent 
detection. Using this definition, a single occurrence of FMDV 
RNA detection in OPF was not considered as virus shedding 
unless detection occurred in the subsequent sample. Viremia was 
defined by detection of FMDV RNA in serum. The onset of clini-
cal FMD was determined as the first observed vesicular lesion in 
the oral cavity, on the snout or on the feet. All observations were 
made at individual animal level. But, transmission events could 
not be attributed to individual animals as contacts (n = 5) and 
donors (n = 5) cohabitated in the same containment unit during 
exposure.

statistical analysis
The time to first detection of clinical FMD lesions, viremia 
(defined by detection of FMDV RNA in serum), and continuous 
shedding of FMDV RNA in OPF was compared across groups 
using log-rank tests with Kaplan–Meier estimated survival 
curves (39, 40). Computations were carried out in the statistical 
program R using the survival package (41). p-Values of ≤0.05 
were considered indicative of significant differences between 
groups.

resUlTs

Preliminary studies
Fifteen pigs were inoculated with FMDV A24 Cruzeiro using 
a simulated-natural system of IOP deposition in order to esti-
mate the parameters of incubation and latency, by determining 
onset of clinical disease and FMDV shedding. The selected 
dose and challenge route generated consistent clinical FMD 
and highly synchronous progression of infection in inoculated 
pigs (Figures 2A,C,E). Abundant but declining levels of FMDV 
RNA detected in OP swabs directly following inoculation were 
interpreted as residual inoculum. From 8  hpi, FMDV RNA 
detection in OPF increased, suggesting de novo replication of 
virus in the oropharynx (Figure 2A). The average detection level 
of FMDV RNA at the time of first detection of de novo shed-
ding was 5.8 GCN/ml. Virus shedding peaked at approximately 
72 hpi before gradually declining. Viremia, defined by detection 
of FMDV RNA in serum, was first detected at 18 hpi and peaked 
at 72 hpi (Figure 2C). A single vesicular lesion was detected at 
36 hpi in one animal, with lesions appearing between 48 and 
72 hpi in the remaining pigs (Figure 2E). Based on these data, 
it was determined that under these conditions, the transition 
from preshedding to shedding (inferred infectious) phases 
of infection occurred at 8  hpi (Figure  2A), while the transi-
tion from incubation to clinical phase occurred at 36–48 hpi 
(Figure  2E). On the basis of these preliminary experiments, 
it was determined that, in order to dissect incubation and 
latent periods under the current experimental conditions, a 
transmission experiment would have to span from a minimum 
of 8–48 hpi.
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FigUre 2 | FMDV infection dynamics in pigs inoculated via intra-oropharyngeal (iOP) route. Infection dynamics in preliminary investigations (top row; 
n = 15) and subsequent transmission trial (bottom row; n = 5). (a,B) FMDV RNA in OPF determined by qRT-PCR and expressed as log10 genome copy numbers 
(GCN)/ml (mean values ± SEM). Abundant FMDV RNA measured directly after inoculation was interpreted as residual inoculum indicated by (*). Infectiousness was 
not determined in the preliminary experiments which had no contact exposure groups. Rather, inferred infectiousness was estimated based on onset of shedding 
which occurred at 8 hpi [(a) black dashed line; Inferred Infectiousness (shedding)]. Inferred infectiousness was also retrospectively extrapolated from the measured 
time of onset of infectiousness in the subsequent transmission trial [(a) red dashed line; Inferred Infectiousness (timing)]. The donors’ transition from latent to 
infectious phases of infection occurred at 24 hpi [(B) black dashed line] as determined by successful contact transmission of FMDV. (c,D) FMDV RNA in serum 
determined by qRT-PCR and expressed as log10 genome copy numbers (GCN)/ml (mean values ± SEM). Viremia was detected at 18 hpi in preliminary studies (c) 
and at 24 hpi in the donors of the transmission trial (D). (e,F) Cumulative lesion score in preliminary investigations (e) and in the donors of the transmission trial (F). 
The transition from incubation to clinical phases of infection (vertical dashed lines) occurred at 36 and 48 hpi, respectively. Assay detection limits: serum = 2.68 log10 
GCN/ml; OPF = 3.08 log10 GCN/ml.
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contact Transmission Trial
Infection Dynamics in IOP-Inoculated Donor Pigs
Five pigs designated as virus donors were inoculated with FMDV 
A24 Cruzeiro by the IOP route, as described previously (30, 31). 
Overall, infection dynamics were highly similar to the preliminary 
experiments (Figure 2). Adequate deposition of inoculum was 
confirmed by detection of abundant quantities of virus measured 
in OP swabs directly following inoculation (“*” in Figure 2B). 
After clearance of residual inoculum, FMDV shedding was 
detected in OPF of all five donor pigs at 8  hpi, with a mean 
value of 5.22 log10 GCN/ml. FMDV shedding in OPF increased 
continuously reaching a maximum level of 9.0 log10 GCN/ml at 
64 hpi at which time the donor pigs were euthanized (Figure 2B). 
FMDV RNA was detected in serum at 24 hpi in three out of five 
donor pigs, and at 48 hpi in the remaining two donor pigs. The 
maximum mean serum concentration of 9.85 log10 GCN/ml was 
measured at the time of euthanasia (64  hpi; Figure  2D). Early 
clinical signs of FMDV, including subtle blanching and vesicula-
tion at coronary bands and tongue, were observed in three donor 

pigs at 48 hpi, and one pig at 56 hpi; cumulative lesion scores in 
these four pigs progressed gradually until the final assessment at 
64 hpi (Figure 2F). One pig did not develop FMD lesions within 
the study period; however, successful infection of this pig was 
confirmed by detection FMDV RNA in OPF and blood at 8 and 
48 hpi, respectively.

Contact Groups 1 and 2
Contact group 1 cohabitated with the donor pigs from 8 to 16 hpi, 
whereas contact group 2 was subsequently exposed to the donors 
from 16 to 24 hpi (Figure 1). Detection of FMDV RNA in OPF 
of donor pigs was 5.22 log10 GCN/ml at the start of contact group 
1 exposure, and 6.51 log10 GCN/ml at the end of contact group 2 
exposure (Table 1). None of the 10 pigs in contact groups 1 or 2 
developed any signs of FMDV infection (Figures 3–6; Table 1). 
Low quantities of FMDV RNA were detected in OP swabs of 
one pig in contact group 2 at 8 hpe, corresponding to the end 
of the contact exposure. FMDV RNA was not detected in any 
subsequent OPF or serum samples collected from the pigs in 
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FigUre 3 | infection dynamics in sequentially exposed contact groups. Quantities of FMDV RNA in OP swabs (a) and serum (B), as well as cumulative 
lesion score (c) in seven groups of pigs that were exposed to FMDV-infected donor pigs during successive 8-h slots. Group means and SEM. There was no 
detection of infection in contact groups 1 and 2, which were exposed to the donors from 8 to 16 and 16 to 24 hpi, respectively. The onset and progression of 
infection in contact group 3 (exposed from 24 to 32 hpi) were delayed compared to subsequent groups. FMDV RNA in serum and OPF determined by qRT-PCR 
and expressed as log10 genome copy numbers (GCN)/ml (mean values ± SEM). Assay detection limits: serum = 2.68 log10 GCN/ml; OPF = 3.08 log10 GCN/ml.
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TaBle 1 | Progression of infectiousness in pigs inoculated with FMDV via intra-oropharyngeal (iOP) route.

contact  
group

exposure  
timea (hpi)

Donor pig characteristics during exposure infected  
contact pigs 
(infected/not 

infected)

infectious phase  
of donors

Viremia clinical  
FMD

FMDV rna in OPFb

start exposure end exposure

1  8–16 No No 5.22 6.45 0/5 Latent
2 16–24 No No 6.45 6.51 0/5 Latent
3 24–32 Yes No 6.51 7.22 5/0 Infectious (incubation)
4 32–40 Yes No 7.22 8.31 5/0 Infectious (incubation)
5 40–48 Yes Yes 8.31 8.10 5/0 Infectious (clinical)
6 48–52 Yes Yes 8.10 8.10 5/0 Infectious (clinical)
7 52–64 Yes Yes 8.10 9.00 5/0 Infectious (clinical)

aExpressed as hours post-infection of donors.
bExpressed as log10 GCN/ml.
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either of these two groups (Figure 3). Pigs in groups 1 and 2 were 
monitored through 21 dpe. Serum samples collected at 21 dpe did 
not contain neutralizing antibodies against FMDV, confirming 
that the pigs had not been subclinically infected (not shown).

Contact Group 3
The five pigs in contact group 3 were exposed to the donor pigs 
from 24 to 32 hpi. During this period, donor pigs were viremic, but 
had not yet developed fever (not shown) or vesicular FMD lesions 
(Figure 2). FMDV RNA detection in OPF of the donors was 6.51 
log10 GCN/ml at the start of exposure, and 7.22 log10 GCN/ml 
when contact group 3 was removed from the room (Table  1). 
FMDV RNA was detected in OPF of all five pigs in groups 3 at the 
end of the exposure period (8 hpe; Figure 3A), with a mean value 
of 5.25 log10 GCN/ml. However, FMDV RNA was only detected 
in OPF from one out of the five pigs at the subsequent time point 
(16  hpe), and OPF from all five pigs were below the limit of 
detection for FMDV RNA at 24 hpe (Figure 3A). Viral shedding 
in OPF was again detected in all pigs at 48  hpe and gradually 
increased to a peak mean value of 8.59 log10 GCN/ml measured 
at 96  hpe (Figure  3A). FMDV RNA in serum was detected at 
24 hpe in one pig, at 48 hpe in the second pig, and at 72 hpe in the 
remaining three pigs (Figure 3B). Vesicular lesions were detected 
in all five pigs between 48 and 96 hpe (24 h after the first detection 
of FMDV RNA in serum). There was a continuous increase in 
cumulative lesion scores until the pigs were euthanized at 120 hpe 
(Figure 3C).

Contact Group 4
The five pigs of contact group 4 cohabitated with the donor pigs 
from 32 to 40 hpi. Similar to the previous exposure period, the 
donor pigs were viremic during the contact period, but without 
any clinical signs of FMD (Figure 2; Table 1). Mean detection of 
FMDV RNA in OPF of the donors was 7.22 log10 GCN/ml at the 
initiation of exposure, and 8.31 log10 GCN/ml at the end of expo-
sure (Table 1; Figure 2D). FMDV RNA was detected in OPF from 
all five pigs in contact group 4 at the end of the exposure period 
(8 hpe), with a mean value of 5.72 log10 GCN/ml (Figure 3A). 
Virus detection in OPF was negative in three out of the five pigs 
at 16  hpe, while shedding was continuous in two pigs. There 
was subsequently a consistent increase in FMDV RNA levels 
in OPF, from 24 hpe until a maximum mean value of 8.33 log10  

GCN/ml was measured before the pigs were euthanized at 88 hpe 
(Figure 3A). FMDV RNA was detected in serum of all five pigs 
at 24 hpe, with serum levels reaching a maximum mean value of 
9.89 log10 GCN/ml at 72 hpe (Figure 3B). Vesicular lesions were 
detected at 48 hpe in all five pigs, with cumulative lesions scores 
consistently increasing until the time of euthanasia (Figure 3C).

Contact Group 5
The five pigs in contact group five were exposed to the donor pigs 
from 40 to 48 hpi which corresponded to the end of the incuba-
tion period and transition to the clinical phase of infection for the 
donor group. There were no clinical signs of FMD in the donor 
pigs at the start of the contact group 5 exposure slot (40 hpi), but 
three out of the five donor pigs had developed vesicular lesions by 
48 hpi (Figure 2F). Mean shedding of FMDV RNA in OPF of the 
donors was 8.31 log10 GCN/ml at the start of group 5 exposure, 
with a marginal decrease to 8.10 log10 GCN/ml at the end of expo-
sure (Table 1; Figure 2D). Mean FMDV RNA detection in OPF 
from contact group 5 at the end of the exposure (8 hpe) was 6.13 
log10 GCN/ml (Figure 3A). This quantity had decreased margin-
ally to 5.72 log10 GCN/ml at 16 hpe, but shedding was continuous 
in all five pigs. Peak shedding (8.18 log10 GCN/ml) was detected at 
48 hpe, and virus shedding was sustained close to that level until 
the pigs were euthanized at 80 hpe (Figure 3A). All five pigs were 
viremic at 24 hpe, with peak serum concentration of virus (9.84 
log10 GCN/ml) measured at 72 hpe (Figure 3B). One pig had a 
clearly demarcated coronary band vesicle at 24 hpe, and clinical 
lesions were detected at 48 hpe in the other four pigs. Cumulative 
lesion scores progressed rapidly, and all pigs had severe clinical 
FMD and were unwilling to stand and/or move at the time of 
euthanasia (80 hpe) (Figure 3C).

Contact Group 6
Contact group 6 was exposed to the donors from 48 to 56 hpe. Four 
out of the five donor pigs had early signs of clinical FMD during 
this time frame. The mean quantities of FMDV RNA detected in 
OPF of the donors were 8.10 log10 GCN/ml at the beginning and 
at the end of group 6 exposure. Mean OPF detection in the contact 
pigs at the end of the exposure period (8 hpe) was 7.15 log10 GCN/
ml. Similar to contact group 5, there was a modest drop in OPF 
detection in contact group 6 pigs by 16 hpe (5.99 log10 GCN/ml). 
Shedding was continuous in all five pigs, with a peak mean value 
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FigUre 4 | Kaplan–Meier survival curves; time to detection of OP shedding of FMDV. Survival curves delineating the time to onset of oropharyngeal 
shedding of FMDV RNA in seven sequentially exposed groups of pigs. There was no shedding of FMDV in groups 1 and 2 (A and B), which were thus significantly 
different from all other groups. Additionally, the onset of FMDV shedding was significantly delayed in groups 3 and 4 compared to all subsequent groups. (a) Group 
1: 8–16 hpi exposure. (B) Group 2: 16–24 hpi exposure. (c) Group 3: 24–32 hpi exposure. (D) Group 4: 32–40 hpi exposure. (e) Group 5: 40–48 hpi exposure. (F) 
Group 6: 48–56 hpi exposure. (g) Group 7: 56–64 hpi exposure.
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of 8.63 log10 GCN/ml at 72 hpe (Figure 3A). All pigs were viremic 
at 24 hpe, with peak mean serum concentration of virus (10.53 
log10 GCN/ml) measured at 72 hpe (Figure 3B). Clinical lesions 
appeared at 24 hpe (three pigs), 48 hpe (one pig), or 72 hpe (one 
pig) (Figure 3C). Similar to the preceding contact group, all pigs 
were severely affected by the clinical disease starting at 48–72 hpe 
and were euthanized at 96 hpe.

Contact Group 7
Contact group 7 was exposed to the donors from 56 to 64 hpi. 
The clinical status of the donor group was similar to the previous 
exposure period, with vesicular lesions in four out of the five pigs 

(Figure 2F). Mean shedding in OPF of donor pigs was 8.10 log10 
GCN/ml at the beginning of the exposure and 9.00 log10 GCN/
ml at the end of the contact period (Table  1; Figure  2B). The 
mean OPF detection of FMDV RNA in contact pigs at the end of 
exposure was 7.47 log10 GCN/ml, and OPF shedding increased 
continuously until maximum values of 8.32 log10 GCN/ml were 
measured at 48 hpe (Figure 3A). The mean serum concentration 
of FMDV RNA at 24 hpe was 8.02 log10 GCN/ml, with an increase 
to a peak average value of 10.10 at 48 hpe (Figure 3B). Clinical 
lesions were detected at 24 hpe in one pig and 48 hpe in four pigs 
(Figure 3C). The pigs in group 7 were euthanized at 72 hpe due 
to the severity of clinical FMD.
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FigUre 5 | Kaplan–Meier survival curves; time to detection of viremia. Survival curves delineating the time to onset of viremia, defined by detection of FMDV 
RNA in serum. Seven groups of pigs were sequentially exposed to FMDV-infected donor pigs. There was no detection of FMDV in serum in groups 1 and 2 (a,B), 
which were thus significantly different from all other groups. Additionally, the onset of FMDV viremia was significantly delayed in group 3 compared to subsequent 
groups. (a) Group 1: 8–16 hpi exposure. (B) Group 2: 16–24 hpi exposure. (c) Group 3: 24–32 hpi exposure. (D) Group 4: 32–40 hpi exposure. (e) Group 5: 
40–48 hpi exposure. (F) Group 6: 48–56 hpi exposure. (g) Group 7: 56–64 hpi exposure.
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statistical comparison of Time to Onset of 
Viremia, shedding, and clinical Disease 
across contact groups
The time to event for onset of important disease dynamic 
parameters were compared across contact groups in order to 
characterize differences associated with the conditions of contact 
exposure. An omnibus test indicated that there were significant 
differences among the Kaplan–Meier estimated survival curves 
for the seven contact groups at the 0.05 significance level in the 
elapsed times from contact exposure until the first detection 
of FMDV shedding in OPF, onset of viremia, and appearance 
of clinical FMD lesions across contact groups. Specifically, the 

onset and progression of these indicators of infection were more 
rapid in contact groups that had been exposed to the donors 
during later stages of infection. Contact groups 1 and 2, which 
did not become infected with FMDV through contact were, as 
expected, significantly different pairwise from all other groups 
in all three parameters evaluated (Figures 4–6). Contact group 
3, which had been exposed to the donors from 24 to 32 hpi, was 
also significantly different compared to groups 4–7, pairwise, for 
all parameters as FMDV shedding in OPF (Figure  4), viremia 
(Figure 5), and clinical lesions (Figure 6) were delayed relative 
to subsequent contact groups. Additionally, detection of FMDV 
shedding in OPF occurred significantly later in contact group 4 
(32–40 hpi exposure) relative to later groups (Figure 4), whereas 
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FigUre 6 | Kaplan–Meier survival curves; time to detection of FMD lesions. Survival curves delineating the time to detection of vesicular FMD lesions in 
seven sequentially exposed groups of pigs. There were no FMD lesions in groups 1 and 2 (a,B), which were thus significantly different from all other groups. 
Additionally, the onset of clinical FMD was significantly delayed in group 3 compared to subsequent groups. (a) Group 1: 8–16 hpi exposure. (B) Group 2: 16–24 hpi 
exposure. (c) Group 3: 24–32 hpi exposure. (D) Group 4: 32–40 hpi exposure. (e) Group 5: 40–48 hpi exposure. (F) Group 6: 48–56 hpi exposure. (g) Group 7: 
56–64 hpi exposure.
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this group was not different from later groups with regard to 
detection of viremia or clinical lesions (Figures 5 and 6).

DiscUssiOn

The highly contagious nature of FMDV can be attributed to a 
combination of factors including broad host range, low infectious 
dose, and shedding of large quantities of virus by infected animals 
(3, 4, 42, 43). Even though FMDV transmission may occur via 
both direct (animal to animal) and indirect (mechanical transfer 
and airborne spread) mechanisms, the most significant risk for 
dissemination of disease during the early phase of an outbreak 

is transport of infected animals (44). The extent of spread during 
the early, high risk period of an FMD outbreak can be influenced 
by the occurrence of mild or unrecognized clinical symptoms 
of disease, as well as the potential for disease transmission from 
infected animals that have not yet developed clinical disease 
(13). The current investigation was designed for the purpose of 
determining the onset of infectiousness (end of latent period) 
in relation to the appearance of clinical signs (end of incubation 
period) in pigs infected with FMDV. Different characteristics 
of infection dynamics were considered for appropriateness as 
proxies for contagiousness for modeling purposes. An intensive 
schedule of sampling and clinical observations in combination 
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with continuous, sequential exposure of contact pigs to donors 
enabled detailed characterization of the progressive transmission 
dynamics of FMDV in groups of pigs.

The experimental design was based on previous experience of 
characterizing infection dynamics of this specific FMDV strain in 
pigs (23, 30–32). The donor pigs were infected using a simulated-
natural system of IOP inoculation (30, 31) and optimal timing 
of contact exposure was determined based on data obtained 
from a series of preliminary experiments utilizing the same 
virus and challenge system. The IOP-inoculation system has the 
advantage of utilizing a natural route of FMDV exposure for pigs 
while also facilitating precise control of the timing and dose of 
virus challenge. Additionally, as this is a needle-free inoculation 
system, there are no primary vesicles at injection sites that could 
constitute an additional (artificial) source of virus exposure for 
contact animals.

Foot-and-mouth disease virus shedding was continuously 
detected in OPF from all pigs in the donor group from the time of 
inoculation until termination of their monitoring period. Despite 
this continuous detection, there was no transmission of FMDV to 
any of the pigs in the first two contact groups, which were exposed 
to the donors from 8 to 16 and 16 to 24  hpi, respectively. On 
this basis, the transition from latency to infectiousness within 
the donor group was determined to have occurred between 24 
and 32 hpi as all contact pigs that were exposed to the donors 
from this time and onward developed severe clinical FMD within 
1–3 days after exposure. There were, however, no clinical signs 
of FMD detected in any of the donor pigs before 48 hpi. Thus, 
pigs in contact groups 3 and 4 (exposed from 24 to 32 and 32 
to 40 hpi, respectively) were infected, while all of the donor pigs 
were still within the incubation (preclinical) phase of infection. 
The difference between detection of shedding versus confirmed 
infectiousness indicated that presence of FMDV in donor pigs 
was not sufficient to define infectiousness and suggests that 
a threshold quantity of shedding is required for FMDV to be 
transmitted.

Successful transmission of FMDV occurred concurrently with 
the first detection of viremia in the donor pigs. Even though the 
presence of virus in the blood can be assumed to not have any 
causal relationship to transmission of infection, the current and 
previous investigations have demonstrated that occurrence of 
viremia is associated with a concurrent surge in virus shedding 
via the OP route (23, 31, 45). These data suggest that onset of 
viremia and threshold-defined shedding of FMDV are better 
proxies for infectiousness than onset of clinical disease (end of 
incubation period).

There was moderate variation in the onset of viremia and the 
first detection of clinical lesions among pigs within the earliest 
contact groups to get infected (group 3), whereas the variation 
in infection dynamics was lower within later groups (groups 
4 through 7). FMDV shedding in group 3 was low but largely 
consistent across animals through the early time points after 
exposure. Specifically, FMDV shedding in OPF was below the 
limit of detection at 24  hpe in all five pigs of contact group 3. 
This modest and relatively synchronous FMDV shedding in OPF 
through 8–48 hpe suggests that all five pigs in group 3 did likely 
get infected directly by the donors. However, due to limitations 

of the study design, it was not possible to rule out the possibility 
of within-group transmission in this group. Contrastingly, the 
highly synchronous infection dynamics within subsequent con-
tact groups strongly suggested direct transmission from donors 
to contact pigs.

All pigs in contact groups 3 through 7, which were exposed 
to donors from 24 hpi and later, developed similarly severe FMD 
characterized by high-titer viremia and vesicular lesions on all 
four feet as well as in the oral cavity or on the snout. Thus, there 
was no difference in disease severity between the pigs in any of 
these groups as they reached the pre-determined end point of 
the study. There were, however, more pronounced differences 
between these (infected) contact groups at earlier time points 
after exposure as was reflected in the significant differences in 
the time to event analyses. While the later contact groups (groups 
5 through 7) had a very rapid onset of severe FMD, the progres-
sion of clinical disease was slower and more gradual in contact 
group 3. This finding is consistent with previous investigations 
which have described similar associations between increased 
challenge dose and a shorter time to onset of viremia and clinical 
lesions in FMDV-exposed pigs (25, 28, 30). In the current study, 
the effective challenge dose of successive contact groups was 
reflected by the quantity of FMDV detected in OPF from the 
donor pigs, which steadily increased from 8 to 40 hpi. The increase 
in FMDV shedding by donors through subsequent exposure peri-
ods (40–64 hpi) was less pronounced. However, the appearance 
of vesicular lesions, containing high loads of amplifying virus, 
by 48 hpi would have contributed to a progressively higher chal-
lenge dose for the later challenge groups. It is noteworthy that 
the progression of viremia and clinical FMD in contact groups 5 
through 7 was faster than in the directly inoculated donors, sug-
gesting that the contact challenge received by these groups was 
greater than the IOP-delivered dose. This is consistent with the 
concept that direct contact exposure, albeit of limited duration, 
is a highly stringent challenge system for FMDV studies in pigs 
[reviewed in Ref. (46)].

A previous study by Quan et al. (26) concluded that although 
there was a progressive increase in infectiousness and FMDV 
transmission over time when pigs were exposed in groups, this 
was not the case when contact pigs were individually exposed 
to infected donors. Specifically, there was very limited transmis-
sion of FMDV when one contact pig was exposed to one donor 
pig, regardless of the infectious state of the donor pig. Similarly, 
a previous investigation from our laboratory demonstrated that 
the duration of contact exposure had substantial influence on 
FMDV transmission within groups of pigs, and that the effect of 
altered exposure duration was strain specific (23). The combined 
conclusions of these previous works accentuate the critical influ-
ence of experimental design on the outcome and interpretation 
of transmission experiments. The lack of evaluation of individual 
(one-on-one) exposure of contact pigs in the current study limits 
the ability to attribute FMDV transmission to specific individuals 
or to precisely measurable shedding parameters. However, pigs 
are generally not housed individually, or in pairs, under com-
mercial production conditions; therefore, estimation of transmis-
sion proxies based on isolated individuals could underestimate 
parameters for modeling of disease spread in natural settings.
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The results of this study suggest that FMDV shedding 
 parameters may be better proxies for FMDV transmission than 
clinical signs of disease under these specific experimental con-
ditions. This finding differs from the conclusions published by 
Charleston et al. in 2011, which were based on an experimental 
design investigating transmission of serotype O FMDV between 
calves that were housed in pairs (one-on-one exposure) (16). 
Furthermore, our findings suggest that FMDV transmission 
occurred when the mean levels of FMDV shedding in OPF within 
the donor group exceeded a distinct threshold (6.50 log10 GCN/
ml ± 0.58). Thus, OP shedding of FMDV in pigs should not be 
treated as a categorical variable indicative of infectiousness. This is 
specifically relevant to meta-analyses conducted to obtain infec-
tion parameters (i.e., estimation of latent and infectious periods) 
that feed mathematical modeling, which have not traditionally 
incorporated this concept.

The current investigation demonstrated transmission of 
FMDV during the incubation period of pigs housed in groups. 
The transition from latent to infectious phases of disease occurred 
approximately 24 h prior to the appearance of clinical signs of 
disease. There was a progressive increase in infectiousness of 
donor pigs through the acute phase of disease as the onset 
and progression of clinical FMD in contact pigs were faster in 
groups that were exposed to the donors during advanced stages 
of clinical FMD, which is consistent with an increased effective 
challenge dose. These findings should be considered for modeling 
of FMDV outbreaks involving pigs. Similar studies performed in 
other susceptible species may provide additional insights to the 
relationships between incubation and latency of FMDV infection.

aUThOr cOnTriBUTiOns

CS contributed to study design, coordinated and executed the 
animal experiments, and drafted the manuscript. JP contributed 

to study design and execution of the animal experiments, and 
oversaw laboratory analyses. BB performed statistical analyses 
and interpretation of data. K-MT performed statistical analyses 
and interpretation of data. MB performed statistical analyses and 
interpretation of data. AD coordinated and oversaw data analyses 
and contributed scientific content. LR contributed to study design 
and scientific content. JA conceived and coordinated the work, 
contributed to writing the manuscript, and promulgated addi-
tion of vertical lines in Figure 2. All the authors have critically 
reviewed and revised the manuscript and approved the final 
product.

acKnOWleDgMenTs

Drs. Helena C. de Carvalho Ferreira, Steven I. Rekant, Lauro 
Velazquez-Salinas, Erin B. Howey, Brenton Sanford, and Jolene 
Carlson are thanked for contributing essential practical support 
during the transmission study. Elizabeth Bishop, Ethan Hartwig, 
George Smoliga and Steve Pauszek are thanked for excellent sup-
port with laboratory analyses.

FUnDing

This project was funded through an interagency agreement with 
the Science and Technology Directorate of the U.S. Department 
of Homeland Security under Award Number HSHQDC-
11-X-00189 with additional funding from ARS-CRIS Project 
1940-32000-057-00D. CS, KM-T, and BB are recipients of a Plum 
Island Animal Disease Center Research Participation Program 
fellowship, administered by the Oak Ridge Institute for Science 
and Education (ORISE) through an interagency agreement with 
the U.S. Department of Energy. None of the funding sources had 
influence upon design or performance of experimental study, 
interpretation of results, or writing of the manuscript.

reFerences

1. Grubman MJ, Baxt B. Foot-and-mouth disease. Clin Microbiol Rev (2004) 
17(2):465–93. doi:10.1128/CMR.17.2.465-493.2004 

2. Alexandersen S, Mowat N. Foot-and-mouth disease: host range and patho-
genesis. Curr Top Microbiol Immunol (2005) 288:9–42. 

3. Arzt J, Baxt B, Grubman MJ, Jackson T, Juleff N, Rhyan J, et  al. The 
pathogenesis of foot-and-mouth disease II: viral pathways in swine, small 
ruminants, and wildlife; myotropism, chronic syndromes, and molecular 
virus-host interactions. Transbound Emerg Dis (2011) 58(4):305–26. 
doi:10.1111/j.1865-1682.2011.01236.x 

4. Arzt J, Juleff N, Zhang Z, Rodriguez LL. The pathogenesis of foot-and-mouth 
disease I: viral pathways in cattle. Transbound Emerg Dis (2011) 58(4):291–304. 
doi:10.1111/j.1865-1682.2011.01204.x 

5. Mansley LM, Donaldson AI, Thrusfield MV, Honhold N. Destructive ten-
sion: mathematics versus experience – the progress and control of the 2001  
foot and mouth disease epidemic in Great Britain. Rev Sci Tech (2011) 
30(2):483–98. 

6. Yang PC, Chu RM, Chung WB, Sung HT. Epidemiological characteristics and 
financial costs of the 1997 foot-and-mouth disease epidemic in Taiwan. Vet 
Rec (1999) 145(25):731–4. 

7. Bouma A, Elbers AR, Dekker A, de Koeijer A, Bartels C, Vellema P, et al. The 
foot-and-mouth disease epidemic in The Netherlands in 2001. Prev Vet Med 
(2003) 57(3):155–66. doi:10.1016/S0167-5877(02)00217-9 

8. Junker F, Ilicic-Komorowska J, van Tongeren F. Impact of Animal Disease 
Outbreaks and Alternative Control Practices on Agricultural Markets and Trade:  

The Case of FMD. OECD Food, Agriculture and Fisheries Working Papers, 
No. 19. Paris: OECD Publishing (2009).

9. Boklund A, Halasa T, Christiansen LE, Enoe C. Comparing control strate-
gies against foot-and-mouth disease: will vaccination be cost-effective in 
Denmark? Prev Vet Med (2013) 111(3–4):206–19. doi:10.1016/j.prevetmed. 
2013.05.008 

10. Halasa T, Willeberg P, Christiansen LE, Boklund A, Alkhamis M, Perez 
A, et  al. Decisions on control of foot-and-mouth disease informed using 
model predictions. Prev Vet Med (2013) 112(3–4):194–202. doi:10.1016/j.
prevetmed.2013.09.003 

11. Carpenter TE, Thurmond MC, Bates TW. A simulation model of intraherd 
transmission of foot and mouth disease with reference to disease spread 
before and after clinical diagnosis. J Vet Diagn Invest (2004) 16(1):11–6. 
doi:10.1177/104063870401600103 

12. Backer JA, Hagenaars TJ, Nodelijk G, van Roermund HJ. Vaccination against 
foot-and-mouth disease I: epidemiological consequences. Prev Vet Med 
(2012) 107(1–2):27–40. doi:10.1016/j.prevetmed.2012.05.012 

13. Tomassen FH, de Koeijer A, Mourits MC, Dekker A, Bouma A, Huirne RB. 
A decision-tree to optimise control measures during the early stage of a foot-
and-mouth disease epidemic. Prev Vet Med (2002) 54(4):301–24. doi:10.1016/
S0167-5877(02)00053-3 

14. Mansley LM, Dunlop PJ, Whiteside SM, Smith RG. Early dissemination of 
foot-and-mouth disease virus through sheep marketing in February 2001. Vet 
Rec (2003) 153(2):43–50. doi:10.1136/vr.153.2.43 

15. Gibbens JC, Sharpe CE, Wilesmith JW, Mansley LM, Michalopoulou E, 
Ryan JB, et  al. Descriptive epidemiology of the 2001 foot-and-mouth 

37

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.1128/CMR.17.2.465-493.2004
https://doi.org/10.1111/j.1865-1682.2011.01236.x
https://doi.org/10.1111/j.1865-1682.2011.01204.x
https://doi.org/10.1016/S0167-5877(02)00217-9
https://doi.org/10.1016/j.prevetmed.2013.05.008
https://doi.org/10.1016/j.prevetmed.2013.05.008
https://doi.org/10.1016/j.prevetmed.2013.09.003
https://doi.org/10.1016/j.prevetmed.2013.09.003
https://doi.org/10.1177/104063870401600103
https://doi.org/10.1016/j.prevetmed.2012.05.012
https://doi.org/10.1016/S0167-5877(02)00053-3
https://doi.org/10.1016/S0167-5877(02)00053-3
https://doi.org/10.1136/vr.153.2.43


Stenfeldt et al. FMDV Transmission during the Incubation Period in Pigs

Frontiers in Veterinary Science | www.frontiersin.org November 2016 | Volume 3 | Article 105

disease epidemic in Great Britain: the first five months. Vet Rec (2001) 
149(24):729–43. 

16. Charleston B, Bankowski BM, Gubbins S, Chase-Topping ME, Schley D, Howey 
R, et al. Relationship between clinical signs and transmission of an infectious 
disease and the implications for control. Science (2011) 332(6030):726–9. 
doi:10.1126/science.1199884 

17. Orsel K, Bouma A, Dekker A, Stegeman JA, de Jong MC. Foot and mouth 
disease virus transmission during the incubation period of the disease in 
piglets, lambs, calves, and dairy cows. Prev Vet Med (2009) 88(2):158–63. 
doi:10.1016/j.prevetmed.2008.09.001 

18. Orsel K, de Jong MC, Bouma A, Stegeman JA, Dekker A. Foot and mouth 
disease virus transmission among vaccinated pigs after exposure to virus shed-
ding pigs. Vaccine (2007) 25(34):6381–91. doi:10.1016/j.vaccine.2007.06.010 

19. Orsel K, de Jong MC, Bouma A, Stegeman JA, Dekker A. The effect of vaccina-
tion on foot and mouth disease virus transmission among dairy cows. Vaccine 
(2007) 25(2):327–35. doi:10.1016/j.vaccine.2006.07.030 

20. Orsel K, Dekker A, Bouma A, Stegeman JA, de Jong MC. Quantification of foot 
and mouth disease virus excretion and transmission within groups of lambs 
with and without vaccination. Vaccine (2007) 25(14):2673–9. doi:10.1016/j.
vaccine.2006.11.048 

21. Orsel K, Dekker A, Bouma A, Stegeman JA, de Jong MC. Vaccination against 
foot and mouth disease reduces virus transmission in groups of calves. Vaccine 
(2005) 23(41):4887–94. doi:10.1016/j.vaccine.2005.05.014 

22. Pacheco JM, Lee KN, Eschbaumer M, Bishop EA, Hartwig EJ, Pauszek SJ, et al. 
Evaluation of infectivity, virulence and transmission of FDMV field strains of 
serotypes O and A isolated in 2010 from outbreaks in the Republic of Korea. 
PLoS One (2016) 11(1):e0146445. doi:10.1371/journal.pone.0146445 

23. Pacheco JM, Tucker M, Hartwig E, Bishop E, Arzt J, Rodriguez LL. Direct 
contact transmission of three different foot-and-mouth disease virus strains 
in swine demonstrates important strain-specific differences. Vet J (2012) 
193(2):456–63. doi:10.1016/j.tvjl.2012.01.012 

24. Parida S, Fleming L, Oh Y, Mahapatra M, Hamblin P, Gloster J, et al. Reduction 
of foot-and-mouth disease (FMD) virus load in nasal excretions, saliva and 
exhaled air of vaccinated pigs following direct contact challenge. Vaccine 
(2007) 25(45):7806–17. doi:10.1016/j.vaccine.2007.08.058 

25. Quan M, Murphy CM, Zhang Z, Alexandersen S. Determinants of early 
foot-and-mouth disease virus dynamics in pigs. J Comp Pathol (2004) 
131(4):294–307. doi:10.1016/j.jcpa.2004.05.002 

26. Quan M, Murphy CM, Zhang Z, Durand S, Esteves I, Doel C, et al. Influence 
of exposure intensity on the efficiency and speed of transmission of Foot-
and-mouth disease. J Comp Pathol (2009) 140(4):225–37. doi:10.1016/j.
jcpa.2008.12.002 

27. Eble P, de Koeijer A, Bouma A, Stegeman A, Dekker A. Quantification of 
within- and between-pen transmission of foot-and-mouth disease virus in 
pigs. Vet Res (2006) 37(5):647–54. doi:10.1051/vetres:2006026 

28. Alexandersen S, Quan M, Murphy C, Knight J, Zhang Z. Studies of quan-
titative parameters of virus excretion and transmission in pigs and cattle 
experimentally infected with foot-and-mouth disease virus. J Comp Pathol 
(2003) 129(4):268–82. doi:10.1016/S0021-9975(03)00045-8 

29. Pacheco JM, Mason PW. Evaluation of infectivity and transmission of different 
Asian foot-and-mouth disease viruses in swine. J Vet Sci (2010) 11(2):133–42. 
doi:10.4142/jvs.2010.11.2.133 

30. Stenfeldt C, Pacheco JM, Rodriguez LL, Arzt J. Infection dynamics of foot-
and-mouth disease virus in pigs using two novel simulated-natural inocu-
lation methods. Res Vet Sci (2014) 96(2):396–405. doi:10.1016/j.rvsc.2014. 
01.009 

31. Stenfeldt C, Pacheco JM, Rodriguez LL, Arzt J. Early events in the pathogenesis 
of foot-and-mouth disease in pigs; identification of oropharyngeal tonsils as 
sites of primary and sustained viral replication. PLoS One (2014) 9(9):e106859. 
doi:10.1371/journal.pone.0106859 

32. Stenfeldt C, Pacheco JM, Smoliga GR, Bishop E, Pauszek SJ, Hartwig 
EJ, et  al. Detection of foot-and-mouth disease virus RNA and capsid 

protein in lymphoid tissues of convalescent pigs does not indicate existence 
of a carrier state. Transbound Emerg Dis (2016) 63(2):152–64. doi:10.1111/ 
tbed.12235 

33. Pacheco JM, Henry TM, O’Donnell VK, Gregory JB, Mason PW. Role 
of nonstructural proteins 3A and 3B in host range and pathogenicity of 
foot-and-mouth disease virus. J Virol (2003) 77(24):13017–27. doi:10.1128/
JVI.77.24.13017-13027.2003 

34. Callahan JD, Brown F, Osorio FA, Sur JH, Kramer E, Long GW, et al. Use of a 
portable real-time reverse transcriptase-polymerase chain reaction assay for 
rapid detection of foot-and-mouth disease virus. J Am Vet Med Assoc (2002) 
220(11):1636–42. doi:10.2460/javma.2002.220.1636 

35. Arzt J, Pacheco JM, Rodriguez LL. The early pathogenesis of foot-and-mouth 
disease in cattle after aerosol inoculation: identification of the nasophar-
ynx as the primary site of infection. Vet Pathol (2010) 47(6):1048–63. 
doi:10.1177/0300985810372509 

36. Pacheco JM, Arzt J, Rodriguez LL. Early events in the pathogenesis of foot-
and-mouth disease in cattle after controlled aerosol exposure. Vet J (2010) 
183(1):46–53. doi:10.1016/j.tvjl.2008.08.023 

37. LaRocco M, Krug PW, Kramer E, Ahmed Z, Pacheco JM, Duque H, et  al. 
A continuous bovine kidney cell line constitutively expressing bovine 
alphavbeta6 integrin has increased susceptibility to foot-and-mouth disease 
virus. J Clin Microbiol (2013) 51(6):1714–20. doi:10.1128/JCM.03370-12 

38. Swaney LM. A continuous bovine kidney cell line for routine assays 
of foot-and-mouth disease virus. Vet Microbiol (1988) 18(1):1–14. 
doi:10.1016/0378-1135(88)90111-3 

39. Kaplan EL, Meier P. Nonparametric-estimation from incomplete observations. 
J Am Stat Assoc (1958) 53(282):457–81. doi:10.2307/2281868 

40. Harrington DP, Fleming TR. A class of rank test procedures for censored 
survival-data. Biometrika (1982) 69(3):553–66. doi:10.1093/biomet/69.3.553 

41. R-CoreTeam. R: A Language and Environment for Statistical Computing. 
Vienna, Austria: The R Foundation for Statistical Computing (2016).

42. Sellers RF. Quantitative aspects of the spread of foot and mouth disease. Vet 
Bull (1971) 41(6):431–9. 

43. Alexandersen S, Zhang Z, Donaldson AI, Garland AJM. The pathogenesis 
and diagnosis of foot-and-mouth disease. J Comp Pathol (2003) 129(1):1–36. 
doi:10.1016/S0021-9975(03)00041-0 

44. Donaldson AI, Alexandersen S, Sorensen JH, Mikkelsen T. Relative risks of the 
uncontrollable (airborne) spread of FMD by different species. Vet Rec (2001) 
148(19):602–4. doi:10.1136/vr.148.19.602 

45. Fukai K, Yamada M, Morioka K, Ohashi S, Yoshida K, Kitano R, et  al. 
Dose-dependent responses of pigs infected with foot-and-mouth disease 
virus O/JPN/2010 by the intranasal and intraoral routes. Arch Virol (2015) 
160(1):129–39. doi:10.1007/s00705-014-2239-4 

46. Stenfeldt C, Diaz-San Segundo F, de Los Santos T, Rodriguez LL, Arzt J. The 
pathogenesis of foot-and-mouth disease in pigs. Front Vet Sci (2016) 3:41. 
doi:10.3389/fvets.2016.00041 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer LL and handling Editor declared their shared affiliation, and the 
handling Editor states that the process nevertheless met the standards of a fair and 
objective review.

Copyright © 2016 Stenfeldt, Pacheco, Brito, Moreno-Torres, Branan, Delgado, 
Rodriguez and Arzt. This is an open-access article distributed under the terms of 
the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms.

38

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.1126/science.1199884
https://doi.org/10.1016/j.prevetmed.2008.09.001
https://doi.org/10.1016/j.vaccine.2007.06.010
https://doi.org/10.1016/j.vaccine.2006.07.030
https://doi.org/10.1016/j.vaccine.2006.11.048
https://doi.org/10.1016/j.vaccine.2006.11.048
https://doi.org/10.1016/j.vaccine.2005.05.014
https://doi.org/10.1371/journal.pone.0146445
https://doi.org/10.1016/j.tvjl.2012.01.012
https://doi.org/10.1016/j.vaccine.2007.08.058
https://doi.org/10.1016/j.jcpa.2004.05.002
https://doi.org/10.1016/j.jcpa.2008.12.002
https://doi.org/10.1016/j.jcpa.2008.12.002
https://doi.org/10.1051/vetres:2006026
https://doi.org/10.1016/S0021-9975(03)00045-8
https://doi.org/10.4142/jvs.2010.11.2.133
https://doi.org/10.1016/j.rvsc.2014.01.009
https://doi.org/10.1016/j.rvsc.2014.01.009
https://doi.org/10.1371/journal.pone.0106859
https://doi.org/10.1111/tbed.12235
https://doi.org/10.1111/tbed.12235
https://doi.org/10.1128/JVI.77.24.13017-13027.2003
https://doi.org/10.1128/JVI.77.24.13017-13027.2003
https://doi.org/10.2460/javma.2002.220.1636
https://doi.org/10.1177/0300985810372509
https://doi.org/10.1016/j.tvjl.2008.08.023
https://doi.org/10.1128/JCM.03370-12
https://doi.org/10.1016/0378-1135(88)90111-3
https://doi.org/10.2307/2281868
https://doi.org/10.1093/biomet/69.3.553
https://doi.org/10.1016/S0021-9975(03)00041-0
https://doi.org/10.1136/vr.148.19.602
https://doi.org/10.1007/s00705-014-2239-4
https://doi.org/10.3389/fvets.2016.00041
http://creativecommons.org/licenses/by/4.0/


April 2016 | Volume 3 | Article 3239

Original research
published: 25 April 2016

doi: 10.3389/fvets.2016.00032

Frontiers in Veterinary Science | www.frontiersin.org

Edited by: 
Andres M. Perez,  

University of Minnesota, USA

Reviewed by: 
Mariana Boadella,  

SABIOtec Spin-Off SL, Spain  
Jose Angel Barasona,  

University of Castilla – La Mancha, 
Spain

*Correspondence:
Ehud Elnekave  

udie79@gmail.com

†Ehud Elnekave and Roni King 
contributed equally to this work.

Specialty section: 
This article was submitted to 

Veterinary Epidemiology  
and Economics,  

a section of the journal  
Frontiers in Veterinary Science

Received: 09 February 2016
Accepted: 05 April 2016
Published: 25 April 2016

Citation: 
Elnekave E, King R, van Maanen K, 

Shilo H, Gelman B, Storm N and 
Klement E (2016) Seroprevalence of 

Foot-and-Mouth Disease in 
Susceptible Wildlife in Israel.  

Front. Vet. Sci. 3:32.  
doi: 10.3389/fvets.2016.00032

seroprevalence of Foot-and-Mouth 
Disease in susceptible Wildlife  
in israel
Ehud Elnekave1*† , Roni King 2† , Kees van Maanen 3 , Hila Shilo1 , Boris Gelman  4 ,  
Nick Storm 4 and Eyal Klement1

1 The Robert H. Smith Faculty of Agriculture, Food and Environment, Koret School of Veterinary Medicine, The Hebrew 
University of Jerusalem, Rehovot, Israel, 2 Israel Nature and Parks Authority (INPA), Jerusalem, Israel, 3 The European 
Commission for the Control of Foot-and-Mouth Disease (EUFMD), Food and Agriculture Organization of the United Nations 
(FAO), Rome, Italy, 4 Kimron Veterinary Institute, Beit Dagan, Israel

Foot-and-mouth disease (FMD) epidemics recur in Israel almost every year. Wild even-
toed ungulates are seldom affected during these epidemics. The seroprevalence of FMD 
in wild ungulates during 2000 and 2005–2013 was estimated using anti-non-structural 
proteins ELISA. Overall, 209 samples were tested, comprising sera of 120 wild boar (Sus 
scrofa lybicus), 64 mountain gazelles (Gazella gazella gazella), 6 water buffaloes (Bubalus 
bubalis), and 19 Persian fallow deer (Dama dama mesopotamica). None of the tested 
animals presented clinical signs of FMD during blood collection. Sixteen samples [7.7% 
(95% confidence interval (CI95%) = 4.4–12.1%)] were found to be seropositive. Fifteen out 
of 120 samples (12.5%) from wild boar were seropositive, compared with only 1 out of 
89 samples (1.1%) from all other species combined (Fisher’s exact test: p = 0.003). Most 
of the positive samples obtained from wild boar [13/15 (86.7%)] were collected during 
2007, and analysis was restricted to that year and species only. The seroprevalence of 
FMD in this species during 2007 was estimated at 54.2% (CI95% = 32.8–74.5%; n = 24). 
A significant infection cluster, comprising nine seropositive samples collected in three dif-
ferent locations, was identified in the north-eastern part of Israel. These findings indicate 
that wild boar was affected during the 2007 FMD epidemic, even though wild boar pre-
senting FMD typical clinical signs were not observed during that year. The actual role of 
wild boar in the spread of FMD virus in this epidemic, however, could not be determined. 
The negligible seroprevalence of FMD found for all other surveillance years indicates that 
ongoing circulation of FMD among wildlife in Israel is unlikely. It is concluded that while 
the role of wildlife species in the dynamics of FMD in Israel is usually limited, there might 
be occasions, in which wildlife plays a part in the spread of the virus.

Keywords: FMD, wildlife, wild boar, nsP, prevalence

inTrODUcTiOn

Foot-and-mouth disease (FMD) is a highly contagious viral disease, affecting cloven-hoofed ungulates 
(1) and causing major economic damage (2). Many wildlife species have been found to be susceptible 
to FMD infection, such as species of buffalo, deer, and wild boar (Sus scrofa) (3). Although wildlife 
species have been suggested as having contributed to FMD dynamics in several outbreaks (4, 5), their 
actual role in FMD dynamics was estimated to be of only limited significance (3, 6).
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Foot-and-mouth disease epidemics have recurred, apart from 
in 2010, every year in Israel in the past decade. However, two 
out of 109 (1.8%) of the outbreaks that occurred during these 
epidemics affected wildlife: during 2007 in “Ramot Yissakhar” 
(mainly) in the Lower Galilee (north-eastern part of Israel); and 
next to the “Tzur Natan” settlement in the Sharon plain (the 
northern coastal plain of Israel). Both were caused by FMD virus 
of serotype O, affecting mountain gazelles (Gazella g. gazella) and 
resulting in severe clinical manifestations and even mortality (7, 
8). A similar presentation, but with a higher percentage of mor-
tality, was reported following the FMD outbreaks during 1985 
among mountain gazelles in “Ramot Yissakhar” and the southern 
Golan Heights in the north of Israel (9).

Incursions of the FMD virus from surrounding countries into 
Israel have been previously demonstrated (10, 11). A possible 
role of wild ungulates in the spread of the disease was suggested, 
especially through the wild boar and mountain gazelles that are 
abundant in the northern part of Israel. Wild boar could also play 
a role in introducing the disease when crossing the borders with 
the surrounding countries. However, to date, the seroprevalence 
of FMD among wildlife species in Israel had never been estimated 
and published in the peer-reviewed literature. We have recently 
estimated the seroprevalence of FMD in small ruminants (12) 
and in cattle (Elnekave, personal communication) in Israel. The 
aim of this study was to expand the knowledge on FMD dynamics 
in Israel by (i) estimating the seroprevalence of FMD infection 
among wildlife in Israel and (ii) discussing its importance in the 
dynamics of FMD in Israel.

MaTerials anD MeThODs

study Population
Wild even-toed ungulate serum samples were collected by one 
of the authors (Roni King) during 2000 and 2005–2013. Overall, 
244 samples were available, of which 35 samples were of poor 
quality for laboratory testing (i.e., hemolytic) and were therefore 
excluded. Consequently, 209 samples were tested, comprising 
120 wild boar (Sus scrofa lybicus), 64 mountain gazelles, 6 water 
buffaloes (Bubalus bubalis), and 19 Persian fallow deer (Dama 
dama mesopotamica). The number of samples collected from 
each species and the year are provided in Table 1. Samples from 
mountain gazelle, Persian fallow deer, and water buffalo were col-
lected either from injured wild animals or during immobilization 
performed to enable translocation of these animals. Samples from 
wild boar were mostly collected from hunted or severely injured 
wild animals that were euthanized.

Prevalence estimation
Presence of antibodies specific to non-structural proteins (NSP) 
was detected using PrioCHECK® FMD virus NS-blocking ELISA 
[Prionics Lelystad B.V., The Netherlands (currently owned by 
Thermo Fisher Scientific, Inc.)]. Tests were performed according 
to the manufacturer’s guidelines (http://www.fao.org/ag/againfo/
commissions/docs/Workshop/nakuru_2010/PrioCHECK_
FMDV-NS7610440_v1.2.pdf). The percentage of inhibition (PI) 
of each sample was calculated using the following formula:

  

In our study, serial testing, previously suggested by Paton et al. 
(13), was used in order to increase the test specificity. Seropositive 
samples (i.e., PI ≥ 50%) were therefore retested, and only samples 
found positive in two repeated tests were considered positive. 
FMD prevalence was thus calculated twice (i) using all positive 
samples found for the first test and (ii) using only positive results 
found for both tests.

In order to avoid over-estimation of FMD prevalence, we based 
the analysis only on the results that were positive in both tests.

Data analysis
Data obtained for the collected samples comprise the host spe-
cies, sampling date, approximate location of sample collection, 
and also sex where possible. Although the age of the animals was 
not documented properly in all cases, the majority of samples 
were collected from animals older than 1 year, including all the 
samples that were eventually found to be seropositive. Data on 
FMD outbreak occurrence were obtained from the Israeli veteri-
nary services (IVS) annual reports and from reports submitted 
to the OIE [based on the data published on the World Animal 
Health Information Database (WAHID)].

Using ArcGIS 10.0 (ESRI, Redlands, CA, USA), the samples’ 
approximate locations and the locations of outbreaks in both 
domestic species (during 2006–2007) and wildlife (in “Ramot 
Yissakhar,” see above) were mapped. Additionally, the Euclidean 
distances to the nearest FMD outbreak during 2006–2007 were 
calculated for wild boar samples collected during 2007. Disease 
clusters in wild boar collected during 2007 were identified using 
SatScan™ software (14).

Data were summarized using Microsoft Excel® data spread-
sheet. Data analysis was restricted to wild boar samples collected 
during 2007 (see below). The associations between the different 
variables and seropositivity were estimated. Fisher’s exact tests 
were performed to assess statistical significance of the association 
of seroprevalence with discrete variables, and a logistic regression 
model was fitted for continuous variables. Statistical analysis was 
performed using WinPEPI™ statistical package (15) and SPSS™ 
statistics version 21.0 (IBM Corp., Armonk, NY, USA). A signifi-
cance level of α = 0.05 was applied.

resUlTs

None of the sampled animals presented clinical signs of FMD. 
A total of 17/209 animals [8.1% (95% confidence interval 
(CI95%) =  4.8–12.7%)] and 16/209 animals [7.7% (CI95% =  4.4–
12.1%)] were found to be seropositive using all positive results 
from the first test and only positive results on both tests, respec-
tively. Most of the positive samples were collected in the northern 
part of Israel (Figure 1).

Fifteen out of 120 samples (12.5%) collected from wild boar 
were seropositive, compared to only one out of 89 samples (1.1%) 
obtained from all other species combined (Table 1; Fisher’s exact 
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TaBle 1 | samples collected from wild ungulate species in israel during 2000 and 2005–2013.

species collection years [# of samples (# of positive)]

2000 2005 2006 2007 2008 2009 2010 2011 2012 2013 Unknown all

Wild boar (Sus scrofa lybicus) 1 (0) – 1 (0) 24 (13) 7 (0) 46 (0) 8 (0) 9 (0) 15 (2) 8 (0) 1 (0) 120 (15)
Palestine mountain gazelle (Gazella 
gazella gazella)

– 4 (0) 5 (0) 8 (0) 11 (0) 6 (0) 12 (0) 4 (0) 7 (0) 7 (0) – 64 (0)

Water buffalo (Bubalus bubalis) – – – 4 (1) – – – 2 (0) – – – 6 (1)
Persian fallow deer (Dama dama 
mesopotamica)

– – – 2 (0) 3 (0) 6 (0) 6 (0) 1 (0) 1 (0) – – 19 (0)

Total 1 (0) 4 (0) 6 (0) 38 (14) 21 (0) 58 (0) 26 (0) 16 (0) 23 (2) 15 (0) 1 (0) 209 (16)

The number of samples collected for each year and the number of positive samples, given in brackets, are indicated for each species.
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test: p  =  0.003). Most of the positive samples obtained from 
wild boar [13/15 (86.7%)] were collected during 2007 (Table 1). 
Therefore, further analysis was restricted to wild boar samples 
collected during that year.

Thirteen out of 24 samples collected from wild boar during 
2007 were positive (Table 1), and the FMD seroprevalence in wild 
boar during 2007 was estimated at 54.2% (CI95% = 32.8–74.5%). 
A significant positive association was found between proximity 
to an outbreak and seropositivity (OR = 2.13, CI95% = 1.06–4.27, 
p-value = 0.03, logistic regression).

Data on wild boar sex (female/male) were not available for 
22 samples, and analysis of this variable was therefore based on 
a small data set. No significant association of sex with infection 
was found when only samples collected in 2007 were analyzed 
(n =  18; p-value =  0.304, Fisher’s exact test), or when samples 
collected from all years were analyzed (n = 98; p-value = 0.310, 
Fisher’s exact test).

A significant infection cluster (coordinates: 32.612485  N, 
35.535678 E; radius = 19.7km; and p-value = 0.002) was detected 
in wild boar samples collected during 2007. The cluster comprised 
nine seropositive samples from three different locations adjacent 
to FMD outbreaks (Figure 2).

DiscUssiOn

The seroprevalence of FMD in different wildlife species in 
Israel sampled during 2000 and 2005–2013 is presented for the 
first time.

Fifty-seven percent and 31% of the samples were collected 
from wild boar and mountain gazelles, respectively. These two 
species are significantly more abundant in Israel than the Persian 
fallow deer and the water buffalo, which have been re-introduced 
into the wild in restricted locations in Israel. Thus, the present 
sampling provides a good representation of the wild even-toed 
ungulates that might play an important role in FMD dynamics 
in Israel.

Most of the seropositive samples were of wild boar collected 
during 2007. The seroprevalence in wild boar during this year was 
estimated at 54.2% (CI95% = 32.8–74.5%). The infection cluster 
detected in the north-eastern part of Israel comprised nine posi-
tive samples collected from three locations, adjacent to the FMD 
outbreaks that occurred during 2007, and a positive association 
was found between the proximity to an FMD outbreak and 

seropositivity. A similar association between seropositive results 
and proximity to outbreak centers was reported in Bulgaria, fol-
lowing the FMD epidemic there in 2011 (16). However, a lower 
seroprevalence (of 6.9 and 11.5%) was estimated in wild boar in 
Bulgaria and the adjacent area in Turkey, respectively (16, 17). 
This might indicate of differences in the virus transmission to 
wildlife during those outbreaks (e.g., higher infectiousness). The 
high seroprevalence in wild boar in Israel indicates that these 
animals were probably infected during the 2007 FMD epidemic 
in Israel, even though none of the sampled animals presented 
clinical signs of FMD during sampling, and there was no other 
evidence (i.e., reports on lameness in wild boar or animals 
displaying poor body condition) that indicated clinical signs of 
FMD in wild boar during this epidemic. Additionally, seroposi-
tive samples were collected only from wild boar older than 1 year, 
making it possible that these animals had been infected before 
2007 and remained seropositive due to the longevity of antibod-
ies to NSP (18). However, this scenario is less likely, as FMD 
infection had not been detected at all in wildlife in the few years 
prior to 2007.

The transmission of FMD from wild to domestic even-toed 
ungulates has been suggested in several studies, such as in ante-
lopes (impala or kudu) infecting cattle in Zimbabwe (5) and the 
FMD outbreak in Bulgaria, where the index case was a wild boar 
with clinical signs of FMD (4, 16). Additionally, experimental 
studies have demonstrated the transmission of several FMD 
serotypes from wild boar to other wild boar and to domestic 
pigs, despite the variable levels of clinical presentation in the 
infected wild boar (19, 20). These findings, combined with the 
high seroprevalence found in wild boar in Israel during 2007, 
especially in the north-eastern part of Israel, may suggest that 
wild boar could have played a role in the disease transmission 
during that year.

The almost complete absence of seropositive samples in all 
years, but 2007, indicates that ongoing circulation of FMD virus 
among wildlife species in Israel is unlikely. This is corroborated by 
the absence of clinical infections in wildlife in Israel throughout 
those years (based on the data published on the WAHID interface 
and in the IVS yearly reports). These results are in accordance 
with previous studies suggesting that, apart from the African buf-
falo (Syncerus caffer) that was found to be an infective carrier of 
FMD virus (6), other wildlife species are not capable of carrying 
the FMD virus for long periods (3, 6).
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FigUre 1 | The seroprevalence of foot-and-mouth disease virus in wildlife species in israel during 2000 and 2005–13. The approximate locations from 
which samples were collected are indicated. Wildlife species and the number of collected samples are illustrated by different shapes and sizes, respectively. A 
collection location was considered positive (marked red) if at least one of the species samples was found to be positive. Otherwise, the location was considered 
negative (marked blue).
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While the wild boar population in Israel continues to 
increase (21), the size of the two main mountain gazelle popula-
tions in Israel (i.e., in “Ramot Yissakhar” and southern Golan 
Heights) has significantly decreased since 1985, especially in 
the southern Golan Heights (22). This decrease, leading to 
lower densities of mountain gazelles, can partially explain the 
rare FMD occurrence in this wildlife species, while adjacent 

livestock populations are more frequently affected. Morgan 
et  al. (23) demonstrated that small-size wildlife populations 
will fail to propagate an FMD epidemic. Several additional 
explanations may also be suggested, such as (i) variability in 
the virulence of different FMD serotype and subtypes can lead 
to higher infection and transmission rates of the wildlife species 
(3, 6); (ii) variability in the susceptibility of different wildlife 
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FigUre 2 | The seroprevalence of FMD in wild boar in israel during 2007. The approximate locations from which samples were collected are indicated 
(samples collected from the same location were manually scattered around the location in order to allow better visualization). Positive samples are marked red and 
negative samples marked blue. FMD outbreak locations (during 2006–2007) are indicated by stars. Additionally, the approximate area of the main mountain gazelle 
population that was affected by FMD during 2007 (“Ramot Yissakhar”) is indicated by a gray polygon filled with diagonal lines. Significant prevalence cluster is 
indicated by a purple circle.
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species to infection (for most species of wild ungulates the 
susceptibility is unknown) (3, 6); and (iii) fluctuations in the 
wildlife population densities in certain locations throughout 
the year (e.g., as a result of food or water abundance) may influ-
ence the risk of disease transmission within the population and 
between wildlife and livestock (6).

cOnclUsiOn

A negligible seroprevalence of FMD was found in the wildlife 
in Israel for all surveillance years but 2007. During 2007, wild-
life species were clinically and subclinically affected by FMD. 
These findings indicate that an ongoing circulation of FMD 
among wildlife in Israel is unlikely, and that the wildlife spe-
cies’ role in the dynamics of FMD in Israel is probably limited 
during most years. However, in certain years, infected wildlife 
species might play a role in contributing to the virus dynamics 
in Israel.
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Vaccination can play a central role in the control of outbreaks of foot-and-mouth disease 
(FMD) by reducing both the impact of clinical disease and the extent of virus transmis-
sion between susceptible animals. Recent incursions of exotic FMD virus lineages into 
several East Asian countries have highlighted the difficulties of generating and main-
taining an adequate immune response in vaccinated pigs. Factors that impact vaccine 
performance include (i) the potency, antigenic payload, and formulation of a vaccine; 
(ii) the antigenic match between the vaccine and the heterologous circulating field strain; 
and (iii) the regime (timing, frequency, and herd-level coverage) used to administer the 
vaccine. This review collates data from studies that have evaluated the performance of 
foot-and-mouth disease virus vaccines at the individual and population level in pigs and 
identifies research priorities that could provide new insights to improve vaccination in the 
future.

Keywords: foot-and-mouth disease, pigs, vaccination, immunity

iNTRODUCTiON

Foot-and-mouth disease (FMD) is a viral disease of cloven-hooved animals causing severe economic 
impacts (1). The disease circulates widely in sub-Saharan Africa and Asia, but has been largely eradi-
cated from South America as well as much of the developed world. It is caused by a Picornavirus 
(FMD virus: FMDV) that exists as seven immunologically distinct serotypes. Global FMD control 
efforts are focused at reducing the burden of disease, with the longer-term goal to sequentially elimi-
nate the virus from livestock populations. Vaccination can be a highly effective tool to control FMD, 
especially when it is implemented together with effective zoo-sanitary measures (farm biosecurity 
and quarantine) and culling of infected animals. During the 1980s, vaccines were used to effectively 
eradicate FMD from continental Europe (2), and, more recently, FMD control in South America has 
employed extensive use of vaccination (3).

In attempts to maximize the impact of limited vaccine resources, most FMD control programs 
emphasize the use of FMDV vaccines in cattle. As a consequence, many of the published studies that 
evaluate FMDV vaccine performance have also focused exclusively on their use in cattle. However, 
some countries have large pig populations that are a major target for FMDV vaccination. The impact 
of FMD in pigs has recently become particularly important in many Asian countries, such as China 
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FiGURe 1 | Schematic representation of the reasons for a failure in vaccination divided into “vaccine failure” and “failure to vaccinate.” Adapted from 
Ref. (13).
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and the Republic of Korea, where there have been extensive and 
sustained FMD outbreaks due to serotype O and A lineages that 
have emerged from mainland Southeast Asia (4, 5). The contin-
ued occurrence of FMD cases in countries that have large pig 
populations despite extensive vaccination has raised questions 
about the effectiveness of vaccination in pigs, but published field 
studies that analyze this issue appear to be lacking. This review 
highlights the difficulties of FMDV vaccination in pigs at the indi-
vidual and population level and summarizes the studies that have 
evaluated the performance of FMDV vaccines in this important 
domesticated livestock species.

GeNeRAL CONSiDeRATiONS FOR FMD 
vACCiNATiON

Types of vaccines in Commercial Use 
Today in Pigs
Foot-and-mouth disease vaccines have been produced on a large 
scale since the 1940s (6) and are currently manufactured by at 
least 56 commercial and governmental institutions around the 
world (O Mezzer, Vallée SA, Personal Communication, 2014). In 
all FMDV susceptible species, there are many types of vaccine 
available, not just by virtue of the serotypes and strains included, 
but also the adjuvant (aluminum hydroxide/saponin or oil adju-
vants as: oil in water, water in oil, and double water emulsion) 

and inactivation method (binary ethyleneimine or rarely formal-
dehyde) (7). For pigs, currently available vaccines are formulated 
with an oil adjuvant, due to poor immunogenicity with the aque-
ous equivalents, and contain either killed/inactivated FMD virus 
or a synthetic viral peptide (8, 9).

Reasons for vaccine Failure
There are a number of problems with current FMD vaccines that 
limit their effective use. These include: imperfect antigenic match 
between the field virus and vaccine strain; variable antigenic 
payload; antigen instability (principally the 146S virus particles); 
requirement for a cold-chain; poor adaptation of certain strains 
for vaccine production; short duration of protection and require-
ments for repeat boosting; non-sterile immunity with clinically 
protected animals sometimes becoming infected; high levels of 
coverage required for herd immunity; and interference by mater-
nally derived antibody (10, 11). Despite these problems, FMD 
vaccines can play a vital role in disease control and are very widely 
used, with over two billion doses estimated to be used globally 
each year (12). The general reasons for vaccination failure have 
been helpfully summarized by Heininger et  al. (13). “Vaccine 
failure” may be related to the recipient (pig) or the actual vaccine. 
“Failure to vaccinate” can be due to errors in vaccine use by the 
user and program-related problems. In the context of porcine 
FMD vaccines, these key issues are summarized in Figure 1.
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iMMUNiTY AND iMMUNOGeNiCiTY

Comparative interpretation of reports on the evaluation of FMD 
vaccines are often complicated by significant differences in the 
potency and other characteristics (e.g., different adjuvants and oil 
emulsions) of the different vaccines under study, as well as differ-
ent methods and severity of challenge models (mainly direct or 
indirect contact with infected unvaccinated or vaccinated donors 
or intramuscular or intradermal inoculation). The immune 
responses of pigs to FMD vaccines are less well studied than those 
of cattle (e.g., details of antibody isotypes, of local immunity, of 
breadth of antigenic protection, and of the correlation between 
antibody responses and protection), and there are few field study 
reports on vaccinated pigs (14). As for cattle and other species, 
establishing reliable correlates of serological protection for easy 
interpretation of field studies on vaccine-induced immunity in 
pigs are hampered by their dependence on specific attributes of 
the tests, vaccines, and challenge viruses involved.

immune Response to FMD  
vaccines in Pigs
Inactivated oil-adjuvanted FMD vaccines elicit antibody responses 
in pigs, and the extent of seroconversion measured by virus 
neutralization and liquid phase blocking ELISA (LPBE) tests can 
help to predict clinical protection (15–17). Eblé et al. (18) showed 
that reduced virus shedding was also correlated to neutralizing 
antibody levels induced by vaccination and that vaccine-induced 
mucosal IgA was associated with reduced susceptibility to 
infection. Cox et al. (19) showed that pigs immunized with high-
potency vaccines could be protected against challenge 7 months 
later, associated with sustained levels of neutralizing antibody and 
a sustained increase in some cytokine levels in serum (IL-6, IL-8, 
and in some pigs IL-12). Compared to unvaccinated pigs, vac-
cinated animals that became infected had lower and shorter lived 
antibody responses to FMDV non-structural proteins (18, 20).

High potency vaccines can protect pigs by ~4 days after vac-
cination, before the development of appreciable antibodies (21) 
and, as for cattle, there appears to be a gray zone where the protec-
tion afforded by low levels of antibody is unpredictable (17). This 
suggests that other factors are involved in protective immunity. 
Systemic levels of some cytokines have been shown to increase 
following FMD vaccination in pigs (22, 23), and Rigden et  al. 
(24) showed enhanced chemotaxis of cells of the innate immune 
defenses. Furthermore, the induction of both cellular and 
humoral arms of the immune system postvaccination has been 
demonstrated by measuring Th1 [interferon (IFN) gamma] and 
Th2 (IL-10) responses (25). Zhang et al. (17) studied cell-mediated 
immunity in 30 vaccinated and 3 unvaccinated pigs given three 
different doses of vaccine and challenged intramuscularly with 
1000 pig ID50 at 28 days post vaccination (dpv). Twenty-five pigs 
had antibody levels measured by LPBE that could be associated 
with protection or not (the gray zone). Protection was associated 
with vaccine-induced increases in cytotoxic T cell numbers and in 
levels of IFN gamma, IL-12, and IL-15 in serum. Garcia-Briones 
et al. (26) reported that a recombinant vaccinia virus expressing 
the FMDV 3D protein could partially protect pigs through a 

cell-mediated mechanism in the absence of a humoral antibody 
response to FMDV.

vACCiNe POTeNCY AND PROTeCTiON

Potency is defined by the OIE as the “concentration of the immu-
nologically active component” (27). Potency according to this 
definition is often measured by vaccine manufacturers through 
the quantification of antigen so that a dose of a vaccine delivers a 
known antigen “payload.” The conventional method of evaluating 
the effectiveness of FMD vaccines is by experimentally challeng-
ing vaccinated and unvaccinated control animals. Although 
inconsistent with the OIE definition of potency, these evalua-
tions are commonly known as “potency tests.” The first of these 
tests estimates the 50% protective dose (PD50) value and is also 
the recommended European Pharmacopeia (EP) test. The PD50 
value is defined as the dose that protects 50% of those under the 
particular challenge regimen (28). The second OIE-approved test 
is the “Protection against Podal Generalisation” (PPG) method, 
which is commonly used in South America.

In the 2009 OIE guidelines, there are descriptions of protocols 
for calculation of the PD50 and PPG based on challenge experi-
ments in pigs which are very similar to those described in cattle. 
For the PD50, three groups of five pigs, no younger than 2 months 
of age and free of FMD serum antibody, are given either a full 
dose, quarter dose, or 1/16th dose. They are challenged 28 days 
later by intradermal inoculation of 10,000 TCID50 of the vaccine 
strain into one of the heel bulbs of the foot. Two unvaccinated 
control pigs are included for comparison and to demonstrate a 
consistent phenotype of the challenge strain. For the PD50 test, the 
main difference with the pig protocol is the route of inoculation, 
as cattle are challenged via the intradermolingual route. A PPG 
equivalent, whereby 16 animals are challenged after receiving a 
full dose is also described. These descriptions were not included 
in the 2015 version of this document that states “In general, a 
successful test in cattle is considered to be sufficient evidence of 
the quality of a vaccine to endorse its use in other species. Under 
circumstances where a vaccine is produced for use primarily in a 
species other than cattle, it may be more appropriate to potency 
test the vaccine in that same species” (27). Li et al. (29) have pro-
posed an easier approach to inoculation by challenging intramus-
cularly behind the ear although a suckling mice passaged strain 
was needed over a conventional cell passaged version. In China, 
intramuscular inoculation of 1000 pig ID50 of challenge virus is 
widely used, as described in studies to evaluate novel vaccines 
(see section below).

Transmission Studies
There are numerous examples of challenge studies in pigs in 
the scientific literature to either evaluate the clinical protection 
afforded by vaccines or their potential role in reducing transmis-
sion. Salt et al. (21) evaluated a high potency, oil-based, monova-
lent serotype C vaccine (strain Oberbayern) by exposing groups 
of three non-vaccinated or vaccinated pigs to infected animals 
at 4, 8, 12, 16, and 21 dpv. The challenge virus was homologous 
to the vaccine strain. Contact was indirect to simulate airborne 
transmission and looked at both “water-in-oil-in-water” and 
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“oil-in-water” vaccines. All unvaccinated controls showed gen-
eralized disease, but all vaccinated animals were protected from 
clinical disease. Li et al. (29) reported the findings of a homolo-
gous PPG test for a serotype O strain using 16 vaccinated pigs and 
3 unvaccinated controls that were challenged intramuscularly 
behind the ear, 28  dpv. All vaccinated animals were protected 
from clinical disease, and the authors stated that two of the three 
controls had to show clinical disease for the test to be valid.

Eblé et al. (30) used challenge studies to estimate the impact of 
vaccination on transmission within pens in a high containment 
unit using a serotype O Taiwan strain. The vaccine was a double 
oil emulsion containing 3 μg of 146S antigen per dose. A single 
animal in a group of six was challenged by intradermal inoculation 
in the heel bulb, 7 or 14 dpv. Transmission to the in-contact pigs 
was evaluated by observing clinical signs, seroconversion to NSP 
antibodies, and detecting virus in oral swabs and serum. Three of 
the five contact animals in the 7-day group showed generalized 
clinical disease compared to none of those in the 14-day group. 
Additionally, no virus could be detected in the 14-day group 
providing evidence that vaccination can reduce transmission at 
14 dpv in this setting. In contrast, a study performed by Parida 
et al. (20), evaluated transmission and protection at 10 and 29 dpv. 
The oil-adjuvanted vaccine used was of high potency (>18PD50 
based on cattle experiments) and contained the O Manisa strain. 
Challenge was through exposure by direct contact with pigs with 
clinical disease caused by the O UKG 34/2001 strain of serotype 
O. Of animals challenged at 10 dpv, 13/16 (81%) were clinically 
diseased, while in the 29-day group, 2/8 (25%) were affected. In 
both groups, disease was reported to be milder and associated 
with reduced virus shedding compared to the unvaccinated con-
trol animals. Similar studies by Orsel et al. (31) aimed to assess 
transmission from infected, vaccinated pigs that had received 
O Manisa vaccine 14  days before challenge with O/NET/2001. 
They showed that vaccinated pigs could transmit infection to 
other vaccinated pigs as readily as to non-vaccinated controls. 
However, further work by the same group demonstrated that 
vaccination was able to reduce the transmission between pens 
(32). The differences reported in these studies could be attributed 
to different exposure methods, strains, or the small numbers of 
animals used.

Challenge studies were also performed to evaluate protec-
tion from an O Manisa vaccine to a strain from the O Mya98 
lineage (33). Vaccines were double oil adjuvanted and >6.0PD50 
(presumably based on bovine challenge studies although this is 
not stated). Groups of five pigs were vaccinated and intradermally 
challenged at either 4 or 7 dpv. A non-vaccinated control group of 
five animals was also challenged for comparison. All control ani-
mals showed generalized disease. Four out of five (80%) animals 
challenged at 7 dpv were protected compared with three (60%) 
animals challenged at 4 dpv indicating animals may be protected 
soon after vaccination. Virus shedding was significantly lower 
in vaccinated animals compared to controls. Each group was 
in indirect contact (not physical but shared air handling unit) 
with five unvaccinated pigs to assess transmission in a controlled 
environment. No clinical signs or seroconversion was seen in pigs 
that were in contact with the vaccinated groups despite live virus 
being detected in the blood. This is in contrast to pigs that were in 

contact with the unvaccinated control animals although a breach 
in biosecurity may have explained this contrast. A similar study 
was performed by the same group using a serotype A Malaysia 97 
vaccine and a serotype A/ASIA/Sea-97 lineage challenge strain 
(relationship value, r1, around 0.5). Protection from generalized 
clinical disease was seen in all animals vaccinated 4 and 7 days 
pre challenge. No disease, FMD antibodies, or live virus was seen 
in the contact groups, although some animals in contact with the 
4-day group were PCR positive on nasal swab (34).

In response to an FMD epidemic in Southeast Asia where there 
was only a moderate match between field and O Manisa vaccine 
strains (r1 around 0.3), Park et al. (35) performed homologous 
and heterologous challenge studies to evaluate a new vaccine seed 
strain (O/Andon/SKR/2010). Groups of five, FMD antibody-free, 
3-month-old pigs received one of three different antigen payloads 
(7.5, 10, and 15 μg) in an oil-adjuvanted vaccine and were intra-
dermally challenged 30  dpv with the homologous O/Andon/
SKR/2010 strain. Two placebo injected pigs were challenged for 
comparison. All vaccinated animals were protected from clinical 
disease, ignoring any lesions seen at the inoculation site. Both 
control animals had generalized disease. The 10  μg group was 
subsequently challenged with a heterologous strain of the ME-SA 
topotype (r1 value around 0.5), and all animals were protected 
from clinical disease.

Challenge studies like those described can provide useful 
information on the potential role of vaccines in FMD control. 
There is evidence that protection may occur as early as 4 days, and 
vaccination may reduce transmission. Great care must be taken 
when extrapolating such results to a population level due to several 
factors including: variability in effective contact rates and virus 
shedding (quantity and duration) in the field; exposure routes 
and doses that have unclear relevance to field conditions; small 
sample sizes leading to uncertainty in the results from random 
error; and likely reduced responses to vaccination under program 
conditions. Therefore, these studies should be complimented by 
field-based epidemiological studies. Nowadays, decision making 
on how and when to use vaccination is greatly influenced by 
simulation studies with computer models. Unfortunately, it is 
not yet clear how to parameterize such models to make use of the 
results of potency tests.

vACCiNATiON PROGRAMMeS

The level of immunity required to control disease at a population 
level depends in large part on the basic reproduction number (R0) 
defined as the average number of secondary cases for each pri-
mary case in a completely susceptible population. The “effective” 
reproduction number is the same calculation but in a population 
with a proportion of immune individuals. If the effective repro-
duction number is less than one, on average, the circulation of 
infection will tend to reduce and ultimately cease. On this basis, 
the herd immunity required to bring the reproduction number 
to this level (called the “herd immunity threshold” or HIT) can 
be calculated by

 
HIT = −1 1

0R  
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TAbLe 1 | Recommended schedules for commercially available oil-adjuvanted FMD vaccines licensed for use in pigs.

Product/
Company

Schedules Source

AFTOPOR (Merial 
Animal Health)

Once at 2.5 mo (if sporadic FMD cases in area) “Guidance for Foot and Mouth 
Disease Vaccination,” Merial 
Animal Health Limited

Twice at 2 and 3 mo (Epizootics or highly virulent strain)
>2 wo if unvaccinated herd

DECIVAC (MSD 
Animal Health)

Young animals with no maternal antibodies: primary dose >2 wo, second dose 6 weeks later in endemic areas. 
Revaccination 4–6 months later

http://www.msd-animal-health.
ph/products/131_118551/
ProductDetails_131_118625.
aspx

Young animals with maternal antibodies: primary dose 4–8 wo onward, second dose 6 weeks later in endemic 
areas, with revaccination 4–6 months later
Adults: every 6 months

Based on manufacturers listed at http://www.cfsph.iastate.edu/Vaccines/ (accessed August 9, 2016), where the company website states the schedule in English language and 
specifically for pigs. Both vaccines are licensed for intramuscular injection in the neck region.
wo, weeks old; mo, months old.
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The basic reproduction number depends on the effective 
contact rate (i.e., contact between individuals sufficient for 
transmission per unit time, also known as the transmission 
parameter), duration of infectiousness, and population size (36). 
It is possible to estimate the duration of infectiousness from 
transmission studies although there is likely variation between 
viral strains and hosts (37). The effective contact rate is likely to 
be variable depending on environmental factors such as popula-
tion or stocking density, production systems, season, and nature 
of any biosecurity practices. There is also the added complexity 
of population structures and the consideration of transmission 
at both the within and between herd level (38). R0 and the HIT 
can be estimated using mathematical models, although these 
should be parameterized as much as possible from field data and 
tailored to a specific country or region. Small-scale transmission 
studies can be used to parameterize models, but these should be 
validated from field-derived data to give greater confidence in 
model predictions.

The HIT is useful in giving a theoretical target for vaccination 
coverage (39). In pigs, maintaining sufficient population immu-
nity through vaccination for FMD is a major challenge. Virus 
transmissibility is potentially high due to higher levels of virus 
excretion in this species (40), the intensive nature of modern pig 
production, and a rapid population turnover (particularly in fat-
tening pigs typically slaughtered at 6–7 months old). Additionally, 
maternal antibodies interfere with the response to vaccines, and 
there is need for repeated doses of vaccine (discussed in detail 
in the following section). In some sub-populations with a high 
transmission risk, a relatively higher vaccination coverage is 
likely to be required making the case for risk-based vaccination 
targeting areas of high transmission identified using repeatable 
epidemiological methods.

vaccination Regimes
Table 1 gives two proposed schedules for FMD vaccination in pigs 
both of which acknowledge the potential impact of maternally 
derived antibodies (MDA). Experiments have tried to address the 
issue of MDA interference with vaccination. Francis and Black 
(41) found that pigs as young as 1 week of age could mount a 
neutralizing antibody response to vaccine in the absence of 
MDA. They compared these responses to piglets with MDA from 

vaccinated sows and found that piglets aged between 1–4 weeks 
did not show any response with antibodies continuing to decline. 
An increase was seen in piglets vaccinated at 8 weeks old but was 
lower in the presence of higher levels of MDA. A recent study by 
Dekker et al. (42) assessed the serological response to vaccination 
in piglets at different ages (3–9 weeks) in the presence of MDA. 
Based on receiving a single dose and neutralizing titers 6 weeks 
post vaccination, the authors found that vaccination at 7–9 weeks 
old was optimal. Increases in titers were seen in all age categories 
although the responses were heavily dependent on the MDA 
level, which in turn was heavily influenced by the titer in the sow.

Two published studies from Taiwan have attempted to estab-
lish the optimal times and schedules for vaccination in pigs using 
field-derived serological evidence. Chung et al. (43) performed 
serological surveys as part of an active surveillance strategy on 
commercial pig farms with a herd size ≥5000. Farms were using 
an oil-based, >6.0PD50 serotype O vaccine. Two dose primary 
course schedules of 8 and 12  weeks, 10 and 14  weeks, and 12 
and 16 weeks were compared through homologous neutralization 
tests on sera from 97 farms. This suggested that animals vacci-
nated at 12 and 16 weeks of age had the highest titers and there 
were significant differences between the vaccine products. This 
analysis was univariable and did not account for possible con-
founders and the time between vaccination and sampling. Liao 
et al. (44) performed a study whereby groups of between 6 and 15 
piglets were vaccinated between 2 and 16 weeks old (some groups 
receiving a booster 4  weeks later). Based on neutralizing titers 
and homologous challenge studies, both performed at 24 weeks 
old, the authors suggested the optimum time for the first dose 
to be 8 weeks of age and titers were not significantly different if 
the piglet received a second dose at 12 weeks of age. This latter 
evidence for not needing a second dose based on antibody titers 
is contrary to the suggested schedules in Table 1.

Routes of Administration
Both of the vaccines listed in Table 1 are licensed for intramus-
cular administration in the neck region. Granulomas have been 
reported to occur in pigs at injection sites post vaccination with 
water-in-oil adjuvants (45). Although according to McKercher 
and Gailiunas (45) these were barely visible 6–12 months after 
vaccination, this could still be a problem in fattening pigs 
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FiGURe 2 | Gross pathology lesion of an injection-site granuloma in 
the neck region of a pig from the Republic of Korea.
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slaughtered at 6–7  months of age where the neck region can 
have significant value. Such lesions have been reported to occur 
in 15–20% of pigs but could be easily removed by dissection at 
slaughter (46). Basarab et al. (47) reported 5/32 (16%) pig car-
cases had large residual lesions after using a water-in-oil emulsion 
FMD vaccine requiring extensive dissection. These animals were 
vaccinated as weaners and the lesions were present at the end of 
the fattening period although the exact length of time between 
vaccination and slaughter is not reported. This same study 
found that intraperitoneal vaccination was equally efficacious to 
pigs vaccinated intramuscularly based on challenge studies but 
without the local tissue reaction. An experimental study by Eblé 
et al. (48) demonstrated that intradermal vaccination at 1/10th 
the dose of a normal killed vaccine was equally as effective based 
on challenge studies and neutralizing titers. The small numbers of 
animals in both of these studies may mean they were statistically 
underpowered, although both intraperitoneal and intradermal 
vaccination may offer significant advantages by reducing tissue 
lesions in fattening animals.

The issue of injection-site granulomas post vaccination has 
been particularly highlighted in the Republic of Korea and has 
been proposed as an important factor that has contributed to a 
reduced uptake of vaccination that has compromised coverage. As 
an example, a recent unpublished survey of 470 fattening cross-
bred pigs from four commercial farms found visually observable 
lesions in 87, 80, and 80% at 1, 2, and 3 months post vaccination, 
respectively. These were visible in live pigs, and all had received a 
two-dose primary course with the first dose given at 6–8 weeks of 
age and the second dose 2 weeks later. The injection site was in the 
neck approximately 2.5 cm caudal to the base of the ear. A subset 
of animals were slaughtered to demonstrate the gross pathology 
present as shown in Figure 2.

Although maintaining effective levels of coverage are 
challenging, a good understanding of the epidemiology will 
inform targeted vaccination strategies and more effective use of 
resources. The optimal vaccination schedules will vary depending 

on the antibody levels in the sow, which in turn will depend on 
vaccine type and schedules, natural exposure, and other sow- or 
piglet-related factors. Therefore, it is clear that countries embark-
ing on vaccination programs should perform their own studies 
to establish optimal vaccination strategies as also suggested by 
Dekker et al. (42).

NOveL APPROACHeS TO vACCiNeS AND 
vACCiNATiON

Recent years have seen encouraging results with novel FMD 
vaccines and adjuvants. Those tested in pigs are considered 
briefly in this review and Table 2 summarizes some of the most 
promising challenge studies. Peptide vaccines for type O FMDV 
have been used in China for vaccination of pigs and continue 
to be improved. More data are needed on the breadth of cross-
protection afforded by these vaccines against heterologous virus 
strains of the same serotype as used for peptide design. New 
vaccines have been designed, modified, and evaluated based 
upon FMD virus-like particles (VLP) generated in vitro or in the 
vaccinated pig through expression by virus vectors, especially 
adenoviruses. Specific methods of attenuating live FMDV now 
show considerable promise for overcoming the problem of com-
bining inocuity with immunogenicity and can provide protection 
within 2 days. Data on duration of protection are awaited. IFNs 
and IFN inducers can not only provide extremely rapid and 
serotype non-specific protection against FMDV but they can also 
enhance the protection afforded by specific FMDV antigens and 
reduce the doses of adenovirus-vectored vaccines required for 
protection. New adjuvants have mostly been tested as additional 
incipients for oil-based vaccines and properly controlled and 
powered comparative studies of different adjuvants have not been 
published. There have been few recent studies of mucosal vaccine 
targeting or to evaluate DNA vaccines.

Adenovirus-vectored vaccines
Adenovirus-vectored FMD vaccines conditionally licensed 
in the USA in 2012 for use in cattle, have also shown efficacy 
in pigs. A replication-defective human serotype 5 adenovirus 
expressing the capsid encoding genes and the 3C protease 
needed for their cleavage and incorporating genetic material 
from the A24 strain of FMDV was given to pigs at a dose of 
5  ×  109  pfu, resulting in complete clinical protection against 
homologous FMDV by contact challenge at 7, 14, and 42 dpv 
(56). It was later shown that a modified vector insert also 
expressing the FMDV 2B gene improved the early antibody 
response to the FMDV capsid (57).

The same adenovirus vector when administered at high doses 
can deliver IFNs to provide early protection against FMDV and 
types I, II, and III IFN given this way can all provide protection to 
pigs for up to 5 days with evidence of synergistic action between 
different IFN types [reviewed by Stenfeldt et  al. (58)]. Patch 
et al. (59) explored the possibility of selecting for a cytotoxic T 
cell response to FMDV in pigs vaccinated with an adenovirus 
expressing an inefficiently cleaved capsid precursor, but the 
protective value of this was not reported.
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TAbLe 2 | Selected pig challenge study results with promising outcomes for novel vaccines.

vaccine vaccinationa Challenge Protection Reference

Live FMDV A12 attenuated by 
Lpro mutation (A12-SAP)

15 pigs vaccinated with 105, 106, or 
107 pfu A12-SAP by subcutaneous 
injection

Intradermal heel bulb inoculation 
with 105 FMDV A12 at 21 dpv

All 15 pigs protected against clinical 
signs (fever or vesicles), viremia, and 
nasal shedding

(49)

9 pigs vaccinated with 106 pfu A12-SAP 
by subcutaneous injection

Intradermal heel bulb inoculation 
with 5 × 105 FMDV A12 at 2, 7, 
or 14 dpv

8 of 9 pigs protected against clinical 
signs

Adenovirus vector expressing 
FMDV A24 P1-2A, 2B, 3B, 3C 
with Poly ICLC adjuvant in PBS

6 pigs vaccinated with 2.5 × 106 vector 
plus 1 mg poly ICLC by subcutaneous 
injection of 2 ml dose at 2 sites (other 
vaccination schedules evaluated)

Intradermal heel bulb inoculation 
with 105 FMDV A24 at 7 or 21 dpv

All 3 pigs challenged at 21 dpv 
protected against clinical signs, 
viremia, and nasal shedding (partial 
protection when challenged at 7 dpv)

(50)

Adenovirus vectors, one 
expressing porcine alpha and 
gamma interferons and the other 
expressing 3 small interfering 
RNAs

15 minipigs vaccinated with 7.2 × 109 or 
1.75 1010 TCID50 of a combination of the 
adenovirus vectors (1:5 ratio of Ad-IFN 
titer to Ad-3siRNA titer) by intramuscular 
injection (other vaccination schedules 
evaluated)

Direct contact of 5 groups of 3 
“vaccinated” minipigs at 2, 4, and 
7 dpv, for 18 h with donor minipigs 
infected with FMDV strain O/
Andong/SKR/2010

At the low “vaccine” dose, complete 
clinical protection in 2/3, 1/3, and 
0/3 minipigs at 2, 4, and 7 dpv. At 
the high “vaccine” dose it was 3/3 
and 1/3 at 4 and 7 dpv. Viremia 
and oral shedding also reduced or 
prevented in some minipigs

(51)

FMDV multi-epitope (B and 
T cell) from 4 FMDV O topotype 
viruses with poly IC adjuvant. 
VP1 epitopes from O/Mya/98, 
O/HN/CHA/09, O/Tibet/99, O/
IRN/2010. Two universal (non-
FMDV) T cell epitopes

45 pigs vaccinated in three groups of 
15 pigs, each group consisting of 3 
subgroups of 5 pigs receiving different 
doses: full (2 ml), 1/3, or 1/9 dose by 
volume intramuscularly. The full dose 
contained 300 μg of epitope protein and 
300 μg poly IC

Three potency tests involving 
challenge at 28 dpv by 
intramuscular inoculation with 
1000 50% infectious doses of 
one of three FMDV O strains: 
O/Mya/98, O/HN/CHA/93, O/
Tibet/99

PD50 results were 15.6 (O/Mya/98 
challenge), 15.6 (O/HN/CHA/93), 
and 7.0 (O/Tibet/99)

(52)

Pseudorabies virus expressing 
P1-2A, 3C from FMDV O/
ES/2001 (PRV-P12A3C)

5 pigs vaccinated with 106 TCID50 
PRV-P12A3C in 2 ml by intramuscular 
injection with identical booster at 21 dpv

1000 50% infectious doses of 
FMDV O/OR/80 by intramuscular 
inoculation at 15 days after 
booster vaccination

3 of 5 vaccinated pigs fully protected 
against clinical signs

(53)

FMDV Asia1/Jiangsu/China/2005 
VLP produced in E coli as 
SUMO-VP0/VP1/VP3 fusion 
proteins, subsequently purified 
and cleaved

5 pigs vaccinated with 50 μg VLP in oil 
adjuvant by intramuscular route

1000 50% infectious doses of 
FMDV Asia1/Jiangsu/China/2005 
by intramuscular inoculation

All 5 vaccinated pigs fully protected 
against clinical signs

(54)

Dendrimeric B and T cell 
epitopes from FMDV O/
UKG/11/2001

6 pigs vaccinated twice 21 days apart 
with 2 ml oil adjuvant containing 2 mg 
peptide by intramuscular route (other 
related vaccines evaluated)

1.6 × 104 FMDV O/UKG/11/2001 
by heel bulb inoculation at 18 days 
after second vaccination

All 6 vaccinated pigs fully protected 
against clinical signs and for 5 of 6 
pigs no virus shedding detected in 
pharyngeal or nasal swabs

(55)

aAll studies included control mock or unvaccinated pigs, and some studies included comparison with conventional vaccines, but details not given here.
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Kim et al. (51) developed recombinant adenoviruses for the 
simultaneous expression of porcine alpha and gamma IFNs as 
well as three small interfering RNAs targeting FMDV mRNAs 
encoding non-structural proteins. The antiviral effects of these 
vectors were synergistic in porcine cells, suckling mice, and 
minipigs. The vectors administered at high dose by the intramus-
cular route fully protected 3 pigs against an 18-h direct contact 
challenge 1 day later. Partial protection at challenge 2–4 days after 
administration was mostly lost at 7 days. In vitro, the combination 
treatment was effective against all serotypes of FMDV.

Other vectored vaccines
Canine adenovirus type 2 expressing VP1 elicited low levels 
of FMDV neutralizing antibody in pigs (60). A recombinant 
pseudorabies virus expressing the capsid and 3C encoding genes 

of FMDV serotype O partially protected (3 of 5) pigs against an 
intramuscular challenge with 1000 ID50 of a heterologous live 
type O FMDV [(53); Table 2]. An earlier pseudorabies virus vec-
tor expressing only VP1 of FMDV was less effective (61).

Yang et  al. (62) reported the insertion of VP1 T and B cell 
epitopes of FMDV serotype O into a bamboo mosaic virus 
(BMV), resulting in expression of a fusion protein. Pigs inocu-
lated intramuscularly with 5–10  mg of the recombinant BMV 
in a mineral oil adjuvant produced VP1-specific cell-mediated 
immunity and neutralizing antibodies. The protection of pigs 
against challenge with live FMDV was described after a double 
dose of the recombinant BMV, and protection was said to be 
possible after one dose.

Recombinant baculoviruses were used by Crisci et al. (63) to 
generate chimeric virus-like particles of rabbit haemmorhagic 
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disease virus fused to a FMDV T cell epitope from the 3A viral 
non-structural protein. Intramuscular inoculation of pigs with 
this chimera and an oil adjuvant generated FMDV-specific cell-
mediated immunity and antibodies.

interferons
Polyriboinosinic-polyribocytidylic acid stabilized with poly-
l-lysine and carboxymethyl cellulose (poly ICLC) is a synthetic 
double-stranded RNA (dsRNA) that is a viral mimic and activates 
multiple innate immune pathways through interaction with 
toll-like receptor 3 and MDA-5. It is a potent inducer of IFNs 
and can protect against FMD at 1  day after treatment (64). Its 
adjuvant affect on FMD vaccines in pigs was reported 40 years 
ago (65). Recently, it was shown to reduce, by 80-fold, the dose 
required for protection of a recombinant adenovirus expressing 
FMDV A24 capsids [(50); Table 2]. Another synthetic analog of 
dsRNA, polyinosinic-polycytidylic acid (poly IC), potentiated the 
protection afforded by a multi-epitope vaccine in pigs (66). This 
vaccine incorporated linked B cell epitopes (the G–H loop and C 
terminus of VP1) from four topotypes of serotype O flanked by 
two universal T cell epitopes. The final product in an oil adjuvant 
with poly IC protected pigs with 50% protection values of 7–16 
against different challenge viruses [(52); Table 2].

Other Adjuvants
Barrette et al. (67) showed that intranasal immunization of pigs 
with detoxified Escherichia coli enterotoxins LTK63 and LTR72 
linked to a peptide derived from the FMDV serotype O1-BFS 
VP1 G-H loop enhanced the antigen-specific mucosal and sys-
temic immune responses to FMDV. Guo et al. (68) reported that 
a CpG-enriched plasmid enhanced the efficacy of a conventional 
FMD killed vaccine. Park et al. (35, 69) vaccinated groups of five 
pigs with a conventional FMD vaccine antigen plus either the oil 
adjuvant used in the Republic of Korea or with novel adjuvants 
(Carbigen, Emulsigen-D and ISA 201). In terms of immune 
response and post-challenge protection, the novel antigens were 
at least as good.

In a small field trial, administering 60  mg of poly gamma 
glutamic acid (PGA) 3 days before FMDV vaccination of young 
pigs resulted in slightly more animals with detectable levels of 
FMDV antibodies 2–6  weeks later (70). Li et  al. (71) reported 
increased antibody responses of pigs to a conventional FMDV 
vaccine supplemented with ginseng stem and leaf saponins. 
Xiao et al. (72) showed that an extract of the seeds of Momordica 
cochinchinensis (Lour.) Spreng. (ECMS) had a synergistic effect 
in improving the immune response of pigs after vaccination with 
inactivated FMDV antigens in an oil emulsion vaccine.

Live Attenuated vaccines
Deleting the Lpro gene of FMDV A12 gave rise to an attenuated 
virus that partially protected pigs against wild-type challenge (73). 
Meanwhile, FMDV A24 lacking Lpro but with a capsid substituted 
from serotype O was still somewhat virulent for pigs. Changing 
the capsid genes to those of a cell culture adapted virus eliminated 
the virulence, but the resulting virus did not protect pigs when 
used as a vaccine (74). In contrast, mutating a conserved protein 
domain within the Lpro gene of FMDV A12 gave rise to a virus 

that was avirulent in pigs at a dose of 107 but nevertheless elicited 
protection against FMDV challenge from 2 dpv (49).

Codon bias deoptimization of the FMDV capsid-coding region 
(P1) introduced 489 nucleotide changes (19%) but retained virus 
viability. The vaccine safety margin was ~1000-fold higher for 
pigs than for wild-type virus. Consistently, high levels of antibody 
titers were induced, even at the lowest dose tested (75).

Protein/Peptide vaccines
Shao et al. (76) reported on the further development of a tandem 
repeat multiple-epitope recombinant vaccine against FMDV 
serotype O containing three copies of two VP1 epitopes of 
the O/China/99 strain of FMDV coupled with a porcine IgG 
heavy-chain constant region (77). This peptide vaccine elicited 
high titers of FMDV specific antibodies in pigs at 30  dpv and 
conferred complete protection against a challenge with 1000 50% 
infective doses of the O/China/99 strain. Trials of another B cell 
epitope vaccine (52) have already been described above under 
IFNs (Table 2). Dong et al. (78) inserted the coding sequences 
of a FMDV serotype O VP1 epitope into a coliphage, resulting in 
an epitope-phage recombinant protein that formed a virus-like 
particle (VLP). Challenge inoculation of twice vaccinated pigs 
with the live homologous virus resulted in three of five animals 
being clinically protected from FMD.

Building upon earlier work (79, 80), Blanco et al. (55) reported 
that a synthetic dendrimeric peptide vaccine comprising two 
copies of a FMDV VP1 B cell epitope linked to a FMDV 3A T cell 
epitope protected pigs against disease and virus shedding after 
two doses of vaccination followed by challenge inoculation with 
live homologous FMDV O UK 2001 (Table 2). Guo et al. (54) 
have developed a bacterial expression system to generate VLPs of 
the FMDV Asia 1 capsid proteins. The FMDV genes VP0, VP1, 
and VP3 were each expressed as fusion products with the small 
ubiquitin like modifier protein (SUMO) and after removal of the 
SUMO moiety, the FMDV proteins assembled into VLPs. Five 
pigs vaccinated with 50 μg of VLP emulsified in oil adjuvant were 
fully protected from challenge inoculation with live homologous 
FMDV (Table 2).

DNA vaccines
DNA vaccines have not been completely effective in livestock 
despite promising results in mice. Multiple doses of plasmids 
expressing FMDV proteins or epitopes with coexpression of 
immunostimulants, and/or with conventional antigen boosters 
have been required to protect pigs against FMD (81–83). Most 
recently, Borrego et  al. (84) reported partial protection of pigs 
after three immunizations with a DNA vaccine encoding FMDV 
B and T cell epitopes fused to the variable fragment of a mouse 
immunoglobulin against Class II swine leukocyte antigens.

Mucosal vaccines
Although mucosal IgA may be elicited by parenteral immunization 
routes [e.g., Ref. (80)], mucosal vaccination might help to block 
FMDV entry. Barrette et al. (67) evaluated detoxified Escherichia 
coli enterotoxins LTK63 and LTR72 as mucosal adjuvants show-
ing enhanced antigen-specific mucosal and systemic immunity 
for non-replicating antigens, including FMDV, upon intranasal 

52

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive


Lyons et al. Foot-and-Mouth Disease Vaccines in Pigs

Frontiers in Veterinary Science | www.frontiersin.org November 2016 | Volume 3 | Article 102

immunization in pigs. Song et  al. (85) reported vaccination of 
pigs with a recombinant VP1 epitope complex of serotype O 
FMDV fused to the cholera toxin B subunit (hCTB). Eight of ten 
pigs that were given three intraperitoneal immunizations were 
protected from challenge by inoculation with 106.5 TCID50 type 
O FMDV. Wang et  al. (86) showed that intranasal delivery of 
cationic PLGA nano/microparticles loaded with various FMDV 
DNA vaccine formulations encoding IL-6 as a molecular adju-
vant enhanced protective immunity against FMDV, particularly 
pc-IL2AP12A3C with the IL-6 gene located before the P12A3C 
gene. Nevertheless, only partial protection against challenge with 
FMDV was achieved in pigs.

Chimeric Killed vaccines
Blignaut et  al. (87) produced a killed vaccine from a chimeric 
virus in which the capsid encoding genes were replaced with 
those from a different serotype. The resulting SAT 2 FMDV with 
a SAT 1 capsid were used to make a conventional killed vaccine 
that was potency tested in 17 pigs (three groups of five pigs given 
different vaccine doses and two unvaccinated control pigs). After 
a SAT 1 challenge by heel bulb inoculation, the PD50 was found 
to be >6.4. Zheng et  al. (88) substituted the capsid-encoding 
region of a serotype A virus vaccine for a more recent field isolate 
to update the antigenic match. The new vaccine was shown to 
protect against both the homologous strain and another semi-
heterologous one.

ReSeARCH PRiORiTieS

This review summarizes studies that have been undertaken to 
evaluate the performance of FMD vaccines in pigs, as well as 
introduce novel vaccination strategies that might be employed 
for FMD control in the future. Collectively, these data provide a 
valuable body of evidence that are especially relevant in the parts 
of the world where pigs play a central role in the maintenance and 
spread of the virus. Although a number of these experimental 
studies have evaluated the performance of FMDV vaccines, it is 
apparent that field data for such evaluation in pigs are currently 
lacking. Furthermore, much of this work is dependent upon 
bovine reagents, such as antigenic profiling (vaccine-matching), 
or exploits in  vitro measurements of “correlates of protection” 
derived from cattle studies. In view of this paucity of data, when 
using vaccines in these settings, it is important to consider the 
different factors that influence whether, or not, a vaccine is likely 
to be efficacious. These include the (i) regime used (timing and 
frequency of vaccination); (ii) potency and formulation of oil 
vaccines; and (iii) antigenic match between the vaccine and circu-
lating field strain. Although these three points are often assessed 

(and discussed) separately, they have an intimate relationship that 
underpins the performance of a vaccine. For example, it is usually 
accepted that a less than perfect antigenic match can be com-
pensated by administration of a high potency vaccine; however, 
the impact of vaccine regime (as well as the herd-level coverage) 
is often ignored. In order to improve vaccine-induced immune 
responses, additional areas that warrant further scientific inves-
tigation include more systematic research to evaluate alternative 
vaccine adjuvants for vaccination in pigs, and research to validate 
of alternative routes (IM, IP, SC, ID) and sites of vaccination (to 
minimize local tissue granulomas in valuable meat cuts) and even 
multiple sites (with a divided dose). Effective (improved) vaccina-
tion regimes are also necessary to generate optimum protection 
in pigs to accommodate maternal antibody responses (to reduce 
the immunity gap).

Data from recent field outbreaks in Asia highlight the chal-
lenges posed by the control of FMD in pigs. While initiatives to 
improve the quality of vaccines and coverage that are tailored 
for pigs have the potential to make a positive impact on FMD 
control, it should be remembered that vaccination-alone is not 
a magic panacea and that FMD control, especially in the face of 
high amounts of circulating virus, is often reliant upon the imple-
mentation of effective zoo-sanitary (bio-containment) measures, 
as well as the maintenance of adequate local veterinary resources 
so that new clinical cases are rapidly investigated and detected.
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Andres M. Perez
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In the event of a foot-and-mouth disease (FMD) incursion, response strategies are 
required to control, contain, and eradicate the pathogen as efficiently as possible. 
Infectious disease simulation models are widely used tools that mimic disease dispersion 
in a population and that can be useful in the design and support of prevention and 
mitigation activities. However, there are often gaps in evidence-based research to supply 
models with quantities that are necessary to accurately reflect the system of interest. The 
objective of this study was to quantify values associated with the duration of the stages 
of FMD infection (latent period, subclinical period, incubation period, and duration of 
infection), probability of transmission (within-herd and between-herd via spatial spread), 
and diagnosis of a vesicular disease within a herd using a meta-analysis of the peer- 
reviewed literature and expert opinion. The latent period ranged from 1 to 7 days and 
incubation period ranged from 1 to 9 days; both were influenced by strain. In contrast, 
the subclinical period ranged from 0 to 6 days and was influenced by sampling method 
only. The duration of infection ranged from 1 to 10 days. The probability of spatial spread 
between an infected and fully susceptible swine farm was estimated as greatest within 
5 km of the infected farm, highlighting the importance of possible long-range transmis-
sion through the movement of infected animals. Finally, while most swine practitioners 
are confident in their ability to detect a vesicular disease in an average sized swine 
herd, a small proportion expect that up to half of the herd would need to show clinical 
signs before detection via passive surveillance would occur. The results of this study will 
be useful in within- and between-herd simulation models to develop efficient response 
strategies in the event an FMD in swine populations of disease-free countries or regions.

Keywords: FMD, transmission, meta-analysis, simulation model, Delphi technique

inTrODUcTiOn

As the world’s largest beef producer and second largest pork producer, the United States (US) is a 
major player in the world livestock market (1). The US’s ability to export livestock and livestock prod-
ucts is highly dependent on maintaining a foot-and-mouth disease (FMD)-free status. Although 
an epidemic has not occurred since the eradication of FMD from the US in 1929, the threat of 
reintroduction remains due to international travel and trade as seen in recent outbreaks in, for 
example, the UK, Taiwan, the Netherlands, and France (2, 3). In an effort to contain and control 
FMD as proficiently as possible, it is common for an affected country to adopt a policy to cease 
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FigUre 1 | Time course of FMD infection in pigs infected through 
contact with an inoculated pig.
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animal movements and depopulate infected animals. However, a 
strong understanding of FMD spread under regional conditions 
is essential for efficient preparedness, response, and utilization of 
resources. Therefore, it is important to carry out analytical studies 
for strategic and response planning before an outbreak occurs, 
which may be helped by the formulation, parameterization of, 
and experimentation with, disease models.

Infectious disease simulation models use mathematics to 
mimic the dispersion of disease in a population and can be useful 
in elucidating the mechanisms by which pathogens spread, as well 
as the underlying processes that influence animal movements, in 
the geographical region where infection occurs. Stochastic simu-
lation models account for uncertainty and biological fluctuation 
by using probability distributions to encode for one or more 
of the variables in the model. However, there are often gaps in 
evidence-based research to supply models with quantities that are 
necessary to accurately reflect the system of interest. Researchers 
and veterinarians with extensive experience may help to fill those 
gaps and build confidence around the quantity of interest when 
feasibility restricts the amount of data that can be collected.

The efficacy and speed of FMD virus transmission is depend-
ent on the strain of the virus, the contact structure between hosts, 
and susceptibility of species involved (4). Therefore, it is critical 
to develop species-specific transmission values that describe 
the time course of infection for the host and the probability 
of transmission. Pigs have played a role in recent outbreaks of 
FMD. For instance, in the 2011 outbreak in South Korea, the 
index case occurred on a pig farm where misdiagnosis led to 
rapid nationwide dissemination, resulting in the ultimate infec-
tion of approximately 3,700 farms and the culling of 3.48 million 
susceptible animals (5).

Here, we quantified parameters associated with FMD trans-
mission in swine using a meta-analysis of the peer-reviewed 
literature and expert opinion. A modified Delphi technique was 
applied during a meeting with individuals possessing an average 
of over 12 years of experience with FMD. In addition, swine prac-
titioners were asked to estimate the proportion of the herd that 
would need to show clinical signs for the diagnosis of a vesicular 
disease to occur. Our results will be of use for the parameteriza-
tion of within- and between-herd FMD transmission models in 
the US and other FMD-free countries and regions.

MaTerials anD MeThODs

Meta-analysis
A meta-analysis (6) was conducted to quantify values associated 
with the time course of FMD infection in swine and was com-
posed of four main components, namely, (1) literature search, 
(2) inclusion criteria (3) definition of parameter values obtained 
through the meta-analysis, and (4) statistical analysis including 
the effects of experimental bias.

Literature Search
Literature searches were conducted using two electronic data-
bases, PubMed and Agricola. The searches were conducted 
using multiple keywords and expressions (“foot-and-mouth 
disease”[MeSH Terms]) OR (“foot-and-mouth”[All Fields] 

AND “disease”[All Fields]) OR “foot-and-mouth disease”[All 
Fields] OR (“foot”[All Fields] AND “mouth”[All Fields] AND 
“disease”[All Fields]) OR (“foot and mouth disease”[All Fields]) 
AND (“swine”[MeSH Terms] OR “swine”[All Fields]) AND 
(“transmission”[Subheading] OR “transmission”[All Fields]) and 
swine AND foot and mouth disease AND transmission, respec-
tively. Titles and abstracts were imported into RefWorks citation 
manager for review.

Inclusion Criteria
Inclusion criteria for this study include experimental  studies 
that investigate direct and indirect transmission of FMD 
between unvaccinated domesticated swine with individual-level 
infection data.

Definition of Parameters Estimated through the 
Meta-Analysis
Parameter values associated with the time course of FMD 
infection were defined as the latent period, subclinical period, 
incubation period, and duration of infection (Figure  1). The 
duration of the stages of FMD infection were described as the 
following: the latent period (t0–t1) was considered the time 
from exposure to the time sample collection resulted in the 
first positive sample (oral swabs, nasal swabs, or blood); the 
subclinical period (t1–t2) was described as the time from sample 
collection resulted in the first positive test to the development of 
clinical signs (increased body temperature, lameness, dullness, 
reluctance to stand, and presence of vesicular lesions), and the 
duration of infection (t1–t3) was described as the time from 
sample collection of the first positive test until sample collection 
of the last positive test result (virus isolation or RT-PCR). The 
latent period, subclinical period, clinical period, and incubation 
period were determined from transmission studies using the 
first positive test and clinical signs in contact pigs. Studies that 
reported these time periods in hours were converted into days 
and were rounded to the nearest day. For studies that reported 
the incubation period and latent period, the subclinical period 
was calculated by subtracting the duration of the latent period 
from the incubation period.

Statistical Analysis
One parametric survival regression model was fit for each 
of the stages of infection (latent period, subclinical period, 
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TaBle 1 | Variables considered in the accelerated failure time model.

Variable explanation Description

Diagnostic test Test chosen for the detection 
of FMDV

RT-PCR
Virus isolation

Duration of 
contact

Time that infected inoculated 
pigs and susceptible pigs were 
housed together

Quantified in days

Reference 
laboratory

Laboratory at which the 
experiment was conducted

Lelystad
Pirbright
Plum Island

Ratio of 
inoculated to 
contact pigs

Number of inoculated pigs/
number of susceptible pigs in 
contact

Quantified as the number 
of inoculated/the number 
of susceptible

Sample Tissue or excreta collected for 
FMDV identification

Serum
Nasal swabs
Oropharyngeal fluid

Strain Strain of FMDV used to infect 
inoculated pig

O/TAW/97
O/NET/2001
O/HKN/21/70
O/UKG/01
O/SKR/2000
O/TAW/0/2/99
A24 Cruzeiro
O1 Manisa
Asia 1 Shamir
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incubation period, and duration of infection) to identify 
factors that influence the stages of FMD infection extracted 
from experimental studies. This method is an adaptation of the 
time-to-event modeling method used by Mardones et  al. (7) 
to estimate the time ratio of an event in an accelerated failure 
time (AFT) regression model. The AFT model was fitted using 
the survreg function in the Survival package in R (8). The 
survival regression model assumed that the baseline hazard 
function followed a Weibull distribution, which is appropriate 
for data exhibiting a monotonic hazard rate. The time ratio 
of the AFT model describes the relative increase in time to 
the event compared to the baseline. The following factors were 
fit in the regression: diagnostic test, duration of contact with 
inoculated pig, reference laboratory, ratio of inoculated seeder 
pigs to susceptible contact pigs, sampling method, and strain 
(Table  1). Survival data were fitted and compared through a 
stepwise approach using the Akaike information criteria (AIC) 
(9). Factors, covariates, and interactions terms that produce 
the lowest AIC were calculated using the stepAIC function in 
the MASS package in R (10, 11) to select the most informa-
tive variables. Individual factors that resulted in a statistically 
significant model (p < 0.05) were included in the final model. 
A frailty term, comparable to a random effect in regression 
models, was included in the models to adjust for the variability 
between individual experiments. The frailty term was retained 
in the final model only if it improved the AIC.

Probability distribution functions were fit by investigating 
distributions commonly used and those used in FMD simulation 
models (7, 12, 13) and included: binomial, exponential, Inverse 
Gaussian, Poisson, Pearson 5, Weibull, Log-logistic, and normal 
distributions. Continuous and discrete theoretical distributions 
of the duration of the stages of FMD infection were selected using 

the Anderson–Darling goodness of fit test for continuous data and 
the Chi-square test for discrete data using @Risk (14) (Figure 2). 
Bin size was selected using the Freedman–Diaconis Rule. We then 
considered the conceptual aspects of the distributions and choose 
the simplest, most accurate distribution.

expert selection
Five individuals external to the University of Minnesota were 
selected based on their training and experience with FMD. 
Expert experience ranged from 12 to 35 years working with FMD, 
including experts with specialized area of knowledge in academia 
(n = 2), field experience (n = 3), government work (n = 4), and 
laboratory experiments (n = 3).

Data collection
Data were collected utilizing a modification of the Delphi tech-
nique, an accepted method of obtaining data on a real world issue 
(15). Here, we used a two-round approach to reach consensus on 
transmission data relating to FMD.

Round 1
Through an open-ended questionnaire, experts were asked ques-
tions about the incubation period, mortality rates (adult pigs and 
piglets), probability of transmission, and spatial spread (at 1, 5, 
10, and 50  km from an infected farm). The questionnaire was 
created based on extensive literature review, and the questions 
were the same for all experts.

These data were recorded by the respondents on paper, 
reviewed, and transferred to electronic format. The questionnaire 
was used as a survey instrument to collect data in Round 2.

Round 2
In the second round, each participant was asked to review the 
items from the initial questionnaire to discuss the reasoning 
supporting the response. In the case of incompatible answers, 
responses were discussed until unanimous understanding and 
consensus was reached.

swine Practitioner survey
Twenty surveys were administered to swine practitioners attend-
ing the 2015 Leman Swine Conference in St. Paul, MN, USA. The 
survey asked practitioners to estimate the proportion of a swine 
herd (typical size) that would need to show clinical signs before a 
vesicular disease was suspected.

Data analysis
Survey responses were recorded and distributions were fit for 
FMD incubation period, disease-associated mortality rate, 
transmission probability, spatial spread, and proportion of the 
herd clinical for diagnosis to occur. Questionnaire results were 
described using the BetaPERT probability distribution function 
for the minimum, most likely, and maximum values for the 
mortality rates, probability of transmission, and spatial spread 
(Table  2). The estimation of mortality is the percentage of the 
herd that died due to disease. It was estimated separately for adult 
pigs and piglets.
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TaBle 3 | experimental studies used to fit distributions for the latent, 
subclinical, and infectious period.

reference reference 
laboratory

strain number of pigs 
(contact only)

Alexandersen et al. (17) Pirbright O/TAW/97 12 (6)

Eblé et al. (18) Lelystad O/TAW/97 50 (25)

Howey et al. (19) Pirbright O/UKG/01 12 (0)

Orsel et al. (20) Lelystad O/NET/2001 34 (25)

Pacheco and Mason (4) Plum Island O/HKN/21/70 42 (18)
O/TAW/97
O/UKG/01
O/SKR/2000
O/TAW/0/2/99

Pacheco et al. (21) Plum Island A24 Cruzeiro 30 (18)
O1 Manisa
Asia 1 Shamir

Quan et al. (22) Pirbright O/UKG/01 70 (38)

Van Roermund et al. (23) Lelystad O/NET/2001 36 (24)

TaBle 2 | estimations of disease induced mortality rates and the 
probability of transmission given direct contact.

Parameter description Distribution

Adult mortality (%) BetaPERT (12.5, 20.8, 40.0)
Piglet mortality rate (%) BetaPERT (18.3, 58.3, 23.0)
Transmission probability (direct contact %) BetaPERT (46, 84, 97.5)

Values were obtained through expert opinion.
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FigUre 2 | Frequency distributions and probability distributions for the stages of FMD infection in pigs using data obtained through experimental 
studies. (a) Latent period-baseline, (B) latent period-strain adjusted, (c) subclinical period, (D) incubation period-baseline, (e) incubation period-strain adjusted, 
and (F) duration of infection. The lines represent continuous (red) and discrete (black) probability distributions. 
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The probability of spatial transmission was defined as the 
probability that farm j becomes infected by farm i through a route 
described in any manner other than through the direct movement 
of animals. The probability of spatial transmission was estimated 
at a distance of 1, 5, 10, and 50 km from the infected premises. 
The expert-solicited most likely probability of spread was plotted 
at each distance and a non-linear function was fitted to the data 
in MATLAB using the Curve Fitting App (16).

resUlTs

Meta-analysis
Literature Search
The PubMed and Agricola search resulted in 216 and 54 articles, 
respectively. Literature search results were screened for duplicate 
articles. Individual titles and abstracts were read to determine 
if the article met the inclusion criteria. Articles that did not 

specifically address FMD virus transmission between swine were 
excluded. After removing duplicate articles and excluding studies 
that did not meet the inclusion criteria, seven articles remained. 
The articles were published between 2003 and 2012 and include 
three serotypes (O, A, and Asia1) and nine strains (Table  3). 
Experiments were conducted at three reference laboratories, 
including the Central Institute for Animal Disease Control 
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TaBle 5 | Descriptive statistics of (a) discrete and (b) continuous 
distributions fit to the stages of FMD infection in pigs.

stage of infection Distribution Parameters

Latent period-baseline (t0–t1) (a) Binomial (a) N = 58, p = 0.04
(b) Normal (b) μ = 2.31, σ = 1.40

Latent period-adjusted (t0–t1) (a) Binomial (a) N = 97, p = 0.02
(b) Log-logistic (b) μ = 0.65, σ = 0.28

Subclinical period (t1–t2) (a) Binomial (a) N = 66, p = 0.02
(b) Normal (b) μ = 1.48, σ = 1.10

Incubation period-baseline (t0–t2) (a) Binomial (a) N = 103, p = 0.03
(b) Inverse Gaussian (b) μ = 3.36, λ = 16.97

Incubation period-adjusted (t0–t2) (a) Binomial (a) N = 35, p = 0.06
(b) Normal (b) μ = 2.03, σ = 0.71

Duration of infection (t1–t3) (a) Poisson (a) λ = 5.19
(b) Log-logistic (b) μ = 1.50, σ = 0.40

Baseline and adjusted values correspond to results of the accelerated failure time 
model. Definition of parameter values by distribution: binomial – N = number of 
Bernoulli trials, p = probability of success; normal – μ = mean, σ = standard deviation; 
Log-logistic – μ = scale, σ = shape; Inverse Gaussian – μ = mean, λ = shape; and 
Poisson – λ = mean number of events per interval.

TaBle 4 | accelerated failure time model fitted for the latent period, and incubation period (Weibull distribution, shape parameter latent period = 2.34, 
shape parameter incubation period = 3.41).

Time period Variable Time ratio β 95% ci p-Value

Latent period Strain A24 Cruzeiro 0.28 −1.27 (−2.21, 0.32) <0.01
O/HKN/70 0.23 −1.47 (−2.45, −0.49) <0.005
O/NET/2001 0.31 −1.17 (−2.24, −0.11) <0.05
O/TAW/97 0.30 −1.22 (−2.12, −0.32) <0.01

Incubation period Strain O/HKN/70 0.43 −0.85 (−1.31, −0.38) <0.001
O/TAW/97 0.59 −0.53 (−0.92, −0.14) <0.001
O/SKR/00 0.53 −0.64 (−1.14, −0.15) 0.01

Baseline latent period = 3.63 days, baseline incubation period = 4.66 days.
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(CIDC, Lelystad, The Netherlands), the Institute for Animal 
Health (IAH, Pirbright, UK), and the Plum Island Animal Disease 
Center (PIADC, New York, NY, USA).

Time Course of FMD Infection
Latent Period
The experimental studies obtained through the literature review 
revealed that the latent period ranged from 1 to 7 days. This was 
in agreement with the experts’ response in which the latent period 
ranged from 1 to 5 days with the majority of pigs testing positive 
on day 1 (data not shown). The first stepwise AIC calculation 
indicated that the latent period was significantly influenced by 
strain, reference laboratory, and time of introduction and whether 
the pig was infected through inoculation or contact. While 
inoculation via heel bulb or intravenous injection is a common 
technique, it may not be a realistic approach to estimate the dura-
tion of infectious stages of FMD in a population infected through 
direct contact. Because inoculated animals are not biologically 
representative of natural conditions and have a decreased latent 
period, inoculated pigs were excluded from the analysis. The 
final model included strain and sampling method, and a frailty 
term for the individual experiments, suggesting a baseline latent 
period of 3.63  days (p  <  0.001) (Table  4). Samples collected 
through oropharyngeal swabs resulted in shorter latent periods. 
The latent period was adjusted for strain by separating those with 
a significantly shorter time ratio (Table  4) and fit to Binomial, 
Normal, and Log-logistic distributions (Figures 2A,B; Table 5).

Subclinical Period
A wide range of values, 0–6 days, was estimated for the subclinical 
period obtained through the experimental studies. The stepwise 
AIC calculations indicated that inclusion of the route of infection 
(inoculation vs. contact) in the model produced the best prediction 
for the subclinical period. Since inoculated animals are not bio-
logically representative of natural conditions and have a decreased 
subclinical period, inoculated pigs were excluded from the analy-
sis. After excluding animals infected through inoculation, sample 
method was the only covariate that remained in the best prediction 
model according to the AIC. However, inclusion of the sampling 
method produced a non-significant result. The subclinical period 
was fit to Binomial and Normal distributions (Figure 2C; Table 5).

Incubation Period
The incubation period was characterized by values obtained 
through the literature review, which ranged from 1 to 9  days 
(Figures  2D,E; Table  5) and was concurrent with the values 
obtained through expert opinion (min = 2, max = 9) (data not 
shown). The final model included strain and sampling method 
and a frailty term for the individual experiments, suggesting a 
baseline latent period of 4.66 days (p < 0.001) (Table 4). The incu-
bation period of the experimental data was adjusted for strain and 
fit to Binomial and Inverse Gaussian distributions (Figures 2D,E; 
Table 5).

Duration of Infection
The duration of infection ranged from 1 to 10 days and was fit 
to a Poisson and Log-logistic distribution (Figure 2F; Table 5). 
The stepwise AIC calculation indicated that inclusion of the 
reference laboratory produced the model with the lowest 
AIC, with the baseline duration of infection estimated to be 
6.23  days. Inclusion of the reference laboratory and frailty 
term for the individual experiment in the final model resulted 
in a statistically significant model (p < 0.001).
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FigUre 3 | Transmission kernel calculated from the probability of transmission through indirect contact at 1, 5, 10, and 50 km prior to the 
implementation of control measures. The probability of transmission is described by the equation P(x) = 3.693 × e(−0.118x) + 0.3307 where P(x) is the probability of 
spatial transmission between infected farm i and susceptible farm j located x distance apart in kilometers. Values were obtained through expert opinion.
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expert Opinion
Spatial Transmission
The probability of transmission from infected farm i to suscep-
tible farm j was estimated by expert opinion at a distance of 1, 
5, 10, and 50 km from the infected premise and was described 
by the expression P(x)  =  a  ×  e(−bx)  +  c where the coefficients 
and the corresponding 95% CI were a = 0.3693 (−1.079, 1.818), 
b  =  0.1182 (−0.9134, 1.15), and c  =  0.3307 (−0.6243, 1.286) 
(adjusted R2 = 0.745) (Figure 3).

Swine Practitioner Survey
Swine practitioners estimated the proportion of the herd that 
would need to show clinical signs for the diagnosis of a vesicular 
disease to occur. This estimation ranged from 1 to 50% with 
a mean of 11.2% and a median of 5.75 (Figure  4). An Inverse 
Gaussian distribution was the best fit according to the Anderson–
Darling goodness of fit test.

DiscUssiOn

To the best of our knowledge, this is the first study aimed to quan-
tify parameters associated with FMD transmission in swine for 
use in transmission models, using both expert opinion and meta-
analyses of published studies. We employed a modified Delphi 
technique to individuals with at least 12 years of experience with 
FMD. In addition, we asked swine practitioners to estimate the 

proportion of the herd that would be affected for the diagnosis 
of a vesicular disease to occur which can be used to estimate the 
proportion of the herd that would be subclinical at the time of 
diagnosis. Results reported here will be valuable for developing 
simulation models of FMD transmission in swine farms.

Existing models of FMD vary in approach. As a result, the 
parameter values required for the models also differ. A common 
approach to quantify parameter values is to use existing disease 
data. For instance, a recent review of data-driven models of FMD 
revealed that data from 12 different epidemics have been used 
in models and that more than half used data from the 2001 UK 
epidemic (24), where pigs were not largely involved. However, 
transmission characteristics of FMD infection are influenced 
by biological processes specific to the strain of FMD virus, host, 
and environmental factors, such as the rate of contact (17, 25) 
and variations of parameter values, associated with these factors 
should be considered.

In a previous study (7), the duration of infection stages of FMD 
was reported for serotype O. They found that experimental con-
ditions, such as host species involved in the transmission study 
and specific virus strain, significantly influenced the time course 
of disease. By utilizing a stepwise regression analysis similar to 
that described by Mardones et al. (7), we were able to update the 
parameters distributions with current studies of FMD transmis-
sion in swine. Moreover, we were able to provide a range of values 
that play a key role in between-farm disease transmission models 
including time to detection and the probability of spatial spread.
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FigUre 4 | Distribution of the estimated proportion of the herd showing clinical signs for diagnosis of a vesicular disease to occur.

63

Kinsley et al. Parameter Values for FMD in Swine

Frontiers in Veterinary Science | www.frontiersin.org June 2016 | Volume 3 | Article 44

The studies included in our analyses aim to understand the 
determinants of transmission through controlled experiments 
by varying factors within each experiment and measuring 
the impact of that factor on the kinetics of viral shedding 
and the manifestation of clinical disease. The factors measured in 
the experiments were extracted from the studies and included 
strain, duration of contact, route of infection, ratio of inoculated 
to contact pigs, and method of sampling. Of these factors, we 
found that the latent period and incubation period was shorter in 
inoculated animals than animals infected through direct contact. 
While the inoculation of donor animals is essential to reliably 
produce infectious animals with clinical disease, using the time 
course of disease in these animals to estimate the latent period 
is not appropriate as direct inoculation evades the host first line 
of defenses against infection (21). Current studies of FMD in 
swine suggest that initial virus entry occurs at the lymphoid 
tissues of the pharyngeal region followed by low-level viremia, 
then replication and development of vesicles in epithelial tissues 
(17, 24). Much greater amplification of the virus occurs in the 
epithelial cells leading to a substantially greater, detectable level of 
viremia in the pig (26, 27). It is likely that pigs infected through 
intradermal heel bulb or intravenous inoculation bypass the 
initial phase of infection leading to shorter latent periods than 
pigs infected through contact.

The frequency distribution for the latent period, subclinical 
period, incubation period, and duration of infection are consist-
ent with those estimated in the Mardones et  al. (7) paper. The 
frequency distributions are right skewed with relatively short tails. 
But the range of the values obtained in this study was consistently 
shorter for each of the stages of infection, and the duration of 

infection was shorter for a greater proportion of individuals 
represented in this study. This is likely due to the differences in 
the experimental design of the studies captured in our literature 
search such as the duration of the experiment and strain of virus. 
Also, in agreement with the study by Mardones et  al. (7), we 
found that strain and method of sampling significantly influence 
the latent period and incubation period of FMD infection. These 
findings suggest that models will benefit from the inclusion of 
strain-specific factors and that sampling oropharyngeal fluid may 
be helpful in identifying infected individuals in the early stages of 
an outbreak or during active surveillance.

For the definitive diagnosis of FMD to occur, clinical disease 
must be recognized, and the identification of live virus must 
occur. In an FMD-free country, a producer or veterinarian iden-
tifies the lesions in the index case through passive surveillance. 
Once the index case has been confirmed, and the outbreak is 
underway, diagnosis may occur solely through clinical signs. 
While it seems implausible that up to 50% of a herd would be 
showing clinical signs before clinical disease is recognized, 
individuals who work with animals on a daily basis may fail to 
recognize the clinical signs due to inexperience (28–30). For 
instance, during the 2001 UK State Veterinary Service FMD 
investigations, veterinary officers found that up to 90% of 527 
pigs on the index farm had lesions consistent with FMD (31). 
Delay in the time to diagnosis in the index case can greatly 
increase the probability of between-herd transmission likely 
leading to a larger outbreak. However, these results represent 
the belief of the limited number of practitioners surveyed in the 
study here and may not be representative of every swine farm 
in the country.
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An additional caveat is that we used the opinion of experts 
to quantify parameter values associated with FMD infection. 
Although the experts in our study had a wide range of experi-
ence and extensive amount of time working with FMD, there is 
such a high degree of uncertainty quantifying values associated 
with transmission at the population level that error is possible. 
Between-farm values estimated from this study are useful for 
parameterizing or model fitting and should be interpreted in light 
of current research and continually updated for use in disease 
simulation models. However, for estimating distributions for 
stages of infection, expert opinion was used as a confirmatory 
cross-validation of the results of the meta-analysis.

In conclusion, we found that the stages of FMD infection 
were influenced by route of infection, strain, and sampling 
method. While modeling efforts may not need to be conducted 
for every strain of interest, strain variation should be accounted 
for in the model. Additionally, the probability of spatial spread 
between an infected and fully susceptible swine farm is greatest 
within 5 km of the infected farm, highlighting the importance 
of possible transmission beyond this through the movement of 
infected animals. Finally, while most swine practitioners are 
confident in their ability to detect a vesicular disease with few 
animals showing clinical signs; yet, a small proportion expect 
that up to half of the herd would need to show clinical signs 
before detection occurred.
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Small-scale pig producers are believed to pose higher biosecurity risks for the intro-
duction and spread of exotic diseases than commercial pig producers. However, the 
magnitude of these risks is poorly understood. This study is a comparative assessment 
of the risk of introduction and spread of foot-and-mouth disease (FMD) through different 
sectors of the pig industry: (1) large-scale pig producers; (2) small-scale producers (<100 
sows) selling at saleyards and abattoirs; and (3) small-scale producers selling through 
informal means. An exposure and consequence assessments were conducted using the 
World Organization for Animal Health methodology for risk analysis, assuming FMD virus 
was introduced into Australia through illegal importation of infected meat. A quantitative 
assessment, using scenario trees and Monte Carlo stochastic simulation, was used to 
calculate the probabilities of exposure and spread. Input data for these assessments 
were obtained from a series of data gathering exercises among pig producers, industry 
statistics, and literature. Findings of this study suggest there is an Extremely low prob-
ability of exposure (8.69 × 10−6 to 3.81 × 10−5) for the three sectors of the pig industry, 
with exposure through direct swill feeding being 10–100 times more likely to occur than 
through contact with infected feral pigs. Spread of FMD from the index farm is most likely 
to occur through movement of contaminated fomites, pigs, and ruminants. The virus is 
more likely to spread from small-scale piggeries selling at saleyards and abattoirs than 
from other piggeries. The most influential factors on the spread of FMD from the index 
farm is the ability of the farmer to detect FMD, the probability of FMD spread through 
contaminated fomites and the presence of ruminants on the farm. Although small-scale 
producers selling informally move animals less frequently and do not use external staff, 
movement of pigs to non-commercial pathways could jeopardize animal traceability in 
the event of a disease outbreak. This study suggests that producers’ awareness on 
and engagement with legislative and industry requirements in relation to biosecurity and 
emergency animal disease management needs to be improved. Results from this study 
could be used by decision-makers to prioritize resource allocation for improving animal 
biosecurity in the pig industry.

Keywords: biosecurity, surveillance, emergency animal disease management, risk assessment, foot-and-mouth 
disease
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inTrODUcTiOn

Small landholders are commonly thought to pose biosecurity 
risks to mainstream livestock production, although the mag-
nitude and significance of these risks have not been previously 
evaluated. Practices of small-scale pig producers are believed to 
be associated with a higher risk of introduction and spread of 
exotic diseases than those of larger producers (1–5). Previous 
research suggests that small-scale pig producers selling at live-
stock markets (saleyards) had poor on-farm biosecurity practices, 
poor disease knowledge and understanding of swill feeding, and 
limited veterinary contact (6–11). Similar concerns in relation 
to biosecurity and animal disease management were reported 
in a qualitative study among small-scale pig producers selling 
through informal means in Australia conducted in 2009, which 
provided an insight into the implementation of and attitudes 
toward biosecurity among this sector of the industry (12).

Characteristics of Australia, such as geographical isolation and 
quarantine procedures, provide the country with a privileged dis-
ease free status for major livestock diseases, like foot-and-mouth 
disease (FMD). However, the potential for the introduction of 
exotic diseases still exists. Illegal introduction of meat products 
by incoming passengers from infected countries is the highest risk 
source of entry of FMD into Australia (13–15). Between 1997 and 
2000, there was a 29% increase in declared and detected animal 
products brought by passengers entering Australia from FMD-
infected countries and for the highest risk group of countries the 
increase was 43% (14). Pigs are highly susceptible to FMD and 
once infected excrete high concentrations of the virus in aerosol 
form, being considered a major amplifying host for this disease 
(16). Feeding of infected meat scraps has been identified as one 
of the major pathways of introducing FMD into a free country 
(13, 15, 17). The source of a FMD outbreak in South Africa in 
2000 was meat scraps from a ship’s garbage being fed to pigs (18) 
and during the 2001 FMD outbreak in the United Kingdom, a 
small-scale pig farm where unprocessed pig swill was fed to pigs, 
was considered the source case of the virus introduction (19). 
Similarly than for FMD, illegal introduction of meat products 
and subsequent swill feeding has also been suggested as the 
cause of outbreaks of classical swine fever (CSF) in the European 
Union in the 2000s and the introduction of African swine fever 
(ASF) in Eastern Europe in 2007 (20, 21). Previous studies have 
investigated the risk of introduction of and subsequent exposure 
to emergency animal diseases, such as FMD, CSF, and ASF, from 
the illegal importation of meat products (20, 22, 23). Hartnett 
et al. (22) quantified the risk of FMD introduction and exposure 
in Great Britain and Costard et al. (20) assessed the risk of ASF 
introduction and exposure in Europe. In both studies, poor bios-
ecurity practices, especially among backyard producers and the 
presence of feral pigs were identified as highly influential on the 
probability of exposure of domestic pigs to these viruses.

The Productivity Commission (14) and Buetre et  al. (24) 
assessed the impact of an FMD outbreak in Australia, considering 
a number of outbreaks of varying intensity. The most significant 
consequence of an FMD outbreak in Australia, independently of 
the location within the country, would be the immediate closure 

of the export market of livestock products to FMD-free countries, 
such as Japan and United States of America, which would remain 
for at least 3  months after eradication. The direct economic 
impacts of a FMD outbreak in Australia would be mainly due 
to the cost of control and eradication and a loss of revenue to 
affected livestock commodities from a decrease in export and 
domestic sales. The most recent assessment estimated a direct 
economic impact of $5.6 to $51.8 billion over a 10-year period, 
depending on the size of the outbreak. In addition, these financial 
effects would also have significant social impacts at an individual, 
household, and community levels, such as mental health issues 
and reduced welfare and well-being (24).

Spread of disease from the index farm will depend on on-
farm biosecurity practices and animal movement patterns of pig 
enterprises. Understanding these practices among the different 
sectors of the pig industry is crucial to assess the risk of exotic 
disease introduction and spread posed by each of these sectors. 
This study conducts a comparative exposure and partial conse-
quence assessment among different sectors of the pig industry 
in Australia. The aim of this study is to investigate how the FMD 
virus, which is assumed to be introduced into the country through 
illegal importation of contaminated meat, could exposure pigs 
at the index piggery and subsequently spread from this piggery. 
The sectors of the pig industry considered are: (1) large-scale 
or mainstream pig producers; (2) small-scale producers (<100 
sows) selling through saleyards and abattoirs; and (3) small-scale 
producers selling through informal means. These assessments 
quantify the nature and magnitude of the biosecurity risks posed 
by each sector of the pig industry. This information could support 
decision-makers for the prioritization of resources allocation for 
improving biosecurity in the pig industry.

MaTerials anD MeThODs

exposure and consequence  
assessment Models
This comparative risk assessment follows the World Organization 
for Animal Health (OIE) methodology for risk analysis (25) and 
uses scenario tree models to represent the potential pathways of 
exposure and spread and subsequently calculate the correspond-
ing probabilities of these occurring. Scenario trees provide an 
effective way of identifying pathways and information require-
ments and a framework for a quantitative analysis (26, 27).

An entry assessment as outlined by the OIE risk analysis 
methodology was not performed in this study as this assessment 
assumed that FMD had already been introduced into Australia. 
The assumption was that the virus was introduced through 
illegal importation of FMD-infected salted or cured meat and an 
estimated amount of introduced infected meat per year of 5 kg 
was used. The exposure assessment describes the potential path-
ways for pigs from the three different types of piggeries getting 
exposed to the FMD virus and estimates the probability of these 
pathways to occur. The partial consequence assessment describes 
the potential pathways of spread of FMD virus from the index 
farm and estimates the probability of this spread occurring. The 
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assessment of the impacts of the resulting FMD outbreaks after 
virus introduction is not reported in this manuscript. The sce-
nario trees were implemented in Microsoft Excel (PC/Windows 
XP, 2006) and probabilities were determined using Monte Carlo 
stochastic simulation modeling with the @RISK software (@Risk 
6.0, Palisade Corporation, USA). The outcome probabilities for 
each pathway of exposure and spread were calculated as a prod-
uct of all conditional probabilities describing the nodes of each 
specific pathway. The overall probability of exposure and spread 
for each type of piggery were obtained by adding the probabilities 
for each of the exposure and spread pathways, respectively, given 
these pathways are independent (27). Each simulation consisted 
of 50,000 iterations sampled using the Latin hypercube method 
with a fixed random seed of one.

Population Framework
Different definitions on small-scale pig producers can be found. 
The Australian pig body representative, Australian Pork Limited 
(APL), defines small landholder as those pig producers with less 
or equal than 50 sows and/or trading less or equal to 1000 pigs 
per year (28). Biosecurity Australia in their Import Risk Analysis 
for Pig Meat (13) classified backyard pig producers as those with 
less than 10 sows, small pig-producing enterprises those with 
between 10 and 99 sows, and commercial enterprises those with 
more than 99 sows. This classification was based on the assump-
tion that management practices, such as feeding, husbandry, and 
motivation to keep pigs, where significantly different between 
these groups. Research into small- scale pig producers trading 
via saleyards in eastern Australia has shown no differences on 
on-farm practices among producers with 1–100 sows (8).

For the purpose of this assessment, small-scale pig produc-
ers are those with less than 100 sows with those piggeries with 
more than 100 sows being defined as commercial enterprises. 
Moreover, this assessment considers the differences on livestock 
trade patterns among small-scale pig producers as some livestock 
movements could pose higher risk for disease transmission. As a 
consequence, small-scale producers were subsequently classified 
into two groups; those selling through saleyards and abattoirs, 
and those selling mainly through informal means. Informal sales 
included internet, word-of-mouth, family and friends, and local 
businesses.

Data Sources
Data used to populate the exposure and partial consequence 
assessments were obtained from different data gathering exercises, 
published literature, and industry statistics. Below is a description 
of the data gathering exercises to collect information to populate 
the models used in these assessments.

Postal Questionnaire, Interviews, and Focus Groups with Pig 
Producers Selling through Saleyards in Eastern Australia
A three-part study involving pig producers at six saleyards situ-
ated in eastern Australia was conducted in a 12-month period 
starting at the end of 2006 (6). The first part of the study was 
the distribution of a postal questionnaire, which gathered basic 
data on the demographics and husbandry practices, among all 

producers who traded pigs at saleyards during the 2005 calendar 
year (n = 815). The second part of the study involved face-to-face 
interviews with producers (n = 106) who indicated their willing-
ness to participate during the postal questionnaire, along with 
volunteers opportunistically recruited from the study saleyards. 
The interview collected detailed information on demographics, 
husbandry practices, nutrition, herd health, biosecurity practices, 
movement practices, animals identification systems, and com-
munication networks (8, 9, 35, 42, 43). The final part of the study 
consisted in nine one-off focus group discussions, with 5–12 
producers in each discussion, to investigate in depth attitudes 
and behaviors of producers toward diseases, disease reporting, 
traceability, and communication networks (6, 42–44). Focus 
group participants (n = 34) were recruited on a voluntary basis 
from face-to-face interviews and from advertisements placed at 
the saleyards and in stock agent newsletters. This study included 
mainly small-scale producers selling through saleyards although 
there were a small proportion of large-scale producers and small-
scale producers selling through informal means.

Case Study Interviews and Questionnaires with Small-Scale 
Pig Producers Selling through Informal Means
To improve our understanding of practices of small-scale pig 
producers selling by informal means (internet, word-of-mouth, 
family and friends, and local businesses), a total of 13 small-
scale (≤100 sows) pig producers using this marketing strategy 
were interviewed in New South Wales (12). This questionnaire, 
which was distributed using face-to-face interviews, gathered 
in-depth information on demographics and practices on 
husbandry, feeding, herd and health management, biosecurity, 
and pig movements. Producers were recruited at agricultural 
shows and through stage government databases. In addition, to 
collect supporting data in relation to practices of this sector of 
the pig industry, a shorter questionnaire covering similar topics 
was developed to be distributed by post among members of the 
Australian Pig Breeders Association (n  =  29) and face-to-face 
among participants (n = 24) of pig industry field days.

Exposure Assessment
This assessment evaluates the probability of exposure of a pig 
from a piggery to FMD-infected meat that has been illegally 
introduced into the country. The assessment considers that 
the FMD-infected meat could end up in any household in the 
country, with or without pigs. Four different pathways have been 
identified as potential pathways of exposure of a pig at an index 
piggery for each of the three piggery types (small-scale piggery 
selling by informal means; small-scale piggery selling at saleyards 
and abattoirs; or large-scale piggery), depending on: (1) the type 
of household where the meat is destined to; (2) the proportion of 
waste discarded from this meat; (3) the involvement of feral pigs 
in the pathway; and (4) the probability of pig producers feeding 
swill to their pigs. These pathways of exposure are:

• Exposure 1: The FMD-infected meat ends up in a household 
without pigs and some of this meat is discarded as waste. This 
waste is then accessible to feral pigs and these pigs become 
infected with FMD. As the final step of the pathway, the 
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FigUre 1 | scenario tree representing the exposure pathways of a domestic pig from a small-scale piggery (<100 sows) selling through saleyards 
and abattoirs to foot-and-mouth disease (FMD) virus from FMD-infected meat illegally introduced into australia.
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infected feral pigs travel to the index piggery getting in contact 
with domestic pigs from this piggery.

• Exposure 2: The FMD-infected meat ends up in the index 
piggery and some of this meat is discarded as waste. This waste 
is then fed directly to the domestic pigs in the piggery.

• Exposure 3: The FMD-infected meat ends up in the index 
piggery and some of this meat is discarded as waste. This waste 
is then accessible to feral pigs around the piggery and these 
pigs become infected with FMD. The feral pigs get in contact 
with domestic pigs from the same piggery.

• Exposure 4: The FMD-infected meat ends up in a non-index 
piggery, and some of this meat is discarded as waste. This waste 
is then accessible to feral pigs and these pigs become infected 
with FMD. The infected feral pigs travel to the index piggery 
getting in contact with domestic pigs from this piggery.

A scenario tree was developed to represent these four path-
ways of exposure and the same structure of the scenario tree was 
used for modeling the risk of FMD exposure among the three 
groups of pig producers considered in this study. Figure 1 repre-
sents the scenario tree considering a small-scale piggery selling 
through saleyards and abattoirs is the index piggery. Some of 

the parameter estimates and input values differed between the 
three groups of pig producers. Table  1 summarizes the nodes 
used for the exposure scenario tree and a detailed description of 
the nodes and input parameters used are provided in the online 
supplemental material.

Consequence Assessment
Once the first pig from a piggery (small- or large scale) is exposed 
to the FMD virus, different potential outbreak scenarios could 
occur depending on different factors. This partial consequence 
assessment evaluates the potential outbreak scenarios and their 
corresponding probabilities occurring. The main factors consid-
ered in the consequence assessment are the ability of the farmer to 
detect the disease, the presence of ruminants on the farm and the 
movement of animals, fomites, and people from the index farm. 
In the event that the infection in the index farm is not detected, 
the virus could spread beyond this property. Six main outbreak 
scenarios have been identified:

• Scenario 1: This scenario represents no spread beyond the index 
farm, which could occur in different situations: (1) in a piggery 
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TaBle 1 | nodes, parameter estimates, and input values used for the exposure assessment estimating the probability of a piggery being exposed to FMD-infected meat illegally introduced into 
australia through incoming passengers from overseas.

name Outcome Parameter estimates input value Data sources

1 Household 
type

Without pigs Proportion of households with and without pigs in 
Australia (Prop_withPigs; Prop_withoutPigs)

Total households: Pert (8.7, 9.2, 9.6 M)
Households with pigs: large piggery (>100 sows) + small piggery + growers

• Large piggery: 315
• Growers: 524
• Small piggery: Pert (1409, 1550, 620)

(8, 29, 30)
With pigs

2 Proportion of 
waste

Waste Number of serves in 5 kg of meat Single serve size of meat: average, 50 g (25–100 g), Pert (0.025, 0.05, 0.1) (13, 31)
No waste Proportion of meat discarded as waste 

(Prop_waste)
Number of serves in 5 kg of meat: 5 kg/single serve size
Prop_Waste: Pert (0.01, 0.02, 0.05)

3 Piggery type Large piggery  
(> 100 sows)

Proportion of large and small-scale piggeries in 
Australia (Prop_Small; Prop_Large)

Large-scale piggeries: 839 (315 breeding, 524 contract growers)
Small-scale piggeries: Pert (1071, 1178, 1232)

(8)

Small piggery  
(<100 sows)

4 Small-scale 
piggery type

Selling informally Proportion of these two types of piggeries among 
small-scale piggeries (Prop_Informal; Prop_Sal&Ab)

Number small-scale piggeries: 589 Number of small-scale piggeries selling 
informally: Pert [Beta (38,553), +50%, 
+70%] (8, 12); Questionnaire with 
specific groups of pigs producers

Selling through 
saleyards and 
abattoirs

Number of small-scale piggeries selling informally: Pert [Beta (38,553), +50%, 
+70%]

5 Access of feral 
pigs to waste

Yes Probability of waste from households without pigs 
getting in contact with feral pigs (Prob_Access1); 
probability of waste from piggeries getting in 
contact with feral pigs (Prob_Access2)

Prop_Access1 = Cumul (Probability access and located, Proportion of 
households in different areas)

• Probability of access and located = Probability of waste being accessible 
[High (Uniform (0.7, 1)) in remote areas, Moderate (Uniform (0.3, 0.7)) in 
rural areas and Very low (Uniform (0.001, 0.05)) at large towns] × Probability 
of waste being located by the feral pigs Very low [Uniform (0.001, 0.05)] in 
remote areas, Extremely low [Uniform (0.000001, 0.001)] in rural areas and 
Negligible [Uniform (0, 0.000001)] at large towns

• Proportion of households: 3% remote, 11% rural, and 86% large towns

Prob_Access2 = Pert (Prob_Access1, +15%, +20%)

(13)
No

6 Infection of 
feral pigs

Yes Probability of the feral pigs being infected once they 
are in contact with the FMD-contaminated waste 
(Prob_Infection)

Prob_Infection = Probability of the infected meat contains sufficient dose to 
cause infection of feral pigs High [Uniform (0.7, 1)] × Viability of the virus in the 
infected waste until the feral pig contacts with this waste High [Uniform (0.7, 1)]

(13, 15)
No

7 Contact of 
feral pigs with 
domestic pigs

Yes
No

Probability feral pigs infected via waste from other 
households contact pigs from the index piggery 
(Prob_Contact1); probability feral pigs infected via 
waste originated in the index piggery contact pigs 
from the same piggery (Prob_Contact2)

Prob_Contact2 = Proportion of producers reporting feral pigs around their 
property [Small-scale saleyard and abattoir, Beta (46, 127); small-scale selling 
informally, Beta (6, 17)]; large-scale, Pert (max–50%, max-20%, 23/149)

(8, 12); Questionnaire with specific 
groups of pigs producers

Prob_Contact1 = Pert (−50%, −20%, Prob_Contact2)

8 Swill feeding Yes
No

Probability of swill feeding (Prob_Swill) among 
producers

Small-scale selling through saleyards and abattoirs: Pert (Most likely – 50%, 
19/109, Most likely +20%)

(8, 9, 12); Questionnaire with specific 
groups of pigs producers

Small-scale selling informally: Pert (Most likely – 50%, 5/22, Most likely +20%)
Large-scale: Pert (Most likely – 50%, 6/41, Most likely +20%)
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with pigs only, when infection is detected and reported; (2) in 
a piggery with pigs and ruminants, when infection is detected 
in both species and reported; (3) in a piggery with pigs only, 
when infection is not detected, but there are no movement of 
pigs off the farm during the infective period either movements 
of contaminated fomites. In this last situation, the infection 
would die out before spread occurs. If ruminants are kept on 
the farm, these are very likely to become infected before FMD 
is detected in pigs and moved off the farm (see Scenario 5).

• Scenario 2: Infection is not detected (in pigs and ruminants) 
at the first exposed piggery and FMD virus is spread through 
movement of pigs off farm. This spread could be more or less 
significant and at local, regional, or national level, depending 
on the destination of the animals. Within Scenario 2, further 
scenarios were identified depending on the destination of the 
animals moving from the index farm when the infection is 
initially not detected by the farmer. These scenarios slightly 
differed between small and large-scale piggeries, and are 
described in Table 2.

• Scenario 3: Infection in the first exposed piggery is spread 
through movement of contaminated fomites. Spread through 
fomites can happen independently of farmer detection. If the 
farmer does not detect, spread of the virus to other proper-
ties through contaminated fomites is more likely than when 
detection occurs. However, if detection is delayed, spread 
through fomites can still happen. For this assessment, fomites 
were defined as mechanical vectors and included vehicles, 
equipment, and clothing.

• Scenario 4: Infection in the first exposed piggery is spread 
through movement of people carrying infective virus particles 
in the respiratory tract. As the previous scenario, spread 
through contaminated people is more likely to happen when 
the farmer does not detect the infection. When detection 
occurs but it is in late stages of the infection, spread through 
people could also be possible. Spread through people carry-
ing the virus was considered separate to the spread through 
fomites as a person could be contaminated despite biosecurity 
measures being applied to avoid spread through fomites (e.g., 
disinfection of equipment).

• Scenario 5: Infection is not detected by the farmer (in pigs 
and ruminants) in the first exposed piggery and FMD virus is 
spread through movement of ruminants off farm. Even when 
infection is detected in pigs, movement of infected ruminants 
off the farm could occur before infection is detected in pigs. 
This spread could be more or less significant at a local, regional, 
or national level, depending on the destination of the animals. 
Information on the movement of ruminants off the farm, such 
as potential destinations and frequency of movements, was not 
collected during this assessment. However, information on the 
presence and number of ruminants kept on the farm was used 
to evaluate the likelihood of the spread through ruminant 
movement.

• Scenario 6: Infection in the first exposed piggery is spread 
through airborne transmission. Airborne transmission of 
FMD has been extensively investigated in the past (45, 46). It 
was not the objective of this assessment to assess the potential 
spread of FMD through airborne transmission as this could 

occur independently of the biosecurity practices of the piggery, 
evaluation of which is the main objective of this assessment.

Two different consequence scenario trees were developed to 
represent the previously described potential outbreak scenarios 
for small and large-scale piggeries. The only difference in the 
structure of these scenario trees was the potential destinations 
where pigs from the index farm could go once moved off the 
farm. Figure 2 represents the consequence scenario tree used for 
modeling the probability of FMD spread from small-scale pig 
producers. Table  3 describes the nodes, input values and data 
sources used for the small-scale piggery consequence scenario 
tree. A description of the scenario tree used for the conse-
quence assessment for large-scale piggeries is shown in Table 4. 
A detailed description of the nodes and input parameters used 
for both consequence assessments are provided in the online 
supplemental material.

sensitivity analysis
The influence of some input parameters on the model outputs 
was investigated using the @Risk Advanced Sensitivity Analysis 
(@RISK 6.0, Palisade Corporation, USA). For the probability of 
exposure for each piggery type, the input parameters evaluated 
were the probability of pig producers swill feeding (Prob_Swill) 
and the amount of meat illegally introduced into Australia. For 
investigating which practices had the most influence on the 
probability of spread of the virus, the following spread scenarios 
were included in the sensitivity analysis: Scenario 1 (no spread 
beyond the index farm), Scenario 2 (spread through movement 
of pigs), Scenario 3 (spread through contaminated fomites), 
and Scenario 5 (spread through movement of ruminants). 
The input parameters investigated were the probability of the 
farmer detecting FMD in pigs (Prob_1stDet) and ruminants 
(Prob_1stDet_Rum), the presence of ruminants on the farm 
(Prop_Rum), the probability of FMD transmission through con-
taminated fomites moving off the index farm (Prob_Fomites), 
and the probability of movement of pigs (Prob_MovPigs) and 
ruminants (Prob_MovRum) off the farm.

Probability input values were allowed to vary from 0 to 1 in 
tenths (0.1, 0.2, 0.3…) and the values used for the amount of meat 
illegally introduced into Australia were 10, 50, 100, and 200 kg. 
Each of the values for each input parameter was evaluated sepa-
rately in a simulation of 5,000 iterations, while values for all other 
input variables were fixed to the base value.

resUlTs

exposure assessment results
The exposure assessment evaluated potential pathways of 
exposure of a pig from a piggery to FMD-infected meat illegally 
introduced into Australia and estimated the probability of these 
pathways to occur. Four potential exposure pathways were 
identified in this assessment, which were mainly dependent 
on the type of household in Australia where the contaminated 
meat was destined to and the characteristics of these households. 
Description of the exposure pathways, the likelihood of each of 
these pathways to occur and the overall likelihood of exposure for 
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TaBle 2 | a description of the potential scenarios of spread of FMD virus from an infected small-scale (<100 sows) or large-scale piggery in australia, 
due to movement of pigs off farm, according to different destinations.

scenario Piggery type Description

a Large/small scale Infected animals moving to another piggery (small-scale piggery for the small-scale scenario; large-scale piggery for the large-scale 
scenario) where the infection is detected and reported: this scenario represents limited spread to a local pig community, depending 
on movement of other animals from the index farm until infection is detected at the second piggery, time of the detection at the 
second piggery, the presence of ruminants at this piggery and the movement of animals from this piggery before detection

b Large/small scale Infected animals moving to another piggery (small-scale piggery for the small-scale scenario; large-scale piggery for the large-scale 
scenario) where the infection is not detected: this scenario represents spread of the infection. The magnitude of this spread will 
depend on other animal movements from the index farm, the presence of ruminants at the second piggery, and the movement of 
animals from this piggery

c Large scale Infected animals moving to a small-scale piggery where the infection is detected and reported: this scenario is similar than  
Scenario a; however, the spread would be more limited as there would be less animals that could get infected at the second piggery

d Large scale Infected animals moving to a small-scale piggery where the infection is not detected and infection is spread: this scenario is similar 
than Scenario b although the spread would be more limited due to the lower number of animals that would be affected and could 
move from the second piggery

e Small scale Infected animals are transferred to a person who keeps pigs as pets (private individual) and infection is detected and reported at this 
second location: this scenario represents limited spread to a local pig community. Similar than Scenario a, the extent of the spread 
will depend on other animal movements from the first exposed piggery until infection is reported by the private individual, time of the 
detection and reporting at this second location, the presence of ruminants at this location and the movement of other animals from 
this location before detection

f Small scale Infected animals are transferred to a person who keeps pigs as pets (private individual) and infection is not detected at this second 
location: this scenario represents spread of the infection. The magnitude of this spread will depend on other animal movements 
from the first exposed piggery, the presence of ruminants at the second location and the movement of animals from this location. It 
is assumed that the extent of the spread of this scenario would be less significant than in Scenario b as a private individual keeping 
pigs as pets is less likely to move these or other animals off the farm

g Small scale Infected animals moving to an agricultural show, where the infection is detected: in this scenario, once the infection is detected, all 
movements to and from the show would be stopped. Spread to animals attending the agricultural show and also outside the show 
can occur depending on time of detection and movement of animals, fomites, and people off the show before detection

h Small scale Infected animals moving to an agricultural show, where the infection is not detected: spread of the infection would be more 
significant than any of the previous scenarios. Animals attending agricultural shows can travel from the same region, the same 
state, and also from other states in Australia. If infection is not detected at the show, all susceptible livestock could be infected, 
and infection could spread to any of the locations where animals are moved from the show. The spread could affect all susceptible 
livestock species at a local, regional, and national level, depending on destination of animals from the show and time of detection of 
the infection once infected animals move from this agricultural show

i Small scale Infected animals moving to another property for home-kill: independently of detection, animals will be killed so spread will be very 
limited, and its extent will depend on other animal movements from the first exposed piggery, the period of time until the infected 
animal is killed at the second property and the presence of ruminants in this property

j Large/small scale Infected animals moving to a saleyard where infection is detected: in this scenario, once infection is detected, all movements to and 
from the saleyard would stop. Spread would be limited to the first exposed piggery and animals attending the saleyard; however, 
spread could go beyond the animals attending at the saleyards if movement of animals and fomites from the saleyard occur before 
the detection of the infection. The extent of the spread of this scenario will also depend on other animal movements from the first 
exposed piggery until the infection is detected at the saleyard

k Large/small scale Infected animals moving to a saleyard where infection is not detected: spread of the infection could be significant at local and 
regional levels, although national spread could also occur as animals travel interstate to be sold at saleyards. Thus, the extent of the 
spread will depend on other animal movements from the first exposed piggery, movements of animals, and contaminated fomites 
from the saleyard and presence of ruminants at the saleyard

l Large/Small-scale Infected animals moving to an abattoir where infection is detected: once infection is detected at the domestic abattoir, all 
movements to and from the abattoir would be disrupted. This scenario represents a locally limited spread to the first exposed 
piggery and animals attending at the abattoir. Animal movement from the abattoir is uncommon; however, contaminated vehicles 
could spread the infection if they move from the abattoir before the infection is detected. The extent of the spread of this scenario 
will also depend on other animal movements from the first exposed piggery until the infection is detected at the abattoir

m Large/small scale Infected animals moving to an abattoir where infection is not detected: in this scenario, non-detected infected animals would be 
slaughtered and spread would most likely be limited to the local community, depending on other animal movements from the first 
exposed piggery and movement of infected animals and fomites from the abattoir
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FigUre 2 | scenario tree used for a spread assessment investigating the potential outbreak scenarios of foot-and-mouth disease (FMD) from a 
small-scale piggery (<100 sows) in australia.

Hernández-Jover et al. Biosecurity Risks in Australian Piggeries
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the three assessments (small-scale pig producers selling through 
informal means, small-scale pig producers selling at saleyards and 
abattoirs and large-scale pig producers) are presented in Table 5.

Results indicate that the most likely pathway of exposure to 
FMD-infected meat illegally introduced into Australia among 
the three types of piggeries is through the direct feeding of the 
infected meat to the pigs (Exposure 2). The probability of this 
exposure pathway to occur is extremely low (qualitative descrip-
tors based on Guidelines for Import Risk Analysis; DAFF, 2004), 
with one exposure estimated to occur for every 10,000–100,000 
times FMD-infected meat is illegally introduced into the country, 
depending on the type of piggery. The lowest value was estimated 
for small-scale piggeries selling informally as shown in Table 5. 
Probabilities of other pathways were considered to be negligible. 
Exposure 1, which represents the exposure through feral pigs 
which have been infected from contaminated waste from a 
household without pigs, has a higher probability to occur than the 
other two pathways, given most households in Australia do not 
have pigs (99.9%) and the illegally introduced meat is more likely 
to be destined to these households than households with pigs. 
The overall probability of exposure was estimated 8.69  ×  10−6, 
7.26  ×  10−5, and 3.81  ×  10−5 (extremely low), for small-scale 

piggeries selling informally, those selling through saleyards and 
abattoirs and large-scale piggeries, respectively. The probabilities 
of exposure among small-scale piggeries selling through sale-
yards and abattoirs and large-scale piggeries are slightly higher 
than that for small-scale piggeries selling informally, due to the 
higher number of producers within the former categories, and 
the higher potential contact between feral and domestic pigs in 
these piggeries.

This assessment considered that households without and with 
pigs had even probability of illegally introducing meat into the 
country. When evaluating the probability of exposure of the pigs 
to the infected meat, once this meat is introduced to the piggery 
of concern, a very low probability (0.003–0.005) was obtained for 
all piggery types, given most of this meat will be consumed and 
only a small proportion will be waste that could be fed to the pigs.

consequence assessment results
Following the exposure of a pig from a piggery, six main scenarios 
have been identified depending on the ability of the farmer to 
detect FMD and the movement of animals, fomites, and people 
from the index farm. These scenarios are the same for the three 
groups of pig producers.
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TaBle 3 | nodes, parameter estimates, and input values used for the partial consequence assessment estimating the probability of potential outbreak scenarios after a small-scale (<100 sows) 
piggery has been exposed to FMD-infected meat illegally introduced into australia through incoming passengers from overseas.

node name Outcome Parameter estimates input value Data sources

1 Clinical signs Yes
No

Probability that an FMD-
infected animal would display 
clinical signs (Prob_CS; 
Prob_CS_2)

Incubation period: lognormal [5, 2.7, Truncate (1, 12)]; infective period: uniform (14, 30); Time to the onset of clinical 
signs = Incubation period – 2 days

(13, 15, 16)

Prob_CS = (Infective period – Incubation period)/Infective period
Prob_CS_2 = (Infective period – Time to the onset of clinical signs)/Infective period

2 Farmer detection 
and reporting 
in pigs

Detection Probability of the farmer from 
the index piggery detecting 
and reporting FMD in pigs 
for each type of piggery 
(Prob_1stDet)

Prob_1stDet = Probability of the farmer detection × Probability of the farmer reporting
Probability of the farmer detection:

• Small-scale selling at saleyards and abattoirs: Pert (0.32, 0.4, 0.48)
• Small-scale selling informally: Pert (0.4, 0.5, 0.6)

Probability of farmer reporting:

• Small-scale selling at saleyards and abattoirs: Pert (0.48, 0.6, 0.72)
• Small-scale selling informally: Pert (0.6, 0.75, 0.9)

(7, 8, 12); 
Questionnaire 
with specific 
groups of pigs 
producers

No detection

3 Presence of 
ruminants on the 
piggery

Yes Proportion of pig farms 
keeping also ruminants 
(Prop_Rum)

Small-scale selling at saleyards and abattoirs: Beta (461,93) As Node 2
No Small-scale selling informally: Beta (33, 6)

4 Farmer detection 
& reporting in 
ruminants

Yes Probability of the farmer from 
the first exposed piggery 
detecting and reporting the 
FMD infection in ruminants 
(Prob_1stDet_Rum)

Prob_1stDet_Rum = Probability of the farmer detection × Probability of the farmer reporting
Probability of the farmer detection:

• Small-scale selling at saleyards and abattoirs: Pert (Prob_1stDet, +10%, +20%)
• Small-scale selling informally: Pert (Prob_1stDet, +10%, +20%)

Probability of farmer reporting:

• Small-scale selling at saleyards and abattoirs: Pert (0.48, 0.6, 0.72)
• Small-scale selling informally: Pert (0.6, 0.75, 0.9)

(15)
No

5 Pig movement 
during infective 
period

Yes Probability of pig movements 
during the infective period 
(Prob_MovPigs)

Small-scale selling at saleyards and abattoirs: Pert (−20%, 0.6, +20%) As Node 2
No Small-scale selling informally: Pert (−20%, 0.3, +20%)

6 Ruminant 
movement 
during infective 
period

Yes Probability of ruminant 
movement during 
the infective period 
(Prob_MovRum)

Small-scale selling at saleyards and abattoirs: Moderate [Uniform (0.3, 0.7)] As Node 2
No Small-scale selling informally: Low [Uniform (0.05, 0.3)]
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node name Outcome Parameter estimates input value Data sources

7 Pig movement 
from the index 
farm

Small scale Proportion of movement 
of pigs to each of these 
destinations (Prop_
SSpiggery; Prop_PrivateInd; 
Prop_AS; Prop_HK; Prop_
Saleyard; Prop_Abattoir)

Beta (n + 1, s − n + 1) for each proportion
Movements of small-scale selling at saleyards and abattoirs (n = 883):

• Small-scale piggery: 113
• Private Individual: 26
• Agricultural Show: 5
• Home-kill: 192
• Saleyard: 455
• Abattoir: 82

Movements of small-scale selling informally (n = 57):
• Small-scale piggery: 32
• Private Individual:10
• Agricultural Show: 4
• Home-kill: 0
• Saleyard: 0
• Abattoir: 1

As Node 2
Piggery
Private 
individual
Agricultural 
show

Home-kill
Saleyard
Abattoir

8 Ruminant 
movement from 
the index farm

Saleyard Proportion of movement 
of ruminants to each 
of these destinations 
(Prop_SaleyardRum; 
Prop_AbattoirRum; Prop_
Contractor; Prop_IndProp; 
Prop_Export)

Not estimated (32–34)
Abattoir
Contractor
Independent 
property
Export

9 Detection at 
small-scale 
piggery

Detection Probability that the farmer 
at the large-scale piggery 
receiving the infected pigs 
would detect infection 
(Prob_SSDet)

Prob_SSDet = Probability of the farmer detection × Probability of the farmer reporting

• Probability of the farmer detection: Pert (0.32, 0.4, 0.48)
• Probability of farmer reporting: Pert (0.48, 0.6, 0.72)

As Node 2
No detection

10 Detection at 
private individual

Detection Probability that the farmer 
at the small-scale piggery 
receiving the infected pigs 
would detect infection 
(Prob_PrivateIndDet)

Prob_PrivateIndDet = Probability of the farmer detection × Probability of the farmer reporting

• Probability of the farmer detection: Pert (0.32, 0.4, 0.48)
• Probability of farmer reporting: Pert (0.48, 0.6, 0.72)

As Node 2
No detection

11 Detection at 
agricultural show

Detection Probability of detection of 
FMD at agricultural shows 
(Prob_ASDet)

Prob_ASDet = SumProduct (Probability of detection at show type, Proportion of each show type)

• Proportion of show types depending on animal health responsible [Beta (n + 1, s − n + 1)]: Exhibitors only (17/59), 
Staff (25/59), Vet (17/59)

• Probability of detection at show type: Exhibitors only (Prob_1stDet), Staff [Pert (0.1, 0.3, 0.5)], Vet (1)

(35, 36)
No detection

12 Detection at 
home-kill

Detection Probability of detection of a 
FMD in properties for home-
kill (Prob_HKDet)

Prob_HKDet = Probability of the farmer detection × Probability of the farmer reporting

• Probability of the farmer detection: Pert (0.32, 0.4, 0.48)
• Probability of farmer reporting: Pert (0.48, 0.6, 0.72)

As Node 2
No detection

TaBle 3 | continued
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node name Outcome Parameter estimates input value Data sources

13 Detection at 
saleyards

Detection Probability of detection 
of FMD at saleyards 
(Prob_SaleyardDet)

Prob_SaleyardDet = SumProduct (Probability of detection at saleyard type, Proportion of each saleyard type)

• Proportion of saleyard type: Domestic (10/13), Export (3/13)
• Probability of detection at saleyard type: Domestic (median, 0.475; 5–95%, 0.343–0.599), Export (0.474; 

0.334–0.603)

(35, 37)
No detection

14 Detection at 
abattoirs

Detection Probability of detection at 
pig domestic and export 
abattoirs (Prob_AbattoirDet)

Prob_AbattoirDet = SumProduct (Probability of detection at abattoir type, Proportion of each abattoir type)

• Proportion of saleyard type: Domestic (19/26), Export (7/26)
• Probability of detection at saleyard type: Domestic (0.430; 0.329–0.534), Export (0.861; 0.799–0.916)

(35, 37)
No detection

15 Movement of 
contaminated 
fomites from the 
index farm

Yes Probability of FMD 
transmission through 
contaminated fomites 
(Prob_Fomites)

Small-scale selling at saleyards and abattoirs: Moderate [Uniform (0.3, 0.7)] As Node 2;  
(15, 38, 39)No Small-scale selling informally: Low [Uniform (0.05, 0.3)]

16 Movement of 
contaminated 
people from the 
index farma

Yes Probability of transmission 
through movement of 
people carrying the virus 
in their respiratory tract 
(Prob_People)

Small-scale selling at saleyards and abattoirs: Low [Uniform (0.05, 0.3)] As Node 2;  
(15, 40, 41)No Small-scale selling informally: Very low [Uniform (0.001, 0.05)]

aMovement of people carrying FMD infective particles in the upper respiratory tract.

TaBle 3 | continued

TaBle 4 | nodes, parameter estimates and input values used for the partial consequence assessment estimating the probability of potential outbreak scenarios after a large-scale (>100 sows) 
piggery has been exposed to FMD-infected meat illegally introduced into australia through incoming passengers from overseas.

node name Outcome Parameter estimates input values Data sources

1 Clinical signs Yes
No

Probability that an FMD-infected animal would 
display clinical signs (Prob_CS; Prob_CS_2)

Incubation period: lognormal [5, 2.7, Truncate (1, 12)]; infective period: uniform 
(14, 30); time to the onset of clinical signs = Incubation period – 2 days

(13, 15, 16)

Prob_CS = (Infective period – Incubation period)/Infective period
Prob_CS_2 = (Infective period – Time to the onset of clinical signs)/Infective 
period

2 Farmer detection & 
reporting in pigs

Detection Probability of the farmer from the index 
piggery detecting and reporting FMD in pigs 
(Prob_1stDet)

Prob_1stDet = Probability of the farmer detection × Probability of the farmer 
reporting

• Probability of the farmer detection: Pert (0.56, 0.7, 0.84)
• Probability of farmer reporting: Pert (0.64, 0.80, 0.96)

(7, 8, 12); 
Questionnaire with 
specific groups of 
pigs producers

No detection

3 Presence of ruminant 
on the piggery

Yes Proportion of pig farms keeping also ruminants 
(Prop_Rum)

Beta (65, 24) As Node 2
No

4 Farmer detection 
and reporting in 
ruminants

Yes Probability of the farmer from the first exposed 
piggery detecting and reporting the FMD 
infection in ruminants (Prob_1stDet_Rum)

Prob_1stDet_Rum = Probability of the farmer detection × Probability of the 
farmer reporting

• Probability of the farmer detection: Pert (Prob_1stDet, +10%, +20%)
• Probability of farmer reporting: Pert (0.64, 0.80, 0.96)

(15)
No
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node name Outcome Parameter estimates input values Data sources

5 Pig movement 
during infective 
period

Yes Probability of pig movements during the infective 
period (Prob_MovPigs)

Pert (−10%, −5%, 1) As Node 2
No

6 Ruminant movement 
during infective 
period

Yes Probability of ruminant movement during the 
infective period (Prob_MovRum)

High [Uniform (0.7, 1)] As Node 2
No

7 Pig movement from 
the index farm

Large-scale piggery Proportion of movement of pigs to each of these 
destinations (Prop_LCpiggery; Prop_SCpiggery; 
Prop_Saleyard; Prop_Abattoir)

Large-scale piggery: Pert (−20%, 0.10, +20%) As Node 2
Small-scale piggery Small-scale piggery: Pert (−20%, 0.10, +20%)
Saleyard Saleyard: Pert (−20%, 0.15, +20%)
Abattoir Abattoir: Pert (−20%, 0.65, +20%)

8 Ruminant movement 
from the index farm

Saleyard Proportion of movement of ruminants to each of 
these destinations (Prop_SaleyardRum; Prop_
AbattoirRum; Prop_Contractor; Prop_IndProp; 
Prop_Export)

Not estimated (32–34)
Abattoir
Contractor
Independent property
Export

9 Detection and 
reporting at large-
scale piggery

Detection Probability that the farmer at the large-scale 
piggery receiving the infected pigs would detect 
infection (Prob_LSDet)

Prob_LSDet = Probability of the farmer detection × Probability of the farmer 
reporting

• Probability of the farmer detection: Pert (0.56, 0.7, 0.84)
• Probability of farmer reporting: Pert (0.64, 0.80, 0.96)

As Node 2
No detection

10 Detection and 
reporting at small-
scale piggery

Detection Probability that the farmer at the small-scale 
piggery receiving the infected pigs would detect 
infection (Prob_SSDet)

Prob_SSDet = Probability of the farmer detection × Probability of the farmer 
reporting

• Probability of the farmer detection: Pert (0.32, 0.4, 0.48)
• Probability of farmer reporting: Pert (0.48, 0.6, 0.72)

As Node 2
No detection

11 Detection at 
saleyards

Detection Probability of detection of FMD at saleyards 
(Prob_SaleyardDet)

Prob_SaleyardDet = SumProduct (Probability of detection at saleyard type, 
Proportion of each saleyard type)

• Proportion of saleyard type: Domestic (10/13), Export (3/13)
• Probability of detection at saleyard type: Domestic (median, 0.475; 5–95%, 

0.343–0.599), Export (0.474; 0.334–0.603)

(35, 37)
No detection

12 Detection at 
abattoirs

Detection Probability of detection at pig domestic and 
export abattoirs (Prob_AbattoirDet)

Prob_AbattoirDet = SumProduct (Probability of detection at abattoir type, 
Proportion of each abattoir type)

• Proportion of saleyard type: Domestic (19/26), Export (7/26)
• Probability of detection at saleyard type: Domestic (0.430; 0.329–0.534), 

Export (0.861; 0.799–0.916)

(35, 37)
No detection

13 Movement of 
contaminated 
fomites from the 
index farm

Yes Probability of FMD transmission through 
contaminated fomites (Prob_Fomites)

Moderate [Uniform (0.3, 0.7)] As Node 2;  
(15, 38, 39)No

14 Movement of 
contaminated people 
from the index farma

Yes Probability of transmission through movement of 
people carrying the virus in their respiratory tract 
(Prob_People)

Low [Uniform (0.05, 0.3)] As Node 2;  
(15, 40, 41)No

aMovement of people carrying FMD infective particles in the upper respiratory tract.
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TaBle 5 | Quantitative (median, 5 and 95 percentiles) and qualitative estimates of the likelihood of exposure of a pig from a piggery to FMD-infected 
meat previously illegally introduced into australia, according to potential pathways of exposure and piggery type.

exposure 
pathway

Descriptiona Quantitative and qualitative estimatesb

small-scale piggeries selling 
through informal means

small-scale piggeries 
selling at saleyards and 
abattoirs

large-scale  
piggeries

1 The FMD-infected meat gets to a household without pigs 
and some is discarded as waste – waste accessible to 
feral pigs, which become infected – Infected feral pigs get 
in contact with a pig from the exposure piggery

1.51 × 10−7 1.59 × 10−7 7.62 × 10−8

(1.32 × 10−8 to 2.74 × 10−4) (1.45 × 10−8 to 2.99 × 10−4) (7.30 × 10−9 to 1.00 × 10−4)
Negligible Negligible Negligible

2 The FMD-infected meat gets to the exposure piggery and 
some is discarded as waste – waste is directly fed to a pig 
from the same the piggery

7.80 × 10−6 6.65 × 10−5 3.46 × 10−5

(3.82 × 10−6 to 1.66 × 10−5) (3.29 × 10−5 to 1.33 × 10−4) (1.65 × 10−5 to 7.14 × 10−5)
Extremely low Extremely low Extremely low

3 The FMD-infected meat gets to the exposure piggery and 
some is discarded as waste – waste accessible to feral 
pigs, which become infected – infected feral pigs get in 
contact with a pig from the same piggery

4.00 × 10−12 4.23 × 10−11 1.19 × 10−11

(3.72 × 10−13 to 6.91 × 10−9) (3.94 × 10−12 to 
7.63 × 10−8)

(1.10 × 10−12 to 1.59 × 10−8)

Negligible Negligible Negligible

4 The FMD-infected meat gets to a non-exposure piggery, 
and some is discarded as waste – waste accessible to 
feral pigs, which become infected – infected feral pigs get 
in contact with a pig from the exposure piggery

4.98 × 10−11 2.43 × 10−11 1.64 × 10−11

(4.16 × 10−12 to 8.80 × 10−8) (2.23 × 10−12 to 
4.54 × 10−8)

(1.54 × 10−12 to 2.22 × 10−8)

Negligible Negligible Negligible

Overall The FMD-infected meat gets in contact with pigs from the 
exposure piggery

8.69 × 10−6 7.26 × 10−5 3.81 × 10−5

(4.03 × 10−6 to 2.83 × 10−4) (3.36 × 10−5 to 3.98 × 10−4) (1.77 × 10−5 to 1.40 × 10−4)
Extremely low Extremely low Extremely low

aExposure piggery = small-scale pig producers selling through informal means, small-scale pig producers selling through saleyards and abattoirs or large-scale pig producers 
according to the assessment.
bQuantitative estimates are the output distribution of a simulation stochastic model with 50,000 iterations; qualitative estimates are based on the median and the likelihood ranges 
described at the Guidelines for Import Risk Analysis (DAFF, 2004).
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Assessment of the Risks of FMD Spread from 
Small-Scale Pig Producers
Table 6 shows a description of the potential outbreak scenarios 
and the likelihood of each of these scenarios to occur once FMD 
virus has been introduced into a small-scale piggery. The likeli-
hood of five of the six main potential outbreak scenarios has been 
evaluated in this assessment. Among these scenarios and for 
small-scale producers selling through informal means, the most 
likely potential outbreak scenarios, with a similar likelihood of 
occurring, are Scenario 1, Scenario 2, Scenario 3, and Scenario 5. 
Scenario 1, representing no spread of FMD beyond the index 
farm, has a 0.193 (Low) probability to occur, as the ability of the 
farmer to detect FMD in pigs is estimated low. The probability of 
Scenarios 2 and 5 to occur is estimated 0.137 and 0.100, respec-
tively (Low). In these scenarios, the FMD-infected animals at 
the index farm are not detected and the virus spread from this 
farm through movement of pigs or ruminants. The extent of the 
spread and the impact of the consequences will depend on the 
destination of the animals moving off the farm. The likelihood 
of Scenario 3 to occur is estimated similar, with a probability of 
0.175 (Low). This scenario represents the spread of the FMD virus 
through the movement of contaminated fomites independently 
of the farmer detection. The virus could spread to another farm, 
saleyards, or abattoirs. The low frequency of movement of pigs 
and ruminants from this type of piggeries is the main reason why 
there is a low probability of spread through movement of animals 
(Scenarios 2 and 5) and fomites (Scenario 3).

Within Scenario 2, Table 2 describes the potential outbreak 
scenarios through movement of pigs from a small-scale piggery 
selling informally according to the destination of the FMD-
infected pigs. The most likely scenario is the spread of FMD virus 
to another small-scale piggery where the FMD-infected pigs are 
not detected (Scenario b), with a likelihood of occurring of 0.102 
(Low). This scenario is more likely to occur than the rest of sce-
narios involving movement of pigs off the index farm as the main 
destination of pigs from a small-scale piggery selling through 
informal means is another small-scale piggery. The less likely 
scenarios are those involving spread to saleyards and abattoirs.

Among the five main potential outbreak scenarios from a 
small-scale piggery selling at saleyards and abattoirs, the most 
likely scenarios are Scenario 2, Scenario 3, and Scenario 5, all with 
a Moderate likelihood of occurring (Table 6). The likelihood of 
Scenarios 2 and 3 for this group of producers was estimated higher 
than those obtained for small-scale piggeries selling through 
informal means, given movements of pigs from small-scale pig-
geries selling at saleyards and abattoirs were reported to be more 
frequent than those from small-scale piggeries selling informally 
and a lower proportion of these producers had boots and/or over-
alls for on-farm use only. Spread of FMD virus through movement 
of people carrying the virus in their respiratory tract (Scenario 4) 
was estimated to be 0.175 (Low) as the virus only survives for up 
to 28 h in the human respiratory tract, these farms do not usually 
employ external staff to work in the piggery, and over half of these 
farms have controlled entry of visitors and wash their hands after 
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TaBle 6 | Quantitative (median, 5 and 95 percentiles) and qualitative estimates of the likelihood of the potential outbreak scenarios for the introduction 
and spread of foot-and-mouth disease in small-scale piggeries in australia.

Outbreak 
scenarios

Quantitative and qualitative estimatea Descriptionb

small-scale piggery selling 
through informal means

small-scale piggery selling at 
saleyards and abattoirs

1 0.193 (0.122–0.272), Low 0.092 (0.060–0.122), Low Infection detected at the exposure farm: no FMD spread beyond the exposure farm

2 0.137 (0.107–0.171), Low 0.382 (0.325–0.445), Moderate Infection not detected at the exposure farm: spread of FMD through movement of 
pigs off farm (any destination)

 a 0.006 (0.003–0.012), Very low 0.014 (0.010–0.018), Very low FMD spread to another small-scale piggery where infected pigs are detected

 b 0.102 (0.074–0.132), Low 0.054 (0.042–0.067), Low FMD spread to another small-scale piggery where infected pigs are not detected

 e 0.011 (0.006–0.017), Very low 0.004 (0.003–0.006), Very low FMD spread to a private individual (pigs kept as pets) where infected pigs are 
detected

 f 0.031 (0.018–0.050), Very low 0.012 (0.008–0.017), Very low FMD spread to a private individual (pigs kept as pets) where infected pigs are not 
detected

 g 0.009 (0.004–0.018), Very low 0.002 (0.001–0.003), Very low FMD spread to an agricultural show where infected pigs are detected

 h 0.009 (0.004–0.019), Very low 0.002 (0.001–0.004), Very low FMD spread to an agricultural show where infected pigs are not detected

 i 0.035 (0.021–0.054), Very low 0.097 (0.080–0.117), Low FMD spread to a property where pigs are killed for home consumption (home-kill)

 j 0.001 (0.000–0.005), Very low 0.119 (0.090–0.153), Low FMD spread to a saleyard (livestock market) where infected pigs are detected

k 0.001 (0.000–0.006), Very low 0.133 (0.099–0.168), Low FMD spread to a saleyard (livestock market) where infected pigs are not detected

 l 0.003 (0.000–0.008), Very low 0.020 (0.013–0.027), Very low FMD spread to a domestic abattoir where infected pigs are detected

 m 0.003 (0.001–0.010), Very low 0.026 (0.019–0.033), Very low FMD spread to a domestic abattoir where infected pigs are not detected

3 0.175 (0.062–0.287), Low 0.499 (0.320–0.680), Moderate Spread of FMD virus from the index farm through movement of contaminated 
fomites

4 0.026 (0.003–0.048), Very low 0.175 (0.062–0.287), Low Spread of FMD virus from the index farm through movement of people carrying 
infective particles of virus in the respiratory tract 

5 0.100 (0.037–0.183), Low 0.421 (0.270–0.600), Moderate Infection not detected at the exposure farm: spread of FMD through movement of 
ruminants off farm (any destination)

aQuantitative estimates are the output distribution of a simulation stochastic model with 50,000 iterations; qualitative estimates are based on the median and the likelihood ranges 
described at the Guidelines for Import Risk Analysis (DAFF, 2004).
bExposure piggery = small-scale pig producers selling through informal means or small-scale pig producers selling through saleyards and abattoirs according to the assessment.
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handling the pigs. However, this estimate is higher than the esti-
mate for small-scale piggeries selling through informal means, 
as the latter group of producers have better on-farm practices, 
which could avoid the spread of the virus through contaminated 
people. Scenario 1 (0.092, Low), representing detection of FMD 
at the index farm and no spread beyond this farm, has a similar 
estimate than for the previous group of producers. This scenario 
has the lowest probability of occurring as the probability of the 
farmer detecting and reporting at these piggeries was estimated 
lower than for the other groups of producers.

Regarding those scenarios involving movement of pigs off the 
index farm to different destinations, the most likely scenarios to 
occur in this group of pig producers are Scenario j (0.119, Low) 
and k (0.133, Low), representing movement of pigs to saleyards, 
where infection is or is not detected, respectively.

Assessment of the Risks of FMD Spread from 
Large-Scale Pig Producers
The six main outbreak scenarios are the same than those described 
for small-scale pig producers; however, scenarios involving 
movement of pigs off the index farm differed depending on 
the destination of these animals. Table  7 shows the potential 

outbreak scenarios and the likelihood of each of these scenarios 
to occur once FMD virus has been introduced into a large-scale 
piggery. If FMD is introduced into a large-scale piggery, the most 
likely scenarios to occur are Scenario 1 and Scenario 3. Scenario 
1, with a probability of 0.317 (Moderate), represents detection 
of FMD at the index farm and no spread beyond this farm. The 
likelihood of this scenario in large-scale piggeries is higher than 
that in both groups of small-scale piggeries, as the ability to detect 
disease among large-scale producers is estimated higher than 
that for small-scale producers and there is a lower proportion 
of large-scale producer with ruminants on the farm, limiting 
the potential spread off the farm through this species. The likeli-
hood of Scenario 3 to occur was estimated 0.499 (Moderate). 
This estimate is the same than the estimate for this scenario for 
small-scale piggeries selling at saleyards and abattoirs. Spread of 
FMD through movement of pigs (Scenario 2) when the infection 
has not been detected has a probability of occurring of 0.263 
(Low). This probability is higher than that for the same scenario 
in small-scale piggeries selling through informal means, due 
to the more frequent movements of pigs, but lower than that 
estimated for small-scale piggeries selling through saleyards and 
abattoirs, as the producer in a large-scale piggeries is more likely 
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TaBle 7 | Quantitative (median, 5 and 95 percentiles) and qualitative estimates of the likelihood of the potential outbreak scenarios for the introduction 
and spread of foot-and-mouth disease in large-scale piggeries (>100 sows) in australia.

Outbreak  
scenarios

Quantitative and qualitative 
estimatea

Description

1 0.317 (0.199–0.444), Moderate Infection detected at the exposure farm: no FMD spread beyond the exposure farm

2 0.263 (0.176–0.372), Low Infection not detected at the exposure farm: spread of FMD through movement of animals off farm (any destination)

 a 0.024 (0.018–0.032), Very low FMD spread to another large-scale piggery where infected pigs are detected

 b 0.023 (0.016–0.035), Very Low FMD spread to another large-scale piggery where infected pigs are not detected

 c 0.011 (0.008–0.014), Very low FMD spread to a small-scale piggery where infected pigs are detected

 d 0.044 (0.032–0.055), Very Low FMD spread to a small-scale piggery where infected pigs are not detected

 j 0.031 (0.021–0.042), Very low FMD spread to a saleyard (livestock market) where infected pigs are detected

 k 0.039 (0.028–0.059), Very low FMD spread to a saleyard (livestock market) where infected pigs are not detected

 l 0.157 (0.118–0.197), Low FMD spread to an abattoir where infected pigs are detected

 m 0.150 (0.105–0.235), Low FMD spread to an abattoir where infected pigs are not detected

3 0.499 (0.320–0.680), Moderate Spread of FMD virus from the index farm through movement of contaminated fomites

4 0.175 (0.062–0.287), Low Spread of FMD virus from the index farm through movement of people carrying infective particles of virus in the 
respiratory tract

5 0.218 (0.0.116–0.334), Low Infection not detected at the exposure farm: spread of FMD through movement of ruminants off farm (any 
destination)

aQuantitative estimates are the output distribution of a simulation stochastic model with 50,000 iterations; Qualitative estimates are based on the median and the likelihood ranges 
described at the Guidelines for Import Risk Analysis (DAFF, 2004).
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to detect FMD than that in the small-scale piggery. Similarly, the 
likelihood of spread through movement of ruminants (Scenario 
5; 0.218, Low) is lower than that in small-scale piggeries selling 
at saleyards and abattoirs but higher than that in small-scale pig-
geries selling informally.

Among the scenarios of spread due to movement of pigs off 
the index farm (Scenario 2), the most likely scenarios were those 
where pigs were sent to the abattoir (Scenario l and m, approxi-
mately 0.150, Low), as this was the most common destination of 
pigs from large-scale piggeries.

sensitivity analysis
The sensitivity of the probability of exposure and the spread 
scenarios to some of the input variables was evaluated in this 
assessment. The input variable with most influence on the prob-
ability of exposure for all exposure groups is the amount of FMD-
infected meat illegally introduced into Australia. However, even 
when the model assumes that 200 kg of FMD-infected meat has 
been introduced into Australia, the probability that pigs would 
be exposed to FMD is Very low in large-scale and small-scale 
producers selling at saleyards and abattoirs and Extremely low in 
small-scale producers selling informally. When the probability of 
producers feeding swill to the pigs was increased to 0.9, there was 
a two- to sevenfold increase in the probability of exposure for 
all exposure groups; however, the probability was still considered 
Extremely low.

Results of the sensitivity analysis on Scenario 1 and Scenario 
2 for each group of pig producers are presented in Figure 3. 
For Scenario 1 (no spread beyond the index farm) among 
small-scale pig producers, the input parameter most influential 
on the output of the model is the presence of ruminants on 
the farm. A significant proportion of these producers stated 
having ruminants on the farm. If the proportion of producers 

with ruminants in the piggery is decreased to only 10% (base 
value 82–85%), the likelihood of Scenario 1, increases 35 
and 18% in the small-scale producers selling informally and 
in those selling at saleyards and abattoirs, respectively. For 
large-scale producers, the probability of the farmer detecting 
FMD in pigs is the input value with the most influence on 
the output probability of Scenario 1, with 18% increase in the 
probability of FMD not spreading form the index farm when 
detection in pigs is 0.9 (base value 0.56). A similar influence 
of the probability of FMD detection is seen among small-scale 
producers selling informally. The probability of spread through 
movement of infective pigs off the farm (Scenario 2) decreases 
when increasing the probability of the farmer detecting in 
pigs and ruminants for the three groups of pig producers. The 
influence of these input variables is more significant among 
large-scale and small-scale pig producers selling at saleyards 
and abattoirs (decrease of up to 25%). As expected, movement 
of pigs off farm influences the probability of Scenario 2 for all 
piggery types. The probability of spread through movement of 
contaminated fomites has a significant influence on the occur-
rence Scenario 3, given this model assume that the virus would 
spread through fomites independently of the farmer detecting 
the disease. When Prob_Fomites is reduced to 0.1 (from a base 
value of 0.5 for large-scale piggeries and small-scale pigger-
ies selling through saleyards and abattoirs), there is a fivefold 
decrease in the probability of spread through this pathway. 
These results stress the importance of maintaining appropriate 
biosecurity practices to minimize the spread of FMD through 
fomites, such as pig transport and visitor vehicles, clothes and 
equipment. For Scenario 5 (spread through movement of rumi-
nants), the input value with the most influence on the model 
output is the probability of movement of ruminants during the 
infective period. However, the influence is different among the 
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FigUre 3 | Outputs of a sensitivity analysis investigating the influence of different input variables to the median (vertical line) probability of two 
spread scenarios [left: no spread beyond the index farm (Scenario 1); right: spread through movement of infective pigs (Scenario 2)] of foot-and-
mouth disease that has previously been introduced in a piggery in australia (sensitivity analysis with 5,000 iterations using @risk’s advanced 
sensitivity analysis) (Prob_1stDet_Rum, Probability of farmer detecting FMD in ruminants; Prob_1stDet, Probability of farmer detecting FMD in pigs; 
Prob_MovPigs, Probability of movement of pigs during infective period; Prop_Rum, Presence of ruminants).
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three groups of pig producers as seen in Figure 4. The prob-
ability of detecting FMD in ruminants has also an important 
influence on the probability of Scenario 5 occurring, especially 
among small-scale piggeries selling through saleyards and 
abattoirs, which are those with an estimated lower probability 
of detection (base value 0.24). When detection in these pigger-
ies is improved to 0.89, the probability of Scenario 5 occurring 
decreases by 13.5-folds.

DiscUssiOn

Several studies have suggested that small-scale pig producers are 
more likely to introduce and spread emergency animal diseases 
(EAD) compared to large-scale pig producers (1, 8, 10, 11, 47, 
48), with the lack of appropriate isolation for incoming animals, 
the use of saleyards for trading pigs, their poor knowledge on 
EADs and their low compliance with legislative requirements 
for keeping pigs being the main reasons for this suggestion. 

The  current study is the first comparative assessment on the 
FMD introduction and spread risks posed by small and large-
scale piggeries in Australia, which has used extensive data on 
producers’ practices. Data used to populate the models in this 
study is based on several quantitative and qualitative studies 
among small-scale pig producers in Eastern Australia conducted 
between 2005 and 2009. These studies, which aimed to investigate 
biosecurity and surveillance among this sector of the pig industry, 
have been previously described as providing baseline information 
on practices and attitudes toward biosecurity among small-scale 
pig producers in Australia (8). Subsequent studies suggest that 
biosecurity practices among pig producers have not significantly 
changed since (48–50). However, although estimates used for the 
current assessments are considered an accurate representation 
of practices among pig producers in the country, some practices 
of producers located in Western areas of the country might not 
be appropriately represented. The model assumed that FMD was 
introduced through the illegal importation of 5 kg of cured or 
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FigUre 4 | influence of different input variables to the median 
(vertical line) of the scenario of spread through movement of infective 
ruminants of foot-and-mouth disease that has previously been 
introduced in a piggery in australia (sensitivity analysis with 1,000 
iterations using @risk’s advanced sensitivity analysis) (Prob_1stDet_
Rum, probability of farmer detecting FMD in ruminants; Prob_1stDet, 
probability of farmer detecting FMD in pigs; Prop_Rum, presence of 
ruminants; Prob_MovRum, probability of movement of ruminants 
during infective period).
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salted meat and that the virus survived until exposure occurred. 
We acknowledge that to accurately estimate the probability of 
exposure of domestic pigs due to illegal introduction of infected 
meat, virus survival should be considered; however, the aim of 
this study was to identify biosecurity practices posing a risk for 
disease introduction and spread in piggeries and compare this 
risk between different sectors of the pig industry. These sectors 
were, small-scale piggeries selling through informal means, 
small-scale piggeries selling at saleyards and abattoirs and large-
scale piggeries. Results of the probabilities of exposure and spread 
posed by each sector of the industry should be considered relative 
among the three sectors of the industry.

The probability of exposure of a piggery to the FMD virus, 
which has been introduced into Australia through the illegal 
importation of 5  kg of FMD-infected cured or salted meat 
products was estimated Extremely low for the three groups of 
piggeries. One of the factors driving this low probability is the 

fact that this assessment considered households without and with 
pigs having an even probability of illegally introducing meat into 
the country and most households in Australia do not keep pigs. 
As such, the probability of the illegally introduced meat being 
destined to a household with pigs is extremely low. There is no 
available data providing scientific evidence about households 
with pigs being more likely to illegally introduce FMD-infected 
meat into Australia than other households. However, data on 
illegal movements of meat products are needed to confirm this 
assumption. The most likely pathway of exposure according 
to this assessment is through the direct feeding of the infected 
meat to the pigs. In addition, the sensitivity analysis indicates 
that exposure is highly influenced the probability of producers 
to swill feed pigs. Swill feeding was estimated to be more likely 
among small-scale producers; however, estimates of swill feeding 
were incorporated in the model with significant uncertainty as 
they were based on information on feeding practices of producers 
collected during questionnaires and interviews (8, 9, 12). More 
accurate information on swill feeding incidence among large and 
small-scale pig producers in Australia would improve validity 
of the results. Mathews (51), in a report assessing Australia’s 
current level of preparedness and capacity to prevent and 
respond to an outbreak of FMD, identified the effectiveness 
of swill feeding prohibitions, especially among periurban and 
small-scale pig producers, as one of the areas that required 
attention. As previously described, swill feeding has been 
identified as posing the major risk for FMD introduction 
and establishment in Australia, through illegally introduced 
FMD-contaminated meat or dairy products (15, 51). Similarly, 
the illegal importation of meat, which is subsequently fed to 
pigs as swill, has been identified as the potential cause of the 
introduction of emergency diseases, such as CSF and ASF (20, 
22, 23). As Schembri et al. (8) indicates, a program involving 
appropriate swill feeding investigations and effective educa-
tion and enforcement strategies, supported by a consistent 
national definition of swill feeding is required to improve cur-
rent data on swill feeding incidence and producers’ awareness and 
compliance.

According to results from these assessments, once FMD has 
been introduced into a piggery, the most likely pathway of spread 
is through contaminated fomites (Scenario 3). Spread of FMD 
through contaminated vehicles, equipment or clothing with 
poor or absent appropriate disinfection has been reported as an 
important pathway of FMD spread from infected properties (15, 
52, 53). Spread through this pathway is estimated less likely to 
occur among small-scale piggeries selling informally due to the 
low frequency of animal and vehicle movements and the non-use 
of external staff in these properties compared to other piggeries.

In the current assessment, a similar probability of spread 
through this pathway was estimated for large- and small-scale 
piggeries selling at saleyards and abattoirs. Large-scale pig pro-
ducers have been reported to have better on-farm biosecurity 
practices in Australia (8, 48) and other countries, such as Finland 
(47) and United States (54), with these studies suggesting that 
large-scale producers might perceive the impact of disease as 
more significant for their enterprise. However, pig movements off 
farm among large-scale enterprises are frequent and all employ 
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external staff, which could contribute to the spread of the virus 
through contaminated fomites. By contrast, among small-scale 
pig producers selling at saleyards and abattoirs pig movements 
off farm are not as frequent as those among large-scale pig pro-
ducers. This scenario was considered independent of the farmer 
detecting the infection, as movement of contaminated fomites 
could occur before detection of clinical signs occurs, given 
shedding of the virus could start during the pre-clinical phase 
of the disease (15, 53). It could be argued that the earlier FMD is 
detected the less likely the virus would spread through fomites. 
According to available data, large-scale producers are considered 
more likely to early detect FMD-infected animals than small-
scale producers, and as a consequence, spread through fomites 
in large-scale piggeries would be less likely to occur. Given this 
has not been considered in this assessment, the probability of 
Scenario 3 to occur in large-scale piggeries could be somewhat 
overestimated.

The next spread scenario with highest probability among all 
producers was the spread of FMD through movement of pigs 
from the index farm (Scenario 2). Similarly than for Scenario 3, 
spread through movement of pigs was less likely to occur among 
small-scale piggeries selling informally due to the lower number 
of pigs kept on the farm and frequency of pig movements off the 
farm. However, although the probability of this scenario of spread 
was lower than for other piggeries, movement of pigs to non-
commercial pathways could jeopardize animal traceability in the 
event of a disease outbreak. Some of these pig properties are not 
registered within government and/or industry databases, chal-
lenging the ability to trace back animal movements in the event of 
an EAD outbreak and increasing the potential magnitude of the 
outbreak. A recent study among 198 small-scale pig producers 
in Australia reported over 85% of participant producers moving 
pigs off their property in the last 12 months, ~10% of producers 
not recording animal movements and 3% not having a legally 
required property identification code for their property (49). 
Mathews (51) identified the poor understanding on the number 
and location of small holder producers in Australia and the need 
for a national register as critical for the management of EADs. For 
this scenario, the main differences between the three sectors of the 
pig industry were the different destinations of pigs being moved 
off the property. While pigs from small-scale piggeries selling 
informally are mainly moved to other properties keeping pigs, 
pigs from small-scale piggeries selling at saleyards and abattoirs 
are mainly sent to saleyards and pigs from large-scale piggeries 
are sent to abattoirs. This will affect the potential magnitude of the 
spread of FMD before the outbreak is detected and the potential 
strategies to reduce the risks of spread. The ability of detecting 
FMD-infected animals at saleyards and abattoirs, where animals 
from different origins are commingled, is crucial for limiting the 
spread of the disease. The estimates of FMD detection used in 
the current assessments are based on a study by Hernández-Jover 
et al. (35), who conducted a quantitative evaluation of the likeli-
hood of exotic disease detection with passive disease surveillance 
activities for pigs at saleyards and abattoirs in eastern Australia. 
This study indicates that although the probability of detecting 
FMD at these locations was high when assuming a herd and unit 
design prevalence of 1 and 30%, respectively, the probability of 

early detecting FMD at these venues could be improved. This 
study identified the improvement of disease awareness of sale-
yard and abattoir stockmen, increased presence of inspectors at 
these venues and identification of high-risk herds as approaches 
for enhancing the capacity of the country for early detection of 
emerging animal diseases. As suggested by several studies, the 
use of a risk-based surveillance approach, with surveillance being 
focused at locations with high-risk animals could result in more 
efficient allocation of resources (55–57).

The sensitivity analysis indicates that for all piggery types, 
spread of the virus is highly influenced by the probability of the 
farmer detecting FMD and the presence of ruminants on the farm. 
No spread beyond the index farm (Scenario 1) was more likely to 
occur in large-scale piggeries as these are considered more likely 
to detect disease and a lower proportion of these producers keep 
ruminants (8, 12). Early detection and reporting of FMD is crucial 
for limiting the spread of the virus and minimizing the potential 
impact of an outbreak. According to data available, small-scale 
pig producers have low awareness of EADs and the concept of 
shared responsibility in relation to the management of EADs. 
In addition, their contact with veterinarians is low and a lack of 
trust with government agencies has been identified (8, 49). As a 
consequence, these data suggest small-scale pig producers would 
be unlikely to detect FMD before the virus was spread to other 
livestock in other properties. Similarly, several previous studies 
identified lack of EAD awareness and negative attitudes toward 
disease reporting among livestock producers (58–61). Mathews 
(51) suggested that an incursion of FMD into Australia would 
not be readily detected, and identified these factors as contribut-
ing to the delayed detection of an FMD outbreak. Supporting 
this suggestion, modeling studies estimated an expected time 
to FMD detection after being introduced into the country of 
22–47 days (53, 56).

cOnclUsiOn

These assessments provide information regarding the relative 
order of magnitude of the risks of FMD introduction and spread 
among the three sectors of the pig industry, as well as the bios-
ecurity practices posing higher risks among piggeries for each of 
the sectors considered. This information can support decision-
making when prioritizing resource allocation for improving the 
capability of the pig industry to prevent and respond against 
emergency animal disease outbreaks. According to the results of 
this assessment, direct feeding of the infected meat to the pigs 
(swill feeding) is the most likely pathway of exposure, and the 
probability of this to occur is slightly higher among small-scale 
producers. If FMD is to be introduced into a piggery in Australia, 
spread is more likely to occur if this piggery is a small-scale 
piggery selling at saleyards and abattoirs with movement of con-
taminated fomites and movement of pigs and ruminants off the 
farm the most likely pathways of spread. Presence of ruminants 
on the farm and the probability of the farmer detecting FMD are 
the most influential factors for the spread of the virus. Although 
large-scale piggeries have higher probability of FMD spread than 
small-scale piggeries selling informally, they are easy to locate, 
are members of the pig industry body APL and do not use 
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Animal diseases such as foot-and-mouth disease (FMD) have the potential to severely 
impact food animal production systems. Paradoxically, the collateral damage associ-
ated with the outbreak response may create a larger threat to the food supply, social 
stability, and economic viability of rural communities than the disease itself. When FMD 
occurs in domestic animals, most developed countries will implement strict movement 
controls in the area surrounding the infected farm(s). Historically, stopping all animal 
movements has been considered one of the most effective ways to control FMD and 
stop disease spread. However, stopping all movements in an area comes at a cost, 
as there are often uninfected herds and flocks within the control area. The inability to 
harvest uninfected animals and move their products to processing interrupts the food 
supply chain and has the potential to result in an enormous waste of safe, nutritious 
animal products, and create animal welfare situations. In addition, these adverse effects 
may negatively impact agriculture businesses and the related economy. Effective disease 
control measures and the security of the food supply thus require a balanced approach 
based on science and practicality. Evaluating the risks associated with the movement 
of live animals and products before an outbreak happens provides valuable insights for 
risk management plans. These plans can optimize animal and product movements while 
preventing disease spread. Food security benefits from emergency response plans that 
both control the disease and keep our food system functional. Therefore, emergency 
response plans must aim to minimize the unintended negative consequence to farmers, 
food processors, rural communities, and ultimately consumers.

Keywords: continuity of business, public–private partnership, risk assessments, permitted movements, foot-and-
mouth disease, animal disease, outbreak response, proactive risk assessment
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Outbreaks happen when the right host population meets the right 
infectious agent at the right time. When highly contagious animal 
diseases not currently found in a country or region are introduced 
into a naïve population, the result can be explosive spread. For 
this reason, the response to such a foreign animal disease (FAD) 
must be rapid and well-planned. Historically, response to highly 
a contagious FAD like foot-and-mouth disease (FMD) has 
focused on the eradication of the disease and a return to disease-
free status as rapidly as possible (1). This approach, commonly 
referred to as “stamping out,” requires the rapid identification 
of infected premises, quick depopulation and, for premises with 
susceptible species in the control area that are at risk for infection 
but not known to be infected, there are often quarantine and strict 
movement controls. The scenario in which there are uninfected 
but susceptible animals near infected premises is likely to occur 
and is a predicament for regulatory officials. Stopping all move-
ments of animals, products, and potential fomites from infected 
premises utilizing a stamping out approach is an obvious thing to 
do to control disease, but what does one do with not known to be 
infected herds and all of the food they produce?

Everyday there are food products and animals that move from 
farms in a “just in time” production system. If an FAD outbreak 
occurs, for those premises in a control area, the product and 
animal movements can add up quickly. The inability to harvest 
uninfected animals and move their products to further processing 
interrupts the food supply chain and has the potential to result in 
an enormous waste, adversely impact agricultural businesses, and 
create animal welfare situations. This was more fully recognized 
following the 2001 outbreak of FMD in the United Kingdom. Of 
the 6 million animals culled during the 2001 outbreak of FMD 
in the UK, an estimated one-third died under various types of 
“welfare cull” (2, 3). These 2 million animals represent the poten-
tially non-infected population that were killed due to the lack of 
a prepared response that includes continuity of business (COB) 
considerations for the permitted movement of non-infected 
animals and animal products. Furthermore, it is increasingly 
unacceptable globally to destroy large numbers of “healthy” or 
“non-infected” animals. Thus, current and future response plans 
should consider COB principles are part of the planning for an 
FAD response. COB planning is meant to prepare for animal 
health emergencies and to address what to do with premises and 
herds that are not known to be infected but may be adversely 
affected by disease response activities. COB planning tools and 
guidance can facilitate the managed movement of animals and 
their products.

Continuity of business principles have been adopted by the 
United States Department of Agriculture (USDA) Animal Health 
and Plant Inspection Service (APHIS) Veterinary Services (VS) 
and were used to guide the permitted movements of products in 
highly pathogenic avian influenza outbreaks in 2015 and 2016. 
The stated goals of USDA APHIS VS for a FAD response (4) 
include COB principles:

The APHIS goals of an FAD response are to (1) detect, 
control, and contain the disease in animals as quickly as 
possible; (2) eradicate the disease using strategies that 
seek to stabilize animal agriculture, the food supply, 

and the economy and that protect public health and the 
environment; and (3) provide science- and risk-based 
approaches and systems to facilitate continuity of busi-
ness for non-infected animals and non-contaminated 
animal products.

Achieving these three goals will allow individual 
livestock facilities, States, Tribes, regions, and industries 
to resume normal production as quickly as possible. 
The objective is to allow the United States to regain 
disease-free status without the response effort causing 
more disruption and damage than the disease outbreak 
itself.

Once USDA APHIS VS adopted COB in principle, it became 
clear that tools were needed to guide the specific decisions that 
would balance product movement with outbreak control. To 
that end, a process was developed utilizing risk assessments 
performed proactively (i.e., before an outbreak happens) to 
develop and evaluate science-based guidelines and the associated 
risk of specific movements from premises located in control 
areas that are not known to be infected. These risk assessments, 
done before an epidemic occurs, also take into consideration the 
potential factors or strategies to mitigate risk that may be put in 
place during an outbreak. This proactive risk assessment process 
is a transparent and scientifically accepted method to evaluate 
commodity and disease specific pathways of transmission. 
Proactive risk assessments specifically identify pathways where 
risk exists and explore the necessary mitigations for reducing the 
risks. The results of the process can help determine the disease 
transmission risk of specific product movement and inform the 
responsible regulatory officials and industry stakeholders who are 
designing emergency preparedness and COB plans before an out-
break. Ultimately, the planning process will allow for informed 
decision-making regarding managed movement and the COB 
plan implementation during an outbreak.

The approach used to develop the proactive risk assessment 
utilizes a collaborative process involving state and federal 
regulatory officials, academia, and members of private industry 
(public–private partnerships) and follows the general risk analy-
sis framework that is presented in the OIE Terrestrial Animal 
Health Code (5). While the intention of the OIE framework is 
to prevent the entry of animal pathogens and evaluating the risk 
of susceptible animal exposure through the importation of live 
animals, animal products, and commodities into a country, the 
framework fits well for the situation of addressing risk of spread 
through movements within a control area.

Throughout this process, the input from the food animal 
industry is crucial as it helps to supply data to support the work 
and decide what potential mitigation strategies can be realisti-
cally adopted by the industry in the event of an FAD outbreak. 
State and federal regulators’ input is also important as they pro-
vide the procedures and policies for managed movement as well 
as the logistics to implement the emergency preparedness plans. 
The effect of proposed mitigations on existing risk pathways is 
evaluated and then used to inform the development of movement 
guidelines that can then become permitted movement guidance. 
Without development of proactive risk assessments, similar 
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decisions about movements would have to be made quickly 
during an outbreak and sometimes without a full understanding 
of risk. This is one of the main advantages of this approach. The 
collaborative, proactive approach makes it possible to compile 
the best available information, model scenarios, understand 
movement risks, and form mitigation strategies relevant to cur-
rent production practices. The mitigation strategies can then be 
put in place and the movements can occur all while following the 
prescribed regulatory structure. This allows COB to be included 
in preparedness planning and increases the adoption and aware-
ness of guidelines and tools pre-event.

The collaborative public–private partnership approach is 
thus a key component to the development of the proactive risk 
assessments. Just as they would need to work together in an out-
break, these sectors collaborate in developing the proactive risk 
assessments and guidelines for managed product movement for 
specific commodities. The process itself communicates findings 
to the collaborating groups and supports the development of net-
works of individuals that include public and private stakeholders. 
Regulators learn about food animal industry systems and practice 
while industry representatives learn about regulatory processes 
and requirements. This is a key part of the risk communication 
step of risk analysis.

Ultimately, the decision to allow managed movements in an 
outbreak from individual premises in an established control 
area will be the decision of the responsible regulatory official. 
The COB plans and guidance materials are practical and useable 
tools for decision makers. However, it is important to recognize 
that final decisions in an outbreak situation may have many 
other constraints like resource limitations, political restrictions, 
or biological considerations that have not been anticipated in the 
development of the risk assessment. Also, one of the main limita-
tions is that no one can know exactly what the next outbreak will 

look like. Although guidance documents can incorporate what 
is known from past outbreaks, biological agents have a way of 
acquiring novel characteristics and presenting themselves in new 
ways. For that reason, guidelines developed through this process 
to support COB are just that—guidelines—and not requirements. 
The judgment needed to balance disease control, and COB must 
be made in the context of the ongoing outbreak; this is the intense 
burden of the responsible regulatory officials.

In the end, outbreaks are expensive, time consuming, and a 
serious threat to food security and business. No one wants them 
to happen but when they do, the negative impacts on farmers, 
food processors, rural communities, and consumers can be 
lessened with planned responses that include the development of 
proactive COB guidelines. Regulatory requirements that stop the 
movement of all animals and animal-derived products may likely 
result in disease eradication but may just as likely have serious 
deleterious effects on the entire food supply chain. The develop-
ment of COB plans that simultaneously address the challenges 
of controlling an FAD outbreak, maintaining the supply of food 
to the consumer, and ensuring the viability of the food industry 
represent an important step in FAD response.
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In the event of a foot-and-mouth disease (FMD) outbreak in the United States, local, state, 
and federal authorities will implement a foreign animal disease emergency response plan 
restricting the pork supply chain movements and likely disrupting the continuity of the 
swine industry business. To minimize disruptions of the food supply while providing an 
effective response in an outbreak, it is necessary to have proactive measures in place 
to ensure minimal disease spread and maximum continuation of business. Therefore, 
it is critical to identify candidate movements for proactive risk assessments: those that 
are both most likely to contribute to disease spread and most necessary for business 
continuity. To do this, experts from production, harvest, retail, and allied pork industries 
assessed 30 common pork supply movements for risk of disease spread and industry 
criticality. The highest priority movements for conducting a risk assessment included 
the movement of weaned pigs originating from multiple sow farm sources to an off-site 
nursery or wean to finish facility, the movement of employees or commercial crews, the 
movement of vaccination crews, the movement of dedicated livestock hauling trucks, 
and the movement of commercial crews such as manure haulers and feed trucks onto, 
off, or between sites. These critical movements, along with several others identified in 
this study, will provide an initial guide for prioritization of risk management efforts and 
resources to be better prepared in the event of a FMD outbreak in the United States. 
By specifically and proactively targeting movements that experts agree are likely to 
spread the disease and are critical to the continuity of business operations, potentially 
catastrophic consequences in the event of an outbreak can be limited.

Keywords: swine, risk prioritization, business continuity, movement restrictions, FMD

inTrODUcTiOn

In the event of a foot-and-mouse disease (FMD) outbreak in the United States., local, state, and 
federal authorities will implement an emergency response plan as described in the United States 
Department of Agriculture, Animal and Plant Health Inspection Service (USDA APHIS) Foreign 
Animal Disease Preparedness and Response Plan (1). This response includes a control and eradica-
tion strategy that will utilize depopulation, quarantine, vaccination, and managed movement control 
measures applied throughout the swine industry. The document recognizes the need to develop a 
strategic plan to address managed movement control and its implications for continuity of business 
in foreign animal disease preparedness planning (1).
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Continuity of business, in the context of the food supply, 
means the ability of a farm or food processor to continue key 
operations of production and distribution of safe, high quality 
food, and agricultural commodities despite disruption of normal 
operational procedures (1, 2). These key operations are critical 
to business vitality and may cause severe economic losses for the 
industry if disrupted for prolonged periods of time by managed 
movement controls (3). In order for any managed movement to 
take place, incident commanders must issue official movement 
permits for animals or commodities that have an acceptable level 
of risk. These permits need to be guided by a risk assessment or 
science-based evaluation (2).

Completing a risk assessment in a timely manner during 
an outbreak is typically impractical and not conducive for the 
coordination of managed movement (4). Developing risk assess-
ments requires significant time, thereby potentially delaying the 
movement of pigs or pork products that may represent negligible 
risk for disease spread. Throughout the swine industry, there is 
a heavy reliance on continuous movement of animals, and the 
timely delivery of animal feed, supplies, and products. Even brief 
disruptions in the supply of products or movement of animals 
can result in devastating economic losses as well as serious 
animal welfare concerns, as available inventory capacity is often 
limited (3, 5).

Risk assessments conducted proactively, before an outbreak, 
can identify mitigation strategies to reduce the potential for 
disease spread and facilitate business continuity. This is done by 
supporting the timely movement of animals and products that 
represent an acceptable low risk for disease spread, while provid-
ing additional resources and safeguards to restrict those move-
ments that pose a high risk of spreading disease. It is this balance 
between “acceptable risk” of disease spread and importance for 
business continuity that incident commanders will be seeking 
when issuing managed movement orders. Invariably, there may 
exist movements that are both critical to business continuity, but 
also pose a high risk for disease spread. These movements are 
important candidates for conducting a proactive risk assessment 
due to the anticipated negative consequences for the overall 
industry if they are not completed in a timely manner. However, 
little information is available about which specific movements in 
the pork supply chain are critical to both the potential for disease 
spread and the economic viability of the industry. Identifying 
critical movements at the intersection of these two factors is 
essential for effectively guiding an emergency response in the 
face of a transboundary disease outbreak such as FMD in swine.

The objective of this study is to establish a framework for 
prioritizing critical movements within the pork supply chain 
according to experts’ perception of the likelihood of spreading 
FMD and the importance of the movements for the continuity 
of business.

MaTerials anD MeThODs

recruitment of experts
To effectively evaluate the risk and impact of various move-
ments in the pork supply chain, opinions were solicited from 
experts who were actively engaged within the swine industry, 

including pork producers, veterinarians, and academics. Experts 
were recruited from multiple parts of the production chain, so 
collectively they would be able to evaluate risk across all of the 
movements. An online survey (6) was distributed via email to the 
American Association of Swine Veterinarians (AASV) mailing 
list, and respondents were encouraged to forward the invitation 
to other industry professionals in an effort to capture a diversity 
of responses. AASV is a non-profit educational professional 
society for veterinarians that specialize in swine health and man-
agement for the purposes of pork production. To help recruit 
more experts, announcements about the survey were made at 
the 2015 Leman Swine Health Conference and at the 2015 World 
Pork Expo, which are two technical meetings attended by a large 
group of AASV members, as well as many other swine industry 
producers and professionals each year. The announcements 
were followed with an email and link to the survey in the weekly 
AASV e-newsletter.

Fifty-one experts completed the survey, and an additional 19 
provided partial responses (a further 8 consented to participate 
but did not answer any question, so no information about them 
is known). Experts indicated their line of work in the survey, and 
respondents included swine producers (n = 9), harvest industry 
(n = 4), retail/distribution (n = 10), and allied industries (n = 47). 
Those in allied industries could specify one or more industries. 
Of those who specified (n = 31), responses included veterinar-
ians (n = 25), non-veterinarian academic or government work-
ers (n =  4), and media/industry (n =  2). Pork producers were 
asked additional demographic questions regarding the size of 
their production, the type of operation, and the frequency of pig 
movements. Producers and those in allied industries were also 
asked about the size and location of their facilities or location of 
their involvement, and whether they had biosecurity protocols 
in place.

Prioritization of critical Movements
To prioritize the critical movements among the pork supply 
chain, questions were included on the survey to elicit expert 
opinion on FMD-related threats with the goal of identifying 
movements that have the highest perceived risk of disease spread 
and that are understood to be most critical to the business opera-
tion. Thirty common pork supply movements were identified 
based on the structure of the current pork production chain 
in the United States (7). Included were movements of all live 
pigs, genetic material, feed, equipment, personnel, and materi-
als that are common to the multistage production systems that 
predominate in the United States. Movements of finished pork 
products post-harvest were also considered. These movements 
were divided into five main categories of the pork production 
chain: equipment, genetics, general (live animals), harvest and 
processing, and personnel (Table 1).

Experts were asked to assign each of the thirty movements to 
one of the four categories describing its risk of disease spread: no 
or slight risk, low risk, some risk, or high risk of FMD disease 
spread. Then, they were asked to estimate the time at which the 
restriction of each movement during an outbreak would have a 
significant negative consequence on business (e.g., high likeli-
hood of bankruptcy and negative impact on animal welfare). 
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Table 1 | consensus scores for perceived risk of FMD spread, and the mean time until a negative impact on business continuity would occur for each 
movement.

category number consensus high risk  
of disease spread

Majority placement for  
risk of disease spread

Time to negative  
business impact

Movement description

Equipment 
and feed

1 59 Unclear consensus 2–7 days Feed onto production sites
2 54 Unclear consensus 7–14 days Supplies onto production sites
3 76 High 7–14 days Shared equipment onto production sites
4a 79 High 2–7 days Contracted or shared livestock trucks onto production sites
5 60 Unclear consensus 2–7 days Dedicated livestock trucks among company production sites

Live animals 6 60 Unclear consensus 2–7 days Weaned pigs to off-site nursery, wean to finish, or finishing 
(single source)

7 78 High 7–14 days Finishing pigs direct to slaughter
8 69 Unclear consensus 14–21 days Replacement gilts into a sow unit
9a 90 High 2–7 days Weaned pigs to off-site nursery, wean to finish, or finishing 

(multiple sources)
10 65 Unclear consensus 7–14 days Feeder pigs to finishing (e.g., from nursery to finishing)
11 63 Unclear consensus 14–21 days Cull sows and boars direct to slaughter
12 84 High 14–21 days Off size and cull pigs, sows, and boars to sale barn/buying 

station
13a 80 High 7–14 days Off size and cull pigs, sows, and boars from sale barn/

buying station to slaughter
14 82 High 14–21 days Feeder pigs from sale barn to production site
15 71 Unclear consensus 2–7 days Dead stock to off-site disposal (landfill, rendering, etc.)
16 55 Unclear consensus 14–21 days Manure to field application off-site

Genetic 17 52 Unclear consensus 14–21 days Replacement gilts and boars into production system 
isolation

18 70 Unclear consensus 14–21 days Replacement gilts and boars onto production site
19 50 Unclear consensus 2–7 days Semen into a production system (breeding herd)

Harvesting and 
processing

20 44 Unclear consensus 2–7 days Fresh carcasses to off-site processing
21 43 Unclear consensus 2–7 days Raw inedibles (byproducts) from harvest site to further 

processing
22 30 Unclear consensus 7–14 days Rendered inedibles from harvest site to further processing
23 19 Low 2–7 days Finished products to distributing
24 23 Low 2–7 days Fresh products to point of service
25 19 Low 7–14 days Ready to eat products to point of service

Personnel 26a 76 High 2–7 days Employees onto, off, and/or between production site(s)
27 72 Unclear consensus 7–14 days Routine service providers (e.g., plumbers, electricians, etc.) 

onto, off, and/or between sites
28 67 Unclear consensus 7–14 days Veterinarians onto, off, and/or between sites
29a 82 High 7–14 days Vaccination crews into, off, and/or between sites
30a 95 High 7–14 days Commercial crews onto, off, and/or between sites (e.g., 

manure haulers, feed trucks, and livestock haulers)

aIndicates a priority movement identified in this study.
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Time was expressed in a continuous scale using a slider with 
four labels from shortest (i.e., most critical, less than 48  h) to 
longest (i.e., least critical, more than 60  days). The slider was 
initially positioned at the longest time label. Respondents were 
instructed to assume all movements would take place according 
to their biosecurity protocols, if one existed, and to assume that 
movements were expected to occur the day after a restriction was 
implemented.

Data analysis
Perceptions of the risk of disease spread were assessed using an 
ordinal categorical scale (numeric values were never shown), 
so contiguous categories were not necessarily uniformly 
distanced from each other. Further, experts’ notion of the dif-
ference between any two contiguous choices could vary greatly. 
Therefore, it was not statistically appropriate to calculate means 

for this variable to assess overall perceptions of disease risk. 
Instead, these perceptions were analyzed by taking the upper two 
choices (“some risk” and “high risk”) as to indicate a substantial 
risk in the movement and the lower choices (“no or slight risk” 
or “low risk”) as to indicate no substantial risk. Therefore, scores 
were calculated based on the percent of experts who assigned 
a substantial risk for that movement (referred to as “high” for 
short from here on), with higher or lower percentages indicat-
ing a majority consensus. These “consensus” scores were used 
to identify the movements in which a substantial majority of 
experts (over 75%) agreed that the movement carries a high risk 
of disease spread. Conversely, a low percentage on these scores 
(below 25%) should be interpreted as a substantial consensus 
that a movement has low risk of disease spread, as it indicates 
the majority of experts determined the movement to have no or 
slight risk of disease spread.
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FigUre 1 | risk of disease spread consensus scores and mean time until a negative business impact (bars represent seM) for each of the pork 
supply chain movements. A specific description of each movement ID number can be found in Table 1. Detailed analysis of each movement, along with the 
precise breakdown of expert responses for each movement, is best appreciated in the interactive web-based version of this publication (http://z.umn.edu/
pattersonfmd2016).
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The other per-movement measure, time until critical busi-
ness impact, was reported on a continuous slider scale, so the 
mean position of the sliders was calculated for each movement. 
However, because the labels placed on the scale were chosen to 
provide easily relatable time frames for respondents rather than 
to provide equidistant points on the timescale, absolute means of 
the positions were not a meaningful measure of time to critical 
business impact (e.g., a slider positioned two-thirds of the way 
between the labels >48 h and 7 days does not map onto an exact 
time value). For this reason, the mean times for each movement 
are reported as categories in Table  1, but are plotted based on 
their mean position in Figure  1 [for data and analysis scripts, 
see Ref. (6)].

Each movement was plotted based on the consensus scores of 
high risk of disease spread and the average time at which busi-
ness would be critically impacted if the movement were stopped 
(Figure  1). To determine which movements would be best 
candidates for proactive risk assessments, individual movements 

were identified in which there was at least a 75% consensus of 
a high risk of disease spread, and a critical (time-sensitive) 
importance to business continuity, defined as negative business 
impact within 7 days (appearing in the top-right quadrant of the 
plot). Conversely, movements that were deemed by experts to 
have a low or negligible risk of disease spread, combined with 
a minimal impact on business continuity (lower left quadrant) 
were also identified.

resUlTs anD DiscUssiOn

The recruited experts worked or owned facilities in many areas 
across the country. Of those who answered the demographic 
questions, 8 out of 10 producers and harvest industry respond-
ents reported to own or manage farms or production facilities 
in multiple states, and most respondents in allied industries 
(34 out of 41; 82%) reported involvement in multiple states. 
Respondents also reported to work in each of the seven regions of 
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the contiguous 48 United States. The vast majority of respondents 
reported having established biosecurity protocols for live animal 
sites or visits (42 out of 50; 84%).

When only considering the risk of disease spread, there were 
10 movements in which most of the experts (greater than 75%) 
indicated that the movement had some or high risk of disease 
spread. The movements with the highest consensus of high risk 
of disease spread, in order of agreement, are (1) commercial crews 
onto, off, and/or between sites (95%); (2) weaned pigs to off-site 
nursery, wean to finish, or finishing (multiple sources) (90%); (3) 
off size and cull pigs, sows, and boars to sale barn/buying station 
(84%); (4) feeder pigs from sale barn to production site (82%); 
and (5) vaccination crews into, off, and/or between sites (82%; 
see Table 1). These results are consistent with current Food and 
Agriculture Organization of the United Nations (FAO) guidelines 
for animal disease risk management. According to FAO, animal 
diseases are spread most often by: the movements of live animals 
and animal products; by the transport of fomites, people, and 
equipment between farms; and animal comingling areas such as 
sale barns and slaughter plants (8).

When only considering impact on business, there were eight 
movements for which the mean of experts’ scores indicated 
business would be severely affected within 1 week of restriction. 
The movements with the shortest mean reported time to critical 
business impact were (1) employees onto, off, and/or between 
production site(s), (2) feed onto production sites, and (3) weaned 
pigs to an off-site nursery, wean to finish, or finishing (single 
source) (see Figure 1 and Table 1).

These results are consistent with the study conducted by Bargen 
and Whiting (5), which determined the time sensitivity of weaned 
pig movement off of sow farms. This was done by studying 15 sow 
farms in the Manitoba province of Canada and determined that 
if weaned pig movement off-site is restricted, the time to critical 
overcrowding was approximately 5  days (0.66  ±  0.88  weeks). 
Also, it makes logical sense that those movements pertaining 
to the basic husbandry of swine (feed availability, water, and 
environmental management), which are overseen by daily chore 
personnel, will have serious implications for animal health and 
welfare if disrupted (9).

Table  1 shows consensus scores for perceived risk of FMD 
disease spread, along with the mean time until a negative 
impact on business would occur across all 30 movement types. 
Movements with at least a 75% consensus of a high risk of disease 
spread, in combination with a time-sensitive window (less than 
14 days) were defined as priority movements, in which proactive 
risk assessments would be most advantageous. There were three 
movements that met the criteria with the shortest time-sensitive 
window of 2–7 days. They were, in order of the highest percentage 
consensus for risk of disease spread: (1) weaned pigs to off-site 
nursery, wean to finish, or finishing (multiple sources), (2) con-
tracted or shared livestock trucks onto, off, and/or between sites 
production sites, and (3) employees onto, off, and/or between 
sites. There were two additional priority movements that also had 
at least a 80% consensus for high risk of disease spread, however, 
had a longer time-sensitive window (7–14 days). These were, in 
order of the highest percentage consensus: (4) commercial crews 
onto, off, and/or between sites (e.g., manure haulers, feed trucks, 

and livestock haulers); (5) vaccination crews into, off, and/or 
between sites; and Off size and cull pigs, sows, and boars from 
sale barn/buying station to slaughter.

Returning to the movement of top priority, there are a number 
of features of moving weaned pigs to an off-site barn from mul-
tiple sources that may have prompted the experts to identify this 
particular movement as highest priority. There are a number of 
long-term health and logistical benefits that are captured when 
a barn is filled quickly with pigs of a similar age, which often 
requires inputs from multiple sow farm sources (9, 10). The nature 
of this movement, which may involve a trailer carrying weaned 
pigs to stop and pick additional pigs at multiple farms before 
arriving at its final destination, carries a risk of spreading disease 
to the farms visited. Additionally, when FMD virus naive pigs 
are presumably mixed with infected pigs at the destination site, 
virus spread is amplified in the new hosts, which will complicate 
further containment efforts (3).

Conversely, the movement of weaned pigs off a sow farm is a 
regular and essential function within the pork supply chain. In 
most cases, there is limited space available on sow farms to house 
weaned piglets for prolonged periods of time, and space must be 
made available frequently for the newest group of weaned pigs 
(5). For these reasons and according to the experts, this particular 
movement would have the strongest implications for the swine 
industry.

It is also noteworthy that movements related to the basic 
husbandry of swine, such as the movement of chore personnel 
and feed trucks, were widely considered to have a high risk for 
disease spread and of critical importance for business continu-
ity. Movement restrictions that limit some of the basic needs 
of domestic swine (such as food and water) will unsurprisingly 
cause serious negative consequences if not tended to. This reality 
must be considered despite the high risk of spreading disease 
further. Previous studies on this topic have not examined the 
importance of personnel movement to provide basic animal hus-
bandry, which highlights the need to consider these movements 
in national emergency preparedness plans.

Proactive risk assessments may also identify movements that 
should proceed in an FMD outbreak: those that that have a low risk 
of disease spread and would critically impact business in a short 
time if stopped. Two movements were perceived by experts to fall 
into this category. Less than 25% of experts identified “finished 
products to distributing” and “fresh products to point of service,” 
as having a high risk  of disease spread. More specifically, 19% and 
23% of experts, respectively, said the movements carried a high 
risk of disease spread, indicating the majority actually rated the 
disease spread as low. These movements were also perceived to 
critically impact business within 2–7 days, if stopped. This initial 
assessment would indicate that, in the event of an FMD outbreak, 
these two movements should be allowed to continue so as not 
to prevent finished products from reaching consumers and thus 
avoid interruption of the pork meat supply.

Conversely, there were no movements that were perceived by 
experts to have both a long time to critical business impact and 
a high risk of disease spread. However, two movements, which 
at least 75% of experts identified as having a high risk of disease 
spread, “off size and cull pigs, sows, and boars to sale barn/buying 
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station” (84%) and “feeder pigs from sale barn to production site” 
(82%), were reported as having a time to critical business impact 
between 14 and 21 days. As described by Taylor and Rushton (8), 
sites where animals are comingled from multiple sources and 
subsequently transported back to another farm have the potential 
to spread the disease further. This combination of high perceived 
risk of disease spread and low time criticality may indicate that 
these movements are logical candidates for immediate restriction 
in the event of an FMD outbreak.

While this study provides an initial assessment of movements 
that would benefit from proactive risk assessments, there are 
several limitations that future research should address. First, 
the study did not assess the specific expertise or experience of 
respondents, which could have been used to weigh responses for 
given movements based on the level of familiarity/expertise each 
respondent had in each movement. Second, the expertise sample 
was predominantly veterinarians and those in allied industry. 
Future work should specifically target more experts from the 
producer and harvest industries.

cOnclUsiOn

This work represents a preliminary descriptive analysis of the 
major pork supply chain movements, and the extent to which 
experts agree these movements may contribute to both FMD 
disease spread and how movement restrictions may critically 
impact business. While preemptive planning and risk assess-
ment is underway to prepare for a potential FMD outbreak 
in the United States, it is important to consider whether the 
benefits of restricting movement (thereby reducing the size or 
duration of the outbreak) actually outweigh the costs (interrupt-
ing business continuity or causing animal welfare concerns). 
This analysis helps to provide some context for the determina-
tion of managed movements within the swine industry, while 
considering potential consequences of disease spread paired 
with time sensitivity.

A recent analysis conducted by Paarlberg et al. (11), on the 
potential cost of an FMD outbreak in the United States, across 
all livestock sectors, estimated a decrease of $14 billion (9.5%) 
in United States farm income. Losses in gross revenue for live 
swine were estimated at a 34% reduction, and pork products at 
a 24% reduction (11). Given the severe economic losses, which 

would result in the event of an FMD outbreak in the United 
States, it is important to consider options, which may help to 
limit the size and scope of an outbreak, as well as support the 
continuity of low-risk business operations in order to safeguard 
industry vitality.

To ensure its economic viability, the pork industry must place 
a high priority on the development of criteria and the facilitation 
of agreements to allow specific movements of live swine, industry 
personnel, and pork products during all phases and types an FMD 
outbreak. This work provides an initial step to guide emergency 
planning, as it reveals movements that are critical to business 
vitality, and should thus be the primary focus of proactive risk 
assessments in order to minimize disruption of these movements.

As these results show movements pertaining to basic swine 
husbandry as well as the movement of weaned pigs off of sow 
farms, pose both a high risk of disease spread paired with a 
short window of time before severe economic or animal welfare 
concerns are realized. Effectively managing these movements 
will therefore require careful consideration of the cost to benefit 
ratio when issuing movement permits. The information of this 
study can also be used to help determine which movements 
are of little consequence if they are temporarily restricted in an 
effort to contain the outbreak (such as the movement of cull 
animals), as well as those that would have severe economic 
consequences without contributing much to the containment 
of disease spread were they to be restricted (movement of pork 
products to the consumers).
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