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1 Abbreviations and Definitions 

Abbreviations 
AHPA Animal Health Protection Act 
APHIS Animal and Plant Health Inspection Service 
CAHIA Center for Animal Health Information and Analysis 
CEAH Center for Epidemiology and Animal Health 
CFR Code of Federal Regulations 
CPE Cytopathic effect 
ELISA Enzyme-linked immunosorbent assay 
EMRS Emergency Management Response System  
GMP Good Manufacturing Practices 
FAD Foreign animal disease 
FADD Foreign Animal Disease Diagnostician 
FADDL Foreign Animal Disease Diagnostic Laboratory 
FDA Food and Drug Administration 
FMD Foot-and-mouth disease 
FMDv Foot-and-mouth disease virus 
FSIS Food Safety and Inspection Service 
HACCP Hazard Analysis and Critical Control Point 
NAHEMS National Animal Health Emergency Management System 
NASS USDA National Agricultural Statistics Service 
NPB National Pork Board 
OIE World Organization for Animal Health, Office International des Epizooties 
PFU Plaque-forming unit 
RA Risk assessment 
RTE Ready-to-eat 
SPS Secure Pork Supply 
SSOPs Sanitation standard operating procedures 
TCID50 50% tissue culture infectious dose 
TQA Transport Quality Assurance 
U.S. United States of America 
USDA United States Department of Agriculture 
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VS Veterinary Services 

Definitions 
Ante-mortem inspection  

The inspection of live animals prior to slaughter 

At-Risk Premises 
Premises that have susceptible animals, but none of those susceptible animals 
have clinical signs compatible with the FAD. Premises objectively demonstrates 
that it is not an Infected Premises, Contact Premises, or Suspect Premises. At-
Risk Premises seek to move susceptible animals or products within the Control 
Area by permit. Only At-Risk Premises are eligible to become Monitored 
Premises. 

Barrows and gilts 
Class of slaughter hogs that includes both females (gilts) and castrated males 
(barrows) that have not attained breeding size and age 

Boars 
Class of hogs that includes males that have attained breeding size and have intact 
testicles 

Buffer Zone 
Zone that immediately surrounds an Infected Zone or a Contact Premises 

Confirmed positive case 
An animal with clinical signs consistent with FMD and from which FMDv is 
isolated and identified in a USDA laboratory or other laboratory designated by the 
Secretary of Agriculture. 

Confirmed positive premises 
Any premises with at least one confirmed positive case (animal); affected 
premises 

Contact Premises 
Premises with susceptible animals that may have been exposed to the FAD, either 
directly or indirectly, including but not limited to exposure to animals, animal 
products, fomites, or people from Infected Premises. 

Control Area 
Consists of an infected zone and a buffer zone. Initially, the entire state, 
commonwealth, tribal nation, or territory may be declared a Control Area and 
subject to movement restrictions until appropriate surveillance and 
epidemiological evidence has been evaluated and the extent of the outbreak is 
known. 

Cull breeding stock 
Class of slaughter hogs that includes both “sows” and “boars” 
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Cull hogs 
Sub-class of “barrows and gilts” that includes slaughter hogs that are marketed 
with physical imperfections (e.g., lameness, abscesses, hernias, retained testicles, 
etc.) 

D-value 
Time at certain temperature to achieve 90% virus inactivation 

Exposed premises 
Premises with susceptible animals that may have been exposed to the FMDv, 
either directly or indirectly, including but not limited to exposure to animals, 
animal products, fomites, or people from Infected Premises 

Farrow 
The term used to describe a sow giving birth 

Farrow-to-finish 
A swine farm where all phases of production occur on one site  

Farrow-to-wean 
A swine farm where gestating, farrowing, and lactating sows and their piglets are 
kept. Piglets leave the farm after reaching a desired age and are weaned.  

Federally inspected plants 
Plants that ship meat interstate and must employ federal inspectors to ensure 
compliance with USDA standards 

Finisher 
A swine farm that keeps pigs until they reach market weight 

Fomites 
Inanimate objects that, when contaminated with a viable disease agent, can serve 
as a source of infection for a susceptible host 

Free Area 
Area not included in any Control Area. 

Free Premises 
  Premises outside of a Control Area and not a Contact or Suspect Premises 

Group 
The population of animals within an individual building 

Grow out  
A swine farm operation where pigs are housed to grow them out to market weight 

Herd 
The population of animals at defined premises 
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ID50  
Infectious dose 50; amount of pathogen required to infect 50% of exposed 
individuals 

Incubation period  
The known or assumed period between the introduction of a pathogen into a 
susceptible animal and the occurrence of the first clinical signs of disease; the 
OIE standard for FMD is 14 days. 

Index premises 
First premises known to have a case of FMD during the outbreak under 
investigation 

Infected Zone  
In an outbreak of FMD, the Infected Zone will encompass the perimeter of all 
presumptive or confirmed positive premises (“Infected Premises”) and include as 
many “Contact Premises” as the situation requires logistically or 
epidemiologically. 

Infected Premises 
Premises where a presumptive positive case or confirmed positive case exists 
based on laboratory results, compatible clinical signs, case definition, and 
international standards 

Inshipments 
The term used to describe pigs that cross from one state to another 

Market-sized hogs 
Subclass of barrows and gilts that includes slaughter hogs that are marketed 
within the preferred weight range as defined by the purchaser 

Meat food product 
Any product capable of use as human food that is made wholly or in part from 
any meat or other portion of the carcass of any cattle, sheep, swine, or goats, 
except products which contain meat or other portions of such carcasses only in a 
relatively small proportion or historically have not been considered by consumers 
as products of the meat food industry, and which are exempted from definition as 
a meat food product by the US Secretary of Agriculture or a delegate under such 
conditions as the secretary may prescribe to assure that the meat or other portions 
of such carcasses contained in the product are not adulterated and that such 
products are not represented as meat food products. 

Monitored Premises 
A premises that objectively demonstrates that it is not an Infected Premises, 
Contact Premises, or Suspect Premises. Only At-Risk Premises are eligible to 
become Monitored Premises. Monitored Premises meet a set of defined criteria in 
seeking to move susceptible animals or products out of the Control Area by 
permit. 
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Off-weight hogs 
Sub-class of barrows and gilts that includes slaughter hogs that are marketed 
above or below the preferred market-sized hog weight range as defined by the 
purchaser. 

Plaque-forming unit (PFU) 
Used in virology studies to estimate the quantity of virus particles present in a 
sample based on the number of plaques formed per unit volume. In a cell culture 
system, the cytopathic effect (CPE) can be used to quantify infectious virus 
particles by the plaque-forming assay. Cells are grown on a flat surface until they 
form a monolayer covering a plastic bottle or dish. They are then infected with the 
virus. The liquid growth medium is replaced with a semi-solid one so that any 
virus particles produced as the result of an infection cannot move far from the site 
of their production. A plaque is produced when a virus particle infects a cell, 
replicates, and then kills that cell. Surrounding cells are infected by the newly 
replicated virus and they too are killed. This process may repeat several times. A 
dye is applied which stains only living cells. The dead cells in the plaque do not 
incorporate dye and appear as unstained areas on a colored background. Each 
plaque is therefore the result of infection and death of one cell by one virus 
followed by replication and spreading of that virus. However, viruses that do not 
kill cells may not produce plaques. 

Premises 
A location where livestock are raised or housed or that they pass through during 
commerce. 

Presumptive positive case 
An animal with clinical signs consistent with FMD, plus an FMD-positive (non-
confirmatory or screening) laboratory result and epidemiological information 
indicative of FMD 

Sows 
A class of slaughter hogs that includes females that have attained breeding size 
and age and may have given birth to one or more litters of piglets 

Surveillance Zone 
  Zone outside and along the border of a Control Area. 

Suspect Premises 
Premises under investigation due to the presence of susceptible animals reported 
to have clinical signs compatible with the FAD. This is intended to be a short-
term premises designation. 

Swine Working Group 
A working group which is made up of representatives from the swine industry, 
academia, SAHOs, and the USDA:APHIS, to support permits for the movement 
of swine and swine industry products during disease outbreaks.  
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Vaccinated Premises 
Premises where emergency vaccination has been performed. This may be a 
secondary premises designation. 

 
Vaccination Zone 

Emergency Vaccination Zone classified as either a Containment Vaccination 
Zone (typically inside a Control Area) or a Protection Vaccination Zone (typically 
outside a Control Area). This may be a secondary zone designation. 

Table food waste feeding 
Feeding of household food waste directly to swine 

TCID50 
The amount of a pathogenic agent (e.g., FMDv) required to produce a damaging 
effect on 50% of cells in the tissue inoculated 

Wean-to-finish 
A swine farm where weaned pigs are brought and housed in the same facility until 
they reach market weight 
 

Stages of disease 
Infected 

Includes all stages of disease (L+I+C): latent (L), pre-clinically infected (I), and 
clinically infected (C)  

Incubation period 
The known or assumed period between the introduction of a pathogen into a 
susceptible animal and the occurrence of the first clinical signs of disease; the 
OIE standard for FMD is 14 days. 

Latent stage (L) 
Susceptible pigs have been exposed and are incubating virus but are not viremic.  

Viremic 
Having active virus circulating in the bloodstream. Pigs can be viremic and 
shedding virus before they develop clinical signs. Includes the pre-clinical (I) and 
clinical (C) stages of disease in this risk assessment. 

Pre-clinically infected stage (I) 
Pig is viremic, is shedding virus, but does not have clinical signs. These pigs 
represent the highest risk for spread of virus.  

Clinically infected stage (C) 
Pig is viremic, shedding virus, and exhibiting clinical signs of disease 
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Recovered (R) 
No longer infected with the virus 

Clinically suspicious pigs 
Animals in a population at risk that have clinical signs that do not specifically 
indicate FMD 

2 Executive Summary 
This document is a proactive semi-qualitative Risk Assessment (RA) that seeks to evaluate the 
risk that movement of live pigs during a foot-and-mouth disease (FMD) outbreak in the swine 
industry in the United States will result in the spread of FMD virus (FMDv) to other premises 
with swine. This assessment evaluates risks of FMDv spread associated with: the movement of 
weaned pigs originating from a Monitored Premises within, into, and outside a Control Area.  
This risk assessment is a deliverable from a cooperative agreement between the swine industry in 
the United States, the University of Minnesota College of Veterinary Medicine, and the United 
States Department of Agriculture (USDA) Animal and Plant Health Inspection Service (APHIS) 
Veterinary Services (VS) Center for Epidemiology and Animal Health (CEAH) to support 
permits for the movement of live pigs safely and timely during an FMD outbreak. This 
assessment is applicable to swine production in the United States, and considers the application 
of both standard swine production practices and enhanced biosecurity practices proposed by the 
Secure Pork Supply (SPS) plan, current as of January 2017. 
An FMD outbreak in the United States may impact multiple livestock species.  This risk 
assessment is limited in scope and intended to identify pathways of FMDv transmission 
associated with the movement of weaned pigs, and assess the corresponding likelihoods of 
carrying the virus off an infected premises and causing infection on another premises with swine 
despite implementation of all standard preventive measures as well as outbreak-specific 
measures. This risk assessment will ultimately provide the framework necessary for decision 
makers to:  

1. Quickly assess the effectiveness of preventive measures as they pertain specifically to the 
movement of weaned pigs.    

2. Implement a permit system to allow premises with no known infection to move weaned 
pigs into, within, and outside of the Control Area during an FMD outbreak. 

This RA evaluates the risk of spreading FMDv to susceptible swine through the movement of 
weaned pigs from a swine gestation and farrowing premises that qualifies as a Monitored 
Premises inside a Control Area to off-site nursery or wean-to-finish facilities during an FMD 
outbreak in the United States. The risk evaluation was based on the likelihood of the presence of 
infected pigs in a shipment and the likelihood that other susceptible pigs can be exposed to the 
virus and become infected. The assessment evaluated the likelihood of:  

1. A farrowing swine facility in a Control Area becoming infected with FMDv 
2. Detecting infected swine on the origin premises prior to movement 
3. FMDv release during transportation of infected but undetected pigs 
4. Susceptible pigs becoming infected in transit by contaminated trucks 
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5. Susceptible pigs on a truck becoming infected by airborne transmission of FMDv 
6. Susceptible species getting infected at a destination premises and surrounding premises. 

This document is an evolving product-specific risk assessment that will be reviewed and updated 
as necessary before and during an outbreak to incorporate the latest scientific information, 
preventive measures, and analytical methodology. Updates and revisions to risk assessments are 
advisable and necessary as new data becomes available.  The opportunity to update risk 
assessments to address the limitations of previous analytical methods and data might have effects 
on the risk ratings and outcomes. If the Incident Command System is activated in response to an 
FMD outbreak, APHIS (and Incident Command staff) will review this risk assessment with 
respect to the situation in order to assess industry requests for movement of weaned pigs.   
 

Overall Findings and Conclusion 

The risk that movement of weaned pigs from a swine gestation and farrowing premises 
that qualifies as a Monitored Premises inside a Control Area to an off-site nursery or 
wean-to-finish facility within or outside of a Control Area during an FMD outbreak 
results in the infection of susceptible swine at the destination premises is moderate if 
Enhanced Biosecurity Recommendations as outlined in the Secure Pork Supply Plan 
from January 2017 are followed. 

The document describes additional mitigations to those described in the Secure Pork 
Supply Plan as of 2017. If these additional mitigation measures are followed, the risk 
will be decreased to low. 

Limitations of the Risk Assessment and Analytical Methods: 
The risk assessment is limited in scope in that it assesses only the risk of FMDv transmission due 
to weaned pig movements from premises with weaned pigs in totally confined facilities to 
another pig premises.  As such, the risk to other susceptible species, such as ruminants, is not 
evaluated. Those reviewing this risk assessment in response to an FMD outbreak are reminded 
that ruminant species and premises with ruminants were not included in the model.  However, 
ruminant premises, if infected, could be a source of infection risk to swine premises but the 
pathways of infection from ruminant premises to swine premises, be they via direct contact or 
local area spread, were not evaluated quantitatively in this risk assessment but only qualitatively 
in section 10.1.4 and 10.1.6.  Additionally, the transmission models for between farm spread 
were done in a manner that may have resulted in overdispersion of the herd locations as we 
strove to protect the sensitive location data kindly provided to us by US swine industry 
collaborators.  Furthermore, the transmission models were based on UK FMD outbreak data 
from and may not be applicable to US swine industry structure. With these limitations in mind, 
the overall findings and conclusions are intended to provide estimates of risk which, upon further 
review, can be more clearly assessed when the scientific gaps identified herein are sufficiently 
addressed and other FMD outbreak data becomes available. 
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3 Introduction 
This Risk Assessment (RA) proactively evaluates the risk of foot-and-mouth disease virus 
(FMDv) spread associated with the movement of live pigs originating from a Monitored 
Premises within, into, and outside a Control Area. Additional control measures may be needed 
during an FMD outbreak to allow such live animal movements to occur. This RA provides 
information to help decision-makers when considering implementation of those additional 
control measures. However, this RA cannot guarantee that animal movement will be permitted 
during an FMD outbreak. Rather, this document provides the framework necessary for decision-
makers to quickly assess the effectiveness of the current practices and preventive measures as 
they pertain to the risk of FMDv spread associated with the movement of live pigs.  
This document is an evolving, proactive RA that is species-specific and reflects current practices 
in modern swine production in the United States. It is intended to be reviewed and updated as 
necessary before, during, and after an outbreak to incorporate the latest scientific information 
and preventive measures. Completing this type of RA in a timely manner during an outbreak is 
impractical. Developing RAs requires significant time, thereby potentially delaying the 
movement of live pigs that may represent negligible or low risk for disease spread. Conversely, 
RAs conducted proactively before an outbreak occurs can identify mitigation strategies to reduce 
the potential for disease spread during an outbreak and facilitate business continuity by allowing 
managed movement of products that represent acceptable risk for disease spread.  
The overall goal of this RA is to enhance food security, animal health, and business continuity in 
the event that FMD is diagnosed in the United States. FMD is a highly contagious viral disease 
of swine and other cloven-hoofed animals such as cattle, sheep, and goats. Should there be an 
outbreak in the U.S., an animal health emergency will be declared. Local, tribal, state, and 
federal authorities will implement a foreign animal disease (FAD) emergency response as 
described in the USDA APHIS Framework for FAD Preparedness and Response Plan.1 This 
response includes a control and eradication strategy that may utilize depopulation, quarantine, 
vaccination, and movement-control measures applied throughout the swine industry. 
The control measures applied throughout the swine industry will disrupt normal operations. 
However, it is imperative to maintain the food supply and some continuity of business during an 
outbreak. Continuity of business, in the context of the food supply, means the ability for a farm 
or food processor to continue essential operations of production and distribute safe food and 
high-quality products despite disruption of normal operational procedures. The goal of business 
continuity planning for an FAD outbreak is to plan proactively so that most businesses may 
continue key operations to deliver products and services to the consumer, while protecting 
animal and public health. Business continuity planning can help minimize the negative effects of 
the disease outbreak and disease response on the food industry and/or consumers without 
obstructing the goals of disease response. Implementation of science-based RAs, risk 
management requirements, and surveillance strategies to protect food security and animal health 
will potentially allow the continuation of swine industry business activities during an FMD 
outbreak. 
Science-based RAs, risk management requirements, and surveillance to protect food security and 
animal health all involve specific science- and risk-based recommendations. During an outbreak, 
state and/or federal authorities may use those recommendations to issue official permits to allow 
controlled movement of live pigs within a Control Area. A request for a movement permit must 
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be supported by an RA, or a science-based logical argument, to demonstrate that the risk 
associated with the movement of the product or animal population in question is acceptable to 
the responsible authorities.  
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4 Scope 
This RA evaluates the risk of spreading FMDv to susceptible swine through the movement of 
weaned pigs from swine gestation and farrowing premises that qualify as Monitored Premises 
inside a Control Area to off-site nursery or wean-to-finish facilities during an FMD outbreak in 
the United States. The risk evaluation was based on the likelihood of the presence of infected 
pigs in a shipment and the likelihood that other susceptible pigs can be exposed to the virus and 
become infected. The assessment evaluated the likelihood of:  

1. A farrowing swine facility in a Control Area becoming infected with FMDv 
2. Detecting infected swine on the origin premises prior to movement 
3. FMDv release during transportation of infected but undetected pigs 
4. Susceptible pigs becoming infected in transit by contaminated trucks 
5. Susceptible pigs on a truck becoming infected by airborne transmission of FMDv 
6. Susceptible species getting infected at a destination premises and surrounding premises. 

The RA includes the disease transmission pathways from infected pigs to other susceptible pigs 
by direct animal-to-animal contact, contact with contaminated truck surfaces, and airborne 
transmission. Other potential disease transmission pathways from personnel (truck drivers, farm 
workers, etc.), feed and feed movement, water, contact with wildlife, and other fomites (insects, 
rodents, equipment, utensils) were only qualitatively evaluated as entry pathways for introducing 
the virus into a farrowing facility. Although it is likely that other susceptible species (e.g., cattle) 
can be exposed to FMDv released by infected pigs, the potential transmission pathways to other 
susceptible species were not assessed in depth in this RA.  
The facilities covered under this RA are defined as follows: 

• Gestation and farrowing premises are characterized as intensive farm operations. Other 
types of farm operations (organic, free-range, etc.) were not evaluated specifically in this 
RA.  

• Origin premises: Gestation and farrowing premises within an FMD Control Area that 
routinely move weaned pigs to swine production premises within or outside the Control 
Area. The origin premises also receives feed, supplies, or equipment associated with 
maintenance of facilities and management of sows for the production of weaned pigs. 
The origin premises is characterized by using current practices associated with the regular 
movement of weaned pigs from farrowing premises to off-site nursery/wean-to-finish 
premises; however, at the occurrence of the outbreak, the premises implements Enhanced 
Biosecurity Recommendations as defined in the SPS Plan. 

• Monitored Premises: A premises within a Control Area that objectively demonstrates that 
it is not an Infected Premises, Contact Premises, or Suspect Premises. A Monitored 
Premises meets a set of defined criteria in seeking to move weaned pigs by permit.2 

• Destination premises: Premises located within or outside the Control Area that receive 
weaned pigs from the origin premises. Premises can be empty (no other susceptible 
species on site) or have susceptible animals (pigs or other susceptible species on site) at 
the time of receiving the new shipment of pigs. 
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5 Assumptions 
The following assumptions were used when developing this RA: 

• An FMD outbreak has occurred and has been detected in the United States. 

• A standard foreign animal disease (FAD) response has been initiated with coordinated 
local, state, tribal, and federal regulatory interventions including movement restrictions 
on live animals. In this situation, no new animals or animal products will be entering the 
origin premises. 

• The origin premises meet the criteria for At-Risk or Monitored Premises as defined in the 
FAD Preparedness and Response Plan (FAD PReP).1 

• There is high-dose exposure of susceptible pigs to a virulent, pig-adapted strain of 
FMDv.  

• FMDv susceptibility and virulence are the same for pigs of all ages. 

• The within-herd disease spread model used here assumes random mixing, meaning that 
all pigs within the population have an equal probability of being in contact. 

• No animal has been observed with clinical signs of FMD at origin premises. 

• Infected weaned pigs are shipped out before detection of the disease at the origin 
premises (i.e., the weaned pigs are infected but undetected). 

• The transportation vehicles will not stop while moving pigs between origin and 
destination premises. 

• All movement of weaned pigs are from Origin Premises that are Monitored Premises 
within a Control Area.  

• The destination premises may be located within or outside a Control Area. 

• Premises within the Control Area will apply Enhanced Biosecurity Recommendations as 
described in the SPS Plan.3 

• During an active FMD outbreak there will be movement of pigs only from one origin 
premises to one destination premises. 

• No movement of animals will occur if vesicular lesions are found on any pig. If clinical 
signs (such as vesicular lesions) are present, an official laboratory must perform 
confirmatory testing for FMDv. 

• All transport trailers are considered to be adequately cleaned and disinfected prior to any 
swine movement. 

• The consequence assessment as a part of the OIE framework was beyond the scope of 
this risk assessment, but the authors assume that any spread of FMDv related to pig 
movement would be a high-consequence event. 

• No untreated surface water will be used as the main source of water for swine gestation 
and farrowing operations. Where feasible, well water or municipal water sources are 
used. 
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• Airborne transmission applies to the airborne route of infection only, and it does not 
consider any other means of transmission such as contamination of fomites or the 
environment by bioaerosols. Contaminated fomites and contaminated environment as a 
means of transmission are considered under local-area-spread models. 
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6 Background 
This risk assessment is a joint effort of the swine industry, the University of Minnesota’s College 
of Veterinary Medicine, and the Center for Epidemiology and Animal Health (CEAH) in the 
U.S. Department of Agriculture Animal and Plant Health Inspection Service Veterinary Services 
(USDA-APHIS-VS). The aim is to proactively evaluate the risk of spreading foot-and-mouth 
disease (FMD) through the movement of weaned pigs from farrowing swine farms during an 
FMD outbreak in the U.S. This document assesses the risk of FMDv spread during an outbreak, 
both before and after applying proposed additional biosecurity measures, imposing a quarantine, 
and establishing a Control Area. This risk assessment could be used as a baseline to facilitate the 
development of outbreak-specific control measures to be implemented, once an FMD Control 
Area is established, to guide the managed movements of pigs from monitored herds to off-site 
premises.  
In the event of an FMD outbreak in the United States, local, state, and federal authorities will 
implement a foreign animal disease emergency response as described in the APHIS Framework 
for Foreign Animal Disease Preparedness and Response Plan.4 This response includes a control 
and eradication strategy that may utilize depopulation, quarantine, vaccination, and movement 
control measures throughout the swine industry. To support continuity of business, state and/or 
federal authorities may issue official permits to allow controlled movement of pigs from 
premises identified in a quarantine order during an outbreak. A request for a movement permit 
should be supported by a risk assessment, or a science-based logical argument, to show that the 
associated risk is acceptable.  
Completing this type of risk assessment in a timely manner during an outbreak is typically 
impractical. Developing risk assessments requires significant time, thereby potentially delaying 
the movement of pigs that may represent a negligible risk for disease spread. The available farm 
capacity may also be inadequate for holding the pigs while the risk assessment is being 
completed, which may result in unnecessary culling of pigs. Risk assessments conducted 
proactively before an outbreak occurs can identify mitigation strategies to reduce the potential 
for disease spread during an outbreak and facilitate business continuity by allowing managed 
movement of products that represent an acceptable risk for disease spread.  
Continuity of business, in the context of the food supply, means the ability of a farm or food 
processor to continue key production operations for animals not known to be infected, thereby 
facilitating the subsequent distribution of safe food and high-quality products despite disruption 
of normal procedures. The goal of business continuity planning for an FAD outbreak is to 
proactively plan so that most businesses may continue key operations to deliver animals, 
products and services to the consumer, while at the same time protecting animal and public 
health. Business continuity planning can help minimize the negative effects of the disease 
outbreak and response on the food industry and/or consumers, without obstructing the goals of 
disease response. 
The purpose of this risk assessment document is to estimate the risk of FMDv spread associated 
with the movement of weaned pigs from a swine farrowing facility to an off-site premises during 
an FMDv outbreak. Pigs that have characteristic clinical signs of FMDv infection (i.e., clinically 
infected pigs) are assumed to have a high probability of being detected during on-farm 
surveillance and, therefore, constitute a lower risk for viral spread. Pigs originating from 
confirmed or suspect positive premises are not considered in this report. It is assumed that these 
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animals would be euthanized, vaccinated, or restricted from movement once FMD is confirmed. 
Infected pigs that do not show clinical signs associated with FMD (i.e., pigs in the pre-clinical 
stage or infected but undetected) are a significant source of risk prior to their detection. The role 
of infected but undetected animals in epidemics has been shown to be extremely important in the 
spread of the disease.5  
This document is an evolving, product-specific, proactive risk assessment that will be reviewed 
and updated as necessary before, during, and after an outbreak to incorporate the latest scientific 
information and preventive measures. This risk assessment cannot, however, guarantee that pig 
movements will actually be permitted during an FMD outbreak. Rather, this document provides 
a framework that decision-makers can use to quickly assess the effectiveness of the current 
practices and preventive measures for reducing the risk associated with moving weaned pigs 
from a farrowing swine facility to an off-site destination. The risk assessment will also allow 
decision-makers to consider using additional control measures to allow the movement of weaned 
pigs into, within, and out of the Control Area during an FMD outbreak.   
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7 Overview of Data Analysis Approaches 

7.1 Risk Assessment Overview 
This risk assessment is based on the World Organization for Animal Health (OIE) guidelines and 
methodology for import risk assessment with some modifications.6 The OIE model consists of 
hazard identification and four steps within a risk assessment: 

1. Entry assessment: Determines the likelihood of virus release to the environment through 
the movement of infected but undetected animals and describes the biological pathways 
necessary for that hazard to be introduced into a particular environment with susceptible 
livestock. It includes an estimation of the likelihood (qualitative or quantitative) of each of 
the pathways. 
2. Exposure assessment: Describes the biological pathway(s) necessary for exposure of 
susceptible animals to the identified hazard (i.e., FMDv) and estimates the likelihood of 
those exposures occurring. 
3. Consequence assessment: Describes the significance of the exposure as in terms of the 
number of farms becoming infected during a certain amount of time during an outbreak. It 
can include an assessment of both the economic and the overall impacts of the outbreak.  
4. Risk estimation: Integrates the results from the entry, exposure, and consequence 
assessments to produce summary measures of the risk associated with the identified hazard. 

The emphasis of this risk assessment is the entry of FMDv into a farrowing facility during an 
outbreak when the enhanced biosecurity measures outlined in the SPS Plan3 are in use, followed 
by the release of FMDv associated with the movement of infected but undetected pigs from a 
farrowing facility and exposure of susceptible pigs to the virus during transit or at the destination 
premises. 

7.2 Likelihood and Risk Evaluation 
The assessment uses a qualitative evaluation approach in which the likelihoods of individual 
events in the pathway were rated according to a qualitative scale (see Table 1). 

Table 1. Descriptive scale to estimate the likelihood for an event to occur 

Likelihood Descriptive definition 

Extremely High This event would almost certainly occur. 

High This event would likely occur. 

Moderate This event is unlikely but does occur. 

Low This event would be very unlikely to occur. 

Negligible This event would almost certainly never occur and is not worth considering. 
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The qualitative ratings for the events in the pathway were determined using multiple data sources 
and evaluation approaches such as literature review, expert opinion, quantitative simulation 
model predictions, and past outbreak experiences. 

7.3 Uncertainty Estimation 
The uncertainty of the likelihood/risk estimation can be described by using a range defined by 
the terms in the descriptive rating scale provided in Table 1. A risk estimate of negligible to low 
encloses the true risk which is not deterministically known, where the interval between the two 
ratings represents the uncertainty in the analysis. For example, when uncertainty about the 
estimation was minimal (the estimation was somewhat certain) only one descriptive definition 
was used to estimate the likelihood (e.g., low, high). When the uncertainty of the estimation was 
greater, the descriptive definition used to estimate the likelihood was within a range (e.g., 
between moderate and high). The broader the range, the higher the uncertainty about the risk 
estimation. 

7.4 Modeling Overview 
Two disease spread models were used to quantitatively assess the likelihood of a farrowing site 
in a Control Area becoming infected with FMDv—a within-herd spread model and a between-
herd spread model. An overview of each model follows; model parameters and results are 
discussed in more detail in Section 10.1.10: Disease Spread Model and Appendices 1 and 2.  

Within-herd spread model  
A stochastic disease spread model was developed to simulate the transmission of FMDv within a 
herd and estimate the number of pigs in various disease stages at each time step.7 Disease stages 
included susceptible (S), latent (L), pre-clinical (PI), clinical (CI) and recovered (R).8 Both PI 
and CI animals were considered viremic and infectious to others.7 The model updated the 
number of animals in each disease state every 6 hours. The uncertainties in input variables, as 
well as the inherent variability of the course of infection in individual swine populations and the 
spread within the group, were considered in the model in the form of distributions for the 
different parameters (adequate contact rate and duration of the latent, PI, and Cl periods). The 
main output of the model was an estimate of the time to disease detection by observation of 
clinical signs and the number of infected pigs that could potentially be moved during an FMD 
outbreak from a farrowing facility in which FMD had not yet been detected. 

Between-herd spread model 
A stochastic between-herd spread model (InterSpread Plus, IS+) was used to simulate the spread 
of FMD serotype O between pig farms (different production types) under conditions in three 
U.S. states: Minnesota, Oklahoma, and North Carolina. The main purpose of the model was to 
approximately estimate the probability of infection of a farrowing facility during an FMD 
outbreak and the number of infected and infected but undetected farms by time, farm density, 
and distance. Model parameters related to FMD transmission via direct movement of live pigs 
were estimated using industry movement data. Other transmission mechanisms, including 
indirect contacts (e.g, people, fomites) and local area spread, were modeled using a transmission 
kernel from the 2001 FMD outbreak in the UK, as FMD outbreak data from the US is not 
available. The IS+ model allows a radial dissemination kernel to be defined, where probabilities 
of transmission to neighboring farms vary by distance from the infected source farm and time 
relative to the date of the onset of clinical signs at the infected source farm. 
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The between-herd transmission model is a simplified representation of the FMD transmission 
pathways, and the model results should be considered as approximate estimates. A key model 
limitation is that the transmission kernel estimated from UK outbreak data may not be applicable 
to the US swine industry structure. In particular, the kernel used may not adequately capture 
transmission via indirect contacts (e.g., service personnel, fomites) that is dependent on the 
industry contact network and production types. In addition, the kernel used for local spread and 
indirect contacts was limited to a maximum distance of 3 km. We note that US FMD outbreak 
data to estimate kernel parameters or the probability of transmission for different types of 
indirect contacts is not available. Farm locations within a county were based on random 
placement to protect the sensitive location data kindly provided to us by US swine industry 
collaborators. Given the random farm placement within a county, the impact of clustering of 
farms on the local spread is not incorporated in the current evaluation.  
Given the above limitations, the qualitative analysis of entry pathways was given a greater 
weight in the overall risk estimation process. Future sensitivity analysis with explicit modeling of 
indirect contacts using industry data, the use of actual farm locations or using a distribution 
model to predict farm locations (FLAPS) would improve the applicability of the model results. 
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8 Pork Industry in the United States 

8.1 Overview of the Pork Industry in the United States 
In 2011, the United States ranked as the world’s second largest global pork producer with pork 
ranked as the fifth leading U.S. food export commodity and valued at over $4.6 billion.9 As of 
December 1, 2015, the swine inventory in the United States was estimated at 68.3 million head, 
which consisted of 6.0 million head of breeding stock and 62.3 million head of market hogs.10 
The total number of swine operations in the United States at the end of 2012 was estimated at 
68,300, with the majority of operations consisting of fewer than 1,000 head (n= 56,000).11 In the 
2014 production year, however, swine operations with over 5,000 head made up approximately 
93% of the total U.S. swine industry.12 
Today swine production operations are located throughout the United States, but the majority of 
operations are generally concentrated in the Upper Midwest (northernmost Corn Belt states)13 
near abundant feed supplies and slaughtering facilities (Figure 1). Since 1990 swine production 
has grown significantly in North Carolina, Oklahoma, Colorado, Utah, and Texas.14 A 2015 
analysis of the percentage of U.S. hog inventory in each state or regions follows: Iowa, 31.4%; 
North Carolina, 13.0%; Minnesota,12.0%; Illinois, 6.9%; Indiana, 5.5%; Nebraska, 4.7%; 
Missouri, 4.2%; Ohio, 3.3%; Oklahoma, 3.1%; Kansas, 2.7%; and small percentages in the 
Mountain and Pacific regions.15 

 
Figure 1. Distribution of US hogs and pigs  
Source: USDA National Agricultural Statistics Service, Overview of the U.S. Hog Industry, page 1015 

 
Modern swine production in the United States is typically divided into four phases, each with 
specific requirements in regard to housing, feeding, and animal care needs. They are: (1) 
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breeding and gestation, (2) farrowing, (3) nursery, and (4) finishing (Figure 2).14 While the 
breeding and farrowing phases of swine production may be located on the same premises, most 
large-scale swine operations utilize “multi-site” systems when transitioning to the nursery and 
finishing phases.16 These production phases are geographically separated and may be miles or 
states apart. 
The prevalence and type of swine producer vary by region but often depend on the regional 
infrastructure and available resources.17 Most U.S. swine production has historically occurred 
within farrow-to-finish operations, where all production phases occur within a single building or 
location. Over the past several decades, swine production has transitioned from mostly farrow-
to-finish operations to those that specialize in only a specific phase of production. In 1992 over 
50% of U.S. swine operations used a farrow-to-finish approach, but by 2009 less than 25% were 
farrow-to-finish producers.17 Hog producers specializing in only finishing hogs (feeder-to-finish) 
represented less than 20% of producers in 1992 but grew to nearly 50% by 2009.17 
This document will examine the transition from the farrowing phase to the nursery or wean-to-
finish barn, where recently weaned pigs are transported in groups to an off-site nursery or wean-
to-finish facility. A wean-to-finish facility is a finishing barn that has been modified to receive 
weaned pigs. The pigs remain in this barn throughout the finishing phase, so the transfer of pigs 
from the nursery to finishing phase is not needed. Figure 2 shows the relationship between these 
different stages of production.  

 
Figure 2. Main swine production chain movements  
Source: FAD PReP: Swine Industry Manual, page 714 
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This separation of phases necessitates the routine intrastate, interstate, and international shipment 
of pigs at various stages of production. In 2009, the number of swine moved into a state for 
feeding or breeding purposes totaled 41 million head, representing the largest share of livestock 
inshipments in the United States.14 In the event of an FMD outbreak, a widespread stop order on 
the routine movement of pigs could result in overcrowding conditions on farms. This 
overcrowding may lead to animal health and welfare concerns which could necessitate the 
euthanasia of pigs or cessation of breeding programs. Efficient and timely movement of pigs is 
critical for each stage of production, and any disruption in this flow severely limits the capacity 
to maintain animal health and welfare, continuity of business, and domestic markets.18 
For the purpose of this risk assessment, we are considering all potential movements onto and off 
of a gestation and farrowing swine facility. The concepts discussed here may be applied to other 
swine management systems after relevant amendments. 

8.2 Overview of Farrowing Operations in the United States 
The swine production chain in the U.S. begins with breeding and gestation, which includes both 
gilts and sows. In nearly all facilities, live boars are kept as part of the herd for heat detection of 
sows and gilts and are occasionally used as semen donors or for natural breeding purposes.14 
However, the vast majority of all swine breeding occurs through artificial insemination (AI). 
This method enables more rapid genetic advancement than natural options while minimizing the 
risk of disease transmission.14 This is done by frequent deliveries of semen from an off-site boar 
stud farm, where boars are housed specifically for the purpose of producing semen for artificial 
insemination. Once pregnant, gilts and sows remain in the gestation barn for most of the 
remainder of the gestation period, which is about 16 weeks.14  
A few days prior to farrowing, pregnant animals are typically moved to individual pens in a 
farrowing area which is often part of the same breeding/gestation facility. Farrowing and 
lactation occur in the same facilities until the piglets are weaned. During lactation, sows nurse 
their piglets for about 16 to 23 days.14 Data from the first quarter of 2017 indicate the average 
number of pigs weaned per litter varied by size of operation, from 8.0 for operations with swine 
herd sizes of 1-99 animals, to 10.5 for operations with more than 5,000 hogs and pigs.13 Weaned 
piglets typically weigh between 10 and 15 pounds.14 
After weaning, sows generally return to the breeding/gestation facility or are removed from the 
herd and sent to market. In the U.S., gestation/breeding and farrowing operations are typically 
located on the same property and are physically connected.  
On days when the piglets are weaned, piglets of a similar age cohort (typically no more than 1 
week apart) are gathered together onto livestock trailers to be transported to the nursery or wean-
to-finish barn. Livestock trailers should be cleaned and disinfected before each use, but the 
reported rates of trailer cleaning and disinfection vary in previous work.14,19-21 To limit the risk of 
disease spread between farms, livestock trailers will most often receive weaned pigs only from a 
single source farm before moving to the nursery or wean-to-finish barn.16 Occasionally, for 
efficiency in transport, trailers may receive pigs from several source farms before moving to the 
nursery. This practice increases the risk of disease spread, so it is typically done only when the 
several source farms supplying the weaned pigs are of similar health status (Swine Working 
Group, personal communication, September 2016). 
  



Working Draft 

Risk Assessment of Movement of Weaned Pigs During FMD Outbreak in the U.S.  

 

Page 26 of 179 

The frequency of weaning events may vary considerably between farms and often depends on 
management and pig flow logistics. For instance, a continuous farrowing operation may wean 
pigs two to three times per week, whereas small farms that adhere to a “batch farrowing” 
breeding system, in which groups of similar-age pigs are protected from contact with other 
groups throughout their weaning-to-market period, may wean pigs only every 4 weeks.22 
It is estimated that 71% of pigs in the U.S. enter the nursery/growing phase at a different location 
from where they were born.14 Many of these movements do not require interstate health 
certificates, as pigs are moved within state limits. A total of 52.5 million swine were shipped into 
a new state in 2016.23 This includes approximately 1 million swine from other countries, mostly 
from Canada.24 
Half of the annual pig crop is born on farms in only four states (North Carolina, Iowa, 
Minnesota, and Illinois). These same four states also account for 62% of the nation’s market hog 
inventory and about 56% of the slaughter capacity.14 In Iowa, 1.7 million pigs move into the 
state every month—approximately 67,000 pigs every day.14 
In order to connect interstate production systems, inshipments have become a critical part of the 
industry. Inshipments are the total number of animals moved into a state for feeding or breeding 
purposes, excluding animals brought in for immediate slaughter. Table 2 shows the number of 
inshipments in 2016 in the top 5 states by hog inventory.    

Table 2. Total number of inshipments by state in 2016 

Rank by inventory State Total inshipments (head) 

1 Iowa 30,500,000 

2 North Carolina 657,000 

3 Minnesota 8,050,000 

4 Illinois 2,366,700 

5 Indiana 3,400,000 

Source: USDA, NASS, Agricultural Statistics Board: Meat Animals Production, Disposition,  
and Income, 2016 Summary 23 

 

8.3 Swine Transportation Characteristics 
Swine Movement Flows 
The Corn Belt region accounts for more than 70% of total hog movements in the U.S., including 
transports within the area and transports from other regions. The Corn Belt is the main 
destination for hogs shipped from other regions, particularly Appalachia, the Southern Plains 
(e.g., Oklahoma), the Northern Plains (e.g., Nebraska), and Canada (Figure 3).25  
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Significant numbers of feeder pigs are also transported from the Northern Plains and Canada into 
the Lake States (mostly Minnesota), as well as from the Southern Plains into the Northern 
Plains.25 Small numbers of breeding animals are shipped around the country as well.  

 
Figure 3. Major movements of live swine by region  
Source: USDA Economic Research Service, 200325 

 
North Carolina Origin Shipments 
Livestock are transported from North Carolina to almost every other state (Figure 4). Hogs are 
the most commonly shipped animals (3.8 million head versus 45,000 head for cattle annually). 
These pigs are primarily being shipped from farrowing facilities in North Carolina to finishing 
facilities in the Corn Belt.25 This movement represents the largest and most consistent 
unidirectional cross-regional flow of live swine in the country.25  

 
Figure 4. North Carolina hog shipments to other states  
Source: USDA Economic Research Service, 200325 
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Swine Transport Conditions 
Standards for transport of swine are overseen by the Transport Quality Assurance (TQA) 
program. This program was launched in 2002 by the National Pork Board (NPB) to encourage 
best practices with the most current, science-based information on the humane handling and 
transport of pigs in addition to fostering consumer confidence in pork products.26 Over 29,000 
swine handlers and transporters have been TQA certified, and it is this program which helps to 
define standard industry practices. The standard industry practices defined in TQA are helpful in 
evaluating the risk of spreading FMD during swine transport.  
Transportation of pigs off the premises is most commonly done by truck and trailer. These can 
be owned by the operation or hired from a commercial entity to haul pigs. TQA standards dictate 
that the trailers should be kept clean and in good repair, in addition to having ventilation, a non-
slip floor with proper drainage, and protection from the outside environment.26 TQA also advises 
that drain plugs within the trailers should be closed and secured before loading pigs in order to 
prevent spillage along the road.26 Loading pigs onto the trailer requires a ramp with no more than 
a 20-degree incline with non-slip flooring and cleats spaced 3 inches apart for piglets and 8 
inches apart for adult pigs.14 
Transport space recommendations differ depending on the size of the pig and weather conditions. 
Pig space allowances should be adequate so that pigs easily can lie down and stand up.27 Many 
trailers have separate compartments that can be closed off with gates and dividers to limit the 
total number of pigs in a given area. The TQA space allowance recommendation for a pig 
weighing 12 pounds (average wean pig size) is 0.65 square feet per head.26 This corresponds to 
approximately 1,300 pigs on a double-decker 53-foot PSADL (punch side aluminum drop 
livestock trailer), one of the most commonly used trailer types to transport large groups of pigs. 
Smaller trailers are used to haul smaller groups of pigs, and their maximum capacity varies 
greatly depending on the trailer size. More information on types of livestock trailers can be seen 
in Table 3.  
Trailer stocking density should be adjusted to account for weather conditions. Pigs do not have a 
thick coat of hair nor do they have the ability to sweat, making them sensitive to heat and cold 
stress, and this is especially true for young weaned pigs. While overcrowding pigs into a trailer 
puts them at risk for overheating on a hot day, an understocked trailer may cause pigs to be 
chilled when on the road and does not capture peak efficiency of transportation costs (Swine 
Working Group, personal communication, September 2016). As noted, the NPB has 
recommendations for transport space for pigs.26 The space recommendation mentioned above for 
weaned pigs, 0.65 sq ft per head, is for normal weather conditions (not hot or cold extremes). 26 
Table 3 shows the approximate maximum number of weaned pigs per trailer with this space 
recommendation. According to industry experts, the space for weaned pigs that become breeding 
stock needs to be at least 10% more than the TQA recommendations. For a 12-pound piglet, 0.85 
sq ft is recommended. (Swine Working Group, personal communication, September, 2016). This 
reduces the number of pigs per trailer as can be seen in Table 4. 
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Table 3. Approximate number of weaned pigs/trailer, 0.65 sq ft/head 

Trailer type Trailer 
floorspace 

# 
Decks 

Total sq 
footage 

Approximate maximum 
number of weaned 

pigs/truck* 

Possum or straight trailer 53' x 8.5' 2 901 1,386 

Possum or straight trailer 53' x 8.5' 1 451 694 

Gooseneck trailer (large) 26' x 6'11'' 1 180 277 

Gooseneck trailer (small) 16' x 6'11" 1 111 171 
*The recommended space per pig under normal weather conditions (not hot or cold extremes) 

Table 4. Approximate number of weaned pigs/trailer, 0.85 sq ft/head 

Trailer type Trailer 
floorspace 

# 
Decks 

Total sq 
footage 

Approximate maximum 
number of weaned 

pigs/truck* 

Possum or straight trailer 53' x 8.5' 2 901 1,060 

Possum or straight trailer 53' x 8.5' 1 451 531 

Gooseneck trailer (large) 26' x 6'11'' 1 180 212 

Gooseneck trailer (small) 16' x 6'11" 1 111 131 
*The recommended space per pig under normal weather conditions (not hot or cold extremes) 

 
In addition to changing the trailer stocking density, many interventions are routinely used on the 
trailers to help keep pigs comfortable.26 These include the amount of bedding used to help keep 
weaned pigs warm on cold days, as well as removing panels on the sides of the truck on hot days 
to let more air into the truck. These interventions may also influence the amount of FMD virus 
that could potentially be released from the truck while in transit and will be considered in this 
risk assessment. TQA recommendations for the amount of bedding and ventilation needed to 
maintain pig comfort while on the trailer are provided below in Table 5. The recommendations 
are based on three studies of finishing pigs which used double-deck possum-belly trailers 
(Amundson JL, personal communication, September 2016).28-31 There are no similar 
recommendations for weaned pigs, but based on communication with industry experts, six bags 
of bedding are used for two-deck trailers in normal weather. In freezing temperatures, 10 to 12 
bags are used for two-deck trailers. According to the industry experts, the driver controls the 
amount of ventilation and airflow to the pigs by adding or removing panels on the sides of the 
truck during the trip. (Swine Working Group, personal communication, August 2016). This is 
especially important during long trips because the weather changes during the trip. It is important 
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to control the humidity and the temperature inside the truck and to make sure that there is not too 
much airflow over the pigs in cold temperatures.  

Table 5. Recommended truck setup procedures for two-deck trailers based on air temperatures 
(market pigs) 

Estimated air temperature, 
°F 

Bedding* (recommended 
bags/trailer) 

Side slats closed 
% 

≤10 Heavy (6 bags) 90−95 

11−20 Heavy (4−6 bags) 75−90 

21−30 Heavy (4−6 bags) 50−75 

31−40 Medium (3−4 bags) 50−75 

41−60 Medium (3−4 bags) 25−50 

61−90 Medium (3−4 bags) 0 

>90 Light (1−2 bags) 0 
*Bedding refers to a 50-pound bag of wood shavings. Source: TQA Handbook, Version 6, page 3526 

 

Trailer Types  
There are currently no standard configurations for commercial swine trailers in the United States. 
Many can be custom made to fit the specific needs of the farm or production company (i.e., the 
height of the floors, the slopes of the walking ramps, placement of hinged gates, and interior 
lighting). Most trailers, however, have common features to keep pigs comfortable and prevent 
leakage. 
Four types of trailers are commonly used for livestock transport. The drop-center trailer, also 
known as the “possum-belly” trailer (Figure 5), is the most widely adopted trailer design in the 
Midwestern U.S. These trailers are usually between 46 and 53 feet long and about 8 feet wide. 
This design allows for pigs to be compartmented on multiple levels, and typically has punched 
side openings for ventilation (see Figure 5).This trailer design maximizes compartment heights 
inside the trailer, optimizes human safety by being more driver friendly, offers more versatility 
for the animals that are transported, and provides more resistance to overturning.32  
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Figure 5. Possum-belly trailer. Source: M.H. EBY, Inc. 

 

 

 

The “straight trailer” (see Figure 6), is also commonly used and is similar in length and width to 
the possum-belly trailer.    

 

Figure 6. Straight trailer. Source: M.H. EBY, Inc. 
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Another trailer type is the “gooseneck” trailer. This has a curved projecting arm on its front end 
that attaches to the inside of a truck bed, or to a trailer hitch. The attachment allows the trailer to 
swivel as the truck hauls the load (Figure 7).  

 

Figure 7. Gooseneck trailer. Source: M.H. EBY, Inc. 

The final trailer type is the “pup” trailer. These trailer types come in a wide variety of shapes and 
sizes, but are most often used to carry smaller numbers of livestock over short distances.  
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Current Transport Mitigations  
In general, modern swine transport trailers are designed not only to minimize leakage of bedding, 
manure, and urine (Figure 8), but also to allow for easy cleaning (Figure 9). In fact, many states 
have made explicit laws which prohibit express-trailer content escape during transport. In most 
cases these laws specify requirements for trailer construction which minimize leakage of manure 
and urine onto the road while in use. Examples of these laws include Nebraska Revised Statute 
60-6,304, which states:  

. . . for a vehicle that contained livestock, but still contains the manure or urine of such 
livestock, no vehicle shall be driven or moved on any highway unless the vehicle is so 
constructed or loaded as to prevent its contents from dropping, sifting, leaking, or 
otherwise escaping from the vehicle.33 

As well as Minnesota statute 169.81 Subd. 5:  
No vehicle shall be driven or moved on any highway unless such vehicle is so constructed, 
loaded, or the load securely covered as to prevent any of its load from dropping, sifting, 
leaking, blowing, or otherwise escaping therefrom.34 

 
Figure 8. Rear-end sheet drain to prevent leakage 
while on the road. Can be opened for easy washout. 

 

 

 

 

 

 

 

 

 

 

Figure 9. Inside of hog trailer. Aluminum  
surfaces allow for easy cleaning/disinfection. 
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9 Hazard Identification 
FMD is a highly contagious viral disease affecting primarily cloven-hoofed animals. The disease 
is characterized by the development of vesicles in and around the mouth and on the feet. 
Although natural FMD infection rarely causes the death of mature animals, the disease results in 
decreases in livestock productivity and causes serious economic impact on international trade of 
animals and animal products.35 
FMD was last reported in the United States in 1929 and in North America in 1952 (Canada) and 
1954 (Mexico). As of May 2016, of the OIE’s 178 member countries, 95 do not have FMD-free 
status, 68 are recognized as officially FMD-free (67 without vaccination and one with 
vaccination), and 15 have officially FMD-free zones (7 without vaccination, 6 having zones with 
or without vaccination, and 2 having zones with vaccination). Out of the 95 countries without 
FMD-free status, 1 had an official status that is currently suspended (current FMD status can be 
found at www.oie.int). There is substantial concern about incursions of this disease into the 
United States because of the unexpected occurrence of FMD outbreaks in previously FMD-free 
countries, including Taiwan (1997, 2000); Japan ( 2000, 2010); South Korea (2000, 2002, 2010); 
North Korea (2007); South Africa (2000, 2006, 2007); Argentina (2001, 2006); Russia (2006, 
2007); and Europe (2001). The potential risks and impacts of FMD were demonstrated by the 
severe economic and livestock losses experienced in the United Kingdom in 2001.14 The 
historical consequences of these FMD outbreaks have reinforced the need for FMD awareness 
and evaluation of the possible pathways by which FMDv can spread and infect livestock and 
contaminate food sources, and how these can serve as a further route for spread of the virus .14 

9.1 FMD Virus Characteristics (Agent) 
The FMDv is a member of the Aphthovirus genus within the Picornaviridae family.36 The virus is 
non-enveloped, about 25 nm in diameter, and has icosahedral symmetry. It contains a molecule 
of single-stranded RNA and 60 copies of each of the four structural polypeptides (VP1, VP2, 
VP3, and VP4). VP1 contains antigenic determinants important in stimulating neutralizing 
antibodies in infected hosts.36  
There are seven serotypes: A, O, C, SAT 1, SAT 2, SAT 3, and Asia 1. Each serotype can be 
divided further into subtypes. Serotypes A, O, C, SAT 1, SAT 2, SAT 3, and Asia 1 contain 32, 
11, 5, 3, 6, 3, and 4 subtypes, respectively. All serotypes produce disease, which is clinically 
indistinguishable but immunologically distinct.37 There is no cross-immunity conferred between 
serotypes.37 Serotype O is the most prevalent and occurs in many parts of the world.38 Within 
each serotype is a spectrum of antigenic variation resulting in strains having close or distant 
relationships to each other. Serotype A has the greatest antigenic variation.37,38 

9.2 Host Range 
Cloven-hoofed animals (ungulates) are the natural domestic and wild hosts of FMDv. They are 
susceptible to all seven serotypes and subtypes of FMDv. The severity of illness may differ 
depending on the specific serotype and the species that is affected. Susceptible species include 
cattle, pigs, sheep, goats, water buffalo, impala, bison, African buffalo, antelope, reindeer, 
moose, elk, hedgehogs, porcupines, giraffes, elephants, and Bactrian camels.39 Horses are 
resistant to FMDv infection. New World camelids (llamas, alpacas, vicunas, and guanacos) have 
low susceptibility to FMDv infection.39 FMDv may also be transmitted to mice, rats, guinea pigs, 
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rabbits, hamsters, embryonating chicken eggs, chickens, and various wild species, including 
European hedgehogs, chinchillas, muskrats, armadillos, and peccaries. However, these latter 
species are not generally capable of spreading FMDv.39  
The FMD virus is not readily transmissible to humans and thus should not be considered a 
zoonotic disease (OIE, 2008).40,41 Cases of human disease are rare and have resulted in 
temporary and mild signs of disease (fever; vesicles on the hands, feet, or in the mouth).39 
Humans can become infected with FMDv through the following routes: (1) entry through skin 
wounds and mucous membranes when handling diseased livestock, (2) exposure in laboratory 
situations when handling contaminated samples or vaccines, and through the exposure routes 
mentioned in (1), and (3) by drinking contaminated unpasteurized milk.35 In contrast, hand, foot, 
and mouth disease (HFMD) in humans is an unrelated viral disease that primarily affects infants 
and children. The human disease is often confused with FMD of livestock, but the two diseases 
are not related and are caused by different viruses. 

9.3 Resistance to Chemical Agents and Physical Conditions 
Physical conditions such as heat, extremes of pH, and desiccation can inactivate FMDv. Virus 
infectivity can persist for days to months under moist, low-temperature conditions.42 The virus is 
most stable at a narrow range of pH (7.4 to 7.6), and is rapidly inactivated below a pH of 4 and 
above a pH of 11.43 At temperatures of 4°C or below, the virus is able to maintain its infectivity 
for weeks within the pH range of 6.7 to 9.5, but this range narrows as the temperature 
increases.44,45 Tables 6 and 7 present the effects of temperature and pH on time for a one-log 
reduction of virus in suspension.42,43 The temperature resistance of viral agents in culture media 
differs from their resistance in pork meat and organs; virus survival is longer in culture media 
than in organs at 4°C.46 It is important to note that inactivation of FMDv in meats requires a 
higher temperature and a longer inactivation time, which is discussed later in Section 9.7.  
Additional information on chemical inactivation of FMDv and approved disinfectants can be 
found in Appendix 4. 

Table 6. Effect of temperature on time to achieve 1-log FMDv inactivation in  
suspension at pH 7.545 

Temperature (°F) Temperature (°C) Inactivation time (1 log) 

142 61 30 seconds 
131 55 2 minutes 
120 49 1 hour 
109 43 7 hours 
99 37 21 hours 
68 20 11 days 
39 4 18 weeks 
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Table 7. Effect of pH on time to achieve 1-log FMDv inactivation in suspension  
incubated at 4oC45 

pH Inactivation time (1 log) 

10 14 hours 
9 1 week 
8 3 weeks 

7–7.5 >5 weeks 
6.5 14 hours 
6 1 minute 
5 1 second 

 

9.4 Dose Response in Experimental Studies 
The estimated minimum infectious doses that have been reported to produce clinical disease in 
cattle, sheep, and pigs are presented in Table 8. This table is based on experimental work that 
was not necessarily designed to determine an infectious dose, but rather to determine the dose 
which would reliably infect an animal for research purposes. These are not absolute values but 
are estimates based on different experimental designs in which small groups of animals and 
different methods were used; therefore, they are not necessarily directly comparable.47 Animals 
are relatively insensitive to experimental infection by oral exposure to virus 48 and require an 
infectious dose of 105-106 TCID50.49 

Table 8. Selected estimated minimum infectious doses (TCID50)* for cattle, sheep, and pigs by 
route of exposure47,48 

Species Inhalation Nasal inoculation Oral 

Cattle 10 104-105 105-106 

Sheep 10 104-105 105-106 
Pigs >800 Unknown 104-105 

*Doses are given as TCID50 (the amount of virus necessary to have a cytopathic effect on 50% of cells in bovine thyroid 
tissue culture). 

 

9.5 FMD Transmission Characteristics 
FMD is most often spread by the movement of infected animals, which excrete large amounts of 
virus. Other animals, especially ruminants, are then usually infected via inhalation of infectious 
bioaerosols originating mainly from the respiration of infected animals.49,50 In pigs, spread may 
also occur by ingestion of contaminated animal products such as milk or unprocessed waste 
food. This transmission pathway has resulted in international spread of the disease in the past. 
Feeding of unprocessed wasted food (not thermally treated, 100°C for 30 minutes, according to 
USDA regulations) to livestock has been forbidden in the United States.51 Infection may also be 
spread by fomites such as contaminated transport vehicles or milking machines, or on the hands 
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of animal caretakers. Aerosol spread has also been reported,52 most often from pigs to cattle or 
other ruminants. This is because pigs excrete high concentrations of virus but are relatively 
resistant to airborne infection, while cattle and other ruminants excrete less virus via the 
respiratory system yet are highly sensitive to infection by the airborne route.53 
The efficiency and speed of spread by any of the mechanisms mentioned above are highly 
dependent on the quantities of virus, the rate of contact (i.e., the rate at which susceptible stock 
contact the virus), and the susceptibility of the recipient animal. 

9.6 Viral Shedding and the Course of Infection in Swine 
The incubation period for FMDv is the entire length of time between exposure, infection, and 
shedding (animal exposed, infected, and shedding the virus). This is well-depicted in the figure 
from Kinsley et al. in their 2016 publication regarding FMDv in swine (Figure 10).7 The 
incubation period includes the latent phase of infection, and the latent period has been described 
fairly consistently as lasting 1 to 2 days.54 However, the incubation period is extremely variable 
and depends on the strain, virus dose, route of transmission, and husbandry situations.47 It is well 
known that FMDv-infected animals can shed virus during the incubation period, i.e., the period 
just before the first detectable clinical signs are noted.5 The peak of viremia can occur just before 
the animal presents with clinical signs.55 Alexandersen et al.56 summarized the variability 
observed in the incubation period of the disease for domestic livestock.  

 
Figure 10. Time course of FMD infection in pigs infected through contact with an inoculated 
pig7 

Both animal-level and farm-level descriptions of incubation periods are important to keep in 
mind as they have implications for within-farm and between-farm transmission of FMDv, 
respectively. 
Animal-level incubation periods vary because of the strong inverse relationship between the dose 
of virus and the length of the incubation period, i.e., the higher the dose, the shorter the 
incubation period. For example: 

• The individual pig incubation period is generally 2 to 14 days but may be as short as 24 
hours, especially in pigs experiencing a very high challenge (high-dose exposure).57 
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• Pig-to-pig transmission within the herd typically occurs following an incubation period of 
2 to 6 days, with shorter incubation periods for pigs experiencing large amounts of direct 
contact and longer incubation periods for pigs with less direct contact.57 

Farm-level incubation periods varied as follows: 

• The incubation period for farm-to-farm airborne and indirect contact spread ranged from 
4 to 14 days.58  

• The incubation period for farm-to-farm spread resulting from direct contact may range 
from 2 to 14 days.58 

Thus, for control purposes, the OIE considers 14 days as the FMDv incubation period for a 
farm.59 
Pigs are generally believed to be the most effective shedders of airborne FMDv,60,61 whereas 
cattle are believed to be most sensitive to aerosol infection.62 63 Aerosolized virus emitted by 
animals is related to the amount of virus present in oral fluid, blood, and nasal swabs, which can 
be detected before clinical signs.47,64  
FMDv is present in multiple tissues, secretions, and excretions, such as the urine, feces, blood, 
and aerosols, of infected animals during subclinical, clinical, and convalescent stages (Figure 
11). Urine and feces contain virus in a lower concentration than is found in tissues, such as skin, 
pharynx, tonsils, and lymph nodes. Fresh feces collected from the floor have been found to 
contain small concentrations of the virus up to 14 days post infection in pigs.65 The amount of 
aerosolized virus from infected animals can vary considerably. In comparison with other animals 
affected by FMD, infected pigs have been reported to produce larger amounts of aerosolized 
virus. Aerosols from infected pigs contained from 4.5 to 8.6 log10 TCID50 of virus per adult pig 
(those weighing 90-100 kg) per day.66  
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Figure 11. Viral shedding by stage of infection   

Credit: Professor Poul Hyttel (Stenfeldt and Arzt, 2016).67 

 
Infected animals can shed the virus up to 4 days before clinical signs are seen. Table 9 describes 
the various stages of infection for pigs, as determined by Mardones (2010).68   

Table 9. Descriptive statistics for the duration of shedding of serotype O FMDv in swine 

FMD Stage Days: mean, median (25th, 75th percentile) Amount of virus shed 

Latent 3.1, 2 (2, 4) None, undetectable 

Subclinical 2.3, 2 (1, 3) Moderate 

Infectious 5.7, 5 (5, 6) Copious 
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9.7 FMDv Concentration and Survival in Swine Secretions and the 
Environment 

FMDv retains infectivity for considerable periods of time in the environment and in animal 
secretions if it is protected from desiccation, heat, and adverse pH conditions. The virus may 
survive for 14 days in dry fecal material, 6 months in slurry in winter, 39 days in urine, 28 days 
on the surface of soil in autumn, and 3 days on the surface of soil in summer.47 Such 
observations have generally been made in countries with a temperate climate, and these survival 
times can be expected to be much the same in warmer climates.69 
Table 10 provides the approximate amount of virus shed by pigs through various 
excretions/secretions. It should be noted that the amount of virus excreted will also vary based on 
the serotype and strain of the virus. 

Table 10. Amount of FMD virus shed through different excretions/secretions by pigs 

Secretion/excretion 
type 

Maximum titer 
average (range),  log 

TCID50/mL 

Environmental 
survival of the virus  

References 

Aerosol 6.00* 
(4.48, 8.60) 

Ambient temperature 
dependent  

Bravo de Rueda, 
201466 

Feces 102.9 ID50/g 14 days (dry feces),  
6 months (slurry) 

Parker, 197165; 
Alexandersen et al., 
200356 

Urine NR 39 days Alexandersen et al., 
200356 

Saliva (5.25, 8.5)** 2 days at 37°C 
3 weeks at 26°C 
5 weeks at 4°C 

Hyslop, 196570; 
Hyslop, 197071 

Blood 5.18 
(3.90, 6.50) 

4 days*** Cottral, 196972; 
Bravo de Rueda, 
201466 

Hay  NR 200 days Hyslop, 197071 

NR: Not reported 
*TCID50 per adult pig (90-100 kg) per day for aerosol excretion 
**Cattle saliva 
***Cattle blood 
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Table 11 summarizes the survival of FMDv under various conditions. Under the constant pH of 
7.5, FMDv survival decreases as temperature increases. As noted earlier, survival is prolonged at 
a pH of 7 to 7.5 and the virus is most easily inactivated in acidic conditions.44 FMDv is sensitive 
to desiccation. Relative humidity and temperature are the primary factors that affect survival of 
the virus in the environment. Virus survival is enhanced when the relative humidity exceeds 
70%, and survivability is poor when the relative humidity is below 50% to 60%.49 Sunlight and 
ultraviolet radiation have little effect on survival.73 

Table 11. The effect of temperature and pH on time for 90% FMDv inactivation45 

Effect of temperature (pH at 7.5) Effect of pH (at 4°C [39°F]) 

Temperature  
(°C [°F]) 

Inactivation time  
(90%) 

pH Inactivation time  
(90%) 

61°C (142°F) 30 seconds 10 14 hours 

55°C (131°F) 2 minutes 9 1 week 

49°C (120°F) 1 hour 8 3 weeks 

43°C (109°F) 7 hours 7-7.5 >5 weeks 

37°C (99°F) 21 hours 6.5 14 hours 

20°C (68°F) 11 days 6 1 minute 

 4°C (39°F) 18 weeks 5 1 second 

Source: Pharo H.J., 200245 
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Survival time of FMDv post-mortem depends on the stage of disease at the time of death, the 
tissues containing it, and the strain of virus (Table 12 below).56,67,74,75 

Table 12. FMDv survival times in artificially inoculated pig tissues under refrigeration 
temperatures (4-7°C) 

Tissue Initial inoculation Survival period 

Muscle 107.5 TCID50/mL 24-28 hr 

Liver 

Kidney 

Spleen 

Blood 107.5 TCID50/mL 10 daysa 

Brain 

Lung 

Bone marrow 

Stomach 

Lymph node 

Intestine 

Tongue 

Bacon 

Muscle  107.5 PFU/mL 0-16.6% of samples positive after 72 hrb 
Fat 107.5 PFU/mL 66% of samples positive after 72 hrb  
Bone marrow 107.5 PFU/mL 50% of samples positive after 72 hrb 

Fat 107.5 PFU/mL 72 hrc 
Muscle 107.5 PFU/mL 72 hrc 

Muscle 106 TCID50 (0.5 mL 
inoculum) 

72 hr 

Muscle artificially 
contaminated with virus 

106 TCID50 (0.5 mL 
inoculum) 

97% inactivation after 72 hrd 

TCID50 (median tissue culture infectious dose) is the amount or quantity of a pathogenic agent (e.g., FMDv) required to produce a 
damaging effect on 50% of cells in the tissue inoculated. 

PFU (plaque-forming units) = Provides an estimation of the number of infectious viral particles present by measuring the number of 
clear areas (areas of cell lysis) that are formed for a given culture plate area. 

aSavi  et al, 196276 
bMcKerchet et al, 198777 
cPanina et al, 198978 
dChou and Yang, 200444 
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9.8 Clinical Signs of FMDv in Swine 
Lameness is often the first noticeable clinical sign of FMD in swine. There is an initial acute rise 
in temperature to 105°F (40.5°C) or higher. Areas of epithelium of the feet and mouth may 
become blanched, followed by the formation of vesicles and erosions. Vesicles up to 3 
centimeters (cm) in diameter may be found on the snout, lips, tongue, hard and soft palate, 
coronary band, interdigital clefts and bulbs, and around the dewclaws.79  
Vesicles may also be seen on the teats of lactating sows. Slobbering and chomping are common 
signs. Pregnant sows may abort or deliver stillborn, infected pigs. Unexpected deaths may occur 
in neonatal pigs, sometimes before signs or lesions are apparent in the sow. By the time signs are 
readily apparent, there are usually cutaneous vesicles or bullae. Signs develop rapidly and 
morbidity quickly increases. Mortality usually is less than 5%, but there can be higher mortality 
in young pigs. If vesicles rupture (usually 6 to 24 hours after formation), a serous fluid is 
released. Eroded hyperemic, hemorrhagic lesions are present. The hoof may become detached if 
the vesicles are concentrated around the coronary band. Severe laminitis may be followed by a 
chronically lame foot. Lesions heal within 7 to 14 days if no secondary infection occurs.58,80  
In contrast to cattle, it is not believed that pigs remain persistent shedders of FMDv. The most 
extensive investigation of FMDv persistence in pigs conducted to date concluded that domestic 
pigs are unlikely to be competent long-term carriers of infectious FMDv.81  

9.9 Diagnosis 
Confirmatory diagnosis of FMDv in swine is accomplished by several methods in the laboratory, 
but these can be grouped into two general categories: detection of FMDv antigen and detection 
of FMDv antibodies. In the absence of readily available confirmatory laboratory tests, a 
presumptive diagnosis of FMDv may be made on the premises if the following clinical signs are 
present: lameness, fever, blanching of the epithelium of the feet, mouth, and snout, increased 
salivation, abortions, and elevated mortality in young pigs (less than 6 weeks of age). Since one 
of the first clinical signs to appear is lameness, on-farm active surveillance for lame animals is of 
paramount importance.80 Once lame animals are identified, the feet should be closely examined 
for vesicles and bullae, i.e., swellings of the skin filled with fluid. Such fluid-filled lesions 
contain copious virus antigen and are useful for confirmatory laboratory detection of FMDv 
antigen by a number of methods: PCR, virus isolation, antigen-capture ELISA, and in-situ 
hybridization.55,82 
The FAD Investigation Manual offers detailed information on sample collection and diagnostic 
testing. Specifically, the FAD PReP Manual states, “To detect FMDv antigen in FMDv-infected 
animals, virus isolation (VI), antigen enzyme-linked immunosorbent assays (ELISAs), and real-
time reverse transcriptase polymerase chain reaction (rRT-PCR) assays are used. Samples to 
collect for testing include vesicular epithelium, vesicular fluid, epithelial tissues, esophageal-
pharyngeal fluid, blood, serum, and oral and nasal swabs.”4  
There are also several serological tests to detect FMDv-exposed animals, and some help to 
discriminate vaccinated from infected animals. The structural protein-based assays such as the 
virus neutralization test (VNT), solid-phase competitive ELISA (SPCE), and liquid-phase 
blocking ELISA (LPBE) are all, according to the FAD PReP Manual, “highly sensitive, 
serotype-specific tests that detect FMDV antibodies. These assays may be utilized for 
confirmation of infection (previous or ongoing) and to monitor immunity following vaccination. 



Working Draft 

Risk Assessment of Movement of Weaned Pigs During FMD Outbreak in the U.S.  

 

Page 44 of 179 

Low titer ELISA-positive sera must be confirmed by VNT to exclude false positive results. The 
VNT confirms the FMDV serotype and a version of this test is used to determine the serotype 
subtype during vaccine matching.” 
There are also several assays that are nonstructural protein (NSP)-based. According to the FAD 
PReP Manual, “. . . these ELISA and ELISA and enzyme-linked immunoelectrotransfer blot 
(EITB) assays measure antibodies to NSP (3B, 2C, 3D, and 3ABC). Commercial ELISAs 
measure antibodies to 3ABC or 3B. The virus infection association antigen, VIAA, is an agarose 
immunodiffusion (AGID) test that detects antibodies to NSP 3D. These assays are not serotype-
specific and they are used as screening tests. The PrioCHECK® FMDV NS (formally Ceditest® 
FMDV-NS) is an ELISA that detects antibodies to NSP 3ABC of FMDV with specificity greater 
than 99 percent in non-vaccinated pigs. The sensitivity of PrioCHECK® varies greatly in 
vaccinated pigs depending upon time between infection and testing, clinical signs, and carrier 
status. PrioCHECK® FMDV NS can discriminate vaccinated from infected animals, and is best 
used as a herd test rather than an individual animal test.” 

9.10 Differential Diagnosis 
The clinical signs of FMD cannot be distinguished from other viral vesicular diseases of swine, 
such as vesicular stomatitis (VS),83 vesicular exanthema of swine (VES),84 senecavirus A (SVA) 
(formerly Seneca Valley Virus [SVV]),85 and swine vesicular disease (SVD).56,86   
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10 FMD Introduction Pathways (Entry Assessment) 
The entry assessment describes the likelihood of a premises in a Control Area becoming infected 
with FMD and the release of FMDv during the movement of FMD-infected but undetected pigs 
from the origin premises. For each introduction pathway, the likelihood of occurrence was 
evaluated based on available scientific information, logical assumptions, and input from experts. 
The pathways considered in the entry assessment that would result in the release of FMDv 
through the movement of live pigs were the following: 

Likelihood of gestation/farrowing swine premises in a Control Area becoming infected 
with FMDv 
This pathway evaluates the likelihood of a farrowing facility to become infected via nine 
potential entry pathways: people, feed, water, geographic and/or aerosol transmission, 
fomites, animals, biological materials, insects/arthropods, and wildlife. 
Likelihood of detecting infected swine on the origin premises prior to movement 
This pathway evaluates the impact of active observation of clinical signs during an FMD 
outbreak on the likelihood of detecting the disease on a sow farm before weaned pigs are 
shipped to other premises.  

Likelihood of FMDv release during transportation of infected but undetected pigs  
This pathway evaluates the likelihood of the release of FMDv to susceptible species 
during the routine transport of infected but undetected weaned pigs. Transportation 
conditions (e.g., stocking density, amount of bedding used, and amount of airflow), 
transport time, quantity of virus shed in bodily excretions, and the potential for virus to 
escape from the truck were evaluated. 

10.1 Likelihood of Gestation/Farrowing Swine Premises in a Control Area 
Becoming Infected with FMDv    . 

An evaluation of potential entry routes for FMDv into a sow gestation and farrowing facility was 
done using peer-reviewed scientific literature, logical assumptions, and opinions from experts on 
swine health and management. Nine potential entry points were identified: people, feed, water, 
geographic and/or aerosol transmission, fomites, animals (e.g., domestic pigs and ruminants), 
biological materials, insects/arthropods, and wildlife. The assessment of each pathway assumed 
commonly recommended industry biosecurity practices for sow gestation and farrowing facilities 
were in place.21 For those pathways with a potential for virus introduction, the likelihood of 
FMDv introduction in the Control Area was evaluated with the assumption that Enhanced 
Biosecurity Recommendations as outlined by the SPS Plan3 were in place. A quantitative 
assessment for disease spread both inside and outside the Control Area was then performed using 
within-herd and between-herd models for local area spread.   

10.1.1 People 
FMDv may be introduced onto the origin premises by people or their vehicles. People who visit 
premises which house farrowing operations include veterinarians, inspectors, farm workers, 
family/friends, and delivers/haulers of feed, mail, manure, farm supplies, and propane, among 
others. Humans can carry FMDv in their nasal passages for up to 36 hours, and on their hands, 
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under their nails, and on their clothing and boots for 9 weeks in summer conditions and 14 weeks 
in winter conditions.87,88 Historically, certain FMDv outbreaks have also been associated with 
people bringing food products of international origin onto a farm, such as the U.S. outbreak in 
1929, when Argentinian meat scraps from a cruise ship were fed to hogs in Los Angeles, 
California.87 More recently, in the 2010-2011 FMDv outbreaks in the Republic of Korea, people 
and their vehicles were cited as putative sources of infection for pigs and cattle.89 
One possible pathway for transmission via visitors or their vehicles involves contamination of 
the person or vehicle at an infected but undetected premises, and subsequent cross-contamination 
of a virus-free swine premises. This pathway is shown below in Figure 12. 

 
Figure 12. Pathway by which virus may enter a farrowing operation due to FMDv contamination 
of visitors or their vehicles 

Farrowing premises employees may also become contaminated by contacting a person who has 
worked on a different premises. This pathway is diagrammed in Figure 13. 
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Figure 13. Pathway by which virus may enter a farrowing operation due to FMDv contamination 
of growers or employees via social interactions 

10.1.1.1 Standard Industry Biosecurity Practices 

Biosecurity practices regarding personnel in gestation and farrowing swine operations, such as 
those described and recommended for pig farming systems worldwide by the United Nations 
Food and Agriculture Organization (FAO), OIE, and World Bank,90 have been categorized into 
four areas: access deterrents, employees, visitors, and delivery vehicle drivers. For the U.S. 
swine industry, these four areas are considered fundamentally important for the health and 
security of swine farms and are, arguably, commonplace, yet implemented using a variety of 
methods.21,91 Specific sub-categories for access deterrents, employee, visitor, and delivery 
vehicle biosecurity practices are listed below. 
Examples of access deterrents are as follows:  

• The premises has an established line of separation (LOS) that is clearly defined and 
communicated and of which all employees and visitors are informed.  

• The premises has an established biosecurity protocol for employees and visitors. 

• Biosecurity information signs are posted at the farm entrance. 

• All swine buildings on the property are secured with locks when no one is present.  
Regarding farm employees, specific biosecurity practices include these:  

• Employees are not allowed to have routine contact with other swine farms or pigs. 



Working Draft 

Risk Assessment of Movement of Weaned Pigs During FMD Outbreak in the U.S.  

 

Page 48 of 179 

• Employees must shower-in, shower-out, and wear site-specific clothing and footwear.   

• Employees must have a downtime requirement before re-entering the farm following 
contact with other swine farms or pigs.  

Regarding visitors, specific biosecurity practices include these:  

• Approved visitors must shower-in, shower-out, wear farm clothing and footwear, and 
take appropriate downtime if they have had contact with other swine.  

• Visitors must sign in.  

•  Visitor logs are maintained by the facility manager.  
For delivery vehicle drivers (pig delivery drivers and other delivery drivers such as feed, semen, 
supplies, equipment, etc.), specific biosecurity practices are as follows:  

• The producer tells the truck driver where the LOS is.  

• The truck driver should never cross the LOS to help move pigs, equipment, or feed from 
the barn. 

• Drivers are not allowed to fill out paperwork in the office. 

• No pigs are allowed to exit the truck and go back to the barn during the loading process.  

• There is minimal to no cross-over between the path of the delivery hauler/crew and that 
of other farm traffic. 

Lapses in any or all of the above biosecurity areas may occur with varying frequency and may 
differ depending on management, geographic location, and other husbandry and logistic factors. 
Failure to follow these biosecurity measures could result in visitors having unrestricted access to 
premises and then having direct or indirect contact with pigs.   

10.1.1.2 Enhanced Biosecurity Practices 

It is assumed that farrowing operations within the Control Area will follow the  Enhanced 
Biosecurity Recommendations (EBRs) proposed by the SPS Plan in addition to current industry 
biosecurity practices regarding personnel and visitors.3 They include four key concepts that all 
pork production sites must implement to help protect their animals in the event of an FMDv 
outbreak: 

1. Designation of a Biosecurity Manager 
2. Possession of a written, site-specific, enhanced biosecurity plan 
3. Designation of a defined Perimeter Buffer Area (PBA) 
4. Designation of a defined Line of Separation (LOS)  

Within the written, site-specific, enhanced biosecurity plan, these specific recommendations in 
the SPS Plan apply to people3: 

• Training of all employees and communication with delivery/service personnel on the 
EBRs should be documented. 
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• Prior to arriving at the premises, individuals should shower and change into clean clothes 
and footwear:  
○ after their last contact with off-site FMDv-susceptible animals and 
○ before leaving their home if their home is located on a pig premises. 

• All employees and visitors should have a signed agreement on file to shower and wear 
clean clothes and footwear prior to arrival at the site. Furthermore, employees and 
visitors should agree to not have any contact prior to arriving on the site with animals or 
facilities where livestock or deadstock are held. 

• One entry point should be established for personnel to cross the LOS. 

• The PBA should be clearly defined. 

• Access to the PBA should be restricted through a single entry with a gate which is locked 
when the facility is not attended. 

• Signs should be placed at the entrance to the PBA restricting access. 
In addition to the above EBRs for people who wish to enter the PBA and have possible contact 
with pigs, the vehicles carrying said people need to be cleaned and disinfected prior to entering 
the PBA.3 

10.1.1.3 Qualitative Analysis 

We considered the following qualitative factors for evaluating these pathways: 
Social contacts 
There is the potential for people who work on swine premises to have regular social or other 
contacts with other swine-premises workers, especially in swine-dense regions. These contacts 
will likely occur off the swine premises. The potential level of contamination on the people when 
they are meeting each other may vary, and depends in part on the level of on-farm biosecurity at 
their respective premises. People from swine premises operating under EBRs may represent a 
lower risk. If EBRs are in place, some activities with a risk for lateral transmission of FMDv are 
prohibited. There are fewer biosecurity stipulations for people in other sectors of the swine 
industry during an FMDv outbreak, especially for premises that are not within Control Areas. 
The risk may be decreased for people who shower and change into clean clothes and footwear 
after meeting with potential contacts and prior to arrival on the site. 
In an FMDv outbreak, people from swine premises located within the Control Area are advised 
to take measures to remove any potential virus contamination before departing the premises, 
such as disposing of PPE (farm-specific clothing and footwear), hand hygiene, and showering 
out, in conjunction with the EBRs in the site-specific Biosecurity Plan for the premises. 

Visitors 
In an FMDv outbreak Control Area, the SPS Plan recommends farm-specific clothing and 
footwear for people who enter swine premises, and people must use a Biosecure Entry Procedure 
to enter the PBA. Biosecurity measures for people, such as PPE, showering, and hand hygiene, 
have been effective in reducing the likelihood of virus transmission in previous studies.92,93 
While it is reasonable to assume that biosecurity may be heightened in the face of an FMDv 
outbreak, the practices used on individual swine premises will likely vary. 
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Potential contamination to vehicles or people may be mitigated by biosecurity measures required 
during normal operations, such as vehicle access and traffic pattern guidelines and keeping 
vehicles in locations outside the PBA when possible. Truck and driver mitigations are intensified 
during an outbreak, as recommended by the SPS Plan, to address contamination of the vehicle 
cab, hands of the driver, and shoes of the driver and passenger. 
The potential pathways involve multiple virus transfer steps between contact surfaces. In general, 
the chances of the pathway resulting in virus transmission decrease as the number of contact 
steps that need to occur increases. Furthermore, even if the transfer steps occur, there would 
likely be a substantial reduction in the virus concentration transferred with each contact step.91  
As an example, viral contamination on the exterior of a vehicle on an infected and undetected 
farm, already reduced by dilution outside the farm, would undergo multiple transfer steps (e.g., 
vehicle tires→ travel to social meeting place→ ground→ tires of vehicle from uninfected 
premises→ travel to uninfected farm→ ground→ person’s boots→ uninfected barn on another 
premises), resulting viral load reduction. If, however, the social contact results in direct 
contamination and the newly contaminated person later enters the swine barn, fewer contact 
steps are needed. Similarly, if a vehicle were contaminated on the road en route to a farrowing 
premises, fewer transfer steps would be needed to complete the pathway, especially if the vehicle 
was not properly cleaned and disinfected prior to crossing the PBA at the premises. 

Vehicles and Tasks 
Activities that require visitors or vehicles to cross the PBA, or that have an especially high 
likelihood of causing contamination with virus-laden materials, may represent a particular risk 
for transmission. Feed trucks and drivers may visit multiple swine operations on the same day, 
which decreases the time virus must survive on the truck. Additionally, feed trucks may need to 
cross the PBA on some farrowing premises to reach the feed delivery area. It is recommended 
that people who cross into the PBA to perform their duties should put on cleaned and disinfected 
footwear or new, disposable footwear and disposable gloves or apply hand sanitizer as they cross 
into the PBA or as they leave their vehicle if parked within the PBA. 
Workers and vehicles involved in other activities, such as carcass disposal, manure pit 
management, and use of associated manure handling equipment, have a high likelihood of 
contacting contaminated products and may visit multiple swine farms during the course of 
normal business. Pig feces are known to contain detectable levels of FMDv (102.9 ID50/ml of 
feces in one study),65 and pigs also excrete FMDv in aerosols when they breathe (105-108 
infectious units per day in aerosols).94 Manure slurry contains not only feces but also urine, 
waste water, and aerosol droplets that settle onto the manure. The actual levels of virus in 
manure slurry during an FMD outbreak are unknown,95 but manure remains an infection threat 
that must be mitigated. For more information on viral titers in organs and carcasses, please see 
Section 9.7. 
The EBRs regarding manure management, in particular, for people hauling manure or operating 
manure handling equipment state that they must shower and change into clean clothes and 
footwear prior to arriving at the premises. The EBRs outlined in the current SPS Plan do not 
explicitly prohibit off-site mortality disposal, but suggest that trucks should remain outside the 
PBA where feasible.3  The duration for which a premises could suspend off-site mortality 
disposal is likely variable and depends on seasonality, premises type, and current (non-outbreak) 
disposal practices. In the US, use of rendering for mortality disposal is more common on 
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finishing farms, while composting of carcasses may be more common (but not universally 
employed) on sow farms (Swine working group, personal communication, 6/1/18).  While not 
routine, the duration that off-site mortality disposal could be suspended during an outbreak may 
be expanded through use of refrigerated trailer units where available (Swine working group, 
Personal communication, 6/1/18). 

10.1.1.4 Risk Rating and Conclusion 

Qualitative analyses of the potential pathways for FMDv introduction by people and their 
personal vehicles, such as those in Figures 12 and 13 which illustrate the ways people may 
become FMDv-contaminated and subsequently come into direct or indirect contact with swine 
on a farrowing premises, were completed in order to estimate the risk of FMDv transmission via 
people. Assuming the EBRs specified in the SPS plan are in place and adequately applied, the 
likelihood of a farrowing and gestation swine operation in a Control Area becoming infected 
with FMDv by people was estimated to be negligible to low. 

10.1.2 Feed 
Pigs are more susceptible to FMDv infection via the oral route than through inhalation of the 
virus.67 The 2000 South Africa and 2001 United Kingdom FMD outbreaks were linked to the 
feeding of uncooked contaminated products and fodder to pigs.53,56,96 In a study conducted by 
Corso (1997), the likelihood of the introduction of several exotic diseases including FMDv to 
domestic swine in the continental U.S. was assessed via feeding uncooked swill.97 The analysis 
indicated that, given international travel patterns and worldwide prevalence of the diseases 
examined, the likelihood of exposure was highest for classical swine fever and FMDv.97 Feeding 
of uncooked or raw food waste is prohibited by federal regulations and is described in the Swine 
Health Protection Act98; premises that practice feeding of prohibited food types are outside the 
scope of this Risk Assessment. 
FMDv has been documented to survive in hay fodder for 200 days and in bran fodder for 140 
days.87 Feeding of raw milk to calves and pigs is also a possible route for disease spread.99 
FMDv can also be introduced to a farm by feeding contaminated whey protein to pigs.100 FMDv 
can survive in sweet whey but not in acid whey.87 Sweet whey is a byproduct of hard cheese 
production, and acid whey is formed during production of acid dairy products, such as cottage 
cheese or Greek yogurt. Feed could become contaminated with FMDv by various sources, 
including contaminated raw feed ingredients, and at various points, such as at the feed mill, 
during transit, or at the farrowing operation. An experimental assessment of the potential for 
FMDv to survive transoceanic shipment showed that it may survive at least 37 days in a variety 
of feed ingredients and complete feed under temperature and humidity conditions similar to 
those in shipments from China to the U.S.101 For more information on potential introduction via 
contaminated feed trucks or truck drivers, please see Section 10.1.1.  

10.1.2.1 Standard Industry Biosecurity Practices 

Current industry biosecurity practices in gestation and farrowing swine operations include the 
following102:  

• Feed is manufactured according to good manufacturing practices. 

• Feed must be delivered and stored in bird-, rodent- and insect-proof containers. 
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• Feed spills are cleaned up to avoid attracting pests and wildlife.  
Currently, there are no current regular audits, guidance, or site inspection checklists developed 
for feed mills in the U.S. 

10.1.2.2 Enhanced Biosecurity Practices 

The SPS Plan proposes the same recommendations for feed manufacturing and storage as the 
standard industry biosecurity practices.3  

10.1.2.3 Risk Rating and Conclusion 

The risk of FMDv introduction via feed ingredients themselves was not evaluated in this risk 
assessment, but it is currently under evaluation in a Swine Health Information Center–funded 
project led by Dr. Scott Dee in collaboration with Kansas State University and South Dakota 
State University.103,104 Until the mechanisms surrounding the transmission of FMDv to farrowing 
premises via contaminated feed ingredients are more fully elucidated, it may be prudent to 
mitigate this potential risk with biosecurity measures such as those described in the voluntary 
quality assurance program Pork Quality Assurance Plus (PQA Plus) and by incorporating feed 
mill audits into an overall biosecurity scheme for farrowing premises. 

10.1.3 Water 
Water is one of the six general classes of nutrients for swine, along with carbohydrates, fats, 
protein (amino acids), minerals, and vitamins.105 Efforts to provide high-quality water usually 
focus on the physical, chemical, and microbiological (e.g., viruses and bacteria) components of 
water.106 Animal secretions and excretions containing FMDv have the potential to contaminate 
runoff into waterways and/or well water. Water contamination could also occur through the 
improper disposal of dead animals and the handling and storage of manure (Figure 14). FMDv 
can survive up to 14 weeks at 0°C and 15 days at 20°C in water.69  
For the purpose of this risk assessment, well water or municipal water sources were assumed to 
be the main sources of water for swine gestation and farrowing operations. Premises which use a 
surface water supply for pigs exist, and a description of such a facility in the U.S. was supplied 
by Classen et al in 2017.107According to Classen, surface water is usually a pond that receives 
runoff water during rainfall and snow melt. Field tiles may also drain into the watershed 
supplying the pond. Mitigation measures in place to reduce bacteria and viruses in the water 
include treatments with chlorine, chlorine dioxide, hydrogen peroxide, or ozone products.106,108  
There is likely significant variation in the prevalence of facilities that use any surface water 
(including ponds and shallow wells) for human or animal consumption, cleaning, or irrigation 
(Swine Working Group, personal communication, 6/22/18).  
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Figure 14. Pathway by which virus may infect a farrowing operation due to contaminated 
groundwater supply.  Of note, this pathway has fewer steps if untreated surface water is used. 

10.1.3.1 Standard Industry Biosecurity Practices 

Preventing contamination of the source water 
In the United States, all pork producers are encouraged to become certified in the PQA Plus® 

program102 and to use Good Environmental Livestock Production Practices (GELPPs).109 
GELPPs are a compilation of best practices approved through the American National Standards 
Institute (ANSI).110 Specific management practices are outlined for manure management and 
mortality disposal, and if these are followed, contamination of groundwater by manure and 
carcasses can be prevented. Some examples include:  

• Preventing “clean” run-on water from mixing with manure or carcasses, thereby creating 
wastewater 

• Containing and land-applying wastewater according to a nutrient management plan that 
meets permit requirements 
○ If land-applied, the wastewater should be applied to land that is an appropriate 

distance from environmental receptors such as surface streams, rivers, and lakes; 
drainage well intakes; sinkholes; and drinking water wells. 

• Avoiding flood plains altogether or storing any wastewater or burying carcasses 5 feet 
above peak water table levels 
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• Minimizing erosion  

• Cleaning up spilled manure 

• Burying carcasses  
The above list is not all-inclusive and includes just a few practices from the ANSI GELPP, PQA 
Plus®, and the rules from the Minnesota Board of Animal Health and Minnesota Pollution 
Control Agency.102,109,111 In addition to these general guidelines, there are regulations at the 
federal, state, and/or local levels that prescribe additional requirements. While an exhaustive 
review of the Environment Protection Agency’s National Pollutant Discharge Elimination 
System (NPDES)112 or state-by-state requirements is outside the scope of this risk assessment, it 
is important to note that there are minimum requirements regarding manure and carcass disposal 
that need to be met to decrease or eliminate groundwater contamination. Furthermore, if the 
premises meets certain criteria regarding size and proximity to U.S. waterways, permits are 
required to dispose of manure and carcasses and these regulations are intended to prevent 
contamination of groundwater. 

Disinfection of the source water 
In an effort to manipulate the microbiological agents (e.g., viruses and bacteria) in water, 
disinfection methods may be employed.106 The most common form of disinfection for water is 
chlorination.112 Several chlorinated ingredients are listed as EPA-approved FMDv disinfectants, 
and if these are used appropriately, FMDv may be inactivated successfully.113 For more 
information on EPA-approved disinfectants for FMDv, please see Appendix 4. 

10.1.3.2 Enhanced Biosecurity Practices 

There are currently no Enhanced Biosecurity Recommendations related to FMDv contamination 
of water sources in the SPS Plan.  

10.1.3.3 Qualitative Analysis 

The following practices were considered in evaluating this pathway: 
While not designed specifically to limit FMDv, local, state, and federal (EPA) regulations 
contain stipulations for carcass and manure management to limit potential for water 
contamination. The methods recommended above, as listed in ANSI GELPP and in PQA Plus®, 
are designed to manage manure and carcasses in a manner that prevents surrounding 
groundwater contamination. Preventing manure or carcass contamination is important because 
FMDv can survive in both manure and carcasses for variable lengths of time. An experimental 
study of virus survival showed survival of less than 1 hour in farm slurry under anaerobic 
conditions and heated to 55°C; however, survival was at least 9 days at 20°C, and at 5°C, FMDv 
survives for 14 weeks or longer.114 For more information on virus titers in various carcass 
tissues, see Section 9.7. 
Surface water or runoff may travel from an infected premises to a farrowing operation via 
streams, lakes, drainage ditches, or floodplains. Farrowing operations located close to other 
livestock operations, especially within the same watershed and/or downstream from other 
operations, are more likely to contact contaminated water in the event of an outbreak. Thus, 
contaminated surface water is one of the factors that can contribute to the high rates of infected 
premises due to local geographical spread discussed in Section 10.1.4. 
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If the water supply at a farrowing operation were to become contaminated with FMDv, it is very 
likely that pigs would contact it via drinking and barn cleaning activities. For pigs to become 
infected via the oral route, they would need to ingest 4 log10 to 5 log10 tissue culture 50% 
infectious dose (TCID50),39 and more recent work has shown that the oropharyngeal route of 
inoculation may serve as a more likely route of infection in swine with lower infectious doses 
than previously reported.115 Adequate chlorination (sodium hypochlorite 3%) of the water can 
reduce the virus dose to non-infectious levels.116  However, disinfecting water in large quantities 
with chemicals needs special skill and testing before water safety can be guaranteed (both 
removal of pathogens, and reduction in chlorine content to safe levels for skin contact and 
drinking), as many properties of the water have an effect on the disinfection process.117 
Since well water is collected from aquifers that form with the accumulation of water filtering 
through soil and sediment, the amount of water and thus the amount of virus infiltrating soil 
depends on the amount of rainfall and the soil depth characteristics and moisture content.118 
Therefore, precise estimation of the level of water contamination is difficult. If the virus is able 
to penetrate the soil, it may survive in the water.119 Well water is normally neutral, with the pH 
ranging between 6.5 and 8.5.118 FMDv survives 18 weeks at 39°F and 11 days at 68°F at pH 
7.5.45 Generally, virus inactivation is slower in low temperature and at neutral pH.120 
Both surface water and water sourced from shallow wells are more likely to become 
contaminated than well or ground water sources.  Contamination of surface water is likely a 
single event, rather than an ongoing addition of virus to the water supply.  In the event that 
example contaminated sewage or milk is released into the water system,120 Schijven et al 
estimated the risk for FMD virus spread to be high to very high. If surface water was used for 
drinking, cleaning or other practices on a swine farm, chemical or other water treatments which 
are applied before use may inactivate FMDv an unknown amount; there is no published data on 
inactivation of FMD virus in surface water or water in general.  Water treatments commonly 
used by municipal water facilities achieves reduction of virus concentrations by 5–8 log10,120 
however estimates of virus reduction rates in field conditions are unknown Additionally, 
adequate methods for water disinfection in field conditions remain a critical area for future study.  
Disinfectants that are available for field use during an FMD outbreak are mostly caustic at 
effective concentrations and thus could damage clothing, shoes and rubber goods;, they are also 
corrosive to steel surfaces.121 

10.1.3.4 Risk Rating and Conclusion 

Given that (1) regulations are in place to limit potential water contamination from livestock 
operations, (2) farrowing premises adhere to PQA Plus®, ANSI GELPP, and all 
local/state/federal (EPA) regulations to limit the potential for runoff, nutrient, and bacterial 
contamination of nearby surface and groundwater, and (3) well water or municipal water sources 
are the sole sources of water used for swine gestation and farrowing facilities and chlorination is 
practiced, the risk of FMDv introduction via water was considered negligible. 
It is acknowledged that surface water or use of shallow wells may be more common in some 
areas of the US, and in the event of an outbreak, abandoning these water sources may be cost 
prohibitive or alternative water sources may not exist (SWG, pers comm, 6/22/18).  Currently, 
there are no feasible methods to disinfect surface water without expert knowledge and 
equipment, and such methods used by professional water treatment facilities are not easily 
applied to field conditions.  Given the increased risk of FMDv-contamination to surface water or 
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shallow wells relative to deep-well water or municipal water sources, the risk of FMDv 
introduction via use of untreated surface water or shallow well water on swine gestation and 
farrowing facilities was considered low. 

10.1.4 Geographic and or Aerosol Transmission 
Pigs are recognized as the largest producers of aerosolized virus, excreting virus concentrations 
in the range of 106.0 to 108.5 TCID50 per pig/day .122 Although pigs are large aerosol producers, 
research indicates they are quite resistant to infection by this route.39 An experimental study 
conducted by Pacheco et al (2010)75 determined that clinical disease could not be induced 
between pigs across a 1.3-meter open fencing gap in an animal isolation room. In an outbreak, it 
is likely that the number of infected animals and amount of aerosolized virus would far exceed 
any experimental conditions. However, the airborne transmission of FMDv aerosols is complex 
and dependent on climatic conditions, distance between an infected (bioaerosol-producing) 
premises and a farrowing premises, and species differences.  

10.1.4.1 Standard Industry Biosecurity Practices 

In general, the higher the density of pig farms in an area, the greater the risk of introducing 
disease.123 Therefore, a minimum distance of 3 kilometers (km) between pig farms is 
recommended,124,125 but is not always practical. It is a commonly repeated axiom that only an 
isolated farm will have a good chance of preventing diseases, especially those spread via the 
airborne route.126 In reality, according to the 2012 Baseline Reference of United States Swine 
Health and Management, 88.7% of all swine sites are less than 3 km from another swine site.19  
Since location is a biosecurity factor that cannot be easily adjusted, an increasingly common 
practice in the Midwestern U.S. is to install filters and filtration systems over the air intakes on 
sow farrowing facilities.127-130 Another way that swine farmers in the United States may attempt 
to reduce entry of virus-laden bioaerosols is to plant trees and shrubs around the premises as 
windbreaks or vegetative environmental buffers (VEB).131 Planting trees around farms is also a 
suggested biosecurity measure for other sectors of the livestock industry in the U.S. In particular, 
for poultry farms, this recommendation is based on a belief that the greenery may act as a natural 
filter of airborne particles going into and out of a farm.132 Supporting this belief is scientific 
evidence from the U.S. swine industry of a protective effect from disease if a farm is located in 
an area of shrubs and trees.133 In summary, if a farm is not isolated from other farms, there are 
recommended standard biosecurity measures that can be implemented, but these come at a cost. 
As a result, farm biosecurity standards related to the proximity of other farms vary greatly. 

10.1.4.2 Enhanced Biosecurity Practices 

Currently there are no enhanced biosecurity recommendations by the SPS Plan addressing 
airborne transmission of FMDv.3 

10.1.4.3 Qualitative Analysis 

The following considerations were used in evaluating this pathway:  
The stability of FMDv is affected by radiation, relative humidity (RH), temperature, and weather 
factors. RH is the major meteorological determinant affecting virus survival. It has been 
established that infective virus bioaerosols are stable at an RH above 60% and at temperatures 
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below 33°C (91°F). Sunlight and a pollution complex termed “the outside air factor” have 
minimal direct effect on virus survival.73 
The aerosols, once airborne, are subject to both physical and biological loss. Biologically, the 
virus may become inactivated if the RH of the air falls below 60% or the pH of the particle 
containing the aerosolized virus becomes acidic or alkaline.134,135 In the absence of turbulence, 
particles greater than 10 micrometers (µm) are likely to be removed from the atmosphere within 
minutes; smaller particles may remain airborne for several hours and be carried many kilometers 
in the wind.136 
The conditions which favor long-range transport of virus over multiple kilometers from animal 
sources are very specific. They include a high degree of atmospheric stability, relative humidity 
above 60%, low to moderate wind speeds, low precipitation, and flat topography, which results 
in low levels of turbulence and minimal mixing. Prevailing climatic conditions, particularly wind 
speed and the vertical temperature structure, are major determinants of physical decay of 
aerosols. The roughness of the surface over which air passes influences the amount of turbulent 
mixing.62 Topographical features also affect the direction an aerosol plume travels. The survival 
of FMDv in plumes is more likely across seaways, as the surface turbulence is low and 
concentrations of airborne particles can be maintained for greater distances than over land.87,137 
In contrast, high wind speeds, or a convective atmosphere in which air moves vertically, will 
result in rapid mixing of air, resulting in much lower downwind concentrations.87,137 
It is hypothesized that in areas with a high density of swine operations, the potential for aerosol 
transmission is greater than in low-density areas. Bioaerosols may originate from a neighboring 
infected premises, or from a vehicle transporting infected swine on a nearby public road. For 
more information on the characteristics of virus released from a transport vehicle carrying 
weaned pigs, see Section 10.3. Some sources recommend a minimum distance of 2 km between 
neighboring swine farms to minimize risk of aerosolized transmission of common viral and 
bacterial pathogens of swine, but this is not likely in high-density swine areas.138 Additionally, 
FMDv has been shown to have been windborne over land 20 km (12 miles).138 
Indoor swine facilities likely decrease exposure to aerosolized virus through physical barriers 
such as housing structures and even air filtering that is used in some facilities with a high 
biosecurity level.14 

10.1.4.4 Risk Rating and Conclusion 

Domestic swine species are in general considered to be amplifiers of FMDv and can readily 
aerosolize the virus but likely require a very high dose of virus to become infected via aerosols, 
and experimental models of aerosol infection in swine have not demonstrated successful 
transmission. In addition, the climatic conditions for airborne spread of FMDv are very specific. 
In the event of an outbreak, it is assumed that the number of infected animals and amount of 
aerosolized virus would far exceed any experimental conditions. The likelihood of aerosol 
transmission of infectious pathogens generally depends on factors such as distance, climatic 
conditions, husbandry characteristics (i.e., raised indoors vs outdoors), and use of air filtration 
systems. However, given the lack of experimental evidence to suggest that swine are susceptible 
to airborne transmission of FMDv, and given that pigs are raised indoors, the risk of a farrowing 
operation becoming infected via aerosol spread was considered to be negligible for all housing 
types, regional densities, and use of air filtration systems. 
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10.1.5 Fomites 
Infected animals shed FMDv in all of their excretions and secretions. Urine and feces contain 
lower concentrations of virus than do serum, nasal secretions, saliva, milk, and pharyngeal 
fluids139 (see Table 10). Feces contain only small amounts of virus while still in the body, but 
upon defecation they are likely to be contaminated with FMDv.65 Infectious secretions and 
excretions such as vesicular fluid, saliva, urine, and feces are important as sources of 
contamination for clothing, boots, equipment, and exposed skin, which can serve as fomites to 
spread disease to susceptible livestock.140 FMDv can survive in bedding material (e.g., hay, 
straw, wood shavings) for 4 weeks.87,141 Techniques for manure management vary with the type 
of production system, physical characteristics of the operation, and weather. Studies by Turner et 
al. (2000)95found that FMDv could be inactivated by heating pig slurry to 145.4° F (63°C) for 3 
minutes and that pilot-scale inactivation of FMDv occurred at 150.8°F (66°C) in tanks of water 
and at 141.8°F (61°C) in tanks of slurry.  
Direct contact with animal secretions and excretions, or splashing of milk, urine, or feces, can 
generate virus-contaminated fomites. Section 9.7 provides more details on the survival of FMDv 
in and on various mediums, surfaces, and environmental conditions. These contaminated sources 
may transfer the virus to fomites, leading to further spread of disease if fomites such as tools, 
equipment, clothing, or vehicles are not adequately cleaned and disinfected before next use. 
Clinical examinations and blood collection by veterinarians and other personnel increase the risk 
of indirect spread of virus by equipment and personnel during an epidemic.142 Surgical 
equipment, brushes, and artificial insemination (AI) equipment were implicated in the transfer of 
FMDv in outbreaks in Denmark in 1982 and Italy in 1993. Figure 15 delineates one potential 
pathway by which fomites may transfer FMDv to a farrowing operation. 
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Figure 15. Pathway by which virus may enter a farrowing operation due to FMDv contamination 
of fomites such as vehicles, tools, or equipment   
Note that this pathway would have fewer steps if inadequately cleaned and disinfected 
equipment were used inside a farrowing barn or came into direct contact with pigs.  

 
The use of animal transport vehicles that have not been cleaned and disinfected and the transport 
of FMDv-contaminated materials are mechanical means for spread of the virus.143-145 
Contamination of animal transport vehicles is discussed further in Section 11.1. 

10.1.5.1 Standard Industry Biosecurity Practices 

Current industry biosecurity practices in gestation and farrowing swine operations related to 
fomites were characterized into two areas: (1) vehicles and (2) tools and equipment, physical 
supplies, and bedding.  
Vehicles 
Swine operations rely upon the timely movement of employees, transportation of live animals on 
and off the premises, and deliveries of feed, supplies, and equipment on a frequent (daily, 
weekly, or monthly) basis. This results in a large number of vehicles and people moving on and 
off an operation every week. Vehicles can act as fomites, carrying FMDv on tires, in wheel 
wells, and on the undercarriage. Standard biosecurity practices in a non-outbreak situation do not 
include daily cleaning procedures for most non-livestock vehicles, but biosecurity guidelines call 
for using such measures in case of an infectious outbreak.14 For example, in routine operations, 
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feed trucks are generally cleaned once a week, not daily.146,147 Thus, before an outbreak is 
identified, vehicles are likely to act as fomites spreading the infection between farms. 

Tools, equipment, supplies, bedding 
Good biosecurity practice guidelines state that farms maintain their own set of tools and 
equipment that stays on the farm and that tools or equipment that are brought onto the farm are 
properly cleaned and disinfected before they enter and leave the farm. The PQA Plus Program 
Education Handbook states that equipment and tools should not be shared with other facilities.102 
It is, however, unclear how many farms follow these principles, and it is known that on some 
premises, farm tools and equipment are not thoroughly cleaned, disinfected and dried between 
uses or when moving between buildings.148 Bedding and its disposal also pose risks, as moving 
used bedding into disposal areas can spread disease and not all disposal methods destroy FMDv 
effectively.14 Usual methods of spreading manure on agricultural fields pose a risk to adjacent 
farms with susceptible livestock, since some FMDv may remain infective for long periods of 
time.3,87,141 

10.1.5.2 Enhanced Biosecurity Practices 

Enhanced Biosecurity Recommendations given in the Secure Pork Supply Biosecurity 
Information Manual (2017) regarding fomites include the following3: 

• All vehicles and equipment (not containing animals) entering the Perimeter Buffer Area 
(PBA) must be determined to be cleaned, disinfected, and dried prior to entry onto the 
farm. 

• There should be a designated parking area outside of the PBA for visitors, employees, 
and those with vehicles which have NOT been cleaned, disinfected, and dried. 

• All animal transport vehicles should be cleaned, disinfected, and dried before animals are 
loaded for delivery to the site. 

• Signs should say that all equipment and other objects that cross the LOS must be cleaned 
and disinfected, be placed and remain in a sealed bag that can be cleaned and disinfected, 
or come from a known clean source. 

• People crossing into the PBA must put on cleaned and disinfected footwear or new, 
disposable footwear. They also need to either wear disposable gloves or use hand 
sanitizer. 

• Individuals operating the cleaning and disinfection (C&D) station should be trained in 
how to select and use personal protective equipment (PPE), effectively clean and 
disinfect items so they do not introduce virus into the PBA, safely use approved 
disinfectants, and properly mix the approved disinfectant.  

• Food, personal items, equipment, and supplies that cross the LOS must be cleaned and 
disinfected or be from a known clean source. 

• Manure should be stored and removed in a manner that prevents exposure of susceptible 
animals (either on or off the premises of origin) to disease agents and meets state, local, 
and responsible regulatory officials’ requirements.  
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10.1.5.3 Qualitative Analysis 

We considered the following qualitative factors in evaluating this pathway: 
Moving vehicles and equipment between swine operations represents a known risk to biosecurity 
and an opportunity for disease introduction. Machinery or equipment that enters a swine barn has 
swine contact or comes in contact with virus-laden excretions and is at high risk for 
contamination at an infected but undetected premises. Arrival of contaminated shared equipment 
well before the movement of weaned pigs could provide more opportunities for personnel or 
equipment to track virus into the barn, especially in a cool and humid environment in which 
viable virus could persist for days to months (Section 9.3). Routine biosecurity practices alone 
are unlikely to stem the spread of FMDv between farms through the movement of fomites. 
In a non-outbreak setting, premises participating in the  PQA Plus program will follow the site-
specific biosecurity guidelines outlined in the PQA Handbook,102 which include C&D 
procedures for equipment and vehicles when applicable. While the PQA Handbook discourages 
sharing equipment or tools with other pig facilities at all, it is considered best practice to 
disinfect shared equipment between uses in non-outbreak situations. It is likely that during an 
FMD outbreak, attention to disinfecting most equipment will increase. 
While C&D protocols should be described in most farm biosecurity plans, strict compliance with 
plans cannot be assumed. There are additional limitations to C&D for some equipment because 
of environmental concerns (e.g., excessive wastewater from cleaning large equipment) or 
concerns about damaging mechanical or electrical equipment that cannot be heated or wet (i.e., 
laptops, cell phones, or other monitoring devices). Weather conditions, such as harsh winter 
weather, may also make thorough C&D of equipment more difficult. For a further discussion on 
the effects of weather on C&D effectiveness, see Section 11.1.3. 
If shared equipment is not used inside barns during the pre-weaning period, the pathway to infect 
a swine herd requires multiple steps to introduce FMDv into a barn. A potential pathway in this 
scenario involves 4 contact steps: Contaminated equipment brought on farm→ contamination of 
ground on uninfected swine premises→ contamination of farm personnel’s boots or clothing→ 
contaminated personnel contacts swine. However, if personnel handle the equipment directly 
and then enter a swine barn (e.g., to move equipment to a new location on the premises before 
working with the herd), fewer steps are needed in this pathway: shared contaminated 
equipment→ farm personnel’s boots, clothing, or hands→ swine barn. 
With each transfer step, there would likely be a reduction in the virus concentration transferred to 
the recipient surface. However, depending on the initial viral load and infectious dose in pigs for 
that FMDv strain, the potential level of virus concentration tracked into the barn may still be 
adequate for infection. Equipment or supplies which enter the barn may pose a greater risk due to 
closer proximity to, or potential direct contact with, pigs. In the pre-weaning period, shared 
equipment, such as a scale or ultrasound machine, may be placed inside the pig barn. Site-
specific biosecurity plans should have provisions for equipment crossing the LOS, as discussed 
in the PQA Handbook 102 and the SPS Plan.149 According to the SPS Plan, equipment and items 
crossing the LOS access points should comply with appropriate specific biosecurity measures. 
For example, personal items, equipment, and supplies which cross the LOS must be cleaned and 
disinfected or be from a known clean source. It is possible that unplanned visits and equipment 
arrivals may also occur in the pre-movement period. Critical visits to the premises and barns, 
such as those for emergency repair of mechanical equipment or evaluation of changes in animal 
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health, may also occur with an unknown frequency. It is plausible that these visitors may use 
equipment that has been used on multiple swine premises. 
In a study of risk factors for FMDv transmission in the 2010 outbreak in Japan, transmission risk 
was associated with people movements.145 Specifically, if pig farms had visitors or employed 
farm staff that commuted from homes located outside the farm, those farms had a higher risk of 
FMDv infection. Such visitors (e.g., veterinarians or technicians) may visit numerous farms per 
year, and their equipment may not always be thoroughly cleaned and disinfected. In the same 
Japanese case-control study, cattle farms in the same region as FMDv-infected pig farms had an 
increased risk of FMDv infection if they shared equipment with other cattle farms.  
In the setting of an FMD outbreak, the SPS Plan recommends appropriate cleaning and 
disinfection of any vehicles or equipment brought into the PBA and the use of extensive personal 
hygiene and PPE rules. For more information on risks and mitigation measures related to the 
possibility of farm personnel introducing virus into a barn, see Section 10.1.1.  

10.1.5.4 Risk Rating and Conclusion 

The SPS Plan stipulates that all biosecurity plans for swine premises utilize a PBA. Parking 
uncleaned vehicles outside the PBA in designated parking spaces and using adequate personal 
hygiene and protective wear before entering the perimeter would also increase the likelihood of 
successfully mitigating the risk of disease spread. However, FMDv introduction to a farrowing 
operation during an FMD outbreak is more likely when equipment must cross the LOS, and 
special attention must be paid to equipment (such as electronic devices) that can’t be properly 
cleaned and disinfected even if all biosecurity recommendations are followed. Additional fomites 
may travel with people (such as veterinarians and repair and service persons) who carry 
equipment which has been used on other swine premises. 
Given that the Secure Pork Supply Enhanced Biosecurity Standards are in place, the likelihood 
for FMDv introduction to a farrowing operation by fomites was considered to be low.  

10.1.6 Domestic Animals 
FMDv has historically been transferred between farms by livestock movements.150,151 In the 
event of an outbreak, it is assumed that a gestation and farrowing swine facility located in a 
Control Area will not be receiving animals. It is possible, however, that FMD could be 
introduced into a herd early in the outbreak, before the Control Area is established and stop-
movement orders are in place (Figure 16). Generally, any animals introduced to a swine herd 
should originate from a herd with known health status and should be free of clinical signs of 
disease.  

 
Figure 16. Pathway by which a farrowing and gestation premises may become infected before 
establishment of a Control Area 
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Non-swine animals may also pose a risk of disease introduction. Other domestic animals that are 
located on the same premises and are susceptible to FMD, e.g., goats, sheep, and cattle, may act 
as sources of FMDv introduction to swine. Additionally, domestic animals such as dogs and cats 
could act as fomites and spread FMDv on their footpads, feet, or fur if they are allowed to move 
freely around the premises and potentially enter the swine barns. Animal products such as leather 
gloves and furniture may also pose a risk. Imported hides and skins were suspected of causing 
the 1914 U.S. FMD outbreak, and are considered high-risk because they can harbor potentially 
infective virus. Depending on how hides are prepared, FMDv can survive on a hide between 4 
weeks and 1 year.87 Bringing animal hides to swine premises could potentially introduce FMDv 
to the farm. 

 
Figure 17. Pathway by which other susceptible species on farrowing and gestation premises can 
transmit FMDv to pigs. Where animals or animal products act as fomites, a pathway similar to 
Figure 15 would apply. 

10.1.6.1 Standard Industry Biosecurity Practices 

According to the FAO’s Good Practices for Biosecurity Recommendations, incoming animals 
should be isolated before introduction to a herd.90 The PQA Plus® Handbook recommends 
isolating new animals temporarily from other animals on the farm. A separate isolation facility at 
a site that is remote or isolated from the existing herd would be an ideal option to limit disease 
transmission. The animals in isolation should be handled last and separate boots should be worn. 
Observation for any clinical signs of disease is important during the isolation period.102 Standard 
biosecurity practices for incoming breeding animals are discussed in Section 10.1.7.1. 
To prevent disease transmission, a truck hauling animals onto a farm should not be allowed to 
cross the LOS. Pigs should never re-enter the truck once they have been unloaded.26  
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10.1.6.2  Enhanced Biosecurity Recommendations 

In the event of an FMD outbreak, it is assumed that a gestation and farrowing swine facility 
located in a Control Area will not be receiving animals during the outbreak. While this risk 
assessment considers only commercial (intensively raised) farrowing operations without outdoor 
access or pig contact with other domestic animals (livestock or pets), there are general Enhanced 
Biosecurity Recommendations (EBRs) in the SPS Plan3 for other susceptible species kept on the 
same premises with swine; however, there are no explicit species-specific recommendations. The 
EBRs include these points: 

• The biosecurity plan should clearly define the scope of the operation and include 
biosecurity for other susceptible species kept on the premises. 

• Vehicles or equipment washed and disinfected off-site must arrive free of visible 
contamination upon arrival, and must not have been on any other premises with FAD-
susceptible species after cleaning and disinfecting.  

• The site has one or more LOS, established as a boundary to prevent movement of virus 
into areas where susceptible animals can be exposed.  

• Everyone crossing the LOS should arrive at the site having showered and wearing clean 
clothing and footwear since last contacting susceptible animals. 

• Daily active observational surveillance of all susceptible animals on the premises for at 
least 7 days is necessary at the premises of origin within a Control Area prior to 
movement of animals or semen to determine if there is evidence of infection with the 
FAD.  

• A pre-movement isolation period should be implemented, during which animals from a 
regulatory Control Area will not be introduced onto the site for at least 7 days prior to 
moving animals from the site to another pork production site with susceptible animals. 

• Manure should be stored and removed in a manner that prevents exposure of susceptible 
animals (either on or off the premises of origin) to disease agents and meets state, local, 
and responsible regulatory officials’ requirements.  

• Facilities should be designed and maintained to inhibit all animals, including birds and 
free-roaming wildlife, dogs, and cats, from crossing the LOS and contacting pigs. 

10.1.6.3 Qualitative Analysis 

Other susceptible species, such as cattle, sheep, and goats kept on the premises  
Pigs are usually not persistent carriers of FMDv and typically clear the virus within 3 weeks after 
infection.152 Up to 50% of ruminants become asymptomatic carriers of FMDv after infection. 
The carrier state can last up to 3.5 years in cattle, 9 months in sheep, and 4 months in goats.153 
Transmission of FMDv between carrier cattle and susceptible cattle is low or lower than during 
the acute stage of infection.152 Even though the probability of an FMD outbreak caused by 
transmission from carrier to susceptible cattle is estimated to be very low, this possibility cannot 
be overlooked when estimating likelihoods of disease transmission between different species.  
The susceptibility of cattle, sheep, and goats to FMD varies depending on the strain of virus and 
breed of animal. Vesicular lesions in sheep are usually milder than in pigs and cattle and thus are 
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difficult to detect, enabling the disease to transmit more easily without notice. Clinical disease in 
lambs and kids manifests normally as death due to heart failure without vesicular lesions.154 
Cattle, sheep, and goats are not considered as efficient in producing airborne FMDv as swine. In 
simulations cattle and sheep have been estimated to be able to shed enough airborne FMDv to 
infect pigs under ideal environmental conditions (of climate and geography) if they are located 
within 100 meters of each other.63 This simulation used direct exposure between the animals. In 
a real situation, the swine are kept indoors and the aerosols would need to enter the swine barn in 
high enough concentrations to infect the animals. FMDv transmission through bioaerosols is 
further discussed in Section 11.2.3.  
This risk assessment considers only commercial (intensively raised) farrowing operations; 
premises where pigs are raised with outdoor access or have contact with other domestic animals 
(livestock or pets) are outside the scope of this assessment. Therefore, susceptible species kept 
on the same premises as pigs should be housed in different buildings and have no access to 
swine. The swine barns should be located within the Perimeter Buffer Area (PBA), and 
movement of people, vehicles, and equipment should be according to biosecurity practices 
discussed in previous sections. Adequate biosecurity practices including separate workers for 
different species and/or shower-in/shower-out practices should be in place when working with 
different species within the same premises. While this practice is assumed, it is noted that on 
smaller farms with limited employees or staff, complete segregation of tasks may be challenging 
or incomplete (Swine Working Group, personal communication, 5/4/18). 

10.1.6.4  Risk Rating and Conclusion 

During an FMD outbreak, it is assumed that a gestation and farrowing facility located in a 
Control Area will not be receiving new animals. FMDv can, however, be transmitted from other 
susceptible species such as cattle or sheep if they are within 100 meters from the swine barn and 
bioaerosols are able to enter the barn. Also, transmission is possible if adequate biosecurity 
practices are not followed when working with different species at nearby and/or the same 
premises. The likelihood of FMDv introduction by other susceptible species kept nearby and/or 
on the same premises was considered to be low, provided that Enhanced Biosecurity 
Recommendations are in place. 

10.1.7 Biological Materials 
Biologics are by definition derived from a variety of natural sources or produced by 
biotechnological processes.155 The products may be composed of sugars, proteins, nucleic acids, 
cells, tissues, or combinations of these.155 The biological materials that may be used in a 
farrowing swine farm include vaccines, bacterins, diagnostic kits, therapeutics, hormones, 
inocula, and semen. Diagnostic kits, vaccines, bacterins, and therapeutics are used for the 
diagnosis, prevention, or treatment of disease in the animals on the farm. Hormones and semen 
are used to increase breeding efficiency and conception rates on the farm. Inocula are used to 
strategically and purposefully expose pigs to a controlled dose of an infectious agent in order to 
stimulate protective immunity against that pathogen.156   
Biologics, such as vaccines and semen, have historically received a high hazard ranking for 
FMDv introduction and transmission because they are directly used in animals and may be 
derived from animals, tissues, or cells infected with FMDv.87 Approximately 20 primary 
outbreaks of FMD were caused by improperly inactivated FMD vaccines between 1902 and 
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1987; 18 of the 20 occurred after 1967 in different European countries.87 Figure 18 represents 
the pathway by which a contaminated or inadequately inactivated vaccine could cause disease in 
a farrowing operation.  

 
Figure 18. The pathway by which a contaminated or inadequately inactivated vaccine may cause 
disease in a farrowing operation 

Nevertheless, safe and effective vaccines are still one of the most powerful tools to control FMD 
and other diseases, and vaccination is considered a fundamental need globally.157 
FMDv can also spread through sexual transmission.158 In cattle, artificial insemination is 
considered a viable transmission pathway, but embryos collected from FMDv-positive cows are 
considered low risk.87,159 In swine, contaminated semen has not been shown to transmit FMDv 
through artificial insemination, but can contain FMDv.160 Commercial farrowing facilities often 
use semen produced off-site at a boar facility. Sows are impregnated via artificial insemination 
using primarily fresh (i.e., not frozen) semen products.19 Figure 19 diagrams the pathway for 
introduction of FMDv to a farrowing facility via semen. 
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Figure 19. Introduction of FMDv to a farrowing facility via semen 

 
In the event of an FMD outbreak, it is assumed that gestation and farrowing swine facilities in a 
Control Area will not receive any animals or semen for certain periods of time during the 
outbreak. It is also assumed that movement of animals and semen during an FMD outbreak may 
require a permit as determined by the associated risk and the location of the premises.4   
All biologic materials can also act as fomites. Semen is usually packaged at the boar facility and 
transported by commercial package couriers who many visit multiple swine premises during 
their course of business (Swine working group, personal communication, 6/1/18).  For further 
discussion on the likelihood of infecting a premises via fomites, please see Section 10.1.5. 
The use of feedback inocula (the practice of using pathogens present in biological material, e.g., 
manure, intestines, placentas, or aborted fetuses) for controlled oral antigen exposure, is 
generally limited to use within a herd/premises to assure homogenous herd-specific exposure. 
Inocula and feedback should not come from outside premises. For the purpose of this 
assessment, inocula from outside premises was not considered further, since the pathway for 
disease spread via inocula is clear and the risk is known and it is accepted that discontinuing use 
of inocula from outside premises is a reasonable mitigation step in the event of a disease 
outbreak (Swine working group, personal communication, 6/1/18). 
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10.1.7.1 Standard Industry Biosecurity Practices 

Swine boar farms producing semen 
Standard swine farm biosecurity practices also apply to breeding stock, and additional measures 
are often taken when introducing new animals to a herd. Breeding animals should come from a 
reliable source with a known disease status and with biosecurity practices in place (Swine 
Working Group, personal communication, 6/22/18). New breeding animals should be kept in 
isolation before entering a new herd.161 A subset of boars within the herd are usually monitored 
weekly for PRRSv and often for other viruses of concern, such as PEDv and Senecavirus A. 
Detailed records are kept for each batch of semen produced to allow for trace-back in the event 
of an outbreak.14 Semen arriving at a gestation and farrowing facility should come from a facility 
with a known disease status and with biosecurity practices in place.21   
Vaccine producing facilities 
FMDv vaccine producing facilities should have high levels of biosecurity. The finished vaccine 
must be shown to be free of residual live virus by testing in-vivo and/or in-vitro.41  Best practice 
for commercial vaccine production facilities in the United States include testing vaccines for 
extraneous agents including FMDv.  Additionally, master seed and master cell lines are should 
be screened and animal products from FMD positive countries should not be used in vaccine 
production (SWG, pers comm, 6/1/18). 

10.1.7.2 Enhanced Biosecurity Practices 

In the event of an FMD outbreak, it is assumed that gestation and farrowing swine facilities in a 
Control Area will not receive any animals or semen for certain periods of time during the 
outbreak. It is also assumed that movement of animals and semen during an FMD outbreak may 
require a permit as determined by the associated risk and the location of the premises.4 
If movements of semen are allowed during an FMD outbreak, the SPS Plan proposes additional 
Enhanced Biosecurity Recommendations for shipments of semen to a farrowing operation in a 
Control Area.162 The Enhanced Biosecurity Recommendations state that semen arriving at the 
facility must come directly from premises with documented biosecurity practices, and the 
“Surveillance Guidance to Support the SPS Continuity of Business Plan during an FMD, CSF, or 
ASF Outbreak” recommends that the boars and semen should have no evidence of FMD 
infection.162  
Diagnostic assays to detect FMDv antigen in antemortem specimens (such as semen, serum, 
blood, nasal swabs, oral swabs, rectal swabs, preputial swabs, feces or saliva) from boars are 
limited to only oral swabs. This makes it difficult to prove that boars are free of FMD, and it is 
not possible to prove that the semen is free of FMDv. In lieu of diagnostic tests for FMDv 
antigen, animals should be observed daily before movement of semen to verify lack of clinical 
signs consistent with FMD. Should a validated FMDv antigen detection test, such as PCR, 
become more readily available and validated on additional specimens, then, in addition to daily 
observation, boars in a Control Area could also be tested daily by PCR for early detection of 
FMD.162 If the PCR result is negative and the boars show no clinical signs of FMD, the semen 
produced 2 days or more ago is unlikely to carry FMDv. Freezing the semen for 7 days, to allow 
for a longer observation period, is another option. Whether either of these methods is sufficient 
to show that semen produced within an FMD Control Area is free of the virus should be further 
investigated before allowing such practices.3  
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10.1.7.3 Qualitative Analysis 

FMD vaccine production and vaccination 
FMDv vaccination is not currently practiced in the U.S., as the nation is considered to be FMD-
free without vaccination. The OIE maintains the official disease status for FMD by country.163 
While use of vaccines may not be a primary response strategy for the U.S. in the event of an 
FMD incursion,4 an inadequately inactivated vaccine represents a pathway to infection with only 
two steps and thus must be considered in assessing risk. There are multiple historical examples 
of inadequately inactivated FMD vaccines causing disease in European countries.87 These 
outbreaks, however, occurred when the virus was inactivated with formaldehyde, leaving 
residual infectious virus in the final vaccine.164 Today, binary ethylenimine is commonly used to 
inactivate FMDv. In combination with formaldehyde, the inactivation is fast and efficient.164,165  
Other swine biologic products and production of vaccines, bacterins, diagnostic kits, 
therapeutics, and hormones  
Vaccines and other biologics for other swine conditions produced using biological materials 
from FMD-viremic animals represent another pathway for infection. FMDv has been shown to 
survive for 10 days in pig blood at 4-7oC.76  
Premises that house animals for production of biologics should operate under stricter biosecurity 
than commercial production farms to meet the accepted standards of purity and quality as 
required by USDA, which limits chances for FMDv entry.166 Similar to boar stud farms, the 
biologics collection process and husbandry practices required for vaccine production are often 
intensive and involve close observation of animals. If an animal were displaying signs consistent 
with FMD, it is likely this would be noticed at the time of blood collection.  
Biologic processing includes various steps used to inactivate the pathogen (to create a modified 
live or killed pathogen) for which the biologic was prepared and to ensure purity and quality. 
Depending on the product, these steps may include changes in pH and temperature, or chemicals 
may be used to inactivate the pathogen. It is likely that at least some of these preparation steps 
would decrease the likelihood of viable FMDv being present in a biologic at the time of delivery, 
even in the unlikely scenario that blood products were collected from infected but undetected 
animals.  
Trypsin is a biologic that is sometimes used in vaccine production. Another important swine 
pathogen, Senecavirus A (SVA), has been found as a contaminant in lots of porcine-derived 
trypsin.167 Further investigation showed that the contamination was SVA nucleic acid, but that 
no viable virus had survived the irradiation of the serum used in the trypsin production.168 
Animal biologics regulated by USDA should be produced under GMP and strict biosecurity 
conditions.167 It is recommended, but currently not required, that only biologics originating from 
USDA-regulated facilities be used on a swine farm during an FMD outbreak. Past incidents 
confirm that the contamination of biologic products with undetected viruses, even when strict 
biosecurity practices are present, is possible, and thus several steps, including thorough 
inactivation and purity testing, are vital to ensure the safety of the end product. 
Semen and artificial insemination 
Semen collection is an intensive event, which requires close contact between handlers and boars. 
In the event of an FMD outbreak, it is likely that a boar showing clinical signs such as 
hypersalivation, lameness, and vesicles would be noted by handlers. However, preclinical 
viremia levels in swine have been reported 1 day after FMDv infection in experimental studies 
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and can last for 9 days before onset of clinical signs (latent period). Virus shedding can also be 
intermittent.169 FMDv has been found in semen up to 7 days after the animal was exposed to the 
virus.160 Collection during this time could result in virus in semen product from an apparently 
healthy boar. 
Additionally, FMDv present in semen can be the result of contamination during collection and 
processing and not actual shed by the boars. Additional studies should be done to clarify the risk 
of FMDv transmission due to semen production on a premises located within an FMD Control 
Area.161 
To pose a risk of transmission, FMDv in semen must remain viable between collection and 
insemination. Fresh semen for AI is usually maintained around 63oF (17oC) for transport.170 
Most semen is shipped the same day as collection and is used within 24 hours, but in some cases, 
such as international shipment, transport may take 3 to 4 days.171 There is no known data on time 
and temperature parameters for virus stability in fresh boar semen, but 63oF falls within the range 
for virus survival in other bodily fluids (Table 10). Preparations to the semen product are 
unlikely to alter virus viability in transport. Extenders used in semen production maintain the pH 
between 7 and 8,172 which is within the preferred pH range for FMDv survival (Table 11). 
Freezing is also unlikely to inactivate FMDv; the virus persisted for 320 days in frozen bull 
semen.87 
A conventional single artificial insemination (AI) event uses one bottle containing 1 to 2 billion 
sperm in reduced (30-60 ml) or in conventional (100-200 ml) AI volumes including extenders.171 
A single AI event with frozen semen uses one straw of 75-85 ml of semen, not including any use 
of extenders.170 The virus titer in semen is estimated at 107 PFU per inseminating dose or less, as 
about 90% of FMDv is estimated to be discarded with the seminal fluid.160 Ninety-three percent 
of sows and gilts in large breeding herds require more than one insemination event, receiving 
two or more semen doses.19 Thus, most animals would be exposed to around 207 PFU of virus. 
The infective dose via insemination for swine is not known, and the closest comparable dose for 
pigs is around 75 PFU when virus is introduced to oral mucous membranes.47 Based on this, it is 
possible that one straw of semen would contain enough virus to cause infection. 
In commercial swine production, frozen semen constitutes less than 1% of all semen used, and is 
used mainly in breeding stock to preserve the highest level of genetics and biosecurity (Swine 
working group, personal communication, 6/22/18).  If commercial semen is held as fresh 
product, currently available extenders can promote viability for up to 4-5 days maximum (Swine 
working group, personal communication, 6/1/18). 

10.1.7.4 Risk Rating and Conclusion 

The modern FMD vaccine production process inactivates FMDv efficiently, and the vaccines are 
required to be tested negative for infectious residual virus particles before distribution. The 
likelihood of FMDv spread through FMD vaccines was considered negligible.   
Premises producing swine-derived products, including but not limited to sera, blood, cells, or 
tissues, for the production of swine biologics operate under strict biosecurity, and it is assumed 
that the health status of the animals is known. Blood harvesting during the pre-clinical period of 
disease is possible, but it is unlikely that clinical disease would go unnoticed on the premises due 
to close interaction with the animals. If blood collection were to occur before the clinical signs 
were noticeable and sera or other biologics were produced from this blood, the sera and biologics 
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would be recalled. However, it is possible that an outbreak could happen before this recall 
became effective.  
If adequate biosecurity practices are not in place, the likelihood of sera or biologics containing 
FMDv will be higher. Also, any breach in the inactivation process or purity testing of the 
biologic product could potentially introduce FMDv into a farrowing operation. Therefore, 
assuming good manufacturing practices are used at the biologics-producing premises, the 
likelihood of introduction of FMDv via contaminated or inadequately inactivated commercially 
available biologics in a farrowing operation was considered low.  
During an FMD outbreak, it is assumed that a gestation and farrowing swine facility located in a 
Control Area will not be receiving new animals, animal products, or any semen without 
appropriate biosecurity measures. Furthermore, such movement may require a permit issued by 
regulatory officials. For the purpose of this risk assessment it is assumed that no movement of 
animals, animal products, or any semen will be allowed to the origin premises, and thus the risk 
of introduction of FMDv from swine semen is outside the scope of this assessment. The authors 
recognize the importance of semen movement for maintaining production, but additional 
information and evaluation is needed to assess the risk of semen movement.  

10.1.8 Insects/arthropods 
Insects are commonly found in all agricultural settings and pig farms are no exception. 
Arthropods (ticks) on pig farms are less commonly seen in intensive pig farms rearing pigs 
indoors. Nevertheless, controlling insects and arthropods is important because they can transmit 
diseases among pigs when they come into contact and contaminate the pigs’ environment or are 
ingested by pigs. The mechanical transmission of FMDv (i.e., by an insect or arthropod that 
carries FMDv with no replication occurring) has never been shown experimentally.87,173,174 
However, Dermacentor species ticks have been shown to pass FMDv transovarially under 
laboratory conditions.71 Additional experiments have shown that earthworms can also pass 
FMDv to cattle.71 Though transmission occurred under experimental conditions, it would be 
unlikely to occur naturally.87 To date, there are no published reports of FMD outbreaks linked to 
insect or arthropod spread.87,141 Figure 20 illustrates a potential pathway for spread of FMDv via 
insects. 
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Figure 20. Pathway by which virus may enter a farrowing operation due to insects via 
bloodborne transmission, mechanical transmission, or ingestion of infected insects 

10.1.8.1 Standard Industry Biosecurity Practices 

Specific biosecurity practices regarding insects and arthropods include: (1) the farm has an 
established insect control program (e.g., use of insecticides and/or insect bait or professional 
pest-control services) and (2) pigs are raised indoors on flooring that prevents access to the soil.21 
The PQA Plus Program also recommends keeping a 3-foot-wide strip around each barn free from 
weeds, debris, or feed to make it less desirable to insects and other pests.102  Fly-control methods 
may include removing manure, bedding, and waste feed frequently, and using fly-paper, parasitic 
wasps, or insecticides.21,175 

10.1.8.2 Enhanced Biosecurity Practices 

The SPS Plan proposes additional enhanced biosecurity recommendations regarding insects and 
arthropods. These include a written insect-control plan which has been implemented or contract 
with a professional pest-control company.3 

10.1.8.3 Qualitative Analysis 

The following practices were considered in evaluating this pathway: 
The type of insect or other arthropod contact at an infected premises depends on the husbandry 
practices at the gestation and farrowing operation. Types of interactions with flies may depend 
on housing, manure, and species preferences.  
Fly dispersal behavior varies by species and environmental conditions. Houseflies tend to remain 
close to their breeding site as long as they find suitable food, breeding sites, and shelter. Also, 
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the dispersal rate of flies decreases at temperatures below 53°F and increases during premises 
cleanout or spreading of litter.176 Houseflies have been shown experimentally to carry other RNA 
viruses of pigs (namely Porcine Reproductive and Respiratory Syndrome Virus (PRRSv)) as far 
as 1.7 km from an infected premises.177 Mosquitoes have also been shown in experimental 
studies to serve as mechanical vectors of PRRSv.178 Some information from studies on flies 
implicated in the mechanical transmission of H5N1 highly pathogenic avian influenza (H5N1 
HPAI) appears in Table 13 as examples of the distances that different species of flies can travel. 
This information, in combination with studies regarding PRRSV and insects, may be useful to 
gain understanding of how flies could mechanically transmit FMDv between pig farms.177,178 

Table 13. Reported dispersal rates for flies implicated in the mechanical transmission of H5N1 
HPAI 
Common 

name Reported dispersal rates Reference 

Housefly 1-3 km/day James & Harwood179 
Housefly Generally range less than 2 miles (3.2 km); range in a 

radius of 328-1,640 feet from breeding site if suitable food 
available; only 8-30% disperse beyond a poultry facility   

Stafford176 

Blowfly Estimated 1,250-1,789 meters/day on average Tsuda et al.180 
Blowfly 2-3 km in 24 hours Sawabe et al.181  

 
In the event of an FMD outbreak, it is assumed that farrowing operations will follow Enhanced 
Biosecurity Recommendations and have insect-control programs in place which should further 
decrease contact between insects/arthropods and swine. Complete exclusion of flies from a barn 
is unlikely even if the farm is following Enhanced Biosecurity Recommendations. Fresh swine 
manure offers ideal conditions for housefly (Musca domestica) breeding and development.182 
Flies can also survive inside the barn when the temperature outside is below freezing.  
Flies prefer a temperature of at least 53°F to fly; thus it is less likely that flies would spread 
disease between farms in cooler weather. For insects to move from an infected premises to a 
farrowing operation, the premises must both lie within the home range for the insect/arthropod 
species. Additionally, it is assumed that only a proportion of insects at a farrowing premises 
would have originated from an infected premises, reducing the number of potentially 
contaminated or infected insects in any particular swine contact. 
While insect transmission has been proposed as a possible mechanism for spread of FMD, there 
has not been any epidemiological analysis evaluating flies as a risk factor for spread. 
Furthermore, local area spread components (other than mechanisms involving movement of 
people, vehicles, and equipment) have historically played a minimal role in most FMD 
outbreaks.141  
Finally, there are no known studies which support FMDv infection of swine via insects or other 
arthropods and no known FMD outbreaks in which insects were implicated as a mechanism of 
FMDv spread. Additionally, the oral infectious dose for swine is quite high (104-105 TCID50 over 
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a 24-hour exposure period).49 Infection via fly ingestion would therefore require a large quantity 
of flies to be consumed in order to provide an infectious dose. 

10.1.8.4 Risk Rating and Conclusion 

Given an insect-control program or contract with a professional pest-control company is in place 
at the farrowing operation, the likelihood of FMDv introduction via insects was considered to be 
negligible. 

10.1.9 Wild and Peri-domestic Animals 
Susceptible wildlife species in the U.S. with the potential to transmit FMDv include feral 
swine,183-186 white-tailed deer,185,187,188 mule deer, elk, moose, North American bison, pronghorn 
antelope, reindeer,189 rat (Rattus norvegicus), and opossum.87 Other animals such as the nine-
banded armadillo, mouse (Mus musculus), rabbit (Oryctlolagus cuniculus), grey squirrel,189 
nutria and muskrat87 may also play some part in the spread of disease, as they can be at least 
experimentally infected. Even wildlife that are not susceptible to FMDv can spread the disease 
by mechanically transferring manure, infected meat, and/or bone material from FMDv-positive 
animals or premises. Wild carnivores and rats are especially suspected to play a part in the 
mechanical spread of the disease.87 Figure 21 diagrams the pathway of FMDv spread via 
contaminated or infected wildlife species. Of note, this risk assessment considers only 
commercial (intensively raised) farrowing operations; premises where pigs are raised with 
outdoor access or have contact with other domestic animals (livestock or pets) are outside the 
scope of this assessment.   

 
Figure 21. Pathway by which virus may enter a farrowing operation due to spread by feral or 
wild animal species (biological and mechanical transmission). If wild animals are able to enter a 
swine barn, this pathway will have fewer steps. 
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Many wildlife species have the potential to carry and spread FMDv to domestic swine through 
direct or indirect contact, although there have been no confirmed outbreaks of FMD in wildlife in 
North America.189 However, an outbreak was attributed to FMD in cattle in California in 1924, 
where there was suspicion that FMD may have spilled over into mule deer that shared pastures 
with the cattle. More than 22,000 mule deer were culled in an effort to prevent the spread of 
possible FMD. Some of the deer exhibited lesions believed to be FMD, but no laboratory 
confirmation was obtained.87  

10.1.9.1 Standard Industry Biosecurity Practices 

Current industry biosecurity practices in gestation and farrowing swine operations regarding 
wildlife were grouped into two areas: pest/rodent-control program and exclusion of wildlife 
species including birds.14 Structured biosecurity practices include the establishment of a pest-
control program, such as the Integrated Pest Management system.190 
Specific industry biosecurity practices regarding exclusion of wildlife species, as described in the 
SPS Plan3 include: (1) all animals, including birds, are excluded from crossing the LOS and 
contacting pigs; (2) swine carcasses from animals that die or are euthanized on site are stored in 
an enclosure that prevents access by dogs, cats, birds and other wildlife; (3) feed is delivered and 
stored in bird-, rodent- and insect-proof containers, and (4) feed spills are cleaned up to avoid 
attracting wildlife. 

10.1.9.2 Enhanced Biosecurity Practices 

The SPS Plan proposes additional Enhanced Biosecurity Recommendations in the event of an 
FAD outbreak. Enhanced Biosecurity Recommendations include having a written rodent-control 
plan effectively implemented. The farm may use professional rodent control companies to 
prepare and implement the plan. Farms certified as production sites in the USDA National 
Trichinae Certification Program191 can be accepted conditionally under the SPS Enhanced 
Biosecurity if they can also show adequate exclusion of birds. Effective trichinae prevention 
requires adequate pest control, particularly the exclusion of rodents, but also includes the 
following biosecurity measures to exclude wildlife from farms. As wildlife are also potential 
sources of FMDv infection for domestic swine, these measures are particularly relevant: 

• Exclusion and control of rodents and wildlife is such that fresh signs of activity of these 
animals are not observed in the swine production or feed preparation and storage areas. 
The producer maintains a rodent-control logbook with site diagram, or records of a pest 
control operator, which are updated on at least a monthly basis. 

• Wildlife carcasses are not intentionally fed to swine. Swine do not have access to wildlife 
harborage or carcasses on the site. 

• Dead animals (wildlife and swine carcasses) are promptly removed from the site to 
prevent attraction of rodents and wildlife. 

• General hygiene of the facility is such that rodents and wildlife are not attracted. 

• Solid waste (facility refuse) is contained and regularly removed from the site, preventing 
rodent and wildlife access and attraction. 

• Spilled feed is regularly removed. 
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10.1.9.3 Qualitative Analysis 

The following practices were considered in evaluating this pathway: 
Characteristics of the Infected Premises  

The type of wildlife present at or attracted to an infected premises depends on the species present 
in the local area and the husbandry practices at the infected operation. Relative to pigs in an 
intensive swine operation, dairy cows or feedlot animals may be more likely to have direct 
contact with wildlife or feral swine. The types of wild animals that may be able to access 
carcasses depend on management practices at these facilities, which may result in variable access 
to compost piles, unsecured off-site disposal collection sites (i.e., mortality bins or piles), 
improperly buried carcasses, or uncollected livestock mortality (on extensively raised premises). 
The Enhanced Biosecurity required in the SPS Plan applies only to swine farms located in a 
Control Area that wish to move pigs off the premises. Biosecurity practices for non-swine farms 
will be elevated in an outbreak according to USDA APHIS Control Area stipulations and 
species-specific Secure Supply Plans where applicable. These stipulations will vary depending 
on the susceptibility of the species to FMD.192 Thus it is assumed that there may be marked 
variation in the practices on farms in the Control Area that are not currently adhering to the SPS 
plan. 

Wildlife ecology and home ranges 

For wildlife to move from the IP to a farrowing operation, the premises must both lie within the 
home range for the wildlife species. The distance between farms (i.e., the distance a scavenger 
must travel between an infected and an uninfected farm), also impacts the likelihood of FMD 
transmission by the scavenger. The infected carcass and the uninfected farm must be within the 
likely range of the scavenger for transmission to potentially occur and, based on knowledge of 
scavenger ranges, this is very likely. 

• The home range of red foxes (Vulpes vulpes) is generally up to 8 km (5 miles) in 
diameter, being largest in the winter.193 

• Raccoons (Procyon lotor) normally have a home range diameter of 1.8 to 3 km (1.1 to 
1.95 miles).194 

• The diameter of the opossum's (Didelphis virginianis) home range is between 1.3 and 2 
km (0.8 to 1.2 miles).195 

• The striped skunk (Mephitis mephitis) has a home range 2.2 to 2.5 km (1.4 to 1.6 miles) 
in diameter.196 

• Turkey vultures can travel up to 225 km (140 miles) per day.197 
Similarly, wildlife species known to carry and shed FMDv also have home ranges of adequate 
size to allow for disease transmission between farms. 

• Feral pigs in North America have home ranges that average 1.1 to 5.3 square kilometers, 
and unlike the wild boar in Europe, they are not known to migrate long distances seeking 
food.198 
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• White-tailed deer in the US have home ranges that average around 2.6 square 
kilometers.199  

Wildlife species that may become infected with FMDv are likely capable of directly shedding 
virus if they enter a farrowing premises. Of all wildlife species, feral swine are likely the largest 
shedders of FMDv, with a comparable profile to domestic swine, while ruminants shed 
considerably less but may carry the disease longer than swine do.183,188  

If wildlife are mechanically transmitting FMDv to a farrowing operation, it can be assumed that 
increased time and distance between visiting the IP and the farrowing operation may decrease the 
amount of virus still present on a wild animal. Although the quantity of manure or other 
infectious material that wild animals can carry is unknown, it was conservatively (and 
hypothetically) assumed that wild animals will carry FMDv-contaminated manure if they have 
contact with it. It is also possible that a predatory bird or scavenger species may become 
contaminated with body fluids of an infected carcass item, or potentially pick up and move parts 
of that item to a location closer to a farrowing operation. Additionally, it is assumed that an 
animal which makes multiple stops or travels extended distances may dilute or lose some of the 
infectious materials it may have been contaminated with before reaching the farrowing premises. 
Variations in farm biosecurity practices may allow virus to be tracked into farrowing barns on 
contaminated boots or clothing. Biosecurity measures such as using footwear and clothing that 
are specific to each barn have been proposed as a means to minimize introduction of virus into 
farrowing barns on the boots/clothes of personnel, but this is not currently a requirement of the 
SPS Plan. 

Wildlife access to swine barns 

While animals which are primary shedders represent the largest source of virus production at a 
farrowing operation, animals which can gain access to farrowing barns represent a pathway to 
infection with fewer steps. Birds can be experimentally infected with FMDv, and their plumage 
can be contaminated with the virus. Thus, birds coming in contact with pigs, feed, or the farm 
environment carry a theoretical possibility for FMD transmission, although there is no hard 
evidence that this would happen outside an experimental setting.199,200 Designing a swine farm to 
completely exclude birds can be seen as difficult or impossible, but industry biosecurity manuals 
do state that birds should not have access to pigs or feed in a confinement unit.201,202 Some 
species or populations of passerines could be termed synanthropic, as they occupy a distinct 
ecological niche in and around human agricultural activities. The behavioral characteristics of 
passerines that may contribute to their ability to play a role in the transmission of FMDv to swine 
are summarized in Table 14. 
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Table 14. Behavioral characteristics of several members of the order Passeriformes that impact 
their potential role in transmission of FMDv in environments on the farm around farrowing barns 

Common name 
(species) Migration Habitat 

Nesting 
behavior Food 

Common 
grackle 
(Quiscalus 
quiscula) 

Resident or 
short-distance 
migrant 

Agricultural 
fields, feedlots, 
woodland, forest 
edges, marshes 

Nearly 
always in 
scattered 
trees, rarely 
in barns 

Omnivorous; seeds 
(agricultural grains) 

House sparrow 
(Passer 
domesticus) 

Resident Closely 
associated with 
people and their 
buildings 

Prefers 
structures; 
eaves or walls 
of buildings 

Grains and seeds 
(livestock feed) 

European 
starling 
(Sturnus 
vulgaris) 

Resident or 
short-distance 
migrant 

Countryside 
near human 
settlements; feed 
in fields 

Trees, 
buildings, 
structures 

Focus on insects 
and invertebrates; 
also fruits, berries, 
grains (livestock 
feed) 

House finch 
(Haemorhous 
mexicanus) 

Resident or 
short-distance 
migrant 

Farms, parks, 
urban centers, 
backyards 

In or near 
buildings; 
trees 

Plant materials 
almost exclusively; 
millet, milo, etc. 

Source: Table from USDA-APHIS Poultry Feed Risk Assessment.203 

Finally, rodents can access animal barns and feed, contaminating the area with FMDv by 
carrying the virus externally on their bodies. There is also a theoretical possibility that rodents 
could shed the virus, as many species can at least be experimentally infected. However, there are 
no data on their shedding capability and thus minimal support to date that they could act as FMD 
carriers.87,189  

10.1.9.4 Risk Rating and Conclusion 

Potential for FMDv infection in wildlife species exists, especially given that many extensively 
raised livestock have the possibility for direct contact with susceptible wildlife species, such as 
deer and feral pigs. Enhanced biosecurity measures to limit direct contact between swine and 
wildlife, combined with adequate rodent and pest control programs, are assumed to be in place 
during an FMD outbreak on farrowing operations within the Control Area. However, indirect 
contact via premises contamination by wildlife and subsequent tracking of virus into barns still 
exists. 
The likelihood of FMDv introduction into an indoor swine facility via direct or indirect exposure 
to wildlife was considered to be negligible to low after application of Enhanced Biosecurity 
Recommendations. Assuming that FMDv has infected the feral pig population, the likelihood of 
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FMDv introduction into an indoor swine facility via infected feral pigs specifically was 
considered to be negligible to low after application of Enhanced Biosecurity Recommendations. 
This is because pigs are very resistant to airborne FMDv infection, which means that as long as 
other means of transmission can be prevented by biosecurity measures, the infection will very 
likely be held back even in high-density feral pig areas. The same would not apply to other 
susceptible animal species more likely to get infected through airborne FMDv. 

10.1.10 Disease Spread Model 
A quantitative assessment was completed to estimate the likelihood of a farrowing swine site 
within and outside an established Control Area becoming infected with FMDv. Both within-herd 
and between-herd disease spread models were used to predict the dynamics of the outbreak 
(number of newly infected and infected but undetected farms) over time. The evaluation focused 
on the likelihood of a farrowing swine site becoming infected with FMDv as a result of: (1) farm 
density region (low, medium, and high density); (2) frequency of live animal movements, and (3) 
movement distance. It was assumed that a Control Area was established on Day 0 and that Day 0 
coincided with the detection of the first infected farm. 

10.1.10.1 Between-herd Spread Model 

A stochastic between-herd spread model (InterSpread Plus, IS+) was used to estimate the 
probability of infection of a farrowing facility during an FMD outbreak and the number of 
infected and infected but undetected farms by time, farm density, and distance in three U.S. 
states from which detailed farm data were available to the modelers: Minnesota, Oklahoma and 
North Carolina. According to the USDA National Agricultural Statistics Service’s (NASS) 2012 
Census of Agriculture, Minnesota and North Carolina are two of the three states that account for 
more than half of U.S. hog and pig sales and inventory. Oklahoma is the state with the tenth 
highest hog and pig sales and inventory.204   
Local spread in the IS+ model was defined as the probability of a farm becoming infected if it is 
located within a certain distance from an infected farm. Airborne spread was one of multiple 
possible mechanisms explaining local spread, and thus was not accounted for separately in the 
model. The local spread mechanism in the IS+ model allows a radial dissemination kernel to be 
defined, where probabilities of transmission to neighboring farms vary by distance from the 
infected source farm and time relative to the date of onset of clinical signs at the infected source 
farm. The specific kernel used was estimated from United Kingdom (UK) data and in this study, 
it catered for local area spread and indirect contact transmission mechanisms. Long distance 
direct swine movements were modeled separately.  
The model used different surveillance zones (geographical areas), depopulation strategies, and 
movement restrictions based on the USDA FMD reference guide.4,192 Detailed information can 
be found in Appendix 2.  
In each zone, the specific surveillance activities were based on those recommended by different 
authors and the USDA FMD reference guide.4,192 Table 15 shows the surveillance zones used in 
the model. Detailed information on model inputs, parameters, and limitations can be found in 
Appendix 2. 
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Table 15. Summary of surveillance activities for each zone used as inputs 
Definition Zone 1 Zone 2 Zone 3 Zone 4 Reference 

Name User zone Infected 
zone 

Buffer zone Surveillance 
zone 

USDA 
20154,192 

Radius Defined by user 
coordinates 

0-3 km 
from the 
infected 
premise 

3-10 km from 
the infected 
premise (at 
least 7 km) 

10-20 km from 
the infected 
premise (at 
least 10 km) 

USDA 
2015 

Surveillance 
duration and 
activation  

Simulated time 
period of 1-365 
days (d) after first 
detection 

28 d 
after the 
first 
detected 
farm 

28 d after the 
first detected 
farm 

42 d after the 
first detected 
farm 

USDA 
2014 

 
Data used for the simulation included 10,468 pig farms in three U.S. states: North Carolina 
(n=3,055), Minnesota (n= 4,488), and Oklahoma (n=2,925). Farm level details included location 
(latitude, longitude), county and state, size of herd, and the type of swine production. The source 
of data for the size and number of farms defined by county and state (in 2012) was the USDA 
national database of Census of Agriculture, available at www.agcensus.usda.gov.204 
To compare the spread of FMD in areas with different farm densities, three density categories 
were defined for all states based on density distributions and Jenks natural breaks:  

• Low density (<0.02 farms/km2 (aka 2 farms per 100 km2);  

• Medium density (0.021-0.06 farms/km2), and  

• High density (>0.06 farms/km2).  
The spread of the disease was characterized by animal movements (frequency and distance), 
disease infectivity parameters (latent period and the length of time from infection to onset of 
clinical signs), and probability of local disease spread (spread of disease between farms that are 
located within a short distance when there is no clear linkage other than geographical proximity).  
The mean value for FMD epidemics was employed as the key indicator in each scenario of: (1) 
infected farms, (2) the duration of the epidemic, (3) the time to detection, and (4) the number of 
farms affected by the restrictions in the three control zones (Infected Zone, Buffer Zone and 
Surveillance Zone). 
The model used the following inputs: 

• Number of daily movements: describing the probability distribution of the number of live 
animal movements per day for the specified type of farm (i.e., farrowing, nursery, etc.).  
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• Movement distance: describing the probability of a movement occurring within a certain 
distance. Ninety percent of movements occurred within a 100-km radius of the source 
farm.  

• Destination probability: describing the probability of a farrowing farm receiving pigs 
from a specific farm type 

• Probability of disease transmission by movement: describing the probability that the 
destination farm will be infected from movements originating from an infected farm. A 
constant probability of 0.9999 was selected meaning that a farm that receives a 
movement of live animals from an infected farm will have close to a 100% probability of 
infection. 

Impact of movements and distance on probability of infection and percentage of infected farms: 
all production types 
Movements between farms accounted for 98.7% of between-farm transmission events, whereas 
local spread (any vector other than movement) accounted for 1.3% of the disease spread between 
farms. Location contributed to the probability of infection, and almost all of the infected farms 
were between 0.03 and 100 km from the source of infection (99.9% of cases).  
The percentage of infected farms decreased with increasing distance from the source infected 
farm (see Table 16). More specifically, an estimated 20.2% of predicted infected farms were 
within 10 km of the infected source farm, whereas only 4% of the farms 100 km away from the 
source farm became infected. Therefore, it is estimated that as the distance from the infected 
source farm increases, the number of farms that become infected decreases. 

Table 16. Estimated proportion of infected farms by distance from the infected source farm 

Distance to the source (km) Proportion of total infected farms 

<10 20.2% 

10-20 17.1% 

21-30 11.1% 

31-40 10.0% 

41-50 9.2% 

51-60 8.8% 

61-70 7.6% 

71-80 6.7% 

81-90 5.4% 
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Distance to the source (km) Proportion of total infected farms 

91-100 4.0% 

 
More than half of the infected farms (67%) were located more than 20 km from the source of 
infection (see Table 17). This means that for all production types, most of the infected farms will 
be located outside the Control Area (10 km as defined by USDA). Of the rest, 33% of predicted 
infected farms were located less than 20 km away, 2.3% were less than 3 km; 15% were between 
3.1 and10 km, and 16% were between 10.1 and 20 km from the infected source farm. The mean 
distance to the source of infection was 37.67 km. 

Table 17. Percentage of infected farms by zone and distance from the source farm 

Zone* Distance to source farm % Farms infected 

Infected Zone <3 km 2.31% 

Buffer Zone 3-7 km 6.91% 

Buffer Zone 7.1-10 km 8.13% 

Surveillance Zone 10.1-20 km 15.64% 

Possible Free or  
Vaccination Zone 

>20 km 67.01% 

*These zones are used in quarantine and movement control efforts. For details on the zones, 
please see the APHIS Foreign Animal Disease Framework: Response Strategies (FAD PReP 
Manual 2-0).   

 
Impact of distance on probability of infection and percentage of infected farms: Farrowing 
facilities 
The percentage of infected farrowing facilities inside or outside the Control Area is shown in 
Table 18. A farm could be infected within or outside of a Control Area from a previously 
infected farm that was also inside or outside the Control Area. 
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Table 18. Percentage of predicted infected farms within or outside of a Control Area by area 
farm density 
Characteristics of infected farm % of total infected farms 

Type of production Density Category Within a Control area  Outside of a Control area 

Breeding High 0.41% 0.90% 
Medium 0.83% 2.20% 

Low 0.61% 1.50% 

Farrow to feeder High 0.21% 0.60% 
Medium 0.48% 1.10% 

Low 0.26% 1.00% 

Farrow to finish High 0.41% 1.00% 
Medium 0.95% 2.30% 

Low 1.23% 3.30% 

Farrow to wean High 0.38% 0.70% 
Medium 0.55% 1.30% 

Low 0.25% 1.00% 

Finish High 3.07% 7.90% 
Medium 6.62% 18.40% 

Low 3.61% 14.50% 

Nursery High 2.07% 4.90% 
Medium 2.74% 10.10% 

Low 0.43% 3.30% 

Total 25.12% 75.94% 
 
The results for farrowing facilities are similar to all other production types (e.g. finish, nursery, 
and breeding). More than 75% of the infected farms are likely to be located outside the Control 
Area, and much fewer, ~25%, are likely to be located within a Control Area. Approximately 
40% of infected farrow to finish and farrow to wean farms are located within a Control Area. 
The percentage of infected farms in the high density category that were located within a Control 
Area was 40.93%, compared to 34.37% and 25.97% infected farms located within Control Areas 
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in medium and low density categories, respectively. Almost half of the infected farms outside the 
Control Area were located in a low-density farm area due to long-distance movements.   
Regarding farrowing site facility characteristics, farrow-to-finish farms were predicted to be the 
most frequently infected facilities. This prediction could be due to the probability distribution 
which includes the numbers of movements occurring and pigs received, which are largest in 
farrow-to-finish farms compared to other farm types. 
 
Likelihood of a farrowing swine facility in a Control Area being infected with FMDv but 
undetected as a result of the farm density region 
The likelihood of a farrowing facility becoming infected was dependent on the farm density. 
Figure 22 shows the probability estimates of a farrowing site becoming infected as the outbreak 
progresses over time. The figure shows a higher probability of infection at the beginning of the 
outbreak and a lower probability as time progresses. It also shows that the lower the density of 
farms in the area, the higher the probability of infection by local spread.    

Figure 22. Probability estimates of a farrowing facility being FMDv-infected and undetected 
over time during an outbreak  
The X-axis “weeks post-control” refers to weeks after the first FMDv-infected farm was detected 
(establishment of a Control Area). The solid lines represent mean probabilities of infection; the 
dotted lines represent the 95% quantile.   
 
Tables 19, 20 and 21 show the probability of infection by farm density. The mean probability of 
infection was 8.7%, 4.5%, and 3.5% for low-, medium-, and high-density areas at the beginning 
of the outbreak and between 0.8% and 1% at the end of the outbreak. Farms in low-density areas 
had a higher probability of infection due to the lower frequency but higher distance movements. 
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This means that the overall likelihood of a farrowing facility becoming infected is low to 
moderate at the beginning of the outbreak and reduced to low after the first 14 days.    
 
 

Table 19. Probability of a farrowing facility being infected with FMDv and undetected in low-
density areas (mean, SD, maximum, and 95% confidence interval) 

Time since establishment of 
the Control Area (days) 

Probability 
(mean) 

Probability 
(SD) 

Probability 
(max.) 

Probability 
(95% CI) 

1 8.71% 20.31% 100.00% 19.83% 
14 3.01% 9.05% 100.00% 5.26% 
28 1.80% 4.69% 33.33% 5.34% 
42 2.30% 5.54% 66.67% 5.26% 
56 2.37% 6.76% 100.00% 3.57% 
70 2.47% 5.53% 50.00% 3.54% 
84 1.83% 3.75% 42.86% 3.54% 
98 1.64% 2.93% 40.00% 3.31% 
112 1.36% 1.71% 12.50% 2.76% 
126 1.20% 1.57% 13.79% 2.43% 
140 1.03% 1.34% 8.43% 2.06% 

 

Table 20. Probability of a farrowing facility being infected with FMDv and undetected in 
medium-density areas (mean, SD, maximum, and 95% confidence interval) 

Time since establishment of 
the Control Area (days) 

Probability 
(mean) 

Probability 
(SD) 

Probability 
(max.) 

Probability 
(95% CI) 

1 4.46% 6.64% 44.44% 16.67% 
14 0.99% 1.66% 11.11% 2.17% 
28 0.62% 1.19% 12.50% 1.59% 
42 0.81% 1.28% 14.29% 1.60% 
56 0.98% 1.62% 21.43% 1.77% 
70 0.93% 1.19% 7.41% 1.87% 
84 1.06% 1.53% 14.71% 1.97% 
98 0.89% 1.05% 7.50% 1.64% 
112 1.27% 2.90% 33.33% 1.81% 
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126 0.93% 1.08% 9.52% 1.69% 
140 0.94% 1.00% 4.95% 1.67% 

  
 

Table 21. Probability of a farrowing facility being infected with FMDv and undetected in high-
density areas (mean, SD, maximum, and 95% confidence interval). 

Time since establishment of 
the Control Area (days) 

Probability 
(mean) 

Probability 
(SD) 

Probability 
(Max.) 

Probability 
(95% CI) 

1 3.46% 4.62% 30.77% 12.50% 
14 0.75% 1.29% 9.62% 1.79% 
28 0.49% 0.98% 9.76% 1.09% 
42 0.64% 1.27% 11.11% 1.24% 
56 0.80% 1.95% 25.00% 1.51% 
70 0.72% 0.94% 4.88% 1.21% 
84 0.74% 0.86% 5.13% 1.48% 
98 0.89% 1.28% 9.09% 1.62% 
112 0.66% 0.92% 8.11% 1.13% 
126 0.69% 1.00% 7.14% 1.14% 
140 0.80% 1.02% 7.69% 1.52% 

 

Likelihood of a farrowing facility being infected but undetected 
Table 22 shows that all farrowing site facilities had a 5.51% probability of being infected but 
undetected at the beginning of the FMDv epidemic and less than 1% at the end of the epidemic 
(140 days) within the Control Area. Of the total farms infected, 2.7% remained undetected at the 
end of the epidemic. The worst case scenario (95% quantile) suggests that farrowing facilities in 
a Control Area have a 14.29% probability of becoming FMDv infected at the beginning of an 
epidemic, but this decreases over time, with a <2.0% probability of FMDv infection after day 
112 of an outbreak (Table 22).  
Taking the mean probability values, the likelihood of a farrowing facility being infected but 
undetected within the Control Area was low to moderate at the beginning of the epidemic and 
low after the first 14 days.     
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Table 22. Probability of a farm being infected but undetected within the Control Area (all farm 
densities)    

Probability of being undetected in Control Area 

Time since control (days) Mean SD Max 95% quantile 

1 5.51% 12.63% 100.00% 14.29% 
14 1.62% 5.56% 100.00% 2.68% 
28 1.00% 2.98% 33.33% 1.75% 
42 1.29% 3.52% 66.67% 2.29% 
56 1.43% 4.36% 100.00% 2.15% 
70 1.45% 3.57% 50.00% 2.30% 
84 1.28% 2.60% 42.86% 2.63% 
98 1.20% 2.11% 40.00% 2.22% 
112 1.17% 2.10% 33.33% 1.96% 
126 0.99% 1.31% 13.79% 1.76% 
140 0.95% 1.17% 8.43% 1.79% 

  
The highest percentages of undetected farms are located in areas of low density (<0.02 
farms/km2). This may be because Control Areas often overlap in high-density areas, forming 
large areas that remain under surveillance. In a low-density area, by contrast, the probability that 
a farm is encompassed in the neighboring Control Area is lower, which may lead to infected 
farms remaining undetected because they are not involved in active surveillance. In addition, 
pigs may be moved farther, leading to more widespread infection, given that there are fewer 
destinations nearby. 

Table 23. Percentage of all farrowing farms that are infected but undetected during an 
epidemic by production type 

Type of farm 
 

Area Farm Density 

High Medium Low 

Farrow to feeder 1.17% 2.13% 6.04% 

Farrow to finish 1.24% 2.67% 11.34% 

Farrow to wean 1.51% 1.81% 7.17% 

 
The mean distance of undetected farms from the source of infection was between 34 and 49 km, 
with no clear correlation with the farm density category. This means that most of the undetected 
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farms will be located outside the Control Area, which potentially could lead to further 
dissemination of the disease to other geographic areas.  

Table 24. Mean distance (km) of undetected farms from the source of infection 

Type of  
farm 

Area Farm Density 

High Medium Low 

Farrow to feeder 48.67 49.35 44.08 

Farrow to finish 44.46 38.41 42.87 

Farrow to wean 33.78 42.64 48.59 

 

10.1.10.2 Conclusion 

After considering farm density, production type, and duration of a potential FMD outbreak, more 
than half of all infected farrowing sites were predicted to be located outside the Control Area, 
and farrow-to-finish sites were predicted to be the most frequently infected. The mean 
probability of being infected but undetected was 8.7%, 4.5%, and 3.5% for farrowing sites 
located in low-, medium-, and high-density areas, respectively, at the beginning of the outbreak 
and between 0.8% and 1% at the end of the outbreak. Low-density areas had higher numbers of 
infected but undetected farms. This was due to more long-distance movements occurring and the 
lower chance of being located in a Control Area or Surveillance Area in case of sparsely 
populated areas. Considering all farm density scenarios, the mean probability of becoming 
infected but undetected within the Control Area was 5.51% for all farrowing site facilities at the 
beginning of the epidemic and less than 1% at the end. Additionally, the worst-case scenario 
(95% quantile) estimated that the probability of a farrowing swine site in a Control Area being 
infected but undetected was 14.29% at the beginning of an epidemic and <2.0% after day 112.  
In summary, most of the infected but undetected farrowing swine sites will be located outside the 
Control Area and within low-density farm areas. Using the risk categories described in Garner et 
al. 2006261 for FMD infection risk of  >50%, 10–50%, 1–10% and <1% as high, medium, low 
and extremely low risk, respectively, then the likelihood of being infected or infected but 
undetected was low (5.51%) at the beginning of the outbreak. As the epidemic progresses (>14 
days), the likelihood of being infected but undetected decreases to extremely low (<1%).        
The following conclusions can be drawn from the pathway: 

• The overall probability of being infected but undetected within the Control Area was 
5.51% (low), and this was dependent on the production type and farm density. 

• Farm density affected the probability of being infected but undetected (8.7%, 4.5%, and 
3.5% for low, medium, and high density, respectively). 

• The highest number of infected but undetected farms will be located outside the Control 
Area. 
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• Production type affected the probability of being infected but undetected (6.23%, 5.53%, 
and 4.73% for farrow-to-finish, farrow-to-wean, and farrow-to-feeder, respectively). 

• As an epidemic progresses (>14 days), the likelihood of being infected but undetected 
drops to less than 1% (extremely low). 

10.1.11 Conclusions for the Likelihood of a Single Gestation and Farrowing 
Premises in a Control Zone Becoming Infected with FMDv 

Using peer-reviewed scientific literature, logical assumptions, and opinions from experts on 
swine health and management, the estimated likelihood of a farrowing and gestation swine 
operation in a Control Area becoming infected with FMDv was evaluated for nine potential entry 
pathways: people, feed, water, geographic and/or aerosol transmission, fomites, domestic 
animals, biological materials (e.g. semen and vaccines), insects/arthropods, and wildlife.  The 
estimated likelihood of FMDv infection of a farrowing and gestation swine operation in a 
Control Area due to insects, water, or vaccines was negligible.  
The likelihood of FMDv introduction was negligible to low for people, fomites, or semen.  
The risk of a farrowing operation becoming infected via aerosol spread was considered to be 
negligible for all housing types, regional densities, and use of air filtration systems, given the 
lack of experimental evidence to suggest that swine are susceptible to airborne transmission of 
FMDv, and provided that pigs are raised indoors.  
The likelihood of FMDv infection via wildlife, in particular via infected feral pigs, was 
negligible to low for indoor facilities.  
For eight potential entry pathways of FMDv infection (people, water, geographic/aerosol, 
fomites, animals, biological materials, insects/arthropods, and wildlife), there are suggested 
Enhanced Biosecurity Recommendations (EBRs) in the SPS Plan that, if followed and 
implemented correctly, are critical to mitigating the associated risks. Therefore, adherence to all 
EBRs was assumed in the estimations of these likelihood ratings. The risk of FMDv introduction 
via feed ingredients was not evaluated in this risk assessment, as there are no EBRs for feed, feed 
mills, or feed ingredients in the SPS Plan. The estimated likelihoods of FMDv infection via these 
potential pathways were determined qualitatively and summarized in the following Table 25. 
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Table 25. Estimated likelihoods of FMDv infection via various entry pathways 

Entry routes 

Likelihood rating 
(Assuming that enhanced 
biosecurity recommenda-

tions are in place) 

Potential for FMDv 
introduction with 
current industry 

biosecurity practices 

Enhanced 
biosecurity 

recommendations 
in SPS 20173 Comments 

People Negligible to low Yes Yes 
 

Feed Not evaluated Yes No Under evaluation 
in a Swine Health 
Information 
Center–funded 
project (Kansas 
State University 
and South Dakota 
State University) 

Water Negligible to low Yes No 
 

Geographic 
and/or aerosol 
transmission 

Negligible No No 
 

Fomites Low Yes Yes 
 

Animals Low Yes Yes 
 

Biological 
materials 

Negligible to low Yes Yes (for semen) 
 

Insects/ 
arthropods 

Negligible No Yes 
 

Wild and  
peri-domestic 
animals 

Negligible to low Yes Yes 
 

 
The likelihood of a single gestation and farrowing premises in a Control Area becoming infected 
with FMDv was also estimated quantitatively using between-herd disease spread models that 
evaluated the effect of farm type, regional swine farm density, distance to infected source farm, 
and duration of the FMDv outbreak.  

Farm type: Farrow-to-finish farms were predicted to be the most frequently infected 
farrowing site facilities, accounting for an estimated 6.23% of the total infected farms, 
compared with 5.53% for farrow-to-wean facilities and 4.73% for farrow-to-feeder 
facilities,. 
Regional swine farm density: The mean probability of infection was 8.7%, 4.5%, and 
3.5% for farrowing site facilities in low-, medium-, and high-density areas at the 
beginning of the outbreak and between 0.8 and 1% at the end of the outbreak.  
Distance from infected source farm: The mean distance of undetected farms from the 
source of infection was 37.67 km (range 34-49 km), with no clear correlation with the 



Working Draft 

Risk Assessment of Movement of Weaned Pigs During FMD Outbreak in the U.S.  

 

Page 91 of 179 

regional farm density. More important, a majority (83%) of the infected farms were 
located outside the 10 km Control Area. Of the rest, 2% were less than 3 km and 15% 
were between 3.1 and 10 km from the infected source farm.  
Duration of outbreak: All farrowing site facilities within a Control Area had a 5.51% 
probability of being infected at the beginning of the FMDv epidemic (day 0) and less 
than 1% at the end of the epidemic (day 140). As the epidemic progresses (>14 days), the 
likelihood of being infected is reduced to low (<1%).        

Taking the estimates from the quantitative assessment and disease-spread models, the likelihood 
of a farrowing facility being infected but undetected within the Control Area was low to 
moderate (5.51%) at the beginning of the epidemic and low (<1%) after the first 14 days. This 
probability is affected by regional swine farm density (8.7%, 4.5%, and 3.5% for low-, medium- 
and high-density areas, respectively) and farm type (6.23%, 5.53%, and 4.73% for farrow-to-
finish, farrow-to-wean, and farrow-to-feeder, respectively). 

10.2 Likelihood of Detecting Infected Swine on the Origin Premises Prior to 
Movement 

For a sow farm within a Control Area, SPS Plan Enhanced Biosecurity Recommendations are 
assumed to be in effect.3 As described in Section 10.1, these biosecurity standards may reduce 
the risk of disease introduction to a naive sow farm. However, should FMDv be introduced on a 
farm in the days leading up to movement, there is likely a lag between infection and the detection 
by active observation of clinical signs. It is during this time period, in which weaned pigs that are 
infected with FMD but have not yet begun to show clinical signs in numbers that will be 
recognized by farm staff, that a risk for transport of infected but undetected weaned pigs exists. 
Characteristics of the outbreak FMDv strain, host immunity, contact rate between infected 
animals, farm staff knowledge of FMD clinical signs, and frequency of visual surveillance for 
clinical signs of disease during daily chores can all affect how soon FMD will be recognized 
once it has been introduced to a farm. In this pathway (diagrammed in Figure 23), the likelihood 
of detecting infected swine on the origin premises before movement was evaluated, and the 
likelihood of moving infected but undetected weaned pigs was estimated.   
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 Figure 23. Pathway describing the steps by which infected pigs may be released for movement 
without detection 

 

10.2.1 Routine and Enhanced Biosecurity Recommendations 
In routine operations, a variety of disease monitoring systems may be employed on a farm, 
including feed intake measurements, daily observation of animal behavior, mortality logs, 
treatment logs, and movement of clinically ill animals to separate recovery pens. All of these 
disease monitoring systems can enhance the effectiveness of visual surveillance.14 
The SPS Plan recommends the use of Active Observational Surveillance, which includes daily 
visual observation, documentation, and prompt reporting of suspicious findings by a trained 
swine health monitor employed by the farm.162 These trained employees are assumed to have an 
enhanced capability to detect infectious disease as they are aware of how illness could affect 
production parameters even before clinical signs are visible.205 Identification of animals with 
clinical signs of disease is the first step in the diagnosis of FMD and will trigger the appropriate 
sample collection and diagnostic testing.  
Currently there are no validated mass population sampling techniques, so testing for FMD prior 
to the onset of clinical signs is usually not feasible. As part of an FMD outbreak response plan, 
the following FMD Surveillance Sampling Scheme (Figure 24 below) has been put forward by 
USDA.206 
The scheme is accompanied by a list of 12 questions that provide guidance on how to develop a 
surveillance sampling scheme after declaration of an FMD outbreak in a location or area when 
there are no validated mass population sampling techniques available. The questions are as 
follows:  
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1. Are resources limited to intensively survey premises (for example, collect tissue 
samples from the needed number of animals)? 
2. Is it unlikely that the outbreak can be contained locally (such as on a farm or within a 
small geographic area)? 
3. Does evidence suggest that the introduction of virus (for example, start of the 
outbreak) on the premises or in the zone began at least 7 days ago? 
4. Is there evidence that the FMD serotype is highly pathogenic (for example, a high 
proportion of infected animals will show clinical signs and/or severe clinical signs)? 
5. Are there limited movements of animals, vehicles, products or personnel on and off 
premises (for example, it is unlikely that virus will be introduced to, or spread from, this 
premises or zone)? 
6. Are sheep present in the zone or on the premises? 
7. Are there noncommercial or feral swine in the zone? 
8. Are there noncommercial or small premises in the zone? 
9. Are there premises with more than one susceptible species? 
10. Are there large feedlots or swine operations in the zone? 
11. Are dairy cattle, feedlots or swine operations in the zone managed to present low 
risks of exposure (such as biosecurity practices, little opportunity for fomite 
transmission)? 
12. Are there beef cattle (cow-calf or small operations) in the zone? 
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Figure 24. Developing an FMD Outbreak Surveillance Sampling Scheme  
Image courtesy USDA206 
 

Field-ready tests to detect FMD in a population are currently under development but have not 
been validated for official use by USDA during an outbreak. The detection of infection, 
therefore, relies heavily on first detecting animals with clinical signs via active observational 
surveillance followed by individual pig testing using antigen identification assays such as real-
time reverse-transcriptase polymerase chain reaction (rRT-PCR).4 rRT-PCRs may be used as the 
first-stage diagnostic assay for FMD due to their quick turnaround time. Unlike serology, PCR 
tests can detect the disease in viremic animals before the onset of clinical signs.207   
A real-time PCR platform for rapid FMD detection has recently been developed and has been 
tested in cattle; it has shown promising reliability in field use and may be suitable for mobile 
laboratories.208 This testing platform is able to both detect and identify the serotype of multiple 
strains of FMDv in clinical samples using portable machinery and field-stable reagents. 
However, although mobile, the units are still bulky and require both highly trained personnel to 
run them and considerable investment to acquire. Until “bulk” or “mass population” sampling 
strategies are validated, early detection testing is done only on in individual sampling using an 
antigen identification test such as virus isolation, antigen enzyme-linked immunosorbent assays 
(ELISAs), and rRT-PCR.  
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10.2.2 Qualitative Assessment 
Multiple viral and host-specific factors are likely to impact spread of FMDv within a swine herd. 
Infection and transmission characteristics vary between strains of FMD virus, but generally the 
latent stage of infection lasts from 2 to 4 days, the subclinical stage from 1 to 3 days, and the 
clinical highly infectious stage 5 to 6 days. For a more thorough summary on transmission 
characteristics, see Sections 9.4 and 9.6. Host immunity affects the likelihood and severity of 
clinical signs within a herd.209 In the U.S., it is unlikely that any sow or weaned pig has previous 
immunity due to vaccination or disease exposure, since the U.S. is FMD-free without 
vaccination. 
Spread within the herd is also dependent on contact rate. The contact rate between animals varies 
with housing type, barn setup, and management practices such as animal groupings. In the 
nursery, pigs mostly stay in the same groups, but some mixing of groups often happens in order 
to keep the group sizes and weights within groups reasonable or to raise sex-specific groups (a 
practice known as split-sex feeding).210 This mixing likely would not decrease the ability to 
observe individual pigs, although it might hasten infection spread in the event that a latent or a 
subclinical pig is moved to a new group.14  
Production type can also affect the time to detection, as the stability and size of a pig group 
changes depending on the production style. The frequency at which new animals are introduced 
into the group and old members removed from it changes the number of animals at risk of 
infection at any given time and the percentage of clinically infected animals within the group, 
thus affecting when the detection limit is crossed.211  
Detection of clinical signs depends on the frequency of visual surveillance and the skill of the 
assessor, both of which are highly variable. Lameness is usually the first detected sign, as it is 
identifiable from afar and develops before depression. As there is always some baseline number 
of lame animals within a herd, detection of FMD clinical signs will take at least as long as it 
takes for the proportion of lame animals to become significantly higher than the expected 
proportion for a specific herd. Recent studies have shown that the mean time to detection at a 
swine farm can range from 2.89 to 11.54 days, depending on the FMDv strain, production type, 
and method of detection.211 
The ability of farmers and employees to detect FMD is likely related to their awareness of FMD 
and other vesicular diseases. The clinical signs of FMD are indistinguishable from other 
vesicular diseases such as vesicular stomatitis, vesicular exanthema, and Seneca Valley virus.212 
Recent outbreaks of such diseases can increase the awareness of the clinical symptoms among 
farmers and thus increase the likelihood of detection, but can also make farmers think that such 
symptoms are caused by something less severe than FMD and thus cause delay in making the 
correct diagnosis and implementing enhanced biosecurity.213 The speed at which symptoms are 
reported to officials can be affected by the farmers’ understanding of the effects that FMD has on 
the industry and by their trust in regulatory officials. In a study using the threat of another FAD, 
African Swine Fever (ASF), it was suggested that English swine farmers who lacked awareness 
of ASF outbreaks in other countries, perceived that false positive reporting could lead to negative 
personal impacts, or farmers who perceived reporting procedures as complex were less likely to 
consider reporting the disease to officials.214 
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10.2.3 Quantitative Methods for Estimating the Likelihood of Detecting Infected 
Swine on the Origin Premises Prior to Movement 

10.2.3.1 Model Assumptions 

Based on subject matter experts’ views regarding the average percentage of naturally occurring 
lameness on swine farms and the National Animal Health Monitoring System (NAHMS) 2006 
survey215 reporting the percentage of grower/finisher pig deaths from lameness over a 6-month 
period (5.4% for all group sizes), it was assumed that the percentage of clinically infected pigs 
(visible lesions) would need to exceed 5% before farm staff may recognize signs of FMD (e.g. 
lameness, high body temperatures/fever, and formation of vesicles/erosions on the snout, lips, 
tongue, and feet) during routine passive surveillance of the herd.7 It is assumed that movements 
would be stopped at the first sight of vesicular lesions on any one pig, rather than after a 
laboratory confirmed diagnosis of FMD. However, at a sow farm the detection limit might be 
higher, since with piglets with vesicular lesions and lameness are not as commonly detected. It is 
more likely that increased pre-weaning mortality would be the first clinical sign detected at 
population level.211 This means that the disease would likely be detected only after the number of 
dead piglets exceeded the mean pre-weaning mortality rate of 15% estimated from the 2016 USA 
PigCHAMP benchmarking summary.216  

10.2.3.2 Model Parameters and Scenarios 

A within-herd disease transmission model was developed to help quantify both the probability of 
transmission within a herd by herd size (500, 2,000, 5,000 and 10,000 head) and time to 
detection of a vesicular disease within a herd. A complete explanation of the within-herd 
transmission model used to evaluate time to detection and stage of disease at time of infection 
can be found in Appendix 1. Table 25 shows the inputs in the disease spread model that were 
used to determine the time to detection in the herd. 

Table 26. Input parameters used in the FMD within-herd spread model in swine premises 

Variable Input Distribution/Value Reference 

Latent period (days) Normal (2.31, 1.40) Kinsley et al., 20167 

Pre-clinical period (days) Normal (1.485, 1.099) Kinsley et al., 20167  

Clinical period (days) Poisson (μ=5.195, σ=1.944)-pre-clinical 
period  

Kinsley et al., 20167 

Group size (head) 500, 2,000, 5,000, and 10,000 
 

Adequate contact rate 
(contacts/day) 

BetaPERT(3.17, 6.84, 14)b (swine)a 

 
Eble, 2006217 

Detection threshold 5% of group 
 

aThe betaPert distributions refer to swine groups of more than 200 head, where the minimum number of contacts per day is 3.17, 
the maximum is 14, and the most likely number is 6.84. 
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10.2.3.3 Results 

Depending on herd size, the average time to detection of clinical signs (when prevalence reaches 
5%) ranged from 5.6 to 7.6 days. For smaller herds, the infection and clinical signs reached the 
detection threshold sooner than for larger herds. Once disease has been detected, however, there 
is little difference across herd size in the proportion of animals that are in various phases of 
infection. At the time of detection, approximately 38% to 40% of the herd is expected to be in 
the latent stage of infection, 12% to 13% in the pre-clinical phase of infection, and 2% of the 
herd will be recovered. These results are summarized below in Table 27.  

Table 27. Mean values for the time required to detect FMD on a swine farm (5% of animals in 
the clinical phase) in a stochastic disease model* and the percentage of animals in each phase at 
the time of detection (5th and 95th percentile values) 

Herd size  
** 

Time to detection  
in days 

% Latent % Pre-
clinical 

% Clinical % Recovered 

500 5.6 
(4.3-9.5) 

40 
(27-51) 

13 
(8-18) 

6 
(5-8) 

2 
(0-3) 

2,000 6.5 
(5–10.3) 

38 
(27–50) 

12 
(9–16) 

6 
(5–7) 

2 
(1–2) 

5,000 7.2 
(5.5-11.3) 

39 
(27-49) 

13 
(9-16) 

6 
(5–7) 

2 
(1–2) 

10,000 7.6 
(6.0–11.8) 

40 
(27–50) 

12 
(9–16) 

6 
(5–7) 

2 
(1–2) 

*Based on 1000 iterations. **:Herd size is based on total number of animals per farm (sows and piglets). 

10.2.4 Conclusion and Risk Rating 
Average time to detection of clinical signs using the within-herd transmission model was 
quantitatively estimated to be between 5.6 and 7.6 days, although this time could extend to 11.8 
days on the largest farms (those with 10,000 sows). This agrees with the mean time to detection 
of 2.89 to 11.54 days estimated by more complex models211 that considered strains of varying 
pathogenicity, farm production type (farrow-to-wean v. farrow-to-finish), and animal 
demographics (births, deaths, and fluctuations in population size due to movement of pigs out of 
the farm). Given that Enhanced Biosecurity Recommendations are in place according to the SPS 
Plan, and that active observation of clinical signs occurs at least daily for the 7 days prior to 
movement of weaned pigs, the likelihood of moving infected but undetected pigs is rated as 
moderate to high. Increasing the time of active observational surveillance to 12 days for all 
farms regardless of farm production type and size will likely increase the likelihood of detection 
prior to movement. Furthermore, if infection is not detected within 7 or 12 days prior to 
movement, the likelihood of moving infected but undetected wean pigs is rated as follows:   
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Herd 
size 

Likelihood of moving infected but 
undetected weaned pigs with 7 days of 

active observational surveillance 

Likelihood of moving infected but 
undetected weaned pigs with 12 days 
of active observational surveillance  

500 Moderate Low 
2,000 Moderate to high Low 
5,000 High Moderate 
1,0000 High Moderate 

 

10.3 Likelihood of FMDv Release during Transportation of Infected but 
Undetected Pigs 

In modern swine production systems in the U.S., weaned pigs are normally transported from a 
farrowing facility nursery or wean-to-finish facility. These production phases are geographically 
separated and may be miles or states apart. In the event that an infected but undetected load of 
weaned pigs is transported from a Control Area, there is potential for virus to be released from 
the vehicle. The pathway for the potential release of FMDv to susceptible species during the 
routine transport of infected but undetected weaned pigs is depicted below (Figure 25). It is 
assumed in this pathway that the transporting trucks will not stop while moving pigs between 
origin and destination premises. 

 

Figure 25. Pathway by which an infected but undetected load of weaned pigs could release 
FMDv during transport via fluid/manure-contaminated bedding or aerosolized virus escaping the 
transport vehicle 
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10.3.1 Literature Review 
Aerosolized virus is emitted by animals in relation to the amount of virus present in oral fluid, 
blood, and nasal secretions, and shedding can start before clinical signs are evident.47,64 Pigs are 
recognized as the largest producers of aerosolized virus, excreting virus on average at the rate of 
106 TCID50 per pig/day. Ruminants such as cattle and sheep are less efficient producers of 
aerosolized virus. The excretion levels of FMDv bioaerosols for each species are shown in Table 
28.  

Table 28. Maximum FMDv bioaerosol excretion by different species per 24 hours (adapted from 
Bravo de Rueda et al, 201466) 

Species Maximum titre average (range), 
10log TCID50/ml 

Maximum titre standard 
deviation,  10log TCID50/ml 

Cattle 4.33 (3.88, 5.08) 0.36 

Sheep 3.75 (2.38, 5.08) 1.00 

Pigs* 6.00 (4.48, 8.60) 0.89 
*Pigs are assumed to weigh 90-100 kg. 

 
As a truck moves down the road, leakage of fluid, manure or contaminated bedding can also lead 
to virus escape if the truck design does not prevent leakage. Table 29 represents the 
susceptibility of different species to airborne and oral FMDv. Table 30 represents the amount of 
feces needed to infect cattle and swine. Susceptible species could possibly inhale bioaerosols or 
feces and may become infected if they inhale the necessary infectious dose. The infectious dose 
via the inhalation route is much lower for cattle than for swine, and cattle are likely more 
susceptible to this route than swine. For more information on infectious dose for livestock 
species via other routes, see Section 9.4. 

Table 29. Minimum doses of airborne and oral FMDv required to infect different species during 
a 24-hour exposure period 

Species Inhalationa (TCID50 b) Oral (TCID50) 

Cattle 10 105-106 

Pig >800 104-105 
aThe dose to infect cattle is given as the “minimal” dose to cause clinical disease, while the dose for a pig is given as the 50% 
minimal infectious dose to cause clinical disease. These are not absolute quantities but represent low probabilities of infection. 
Doses below a "minimal dose" could possibly be infectious if a large number of cattle or sheep were exposed. Pigs are relatively 
resistant to airborne infection, so fractions of the "minimal dose" are unlikely to infect pigs. 

b.TCID50 = 50% bovine thyroid tissue culture infectious dose  
Source:  Alexandersen et al., 200356 
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Table 30. Amount of swine feces* needed to infect cattle and pigs 

Species Amount of feces needed  
to infect, inhalation** (g) 

Amount of feces needed  
to infect, oral (g) 

Cattle 0.01 126-1260 

Pig 1.0 12.6-126 
*Maximum virus titer in swine feces of 102.9  ID50/g taken from Sellers, 197149 
**Inhalation in this context is defined as the inhalation of bioaerosols containing virus-laden feces. 
 

 

10.3.2 Routine and Enhanced Biosecurity Recommendations for Transportation 
The National Pork Board’s TQA Handbook recommends minimizing the number of stops during 
a transport to minimize transport stress. When transporting weaned pigs, the transport must be 
well planned, taking into account the age of the pigs, choosing the best route and vehicle type, 
assuring adequate vehicle design and maintenance, and considering the weather conditions. 
Transport at extreme hot or cold temperatures should be avoided, and the animals must be 
provided sufficient protection in winter. Stopping during times with extreme hot or cold 
temperatures must be avoided since the trailers rely on passive ventilation and have airflow only 
when the truck is moving.26  
In the event of an outbreak, it is assumed that all TQA recommendations will be followed, and 
additional stipulations on movement may be imposed by Incident Command. It is also assumed 
that vehicles transporting pigs out of a Control Area will not stop between the origin and 
destination premises, thus limiting the maximum distance which pigs may travel. 

10.3.3 Qualitative Analysis 
In this assessment, we assume weaned pigs must be transferred from a farrowing facility to a 
nursery or wean-to-finish facility located on a different premises inside or outside the Control 
Area. The likelihood that virus may be released from a load of infected but undetected weaned 
pigs depends on a number of factors, such as bedding, side-slat positioning (ventilation), 
stocking density, use of water, transportation time, and percentage of viremic pigs on the truck. 
The likelihood of virus release (in bioaerosols or fomite particulate matter) from the trailer is 
also affected by characteristics of the trailer itself (its design and layout). 

Bedding 
It is common practice to use wood shavings as bedding in the trailers to keep weaned pigs 
comfortable and dry during transport. The amount of bedding used is highly temperature 
dependent. More bedding is needed in cold temperatures to prevent frostbite in pigs.26 The 
trailers are designed so that no fluid should leak out of the trailer during transport. However, it is 
possible, especially during a long transport, for pigs produce so much feces and urine that some 
of it leaks from the trailer. In cold temperatures, the use of more bedding should increase 
absorption of fluids and thereby reduce leakage during transport and virus escape from the truck. 
For more details on bedding usage, see Section 8.3 Swine Transport Characteristics. 
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Side-slats (ventilation) 
As described in Section 8.3, trailers are outfitted with removable panels or side-slats along the 
sides to control the amount of airflow into the trailer during movement. The airflow out of the 
truck likely contributes to the amount of airborne virus released from the trailer. When more 
side-slats are open, more air is able to escape the truck. However, increased air flow would also 
dilute aerosols generated within the trailer, and this dilution would lower the concentration of 
aerosolized virus exiting the trailer.  

Stocking density 
Stocking density on a transport truck is dependent on transport duration and weather conditions. 
For more information on industry standards in stocking density, please see Section 8.3 Swine 
Transport Characteristics. 
While overcrowding pigs during transport puts them at risk for overheating on a hot day, an 
understocked trailer may cause pigs to be chilled in cooler weather and does not capture peak 
efficiency of transportation costs.26 During longer transports the pigs must have enough space to 
lie down.26 The temperature and transport distance thus impact the stocking density and the 
number of pigs per transport. It is assumed that the virus secretion per load will be higher in 
vehicles hauling larger numbers of pigs. 

Use of water (wetting of pigs or bedding with sprinklers) 
The National Pork Board’s TQA Handbook recommends using water sprinklers in hot weather 
during stops to prevent overheating of the pigs.26 According to industry experts, the pigs or the 
bedding can be wetted before loading in hot temperatures (Swine Working Group, September 
2016). This may or may not lead to more aerosolized virus, depending on the environmental 
conditions. For more information on the necessary environmental conditions for FMDv airborne 
transmission, please see Section 11.2. It is possible, however, that adding water to the truck 
might result in more leakage of bodily fluids from the truck.  

Trailer design/lay-out 
Because of the trailer design, only a small amount of urine and feces should escape the truck 
during transport. In the unlikely scenario that all virus present in the feces and urine was 
aerosolized and was immediately inhaled by a susceptible animal, the amount of feces needed to 
infect cattle and swine through inhalation of this virus-laden feces is very small, 0.01 and 1 
grams, respectively. However, the amount of feces needed to infect cattle and swine orally is 
higher, ranging between 12.6 and 1260 grams (Table 29).  

Transport time 
Transport time for hauling loads of weaned pigs varies greatly in the course of routine 
operations. Depending on producer and company relationships, trips can be as short as a few 
miles or can take pigs across the country.  
The Transportation of Animals statute in the U.S. Code states that the maximum time animals 
may be held in a transport vehicle without being unloaded for food, water, and rest is 28 hours.218 
According to industry experts, on longer trips the trucks make multiple stops to give water to the 
pigs. The drivers also need to stop occasionally during the trip to eat and rest (Swine Working 
Group, September 2016). Federal regulations limit the driving time for interstate truck drivers to 
8 consecutive hours if rest breaks are not taken.219 For the purposes of this qualitative risk 
analysis, however, we assume that the transportation vehicles will not stop during transport, 
creating a hypothetical maximum transit duration of 28 hours.  
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Percentage of viremic pigs on the truck 
The likelihood that virus may be released from a load of infected but undetected weaned pigs is 
affected by the percentage of viremic pigs being transported. For example, if we assume that 
weaned pigs were shipped out before detecting the disease (as could occur in a farrowing site 
with less than 5% of the animals displaying clinical signs), it is reasonable to conclude that the 
release of virus from the truck will increase as the duration of transportation increases.   
To estimate this likelihood of virus release, a within-herd disease spread model was used to 
describe the changes in disease progression as time passes throughout transport. As time elapses 
from the time of departure (hour 0) to the maximum time allowed for transport (hour 28), the 
model describes the percentage of animals on the trailer that progress through the susceptible, 
latent, pre-clinical, clinical, and recovered stages of disease. In the event of an outbreak, the true 
number of viremic pigs will not be known, so the model accounts for loads of  pigs with different 
percentages of clinical signs at departure time 0, increasing from 1% to 5%  (see Appendix 3, 
Tables 1-5). Given this variability in the proportion of pigs showing clinical signs before 
transportation, at hour 0 (departure) the percentage of viremic pigs varies between 4% and 18%. 
After 28 hours on a truck, the percentage of viremic pigs varies between 24% and 46%. Thus, it 
is assumed that the longer the transport, the more chances there are to emit virus from the trailer.   

Aerosolization of FMDv during transportation 
Based on the current scientific data on FMDv shedding in swine, we have estimated the amount 
of aerosol shedding of FMDv in viremic pigs during transport in two different sized trucks. In 
the calculations, percentage of viremic pigs is taken from Table 31 below. 
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Table 31. Mean percentages of pigs in different stages of disease during transport, given 5% 
clinically ill pigs at departure. Parentheses represent 5th and 95th quantiles. 

Time (hr) % Latent % Preclinical % Clinical % Viremic % Recovered 

0 39 (38−40) 13 (12−13) 5* NA 2 

4 43 (39−46) 15 (14−16) 7 (6−7) 22 (20−23) 2 (2−3) 

8 46 (41−51) 17 (16−19) 9 (8−9) 26 (24−28) 3 (2−3) 

12 47 (41−53) 20 (18−22) 11 (10−12) 31 (28−34) 4 (3−4) 

16 48 (42−53) 22 (19−24) 13 (12−14) 35 (31−38) 4 (5−5) 

20 47 (41−51) 24 (21−26) 15 (14−17) 39 (35−46) 5 (5−6) 

24 45 (41−47) 25 (22−27) 18 (16−19) 43 (38−46) 7 (7−8) 

28 42 (39−44) 26 (23−28) 20 (18−22) 46 (41−50) 8 (7−9) 
*The percentage of clinically ill pigs is just below 5%. 

 
The estimates of aerosolized virus produced by pigs on a truck during transport are presented in 
Tables 32and 33 for loads of two different sizes. Because the truck is assumed to be moving at 
all times, it is also assumed that there is always airflow through the truck and thus continuous 
release of virus from the truck.  
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Table 32. Estimations of aerosolized FMD virus produced by viremic pigs during transport for a 
truckload of 300 weaned pigs 

Estimated FMDv 
aerosol shedding 

per 24 hours 
(TCID50):* 

Estimated FMDv 
aerosol shedding 

per pig/hour 
(TCID50) 

Transportation 
time (hours) 

% of 
viremic 
pigs** 

Amount of aerosolized 
shedding by viremic 

pigs per 300 pigs/hour 
(TCID50) 

5.4E+04 2,250 4 22 1.49 x 105 
  

8 26 1.76 x 105 
  

20 39 2.63 x 105 
*Estimated shedding for a 5.4 kg pig based on Table 28. Table 28 gives the amount of bioaerosol shedding for a pig weighing 90-
100 kg per 24 h. We assume in the estimation that aerosol shedding is relative to weight and that young and adult animals shed 
the same amount of virus per kilogram regardless of age.  

**This data is based on Table 31. 

 

Table 33. Estimations of aerosolized FMD virus produced by viremic pigs during transport for a 
truckload of 1,000 weaned pigs 

Estimated 
FMDv aerosol 

shedding per 24 
hours 

(TCID50):* 

Estimated FMDv 
aerosol shedding 

per pig/hour 
(TCID50) 

Transportation 
time (hours) 

% of 
viremic 
pigs** 

Amount of aerosolized 
shedding by viremic 

pigs per 1000 
pigs/hour (TCID50) 

5.4E+04 2,250 4 22 4.95 x 105 
  

8 26 5.85 x 105 
  

20 39 8.78 x 105 
*Estimated shedding for a 5.4 kg pig based on Table 28. Table 28 gives the amount of bioaerosol shedding for a pig 
weighing 90-100 kg per 24 h. We assume in the estimation that aerosol shedding is relative to weight and that young and adult 
animals shed the same amount of virus per kilogram regardless of age.  

**This data is based on Table 31. 

 
While the above tables estimate the amount of aerosolized FMDv produced by a truckload of 
viremic pigs, it is very important to remember that the true amount of virus released from the 
truck is unknown. Successful virus release depends on the speed of the truck, the number of side-
slats open, and the weather conditions (e.g. wind speed, humidity, and UV light intensity). 
Truck speed, wind, and turbulence 
The speed of the truck also plays a role when estimating the concentration of virus escaping the 
truck. The higher the speed, the more air flows through the truck. More airflow causes dilution 
and lowers the concentration of the virus in the air. Also wind speed, truck speed, and wind 
direction affect the direction, dilution, and spread of the virus from the truck. 
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As more air flows through the truck, the number of complete air exchanges per hour increases. 
These air replacements effectively dilute the concentration of aerosolized virus, making it less 
likely for a given volume of air to have high enough concentration to infect other susceptible 
species. The side slats and the speed of the vehicle also produce significant amounts of 
turbulence. Contrary to long-range transmission in outdoor environments, where turbulence 
decreases bioaerosol concentrations, in ventilated small spaces it can also cause effective 
transport of airborne pathogens to susceptible recipients. This can happen when air with a high 
concentration of virus particles flows from one space to another.220,221  
Weather conditions 
Temperature and relative humidity also affect the virus survival. At 39°F, FMDv survives for 18 
weeks, but it survives only 7 hours at 109°F.45 Therefore, in hot summer temperatures, some of 
the virus excreted might be inactivated during transport before the aerosolized virus particles 
reach susceptible species. Temperatures below freezing are unlikely to affect the survival of 
aerosolized FMDv particles (see Section 11.2 for more detail). FMDv bioaerosols degrade 
quickly in relative humidity below 55% due to desiccation.222 Therefore, virus spread from the 
truck might vary depending on the weather. For a more thorough analysis of how temperature, 
humidity, UV, and other factors can affect virus survival and airborne spread of FMDv, see 
Section 9.8 and Section 11.2.1. 

10.3.4 Quantitation of Virus Generated During Transport 
Diet, fluid intake, ambient temperature, humidity, and the size and weight of the pig all affect the 
daily urine volume produced by pigs.58 There is only limited data on the range of daily urine 
excretion, but pigs are estimated to produce raw manure (urine and feces) amounting to as much 
as 8.4% of body weight per day.223 
It is not common for pigs to have access to water and feed during transport under 28 hours. 
Because of this, they don’t produce as much feces and urine during transport as on a normal day. 
Diet and hydration status before movement affect excretion characteristics. Pigs excrete more 
feces and urine at the beginning of the trip, and the amount decreases during the trip if they don’t 
have access to water.224 Garcia et al. (2016) studied the effect of transport on the weight of 
weaned pigs.224 The pigs, transported without feed and water, had an original weight of 6.0 ± 
0.58 kg (13.2 ± 1.28 lb). The results are presented in Table 34. 
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Table 34. Effect of transport on body weight of weaned pigs, without feed or water provided 

Time 
(hours) 

Body weight change, % 

0 0 

8 -2.48 

16 -4.65 

24 -6.11 

32 -7.44 

 
Table 35 represents the maximum amount of virus generated in manure (feces and urine) during 
different transportation times in a small truck with an average maximum of 300 weaned pigs. 
The calculations have been made with a wean pig weight of 5.4 kg, and the feces and urine 
production at different transport hours has been interpolated from data in Table 34. It is assumed 
in the calculations that all weight loss is due to feces and urine excretion. 

Table 35. Amount of virus in manure (urine and feces) generated by 300 weaned pigs during 
transport  

Wean 
pig 

weight 
(kg) 

Transportation 
time (hours) 

% of 
viremic 
pigs* 

Total feces  
and urine 

production (kg) 
during the trip 

Virus 
concentration  
in manure (log 
TCID50/g**) 

Max amount of 
virus generated 

per truck 
(TCID50)  

5.4 kg 4 22 20.1 102.9 3.51 x 106 
 

8 26 40.2 102.9 8.30 x 106 
 

20 39 87.3 102.9 2.70 x 107 

*Mean percentage of viremic pigs, given 5% clinically ill pigs at departure. Calculations based on within-herd model described in 
Table 31. 

**Assuming uniform virus concentration in all urine and manure excreted 

 
Table 36 represents the maximum amount of virus generated in manure (urine and feces) in a 
larger livestock trailer load with an average maximum of 1,000 weaned pigs. 
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Table 36. Amount of virus in manure (urine and feces) generated by 1,000 weaned pigs during 
transport  

Wean 
pig 

weight 
(kg) 

Transportation 
time (hours) 

% of 
viremic 
pigs* 

Total feces  
and urine 

production (kg) 
during the trip 

Virus 
concentration in 

manure (log 
TCID50/g**) 

Max amount of 
virus generated 

per truck (TCID50) 

5.4 4 22 20.1 102.9 1.17 x 107 
 

8 26 40.2 102.9 2.77 x 107 
 

20 39 87.3 102.9 9.01 x 107 

*Mean percentage of viremic pigs, given 5% clinically ill pigs at departure.  Calculations based on within-herd model described 
in Table 31. 

**Assuming uniform virus concentration in all urine and manure excreted 

 
The amount of virus which escapes a moving transport vehicle of weaned pigs must contain 
adequate virus to infect other susceptible species. Tables 32 and 33 show that the amount of 
virus generated during transport is clearly enough to infect susceptible animals through 
inhalation if the airborne virus particles were to reach them. In our estimation, based on Table 
30, weaned pigs on a truck can shed 1.49 x 104 to 8.78 x 104 times more aerosolized virus per 
hour than is needed to infect cattle through inhalation and 190 to 1,100 times more aerosolized 
virus per hour than is needed to infect swine, depending on truck size and transport time. In 
general, airborne infectious doses are significantly smaller than oral infective doses for both 
cattle and swine (Table 29). 

10.3.5  Conclusion and Likelihood of Virus Release 
Regardless of the design of the trucks to prevent leakage, it is possible that contaminated 
bedding, manure, or urine could escape a trailer during transport of weaned pigs, and therefore 
the possibility of this event is considered in this risk assessment. There are no mitigation 
measures to stop aerosolized FMDv from escaping a trailer en route.  
The percentage of viremic pigs on a truck, and thus the amount of virus they produce, increase 
over time during transport. Current federal regulations for truck drivers limit the transport time to 
8 hours if rest breaks are not taken, and regulations for pig welfare limit transport duration to 28 
hours unless pigs are unloaded for food and water. Conservatively, if transport duration nears the 
single-driver limit of 8 hours, this time period is enough to produce amounts of virus several 
orders of magnitude higher than the amount needed to infect susceptible species. However, due 
to the variable dilution factors presented earlier and the weather conditions affecting the spread 
of the virus, it is difficult to estimate with certainty that FMDv released from a truck would be in 
high enough concentrations to infect other susceptible species. If pigs were infected but 
undetected upon loading at the farrowing operation, journeys longer than 8 hours would allow a 
significant portion of the pigs to become viremic during transport, and the potential for virus 
escape increases with time. 
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The overall likelihood of FMDv bioaerosol release from a truck and the spread of infectious 
virus through weaned pig transportation is affected by various interdependent conditions that 
vary according to the size of the truck, the stocking density and other transport conditions, 
transport time, truck speed, and percentage of viremic pigs on truck. Weather conditions such as 
humidity, temperature, UV light, wind speed, and wind direction can each affect spread of the 
virus from the truck. Survival of the virus in different weather conditions affects the infectivity 
and spread of the virus as well. The speed of the truck also plays a role when estimating the 
concentration of virus release from the truck.  
In the event of an FMD outbreak, Incident Command will likely impose restrictions on 
transportation distance and time. Given the potential for adequate production of infectious 
bioaerosols from a load of weaned pigs, along with the environmental and transport conditions 
which may affect their release, the likelihood of virus release during transportation of weaned 
pigs that were infected but undetected at the time of departure from the farrowing facility is rated 
as moderate to high. However, the likelihood that the virus released from a truck would be is of 
sufficient quantity to infect susceptible species cannot be determined with certainty due to the 
variable interdependent conditions that exist during transportation. 
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11 Exposure Assessment 

11.1 Likelihood of Susceptible Pigs in Transit Getting Infected Through 
Exposure to FMDv-Contaminated Truck Surfaces 

Transmission of FMDv through contact with contaminated transport trucks represents an 
important route of disease spread due to the “multi-site” nature of swine production systems and 
frequent transport of pigs in the United States. Outbreaks of other swine diseases, such as PEDv, 
have implicated contaminated trucks in the spread of disease.225 In an experimental porcine 
reproductive and respiratory syndrome virus (PRRSv) study, naive pigs were found to be 
infected after being housed in a truck contaminated with PRRSv.226 Inadequate cleaning and 
disinfection (C&D) of trucks that transport animals between different facilities can result in 
infectious material or contaminated surfaces in the truck when animals are loaded. Thorough 
C&D must be done using approved detergents and disinfectants effective against FMDv and 
following adequate disinfection contact times. If only tires and the exterior of the truck are 
cleaned and disinfected, infectious FMDv can remain inside the cargo area and infect susceptible 
pigs when loaded and in transit. Figure 26 delineates the pathway by which pigs in transit may 
become infected via exposure to FMDv contaminated truck surfaces. 
 

 
 
Figure 26. Pathway by which susceptible pigs in transit could get infected through FMDv-
contaminated truck surfaces   
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Inadequate C&D may result from incomplete removal of organic matter or the use of improper 
contact time or concentration of disinfectant, cold water, or unsuitable detergent or disinfectant 
for the conditions. 
 

11.1.1 Literature Review 
FMDv survival on different surfaces 
Survival of the virus in the environment depends on the nature of the material, the initial 
concentration and strain of virus, the humidity, the pH, and the temperature, and thus will be 
highly variable under field conditions. In general, FMDv survives for a long time in animal 
secretions. For example, FMDv can survive 14 days in dry fecal material (see Table 10). 
Temperature and pH affect inactivation of  FMDv  
In general, FMDv is inactivated more quickly in highly acidic conditions and at high 
temperatures (see Table 11). The virus is also sensitive to desiccation and is inactivated easily 
when the relative humidity is below 50-60%.49 Sunlight and ultraviolet radiation have little effect 
on virus inactivation in the environment.73   
Removal of infectious FMDv from the environment is a critical step in controlling disease and 
reducing spread. Therefore, many studies have evaluated the ability of a disinfectant to reduce or 
eliminate FMDv from different environmental surfaces. A summary of research studies 
evaluating disinfectants against FMDv is found in Appendix 4: Disinfectant Studies and 
Approved Disinfectants for FMDv (see Table 2). 

11.1.2 Routine and Enhanced Biosecurity Recommendations for Transport 

11.1.2.1 Current Industry Practices 

Expert opinion 
A 14-question survey was sent to swine experts within swine production to gather input on 
current industry transportation C&D practices. Four responses were received. Based on the 
survey results, trucks are cleaned and disinfected after every transport event. Synergize™ (alkyl 
dimethyl benzyl ammonium chloride; Glutaral) is used to disinfect the trucks. Currently, 
Synergize™ is not included in the list of EPA-approved disinfectants against FMDv that can be 
used on animal transport vehicles. Three of four respondents reported having access to hot water 
and a drying station after C&D. Also, three of the four respondents reported the use of de-icers 
when temperatures are below 0°C. Downtime between C&D and the next truck use was reported 
to be at least overnight but varied from 24 to 72 hours. Manure is scraped out of the trucks at the 
pig receiving site in most cases. For further details on the survey and results, please see 
Appendix 5: Expert Biosecurity Survey. 

General cleaning and disinfection recommendations 
Cleaning and disinfection protocols likely vary significantly in routine operations, but are more 
likely to be practiced when disease risk is high or the value of the pigs being transported is high 
(such as breeding stock).   
According to OIE227 and NAHEMS FAD PReP Guidelines,228 cleaning and disinfection of trucks 
should be done as follows: First, remove manure and bedding material from the truck. This 
should be done at the destination site (the pig receiving site) so the amount of infectious material 
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arriving at the truck washing station is decreased. Detergents and disinfectants are not effective 
when organic material is present. Thus, it is important to remove all visible organic material so 
from the surfaces of the truck before cleaning is started. Rinsing the surfaces with hot water 
helps remove organic material. The use of detergent or degreasers will help to break down dried 
manure and biofilms, thereby expediting and improving the washing process. Use of water with 
high pressure enhances the effect of washing. Care must be taken in outbreak situations so that 
high-pressure water doesn’t disperse the virus to the surrounding environment.  
Detergent applied in foamed form will increase surface contact time, especially on the walls, 
since detergent foam does not easily flow down. It is also easier to see where the detergent is 
applied if it is used in foam form. Use of hot water for washing enhances the effect of the 
detergents and may help eliminate pathogens. Any area with detergent should not be allowed to 
dry during washing. Scrubbing or scraping might also be needed to remove oil, greases, or 
exudates. Water used for washing and rinsing should not be reused because the virus might 
survive in the recycled water.87,119 
After cleaning and washing with hot water and detergents, approved disinfectants should be used 
according to the label instructions, using proper concentration, temperature, and contact times. 
After disinfection is completed, the surfaces should be dried. Added heat will speed drying. 
Complete drying should leave no pools of water remaining inside the truck. Drying is important 
because FMDv and other pathogens can survive in water and on wet surfaces.   

Truck washing stations  
In cold temperatures, washing operations in closed buildings enable the washing water to remain 
hot enough for the detergents and disinfectants to remain effective. If closed buildings are not 
available, additional care must be taken to ensure that the water used for washing will not freeze. 
De-icer chemicals such as ethylene glycol or propylene glycol lower the freezing temperature of 
water and thus keep water in liquid state. Hong et al. (2015)229 recommend using citric acid 
(>0.2%) diluted in 30% ethyl alcohol or 25% sodium chloride solvent for disinfection in 
temperatures below freezing. 

EPA-approved disinfectants 
The U.S. Environmental Protection Agency (EPA) has a list of approved disinfectants that may 
be used against causative agents of foreign animal diseases. EPA considers virucidal disinfectant 
to be effective on hard surfaces if it completely inactivates virus or reduces the virus 
concentration by 3 logs under test conditions evaluating cytotoxicity.230 For livestock 
transportation vehicles, ammonium chloride, sodium chlorite, sodium dihydrate, and potassium 
peroxymonosulfate are listed as approved disinfectants against FMDv (see Appendix 4, Table 1 
for more detail). 
Section 18 of the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) authorizes the 
EPA to allow an unregistered use of a disinfectant for a limited time in an emergency. USDA 
APHIS is allowed to use the following disinfectants for FMDv in such conditions: sodium 
carbonate (4%), sodium carbonate (4%) and sodium silicate (0.1%), sodium hydroxide (2%), 
sodium hypochlorite (up to 12.5%), and 3% citric acid (NAHEMS 2014).228 The OIE Terrestrial 
Animal Code also maintains a list of disinfectants recommended for use against FMDv.227 The 
list of EPA and OIE approved disinfectants can be found in Appendix 4, Tables 1 and 2. 
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11.1.2.2   Enhanced Biosecurity Recommendations 

To protect a pig herd from FMDv, the SPS Plan recommends that all vehicles, equipment, and 
items entering the Perimeter Buffer Area (PBA) be free of visible contamination and disinfected 
prior to entry, which may be accomplished at a C&D station on-site. At least one stationary or 
mobile C&D station must be located near a PBA access point to clean and disinfect vehicles, 
equipment, and items prior to entering the PBA. The C&D stations are equipped with adequate 
water, soap, and a disinfectant labeled for the virus at the proper dilution.3   
Truck washes are areas where cross-contamination may occur. Therefore, the SPS Plan outlines 
the following stipulations for truck washing stations and C&D: The C&D station is operated by 
individuals who have received documented training in proper selection and use of personal 
protective equipment and the principles of C&D. Effluent from the C&D station is managed 
following state and local regulations, ensuring it does not enter waterways, animal housing, or 
on-farm traffic areas.3 
It is crucial that the washing station is kept clean and that there is no cross-traffic between clean 
trucks and dirty trucks entering and leaving the site. The C&D station should have a solid floor 
surface, but if that is not possible, a well-drained gravel surface is acceptable. Attention should 
be paid to choosing an effective disinfectant and mixing it properly. Adequate contact time for 
virus elimination must be used. The vehicle should be inspected from the outside before cleaning 
begins to identify any visibly contaminated areas, especially focusing on the tires, wheel wells, 
undercarriage, mud flaps, splash guards, and steps. Dirty areas should be soaked with water and 
soap. Soap should be rinsed off first with high-pressure water and then with low-pressure water, 
working from the highest point of the vehicle.  
Disinfectant should be applied to all surfaces of the truck, allowing adequate contact time. 
Disinfectant needs to remain wet to work efficiently. C&D can be challenging in cold or severe 
weather. A sheltered station, another building, or a nearby off-site location could be used as 
alternative C&D stations in difficult weather. If vehicles are washed and disinfected off-site, they 
must arrive free of visible contamination and must not have been on any other premises with 
FMDv-susceptible species after C&D. 3 

11.1.3 Qualitative Assessment 
In this assessment, we assume weaned pigs must be transferred from a farrowing facility to a 
nursery or wean-to-finish facility located on a different premises inside or outside the Control 
Area, and that Enhanced Biosecurity Recommendations are in place. We considered the 
following qualitative factors for evaluating the risk of susceptible pigs becoming infected via 
direct contact with contaminated truck surfaces during transport: 
Virus survival in manure 
There is adequate virus in secretions and manure to infect swine that may contact infectious 
materials on a truck. FMDv survives for long periods of time in dry fecal matter (14 days),56 and 
thus susceptible pigs may be exposed to FMDv during transport if the truck has not been 
properly cleaned and disinfected before loading the pigs. Removal of FMDv from surfaces 
occurs when FMDv is inactivated. Inactivation of FMDv occurs under acidic conditions and high 
temperatures. At pH 5-6 or temperatures above 142°F (61°C), FMDv is inactivated in less than 1 
minute. FMDv virus survival is increased at cold temperatures (32°F or 0°C)(see Table 11. The 
effect of temperature and pH on time for 90% FMDv inactivation). Viral persistence depends on 
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substrate, temperature, and humidity, among other factors (see Section 9.3 for more 
information). Virus may persist for days to weeks or longer in climate conditions similar to those 
in the continental U.S. 

Efficacy of Enhanced Biosecurity Recommendations 
The SPS Enhanced Biosecurity Recommendations, if followed, should be adequate to disinfect 
most surfaces in a truck. However, there is a potential for inadequate cleaning, and disinfectants 
are less effective on inadequately cleaned surfaces due to the presence of organic matter. 
Difficult-to-clean surfaces such as electrical components and moving parts (ramps, ventilation 
slats on trailers) may lead to inadequate removal of organic matter, making disinfection less 
effective. Cold weather may also limit the ability to use hot water, but the recommended use of 
de-icers or other chemicals has currently not been approved or tested by the EPA. Diligent C&D 
is not standard practice for all routine swine transportations. In the event of an outbreak, 
implementing C&D as required by Enhanced Biosecurity Recommendations may require 
training, new protocols, specialized equipment, and/or dedicated personnel. 
Adequate C&D requires thorough cleaning to remove organic matter, using an effective 
disinfectant, creating the appropriate dilution, correct application, adequate contact time, and 
avoiding cross-contamination after disinfection. An error in any of these steps could result in 
lack of disinfection. As noted earlier, all four respondents to a small survey of swine industry 
experts indicated that trucks are cleaned and disinfected using Synergize™ (alkyl dimethyl 
benzyl ammonium chloride; Glutaral). Currently, Synergize™ is not included in the list of EPA-
approved disinfectants to be used on animal transport vehicles against FMDv. Of the 
disinfectants listed in Appendix 4 Table 3, all meet the 3-log reduction requirement of the EPA 
with the exception of 500 ppm sodium hypochlorite and 4% sodium carbonate. Other 
disinfectants reach reductions higher than 3 log.  
Despite adequate C&D, cleaning station locations and adverse environmental conditions can 
increase the likelihood of cross-contamination of disinfected trucks with wastewater when 
leaving the cleaning station. This may be more likely if truck washing stations are constructed as 
part of an emergency response and without adequate planning. 

Premises outside the Control Area 
Premises outside the Control Area may be less likely to be infected, as local area spread 
diminishes with distance. However, trucks and farm crews originating outside the Control Area 
may also be less likely to have adequate cleaning and disinfection before transporting pigs, thus 
increasing risk of contaminated trucks. Premises outside the Control Area may not be subject to 
surveillance and pre-movement testing requirements beyond routine surveillance for FMD. 

11.1.4 Risk Rating and Conclusions  
Research has shown that FMDv survives for long periods in the environment and feces (up to 14 
days in dry feces and up to 6 months in slurry).56 Therefore, it is highly likely that the virus will 
remain in a truck and infect susceptible pigs if it is not properly cleaned and disinfected with an 
effective disinfectant and adequate contact times. Additionally, at cold temperatures, the overall 
efficacy of C&D is diminished due to the presence of frozen organic material and decreased 
efficacy of disinfectants. For U.S. swine producers, C&D of vehicles and equipment used for 
animal movements is not routinely done after every transport event. Access to washing facilities 
with hot water and drying stations is not currently possible in all circumstances. This might 
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increase the likelihood of organic material remaining in the truck and thus the likelihood of 
FMDv spread. Additional attention to C&D is needed in situations where the trucks must be 
washed outside in cold temperatures.  
Given that enhanced biosecurity and active observational measures are utilized and C&D is 
adequate, we estimate that the likelihood that susceptible pigs will become infected via FMDv-
contaminated surfaces during transit is low. The likelihood may be low to moderate in 
temperatures below freezing because at these temperatures FMDv survives longer and the 
efficacy of most disinfectants is reduced.    

11.2 Likelihood of Susceptible Pigs on a Truck Becoming Infected by FMDv 
Airborne Transmission 

The science behind bioaerosols and airborne transmission of FMDv has been evaluated in 
Section 10.1.4 Aerosol Transmission. The risk of introduction of FMDv onto a gestation and 
farrowing swine operation via airborne transmission was found to be negligible, especially given 
the lack of experimental data suggesting that swine are susceptible to airborne transmission of 
FMDv. Transportation, however, produces a different risk scenario than local area spread. As the 
truck is moving, there is heterogeneous air velocity that modifies the risk of infection from 
aerosols when compared with a farm exposed to airflow patterns from static surroundings.231 
The risk of FMDv infection of susceptible pigs by airborne transmission from other viremic pigs 
during transport is evaluated here. The scenario in which a truck carrying pigs drives by infected 
but undetected pig farms and/or shares a road with other trucks moving infected but undetected 
pigs is the main focus of this pathway as shown in Figure 27. Infective aerosols produced by 
other livestock species (see Table 8) or particles aerosolized from contaminated environmental 
sources would follow a similar pathway.  
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Figure 27. Pathway by which pigs in transit can become infected via aerosols 

 

11.2.1 Literature Review 
FMDv is a round particle of approximately 25 nanometers that produces viable bioaerosols in the 
size range of 0.015–20.0 micrometers.82,136 Particles over 10 micrometers in diameter are likely 
to be removed from the atmosphere within minutes, but smaller particles may remain airborne 
for several hours. Particles of 5 µm or less act as vapors and can move in and follow an airstream 
without meeting obstacles, thus representing the worst risk scenario.232 The FMDv size range is 
below this limit, and 30–65% of the infectivity from pigs is associated with particles under 6 µm, 
meaning that FMDv is appropriately sized for long-range airborne transmission.134 
Aerosolized virus is emitted by animals in relation to the amount of virus present in oral fluid, 
blood, and nasal secretions, and shedding can start before clinical signs are evident.47,64 Pigs are 
recognized as the largest producers of aerosolized FMDv, excreting on average 106.0 TCID50 per 
pig/day.60 However, pigs are very resistant to infection by the aerosol route and are primarily 
infected through ingestion of contaminated food.233  
The most detailed investigation of FMD infection by aerosols has been done by Alexandersen et 
al. in two successive studies.60,234 They exposed pigs to FMDv aerosols through inhalation masks 
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for 2 to 10 minutes with varying FMDv bioaerosol concentrations. Clinical FMD was developed 
by only two pigs (3% of recipients), which inspired doses of 2.1 x 102 TCID50 and 1.9 x 103 
TCID50  respectively. Twelve pigs (18% of recipients) developed subclinical disease of short 
duration which was evident only from emerging FMDv antibodies. These animals inspired total 
doses varying from 30 to 4,410 TCID50, and the researchers proposed 260 TCID50  as the dose 
capable of causing subclinical infection by aerosol in 50% of pigs (MID50). They also state that 
there is a probability that virus plumes containing 100 TCID50 might subclinically infect some 
pigs if a large number of animals were exposed. The authors concluded that the likelihood that 
subclinically infected animals would successfully shed the virus is negligible. The incubation 
period for FMD in pigs ranges from 36 to 48 hours. Animals start shedding the virus at the onset 
of viremia, which usually occurs approximately 24 hours before the start of clinical signs.67 The 
recipient animals in Alexandersen et al.’s studies were followed for 3 weeks after exposure, 
during which there were no clinical signs. The animals also tested negative for virus RNA by 
RT-PCR.60,234  
These studies provide limited evidence that exposure to a high concentration of FMDv for a 
short period is more infectious to pigs than a lower concentration over a longer period of 
time.60,234 This may support the observation that no natural airborne transmission has been 
recorded in past experiments. For example, Pacheco et al. (2010)75 were unable to show airborne 
transmission of FMDv when naive pigs were exposed to FMDv across a 1.3-meter gap in open 
fencing in an animal isolation room. The required minimum infectious dose for pigs through 
inhalation is at least 80 times higher than for cattle and sheep, and currently there is no 
experimental evidence of effective natural aerosol transmission in pigs.  
Ruminants such as cattle and sheep are considered less important producers of aerosolized virus. 
The excretion levels of FMDv bioaerosols for each species are shown in Table 8. For more 
information on estimated minimum infectious doses (TCID50) for cattle, sheep, and pigs by route 
of exposure, please see Section 9.4. 
FMDv bioaerosols can be produced also by human actions in the farm environment and while on 
transport. The use of high-pressure hoses to clean contaminated areas at the farm and during 
C&D of trucks may generate environmental aerosols through splashing of infected body 
secretions. The spraying of infected slurry on pastures is another route for generation of infective 
aerosols.47 The quantities of airborne virus which these procedures could potentially generate 
have not been estimated,222 and estimation of these quantities is outside the scope of this 
document. 
The environmental conditions which favor airborne FMDv spread are high humidity, low 
precipitation, low to moderate wind speed, and flat terrain.62 Suitable conditions of relative 
humidity (RH) above 60% and temperatures below 33°C (91°F) are needed for long-range 
airborne transmission to be possible. FMDv bioaerosols degrade quickly in RH below 55% due 
to desiccation.222 Precipitation generally reduces atmospheric bioaerosol concentrations, while 
high levels of turbulence temporarily increase concentrations when dust is raised.235 In longer-
range airflows, turbulence eventually causes dilution of FMD bioaerosol concentrations and 
higher gravitational sedimentation, especially in particles smaller than 10 micrometers.236 
Sunlight has minimal effect on the aerosol spread of FMDv, and instead mostly affects survival 
on surfaces.236 
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Whether FMDv can spread by bioaerosols in below-freezing temperatures remains unclear. 
There are no experimental studies on FMD transmission in below-freezing temperatures, nor 
data demonstrating outbreaks in such conditions. Bioaerosol concentrations in polar air have 
been found to be very low,237 suggesting that frozen surfaces contribute little to the atmospheric 
source of bioaerosols. It is, however, possible that this is mostly due to lack of viable hosts in 
polar areas for viruses to replicate in, which is not the case in livestock areas. Moist plumes of 
warm air from infected premises or vehicles carrying FMDv bioaerosols would presumably 
freeze rapidly when exposed to sub-freezing temperatures. Once frozen, FMDv can survive for 
more than a year in freeze-dried form without losing infectivity238 and can persist almost 
indefinitely in below-freezing temperatures in various mediums.35,239 Thus, low RH values 
typical in sub-freezing weather should not be considered a protective factor. Given the lack of 
experimental information on FMDv bioaerosol survival in below-freezing temperatures, no 
minimum temperature limit can be given for FMDv aerosol transmission. 

11.2.2 Routine and Enhanced Biosecurity Recommendations for Transport 
Routine transport practices have been previously discussed in Section 10.3.2.   
There are no specific SPS Plan recommendations to minimize aerosol transmission while in 
transit. In the event of an outbreak, it is assumed that all TQA recommendations will be 
followed, and additional stipulations on movement may be made by Incident Command. It is also 
assumed that vehicles transporting pigs out of a Control Area will not stop between the origin 
and destination premises, thus further limiting the maximum distance which pigs may travel. 

11.2.3 Qualitative Analysis 
Route proximity to livestock operations 
Rubel et al.240 simulated the spread of virus from swine in an epidemiological atmospheric model 
and concluded that with ideal environmental conditions (of weather and geography), infected 
pigs could infect other swine up to 0.2 km (200 meters) downwind. It is possible that vehicles 
moving in areas of high swine density could pass within 200 meters of a farm. 

Proximity to infected but undetected pigs in transit 
When the prevalence of animals with clinical signs within a herd is at or above 5%, it is assumed 
that it is more likely that the farm staff will notice the disease through active surveillance and 
movement will be stopped. When the percentage of animals with clinical signs is below this 
detection level, infected but undetected animals may be transported, causing a risk for 
aerosolized spread while moving between farms. Tables 32 and 33 in Section 10.3.3 display 
conservative estimates of aerosol shedding by a truckload of viremic pigs during transport, when 
the percentage of pigs showing clinical signs at the start of the transportation is approximately 
5%. In this scenario, even when the infection is below the detection threshold based on 
identification of clinical signs, a considerable percentage of the animals may be viremic. It is 
hypothesized that this may result in significant aerosolization of FMDv within the truck.  
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Note: Tables 32 and 33 reproduced on this page for ease of reference 
Table 32. Estimations of aerosolized FMD virus produced by viremic pigs during transport for a 
truckload of 300 weaned pigs  

Estimated FMDv 
aerosol shedding 
per 24 hours 
(TCID50):* 

Estimated 
FMDv aerosol 
shedding per 
pig/hour 
(TCID50) 

Transportation 
time (hours) 

% of 
viremic 
pigs** 

Amount of 
aerosolized 
shedding by viremic 
pigs per 300 
pigs/hour (TCID50) 

5.4E+04 2,250 4 22 1.49 x 105 
  

8 26 1.76 x 105 
  

20 39 2.63 x 105 

*Estimated shedding for a 5.4 kg pig based on Table 27. Table 27 gives the amount of bioaerosol shedding for a pig weighing 90-
100 kg per 24 h. We assume in the estimation that aerosol shedding is relative to weight and that young and adult animals shed 
the same amount of virus per kilogram regardless of age.  

**This data is based on Table 31.  Assumes just under 5% of pigs are showing clinical signs at time of departure. 

 

Table 33. Estimations of aerosolized FMD virus produced by viremic pigs during transport for a 
truckload of 1,000 weaned pigs 

Estimated FMDv 
aerosol shedding 
per 24 hours 
(TCID50):* 

Estimated 
FMDv aerosol 
shedding per 
pig/hour 
(TCID50) 

Transportation 
time (hours) 

% of 
viremic 
pigs** 

Amount of 
aerosolized 
shedding by viremic 
pigs per 1,000 
pigs/hour (TCID50) 

5.4E+04 2,250 4 22 4.95 x 105 
  

8 26 5.85 x 105 
  

20 39 8.78 x 105 

*Estimated shedding for a 5.4 kg pig based on Table 27. Table 27 gives the amount of bioaerosol shedding for a pig weighing 90-
100 kg per 24 h. We assume in the estimation that aerosol shedding is relative to weight and that young and adult animals shed 
the same amount of virus per kilogram regardless of age.  

**This data is based on Table 31.  Assumes just under 5% of pigs are showing clinical signs at time of departure. 

 
During transport the vehicle carrying weaned pigs may also drive past an infected swine 
transport vehicle. When transport duration is held constant, it can be assumed that an infected 
trailer transporting larger numbers of pigs will generate more aerosolized virus than a smaller 
load will. Similarly, viral shedding will increase as duration of transit increases. For more 
information on these characteristics, please see Section 10.3.4.   
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Climatic conditions 
Monthly climate data from the two top swine industry states,15 Iowa and North Carolina, was 
collected to evaluate how often during the span of a year weather conditions are suitable for 
FMDv airborne transmission. These states also represent two examples of the climate conditions 
in states with high numbers of swine, as Iowa is an inland state with four distinct seasons and 
North Carolina is a warm coastal state. In both states, mornings bring a higher risk for airborne 
transmission, as the weather is cool and humid during the early hours. Climate conditions were 
favorable in Iowa throughout the year, except for the afternoons in April, May, and June, when 
the relative humidity was too low to support virus survival (Table 39). FMD transmission is 
poorly understood in conditions below freezing; these conditions occur in Iowa during the winter 
months of December and January. North Carolina’s climate is drier, and thus the state had 
favorable conditions for aerosol survival only during the mornings throughout the year.  

Table 37. Weather conditions in Iowa and North Carolina during 2016. Favorable conditions of 
relative humidity above 60% and temperatures below 33°C (91°F) are shaded. 

Iowa Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mean RH at 6am (%) 81 80 82 78 81 81 88 90 89 87 85 80 
Mean RH at noon 
(%) 

73 70 62 56 52 54 64 64 60 62 63 71 

Mean max T (F) 29.0 36.8 53.6 61.0 72.3 85.1 83.6 83.0 78.1 67.0 56.3 31.2 
Mean min T (F) 13.8 21.6 32.7 40.3 49.2 62.5 64.7 64.1 57.9 45.5 34.5 16.4 
             

North Carolina Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mean RH at 7am (%) 74 73 74 65 77 72 78 81 83 81 79 79 
Mean RH at 1pm (%) 50 51 48 43 57 52 56 58 58 51 43 56 
Mean max T (F) 49.7 53.9 68.5 71.3 76.8 86.7 90.9 89.3 85.2 75.6 65.9 55.1 
Mean min T (F) 30.9 35.8 47.4 49.5 58.3 67.1 72.1 72.3 67.2 54.2 41.6 36.7 

Source: National Centers for Environmental Information 

 
The likelihood of aerosols moving into and out of a truck varies according to the weather and 
wind speed, the speed of the truck, and the number of side-slats that are open. Side-slats are kept 
either completely open or mostly closed depending on the temperature. When the temperature is 
above 61°F, the side-slats are recommended to be kept completely open during transport. This is 
still well within the range of suitable temperature for FMDv spread (below 91°F). Other factors, 
such as trailer design, truck speed, wind, and turbulence characteristics have been reviewed in 
Section 10.3.3. 
Currently, the SPS Plan does not specify any Enhanced Biosecurity Recommendations for the 
transportation of weaned pigs.  While not included in this risk assessment, additional mitigation 
measures could be used that may further decrease risk of FMDv spread in the event of an 
outbreak. A list of suggested measures may be found in Section 13.1. 
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Likelihood of infection during transportation 
The effect that ventilation and turbulence have on the likelihood of FMDv airborne transmission 
is complex. There are two separate situations to consider: (1) FMDv aerosols escaping from a 
truck carrying viremic pigs, and (2) FMDv aerosols entering a trailer carrying susceptible pigs.  
From Section 10.3.3, it is assumed that the more air replacement which happens inside a truck 
with viremic pigs, the less likely it is for the escaping air to carry FMDv in high enough 
concentrations to infect other pigs. When a truck is transporting susceptible (uninfected) pigs, the 
situation seems to be reversed: the more air movement into the susceptible truck, the more likely 
the pigs are to be exposed to a plume of air containing adequate concentrations of FMDv for 
infection. However, no qualitative data is available on the true direction of this effect. The full 
effect that ventilation has on airborne transmission of diseases is unknown and likely requires 
further multidisciplinary studies. 

11.2.4 Conclusion 
FMDv bioaerosols are appropriately sized for long range airborne transmission. Suitable climate 
conditions for airborne transmission of relative humidity (RH) above 60% and temperatures 
below 33°C (91°F) were found to be present year-round in the morning in North Carolina and 
throughout the day in Iowa (the two top swine industry states). Viremic pigs in transit are able to 
aerosolize virus in amounts that theoretically exceed the minimum infectious dose for pigs by 
inhalation by several orders of magnitude. In simulated epidemiological atmospheric models, 
infected pigs have been found capable to infect other swine up to 0.2 km downwind (3 x 102 to 6 
x 103 TCID50). However, there is no evidence of natural airborne transmission to pigs, and 
naturally occurring plumes of air will not contain high enough FMDv concentrations for 
extended time periods. Given the low susceptibility of swine to airborne infection and the short 
distance shown in the experimental studies for transmission to occur, the risk of FMDv infection 
of susceptible pigs in transport by airborne transmission from highly infective animals was found 
to be negligible to low. 

11.3 Likelihood of Susceptible Species at Destination Premises Getting 
Infected by Direct or Indirect Contact with Infected but Undetected 
Pigs 

We evaluated the risk of susceptible species becoming infected with FMDv at a destination 
premises or on surrounding premises through contact with infected but undetected pigs. All 
movement of weaned pigs was assumed to be from a Monitored Premises within a Control Area 
to a destination premises either inside or outside a Control Area (Figure 28). It was also assumed 
that there is no FMDv introduction other than via this movement of pigs and that no quarantine 
measures are applied at the destination premises. 
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Figure 28. Diagram of the pathway by which susceptible species could be infected with FMDv 
as the result of movement of infected but undetected weaned pigs 

 

11.3.1 Routine and Enhanced Biosecurity Recommendations 
The destination premises evaluated in this pathway have highly variable biosecurity practices. 
Premises within the Control Area are assumed to have SPS Plan Enhanced Biosecurity 
Recommendations in place that decrease the likelihood of infection spread compared to routine 
biosecurity practices. Animal and human movement into and out of these premises should be 
very limited. Surrounding premises outside a Control Area are assumed to have inconsistent and 
variable biosecurity practices and to receive more animal shipments. 

11.3.2 Qualitative Analysis 
The between-herd disease spread model in Section 10.1.9.1 suggests that farrowing facilities in a 
Control Area have a 3.5% to 8.7% mean probability of becoming infected at the beginning of an 
outbreak and between 0.8% and 1% at the end of the outbreak. When less than 5% of the animals 
have clinical signs within a herd (including both sows and piglets), it is unlikely that clinical 
signs would be detected by the farm staff via active surveillance (physical observation) prior to 
transport. In this scenario, it is assumed that the pigs will be in latent or subclinical stages of 
infection for several days, giving ample opportunity for the virus to spread within a herd even 
under active observational surveillance (Table 40). Thus, depending on how long the outbreak 
has been active, the mean probability that infected but undetected pigs would be moved from the 
origin premises is estimated at 1% to 5.5%.  The resulting likelihood of infected pigs arriving at 
destination premises is estimated to be low to moderate at the beginning of the outbreak (<14 
days) and low after 14 days. 
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Table 38. Duration of the disease stages of FMDv infection in pigs (from Kinsley et al., 2016)7 

Infection period Duration (days) 

Latent  1-7  

Subclinical 0-6  

Incubation  1-9 

Duration of infection 1-10 
 
Unloading at destination farm 
It is assumed that during an outbreak, pigs would be unloaded at the destination premises using 
standard procedures for that farm, as there would be no evidence of infection. It is not likely that 
infection would be detected on the truck even if the animals had clinical signs, because of the 
difficulties of actively observing pigs within a limited space, with poor lighting and while pigs 
are at rest on the truck.241 Since clinical signs are easiest to detect while the animals are moving, 
infection would likely be detected only after the animals were unloaded at the destination 
premises.  
Weaned pigs are often transported long distances from farrowing to grow-out operations in 
routine operations. It can be assumed that in the event of an outbreak, the destination premises 
can be located anywhere in the country, either inside or outside a Control Area. Premises located 
outside a Control Area may have fewer disease detection capabilities due to lack of awareness of 
clinical signs associated with FMDv or less stringent biosecurity practices than those used in a 
Control Area. The amount of time needed before infected pigs are detected at a destination 
premises is described further in Section 11.3.3. 

Likelihood of susceptible species becoming infected with FMDv at the destination premises 
Pigs are very effective at spreading FMDv. They are considered the amplifier hosts for FMDv, 
excreting an average of 106 TCID50 of aerosolized virus per pig per day.139 All cloven-hoofed 
domestic and wild animals are susceptible to FMDv.242 For cattle and sheep, minimum infectious 
doses range from as little as 10 TCID50 through inhalation routes to higher 105-106 TCID50  doses 
through oral routes. Pigs excrete virus amounts that are equal to or surpass the minimum 
infectious doses of all cloven-hoofed animals.47,222 
Without an airtight quarantine under strict biosecurity, the virus has ample opportunities to 
spread and find susceptible hosts at the destination premises, even if the animals are in separate 
housing. If infected but undetected pigs arrive at a destination premises, it is very likely that 
existing susceptible species on-site will become infected with FMDv.  
Likelihood of disease spread to surrounding premises 
The likelihood of disease spread to premises that are located near a destination premises (e.g., 
surrounding premises) varies depending on the distance, farm density, time from the start of 
infection, and the biosecurity measures in place. There are multiple potential entry pathways for 
FMDv, previously described in Section 10.1. 
Premises within the Control Area are assumed to have Enhanced Biosecurity Recommendations 
in place that decrease the likelihood of infection spread when compared with routine biosecurity 
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practices. Animal and human movement into and out of these premises should be very limited. 
According to Section 10.1.9.1, the probability of infection of a farrowing facility within a 
Control Area on any given day ranges from 3.5% to 9% at the beginning of the outbreak and 
from 0.8% to 1% at the end. 
Surrounding premises outside a Control Area are assumed to have inconsistent and variable 
biosecurity practices and to receive relatively more animal shipments. In this pathway, we 
consider cloven-hooved animals, such as cattle and sheep, which are much more likely to be 
infected through FMDv bioaerosols and might also affect disease transmission at the destination 
premises in other ways. From this information, we conclude that if infected but undetected pigs 
arrive at a destination premises, the likelihood of FMDv spread to surrounding premises is 
moderate if destination premises are within the Control Area and high if destination premises are 
outside of the Control Area. 

11.3.3 Estimating the Number of Days to Detect Clinical FMD After Arrival of 
Latently Infected Pigs at the Destination Premises  

To model a scenario in which a single animal is infected just before transport or during transport 
and arrives at the destination premises latently infected and exhibiting no clinical signs (worst-
case scenario), we used the same within-herd disease spread model presented in Sections 10.1.9, 
10.2, and 10.3 to estimate the number of days needed to detect clinical disease when a shipment 
of 1,000 pigs arrives on a truck. It is assumed that the newly arrived pigs will remain segregated 
from the destination population (no direct contact allowed) upon arrival. The model assumed that 
disease would be detected when the prevalence of clinical signs within the newly arrived cohort 
reached 5% of the group population. However, since the destination premises can be located 
anywhere in the country, not just within a Control Area, it is possible the disease detection acuity 
may be poorer and thus the number of animals showing clinical signs may become higher than 
5% before the detection threshold is reached. Thus, higher detection limits are also considered. 
The number of days to detect FMD at various detection limits is represented in Table 41. If pigs 
were transported in a truck containing one latently infected pig and there were 1,000 pigs in the 
truck, it would take an average of 8.1 days for the pigs with clinical signs to reach the 5% 
detection limit.  If the detection limit is higher, for example 50% clinical pigs, the mean 
detection time is 11.7 days. 

Table 39. Number of days to detect FMD after arrival of latently infected pigs* 

Detection Limit 
(% pigs with clinical signs)  

Mean time to detection in days  
(95% prediction interval) 

5 8.1 (5.3-12.5) 

10 8.8 (6.0-13.3) 

25 10.1 (7.2-14.5) 

50 11.7 (8.8-16.3) 
* Assumes 1000 pigs were transported in a truck with one latently infected pig on board. 
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11.3.4 Conclusion 
The likelihood of shipping infected but undetected pigs changes during the course of an 
outbreak. If the movement from the origin premises occurs at the beginning of the outbreak (<14 
days), the likelihood of shipping infected pigs is low to moderate, with predictions for the 
probability of infection being 8.7%, 4.5%, and 3.5% for low-, medium-, and high-density areas, 
respectively. As time passes (>14 days), the likelihood of the origin premises being infected but 
undetected at the time of shipping is reduced to low, with predictions for  the probability of 
infection being one percent or less, regardless of area density. Even with active surveillance, it is 
unlikely that clinical signs would be noted before unloading of pigs at a destination premises. 
How quickly clinical signs are detected depends on the ability of the destination premises to 
conduct active observational surveillance and correctly identify the clinical signs of FMD. The 
time to detect FMD varied from 5.6 to 7.6 days, where larger herd sizes lead to slower detection 
speeds. Pigs are very effective at spreading FMDv, and the virus has multiple entry pathways 
into animal housing.  If other susceptible species are present at the destination premises, the 
likelihood of infect those species at the premises will be high. These ratings may be modified if 
additional mitigation measures are put in place as specified in Section 13.1. 
Finally, if a destination premises were to become infected as a result of movement, spread to 
surrounding premises may occur as well. Assuming Enhanced Biosecurity Recommendations are 
applied and visitor and vehicle traffic is minimized as specified in the SPS Plan, the likelihood of 
spread is moderate if the destination premises are within the Control Area.  For premises outside 
the Control Area, the likelihood of spread is high if premises are operating under standard 
biosecurity measures and continue to receive regular shipments of pigs, feed, and other visitors. 
In conclusion, though the risk of introducing FMDv into destination premises was found to be 
low to moderate, the risk for further spread if this were to occur is moderate to high. 
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12 Overall Risk Estimation 
The overall risk estimation is a summary of the results and/or conclusions arising from the 
pathways described in Figure 29. This section follows the OIE standard for risk assessments, 
with entry and exposure assessments followed by the overall risk estimation.6 
 

 
Figure 29. Diagram of pathways considered in the risk assessment of moving weaned pigs from 
farrowing sites in a Control Area during an FMD outbreak 

Entry Assessment 
The entry assessment determines the likelihood of FMDv release to the environment through the 
movement of FMDv-infected but undetected weaned pigs and describes the pathways necessary 
for FMDv to be introduced into the origin premises with susceptible pigs. It includes an 
estimation of the likelihood (qualitative or quantitative) for each of the pathways. 

The likelihood of a farrowing/gestation premises in a Control Area becoming infected with 
FMDv is negligible to moderate. 
The likelihood of FMDv entry into a farrowing and gestation swine operation in a Control Area 
was evaluated qualitatively for nine potential entry pathways: people, feed, water, geographic 
and/or aerosol transmission, fomites, domestic animals (other than swine), biological materials, 
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insects/arthropods, and wildlife, after applying current industry biosecurity practices and, where 
applicable, SPS Plan Enhanced Biosecurity Recommendations. In addition, it was assumed that 
before the Control Area is established, the risk of FMD introduction is moderate as movements 
may continue to occur. The qualitatively estimated likelihoods of FMDv entry via these potential 
pathways are summarized in the following Table 40 (see Table 41 for quantitative likelihoods).  

Table 40. Qualitatively estimated likelihoods of FMDv infection via entry pathways 

Entry routes 

Potential for FMDv 
introduction with 
current industry 

biosecurity 
practices 

Enhanced 
biosecurity 

recom- 
mendations in 

SPS 2017* 

Likelihood rating 
(assuming 
enhanced 

biosecurity 
recommendations 

are in place) 

Comments/ 
additional 

information 

People Yes Present Negligible to low 
 

Feed Yes Absent Not evaluated Under evaluation in 
a Swine Health 
Information Center–
funded project 
(Kansas State 
University and 
South Dakota State 
University) 

Water Yes Absent Negligible to low 
 

Geographic and 
or aerosol 
transmission 

Yes  Absent Negligible Although pigs are 
large aerosol 
producers, research 
indicates they are 
quite resistant to 
infection by this 
route.39Furthermore, 
indoor swine 
facilities likely 
decrease exposure 
to aerosolized virus 
through physical 
barriers such as 
housing structures 
and even air 
filtering that is used 
in some facilities 
with a high 
biosecurity level. 
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Entry routes 

Potential for FMDv 
introduction with 
current industry 

biosecurity 
practices 

Enhanced 
biosecurity 

recom- 
mendations in 

SPS 2017* 

Likelihood rating 
(assuming 
enhanced 

biosecurity 
recommendations 

are in place) 

Comments/ 
additional 

information 

Fomites Yes Present Low 
 

Domestic 
animals 

Yes Present Low 
 

Biological 
materials 

Yes Present (for 
semen) 

Negligible to low 
 

Insects/ 
arthropods 

Unknown Present Negligible 
 

Wild and peri-
domestic 
Animals 

Yes Present Negligible to low 
 

All pathways- 
qualitatively 
assessed 

  
Negligible to 
low** 

 

*Represents guidance from the January 2017 version of the SPS Plan 

** Note that before the Control Area is established, the risk of FMD introduction is moderate as it is assumed that 
movements continue to occur. 

 
The likelihood of a single gestation and farrowing premises in a Control Area becoming infected 
with FMDv was also estimated quantitatively using between-herd disease spread models that 
evaluated the effect of farm type, regional swine farm density, distance to infected source farm, 
and duration of the FMDv outbreak. More than a half of all infected farrowing swine sites were 
located outside the minimum 10-km Control Area. Additionally, farrow-to-finish sites were 
predicted to be the most frequently infected type of production premises. The quantitative risk 
and likelihood of a single gestation and farrowing premises in a Control Area becoming infected 
with FMDv is summarized in Table 41.  
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Table 41. The quantitative risk and likelihood of a single gestation and farrowing premises in a 
Control Area becoming infected with FMDv 

  

Quantitative  
risk, % 

 
Production type Farrow-to-finish 6.23  

 Farrow-to-wean 5.53  

 Farrow-to-feeder 4.73  
Farm density,  
beginning of outbreak Low 8.7  

 Medium 4.5  

 High 3.5  

 Overall estimation 5.51 
Likelihood rating:  
Low to moderate 

Farm density,  
end of outbreak Low 1.0  

 Medium 0.9  

 High 0.8  

 Overall estimation <1 Likelihood rating: Low 

 

After taking into consideration the FMDv entry pathways, production type, farm density and 
duration of a potential FMD outbreak and using both quantitative and qualitative analyses, the 
overall likelihood of FMDv entry into a farrowing and gestation swine operation in a Control 
Area was estimated to be negligible to moderate. 
The likelihood of failing to detect infected swine on the origin premises prior to movement 
is moderate to high. 
The likelihood of moving infected but undetected pigs from a farm inside the Control Area was 
evaluated to be moderate to high if a 7-day active surveillance period was used before 
transportation, as is described in the SPS Plan. During an outbreak there is an ongoing possibility 
for an infection to occur at any given premises with susceptible species inside the Control Area 
due to geographic location (local area spread), even while heightened biosecurity is 
implemented. 

The likelihood of FMDv release during transportation of infected but undetected pigs is 
moderate to high. 
The likelihood that FMDv would be released from a truck during the transportation of infected 
but undetected weaned pigs depends on the likelihood of the farrowing site being infected but 
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undetected, the number of viremic pigs being transported, the ability to detect FMD prior to 
shipping the infected pigs, truck characteristics, the amount of bedding used, and airflow. Given 
the potential for adequate production of infectious bioaerosols from a truckload of weaned pigs, 
along with the environmental and transport conditions which may affect their release, the 
likelihood of virus release during transportation of weaned pigs that were infected but undetected 
at the time of departure from the farrowing facility is rated as moderate to high. 

Exposure Assessment 
The exposure assessment describes the biological pathways necessary to expose susceptible 
species to FMDv and estimates the likelihood of those exposures. 

The likelihood of susceptible pigs in transit getting infected through exposure to FMDv-
contaminated truck surfaces is low to moderate. 
FMDv survives for long periods in the environment and feces, and it is highly likely that the 
virus will remain in the truck and infect susceptible pigs if the truck is not properly cleaned and 
disinfected. Given that Enhanced Biosecurity Recommendations and active observational 
measures are in place and C&D is adequately performed, the likelihood that susceptible pigs will 
become infected via FMDv-contaminated surfaces during transit is low. The likelihood may be 
low to moderate in temperatures below freezing due to better survival of FMDv and reduced 
efficacy of most disinfectants. 

The likelihood of susceptible pigs on a truck becoming infected by FMDv airborne 
transmission is negligible to low.   
FMDv bioaerosols are appropriately sized for long-range airborne transmission. Suitable climate 
conditions were found to be present year-round in the two top swine industry states (Iowa and 
North Carolina). There is no known evidence of natural airborne FMDv transmission to pigs, and 
since swine have a relatively low susceptibility to FMDv airborne infection, natural plumes of air 
have a very low likelihood of carrying FMDv concentrations high enough to infect swine for 
extended time periods or longer distances. Thus the risk of FMDv infection of susceptible pigs in 
transport by airborne transmission from infectious animals shedding virus outside the truck was 
found to be negligible to low. 

The likelihood that susceptible species at a destination premises will become infected by 
direct or indirect contact with infected but undetected pigs is high. 
Pigs are very effective at spreading FMDv, and the virus has multiple entry pathways into animal 
housing. If other susceptible species are present at the destination premises, the likelihood of 
infecting those species at the premises will be high. 
If a destination premises were to become infected as a result of movement, spread to surrounding 
premises might occur as well. Assuming Enhanced Biosecurity Recommendations are applied 
and visitor and vehicle traffic is minimized as specified in the SPS Plan, the likelihood of spread 
is moderate if the destination premises are within the Control Area.  For premises outside the 
Control Area, the likelihood of spread is high if premises are operating under standard 
biosecurity measures and continuing to receive regular shipments of pigs, feed, and other 
visitors.  
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Overall Risk Estimation 
The overall risk estimation consists of integrating the results from the entry assessment 
and exposure assessment to produce overall measures of risks. 
The risk that susceptible swine at the destination premises (inside or outside the Control Area) 
would become FMDv infected as a result of the movement of weaned pigs from farrowing sites 
within the Control Area is moderate if Enhanced Biosecurity Recommendations as outlined in 
the SPS Plan are in place. If recommendations in the SPS Plan are not in place, the risk of 
infection at the destination premises will increase to high. 
 

  Pathway Likelihood 

Entry 
Assessments 

Likelihood of a farrowing/gestation premises in a Control 
Area becoming infected with FMDv 

Negligible to 
moderate 

The likelihood of detecting infected swine on the origin 
premises prior to movement 

Low to high 

The likelihood of FMDv release during transportation of 
infected but undetected pigs 

Moderate to 
high 

Exposure 
Assessments 

Likelihood of a farrowing/gestation premises in a Control 
Area becoming infected with FMDv 

Low to 
moderate 

The likelihood of susceptible pigs on a truck becoming 
infected by FMDv airborne transmission 

Negligible to 
low 

The likelihood that susceptible species at a destination 
premises will become infected by direct or indirect contact 
with infected but undetected pigs 

High 
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13 Future Directions 

13.1 Proposed Additional Mitigation Measures  
This section consists of additional mitigation measures which, if followed, could decrease the 
risk that susceptible swine at destination premises (inside or outside a Control Area) would 
become infected as a result of the movement of pigs from premises within the Control Area. 

13.1.1 Additional Measures to Decrease the Likelihood of a Farrowing/Gestation 
Premises in a Control Area Becoming Infected with FMDv (PW1) 

13.1.1.1 Feed 

The risk of FMDv introduction via feed ingredients was not evaluated in this risk assessment, but 
this is currently under evaluation in a project funded by the Swine Health Information Center and 
led by Dr. Scott Dee in collaboration with Kansas State University and South Dakota State 
University.101  Until the mechanisms of the transmission of FMDv to farrowing premises via 
contaminated feed and feed ingredients are more fully elucidated, it may be prudent to mitigate 
this potential risk with biosecurity measures such as those described in the voluntary quality 
assurance program PQA Plus102 and by incorporating feed mill audits into an overall biosecurity 
scheme for farrowing premises. 

13.1.1.2 Other Susceptible Species 

This risk assessment considers only commercial (intensively raised) farrowing operations. 
Premises where pigs are raised with outdoor access or have contact with other domestic animals 
(livestock or pets) were outside the scope of this assessment. Therefore, susceptible species kept 
on the same premises as pigs should be housed outside the Perimeter Buffer Area (PBA) in 
different buildings and also have no access to swine. Movement of people, vehicles, and 
equipment should accord with biosecurity practices discussed in previous sections. Adequate 
biosecurity practices including separate workers for different species and/or shower-in/shower-
out practices should be in place when working with different species on the same premises. 

13.1.1.3 Mortality Disposal 

The Enhanced Biosecurity Recommendations outlined in the current SPS Plan do not explicitly 
prohibit off-site mortality disposal, but suggest that trucks should remain outside the PBA where 
feasible. 3 A risk assessment of movement of FMDv-infected swine and cattle carcasses to a 
disposal site has been previously performed and noted a greater than negligible risk that virus 
could escape a rendering truck under normal circumstances (no additional mitigations) if infected 
carcasses were on the truck.259  In the event of an outbreak, we suggest off-site mortality disposal 
should be prohibited within a Control Area.   

13.1.1.4 Biological Materials 

The use of inocula including, but not limited to, feedback is generally limited to use within a 
herd/premises to assure homogenous and herd-specific exposure and should not come from 
another premises.  In the event of an outbreak, non-commercial biologic products originating off-
site should not be moved onto gestation and farrowing premises. 
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The authors recognize the importance of semen movement for maintaining production, but 
additional information and evaluation is needed to assess the risk of semen movement. Daily 
visual observation of boars should be implemented before movement of semen to verify lack of 
clinical signs consistent with FMD, along with PCR testing for early FMD detection. An added 
mitigation may include delaying semen shipment until FMD status is better known. Boars in a 
Control Area can be tested daily by PCR for early detection of FMD. If the PCR results are 
consistently negative for several days and the boars show no clinical signs of FMD, the semen 
produced is likely to be free of FMDv infection. The length of the observation and testing period 
before semen could be declared disease-free would likely be between 2 and 12 days, but the 
exact time should be determined through clinical studies. Depending on the needed surveillance 
time, semen may be prepared for use either fresh or frozen.3 

13.1.1.5 Water Usage 

Currently the SPS Plan does not specify any Enhanced Biosecurity Recommendations for water 
used at farms. Surface water should not be used at farms during an FMD outbreak, as standard 
surface water treatment practices may not be enough to destroy FMDv in the water. Wells should 
be protected from surface water leaks so that water sourced from the water table stays hygienic.  

13.1.1.6 Control Area 

From disease spread modeling completed as part of this assessment, and other work,260 
increasing the diameter of the Control Area around the origin premises would not be able to 
capture these contact farms and thus would not be sufficient to control disease spread. Rather, 
these findings suggest that a Control Area or other means to control disease spread should 
immediately include each identified contact premises.  

13.1.2 Additional Measures to Increase the Likelihood of Detecting Infected Swine 
on an Origin Premises Prior to Moving Weaned Pigs (PW2) 

The SPS Plan recommends a 7-day Pre-movement Isolation Period before moving animals from 
the premises to another site. During this period, no new animals are to be introduced to the origin 
premises, and swine are actively observed daily for signs of clinical disease. However, the 
likelihood of moving infected but undetected pigs from a farm inside the Control Area was 
estimated to be moderate to high if a 7-day active surveillance period was used before 
transportation. According to the risk analysis performed here, this isolation and active 
surveillance period should be extended to at least 12 days prior to movement, which would 
decrease the likelihood of moving infected but undetected pigs to low to moderate. The active 
surveillance period should be combined with the use of biosecurity practices to limit the potential 
for late infections during that period.  
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13.1.3 Additional Measures to Decrease the Likelihood of FMDv Release during 
Transportation of Infected but Undetected Pigs (PW3); to Decrease the 
Likelihood of FMDv Infection of Susceptible Pigs in Transit Through 
Exposure to FMDv Contaminated Truck Surfaces (PW4); and to Decrease 
the Likelihood of Susceptible Pigs on a Truck Becoming Infected with 
FMDv via Airborne Transmission (PW5) 

Currently, the SPS plan does not specify any Enhanced Biosecurity Recommendations for 
weaned pigs during transport. Additional mitigation measures may further decrease the risk of 
FMDv spread during transit in the event of an outbreak. The following are proposed as potential 
mitigation measures to further lower transmission risk if movement of weaned pigs is allowed 
during an FMD outbreak: 

• Environmental and weather conditions should be considered; it may be possible to 
preferentially transport pigs during times of the day when environmental conditions (e.g., 
temperature and humidity) are less likely to promote virus survival in aerosols. 

• Transport vehicles should avoid routes which pass by other livestock premises. Rigorous 
route planning should be done to ensure that vehicles do not pass within 200 meters of a 
pig farm. Other species are more susceptible to airborne infection than swine and would 
thus need even longer clearance distances. 

• Vehicles transporting pigs should keep as far away as possible from other livestock 
vehicles on the road. Preventing aerosol release completely from the truck is virtually 
impossible, and pigs are large aerosol producers. 

• The use of additional bedding material, especially in warm conditions, during long 
transports might reduce leakage of FMDv-contaminated manure from the truck. 

13.1.4 Additional Measures to Decrease the Likelihood of Susceptible Species at 
Destination Premises Becoming Infected as a Result of Direct or Indirect 
Contact with Infected but Undetected Pigs (PW6) 

Even with active surveillance, it is unlikely that clinical signs would be noticed at destination 
premises prior to unloading weaned pigs. To contain the disease to only the delivered group of 
subclinically infected pigs and decrease the likelihood of disease spread to other susceptible 
species at the destination premises, additional mitigation measures are needed, such as 
quarantine and increased surveillance.  

13.1.4.1 Post-movement Quarantine and Active Observational Surveillance 

Mitigating the risk of susceptible species getting infected with FMDv at destination premises 
may require a post-movement quarantine period (PMQP) of arriving animals for a time long 
enough to conduct active surveillance for clinical signs. Because swine act as amplifying 
hosts,233 any movement to destination premises that have other susceptible species present would 
not be advisable. 
Receiving animals from a Control Area requires a substantial investment of time and resources 
for the destination premises, because the recipient premises must implement enhanced 
biosecurity measures and active surveillance. Rigorous planning is needed to verify that the 
destination premises is suitable and secure enough to allow for receiving the pigs moved from 
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the Control Area, and this can take time and cause delays. Not all premises will be suitable, 
because at some destinations adequate quarantine and separation of pigs from other susceptible 
species might be impossible to organize. 
If PMQPs are implemented as a means to mitigate risk, the following recommendations may 
assist the decision-makers. 

• Quarantine should be implemented for a period of time sufficient to detect disease via 
active observational surveillance. If more than one load of pigs arrives at the premises, 
day 0 for the quarantine is the day when the last load of pigs arrives. 

• Because the infection status of the arriving pigs is not ultimately known and the 
likelihood of spread within the destination premises is high, the post-movement 
quarantine should be applied to the whole premises. 

• The Enhanced Biosecurity Recommendations in the SPS Plan in addition to mitigations 
proposed in this document should be implemented at the destination premises throughout 
the PMQP. 

13.2 Caveats for all Proposed Additional Mitigation Measures 
While it is the opinion of the authors that these additional mitigation measures will lower the risk 
of moving weaned pigs from a gestation and farrowing operation during an FMD outbreak, 
additional work is needed to quantify the degree to which risk could be further mitigated. 

13.3 Knowledge Gaps and Research Needs 
Throughout the risk assessment, multiple areas were identified which warrant further study. 
Additional research on these subjects is likely to improve disease preparedness and reduce the 
likelihood of inadequate recommendations resulting from extrapolations based on incomplete 
data. 

13.3.1 Visual Surveillance and Diagnostic Testing 
Due to the lack of an accepted and validated diagnostic test protocol that is optimized for 
population-level on-farm sampling, much of the surveillance for FMD relies on observation of 
clinical signs. Visual surveillance can vary greatly in both sensitivity and specificity. This creates 
difficulties in establishing surveillance protocols with a high level of confidence of detecting 
disease. Research is needed to develop surveillance protocols with a high confidence of 
detection, but without a readily available population-based diagnostic test, this remains a gap in 
knowledge. Testing protocols that increase confidence in test results should be investigated, as 
should the possibility of developing a pen-side test.  

13.3.2 Semen Movement 
The Secure Pork Supply proposes additional Enhanced Biosecurity Recommendations for 
movement of semen in the event of an FMD outbreak.3 However, it is not currently possible to 
prove that boars are free of FMDv infection during an outbreak. Semen poses a two-fold risk for 
disease spread: (1) It is unknown whether boar semen can carry infectious doses of FMD virus, 
and (2) semen can be contaminated by FMDv present at the premises during collection and 
processing, even if the collecting boar is disease free. As a result, the current mitigation measures 
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in the SPS plan require additional scrutiny, and studies should be done to clearly define the risk 
of FMDv infection due to semen movement from premises located in an FMD Control Area.  

13.3.3 Cleaning and Disinfection 
The enhanced C&D, biosecurity, and active observational measures described in the SPS plan, if 
applied adequately, reduce the likelihood that susceptible pigs will become infected via FMDv-
contaminated surfaces during transit to low under temperate environmental conditions. Adverse 
environmental conditions, especially when temperatures drop below freezing, increase the 
likelihood of virus survival. Similarly, cold and rainy weather increases the likelihood of cross-
contamination of disinfected trucks with wastewater when leaving the cleaning station. 
Insufficient C&D may also be more likely when truck washing stations are constructed hastily as 
part of an emergency response and without adequate planning. Additional studies are needed to 
understand how best to perform C&D for FMDv decontamination in adverse weather and 
emergency situations. 

13.3.4 Transportation of Animals from a Control Area 
In this risk assessment it was assumed that trucks will not stop while moving pigs between origin 
and destination premises. To allow for such transportation, truck driver regulations and pig 
welfare concerns, including required stops every 8 hours and the need to provide pigs with water 
and lairage on long hauls, need to be managed so as to avoid introducing undue risks associated 
with stopping or commingling the pigs with other pigs or livestock. 
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16 Appendices 
Appendix 1:  Within-herd Spread Modeling Overview 
A stochastic disease spread model was developed to simulate the transmission of FMDv within a 
herd and estimate the number of pigs in various disease stages at each time step.7  Disease stages 
included susceptible (S), latent (L), pre-clinical (PI), clinical (CI), and recovered (R).8 Both PI 
and CI animals were considered viremic and infectious to others.7 The model updated the 
number of animals in each disease stage every 6 hours. The uncertainties in input variables as 
well as the inherent variability associated with the course of infection in individual swine 
populations and the spread within the group were considered in the model in the form of 
distributions for the different parameters (adequate contact rate, duration of the latent, PI, and Cl 
periods). The main output of the model was an estimate of the time to disease detection by 
observation of clinical signs and the number of infected pigs that could potentially be 
moved during an FMD outbreak from a farrowing facility in which FMD has not yet been 
detected. 
Parameter distributions were obtained from meta-analyses of FMD experimental 
studies.7,68,243,244 The farm size scenarios used in the model were based on a compilation of 
statistics published by the National Agricultural Statistics Service (NASS) of the USDA for 
2014.12 
The model assumed random mixing among the entire population on the farm. The number of 
susceptible animals that became infected in each time step was dependent on the adequate 
contact rate and the proportion of infectious animals in the herd at that time step. The adequate 
contact rate (k) was defined as the mean number of other animals each infected animal came into 
contact with per unit time such that the contact was adequate to transmit infection. Thus, the 
probability (Pt) that an animal became infected and the number of newly infected, latent 
individuals (𝐿𝐿𝑡𝑡+1 𝑛𝑛𝑛𝑛𝑛𝑛) in a given time step was expressed as: 

 𝑃𝑃𝑡𝑡=1−𝑛𝑛xp (-𝑘𝑘 𝐼𝐼𝑡𝑡/𝑁𝑁−1)  Eq. 1 

 𝐿𝐿𝑡𝑡+1𝑛𝑛𝑛𝑛𝑛𝑛~𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵ial(𝑆𝑆𝑡𝑡,𝑃𝑃𝑡𝑡)   Eq. 2 
where N was the total population of the farm, It was the number of infectious animals (pre-
clinical and clinical), and St was the number of susceptible individuals at time t. Transitions 
between disease stages (from L to PI, PI to CI, and CI to R) were simulated based on the 
duration of each period and determined individually for each animal. 
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Appendix 1, Table 1. Input parameters used in the FMD spread model in swine premises 

Variablea Input Distribution/Value Reference 

Latent period (L) Normal (2.31, 1.40) Kinsley et al., 20167 

Pre-clinical period (Pl) Normal (1.485, 1.099) Kinsley et al., 20167 

Clinical period (Cl) Poisson (μ=5.195, σ=1.944)- 
pre-clinical Period 

Kinsley et al., 20167 

Group size (head) 500, 2,000, 5,000 and 10,000 Kinsley et al., 20167 

Adequate contact rate 
(contacts/day) 

betaPERT (3.17, 6.84, 14) (swine) Eble, 2006243 

Detection threshold 5% of population clinical Kinsley et al., 20167 

aDistributions refer to populations of more than 200 head 

 
Outputs of the within-herd model also included the estimated time to detect FMDv infection in 
the herd by observation of clinical signs, one of the surveillance components that may be applied 
at the herd level during an outbreak.149 The threshold for detection was set at 5% of the herd 
showing clinical signs (lameness and/or vesicular lesions), as this was considered a level that 
would exceed naturally occurring lameness on swine farms.215,245 
The model was coded in R (Version 3.2.3).246 For each herd size, 1,000 simulations were 
performed. The mean and interquartile range (95% confidence interval) were summarized. 
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Appendix 2:  Between-herd Spread Modeling Overview 
A stochastic between-herd spread model (InterSpread Plus, IS+) was used to simulate the spread 
of FMDv serotype O between pig farms of different production types in three U.S. states: 
Minnesota, Oklahoma, and North Carolina. The main output of the model was an estimate of the 
probability of infection of a farrowing facility during an FMD outbreak and the number of 
infected and infected but undetected farms by time, farm density, and distance.  
Local spread in the IS+ model is the probability of a farm becoming infected if it is located 
within a certain distance from an infected farm. The local spread mechanism in the IS+ model 
allows a radial dissemination kernel to be defined, where probabilities of transmission to 
neighboring farms vary by distance from the infected source farm and time relative to the date of 
onset of clinical signs at the source farm. 
The local spread mechanism was characterized by data obtained from the United Kingdom FMD 
epidemics (1967-1968 and 2001), in which 91% and 89% of the farm infections were attributed 
to local spread.247,248 Given that the IS+ model uses the FMD serotype responsible for the 2001 
epidemic in the UK, we used the same local-spread parameters.247,249,250 
The analysis was developed by using IS+ (v. 6.1.2.25) software adapted to conditions in the US. 
IS+ is a computer program designed to provide a framework for modeling the spread of diseases 
within populations. IS+ is a state-transition model, meaning that the units of interest (farm 
locations) exist in one of several disease states at any one time. The disease states defined in IS+ 
include: (1) Susceptible (animals at the location are susceptible to infection); (2) Infected 
(animals at the location have been exposed to FMD and are either incubating the disease or 
showing clinical signs), and (3) Not at risk (sanitary measures have been applied to render 
animals incapable of becoming infected).250 More information about IS+ is available on 
http://www.interspreadplus.com/. Some data limitations for this model include a lack of US-
specific FMD outbreak data, specific farm coordinates, species variability, and 
climate/seasonality-associated parameters. The model addresses limitations as best as possible 
(e.g., including different farm densities; using industry-based movement data; using a 
transmission kernel that implicitly captures all movements and mechanisms of disease spread) 
recognizing that some parameters cannot be modeled and that movement patterns may change in 
an outbreak situation. 
Data used for the simulation included 10,468 pig farms from three U.S. states: North Carolina 
(n=3,055), Minnesota (n= 4,488), and Oklahoma (n=2,925). Farm details included location 
(county and state; x, y points), size of herd, and the type of swine production. Farm coordinates 
were defined by random location using the Data Management Tools extension in ArcGIS 
(ArcGIS 10.2, ESRI, Redlands, CA) software. Data for the herd size and number of farms 
defined by county and state was obtained from the USDA’s NASS 2012 Census of Agriculture 
(available at www.agcensus.usda.gov). The specific data for each state can be found in the 
following links: 

North Carolina: 
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_2_C
ounty_Level/North_Carolina/st37_2_012_012.pdf 
Minnesota: 
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_2_C
ounty_Level/Minnesota/st27_2_012_012.pdf 

http://www.interspreadplus.com/
http://www.interspreadplus.com/
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Oklahoma: 
http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_2_C
ounty_Level/Oklahoma/st40_2_012_012.pdf. 

 
The source of data for type of production farm (in 2012) by state was the USDA national 
database using the NASS (available at www.quickstats.nass.usda.gov).  
To compare the spread of FMD in areas with different farm densities, three farm density 
categories were defined for all of the study areas based on density distributions and Jenks natural 
breaks: low density (<0.02 farms/km2); medium density (0.021-0.06 farms/km2) and high density 
(>0.06 farms/km2). The spread of the disease was characterized by: 

1. Movements: The pattern of animal movement throughout the study area (frequency of 
live animal movement by distance between farms) 

2. Infectivity parameters: The characteristics and behavior of the disease once individuals at 
a location become infected (including the incubation period and the length of time from 
infection to onset of infectivity) 

3. Local-spread probabilities: “Local spread” refers to spread of disease between locations 
that are located within a short distance (generally <5 km) when there is no clear linkage 
other than proximity. Airborne spread was not explicitly modeled, although local spread 
may help to account, at least in part, for risk associated with the airborne route.  
 

The statistical analysis of the simulation model was performed in  R (R.2.7.1)251 and SPSS 15.0 
for Windows (SPSS Inc., Chicago, IL, USA). The main statistical parameters defined were the 
following: mean, standard deviation, minimum and maximum of the number of infected, 
detected, and depopulated farms, time until detection, and the duration of the epidemic.  
The mean value of FMD epidemics was employed as the key indicator in each scenario of: (1) 
infected farms, (2) the duration of the epidemic, (3) the time to detection, and (4) the number of 
farms affected by restrictions in the three control zones (infected zone, buffer zone, and 
surveillance zone).  
Distance of infection was defined as the distance between the source infected farm and the farm 
infected by the source farm. Distance of infection was defined as the Euclidian distance between 
the two UTM (Universal Transverse Mercator) points’ location using ArcGIS 10.2.252 Kernel 
smoothing techniques were used to summarize the spatial distribution of spreader farms (source 
farms of infection) and of infected farms from a large number of iterations. The point location of 
spreader farms and of infected farms for all iterations was plotted on two different maps for the 
state of Minnesota for each scenario.  

Surveillance zones 
The model used different surveillance zones (geographical areas), depopulation strategies, and 
movement restrictions based on the USDA FMD reference guides.4,192 Four distinct zones and 
surveillance activities were defined in USDA guidance (Figure 30): 

• Zone 1: Study area, called “User zone” in the model, which is the full study area without 
infection. 

• Zone 2: Infected zone, which is the zone that immediately surrounds an infected farm.  

http://www.quickstats.nass.usda.gov/
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• Zone 3: Buffer zone, which is the zone that immediately surrounds an infected zone. The 
infected zone and buffer zone together are considered the “Control Area.” 

• Zone 4: Surveillance zone, which is the zone outside and along the border of a Buffer 
zone.  

 

 

Figure 30. Zones and areas used in the USDA Foreign Animal Disease response 
activities.Diagram and table from USDA.192 

 
In each zone, the specific surveillance activities were based on those recommended by different 
authors and the USDA FMD reference guides.4,192 Surveillance strategies of Sanson et al. 
(2006)247,250 were based on a Delphi conference, and surveillance estimations of Axelsen 
(2012)253 were based on expert opinion adapted from general guidelines. Each zone also had 
movement restrictions which were similar across the four zones using estimations of Axelsen 
2012253 and USDA 2014.4 Table X5 summarizes the data about zones, surveillance and 
movements restrictions included in the model. 

Appendix 2, Table 1. Summary of surveillance activities for each zone 

Definition Zone 1 Zone 2 Zone 3 Zone 4 Reference 

Name User zone Infected 
zone 

Buffer zone Surveillance 
zone 

USDA, 2015192 

Radius Defined by user 
coordinates 

0-3 km 
from the 
infected 
premise 

3-10 km 
from the 
infected 
premise (at 
least 7 km) 

10-20 km 
from the 
infected 
premise (at 
least 10 km) 

USDA, 2015192 
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Definition Zone 1 Zone 2 Zone 3 Zone 4 Reference 

Surveillance 
duration and 
activation 

Simulated time 
period of 1-365 
days (d) after 
first detection 

28 d after 
the first 
detected 
farm 

28 d after 
the first 
detected 
farm 

42 d after the 
first detected 
farm 

USDA, 20144 

Probability of a 
farm being 
under 
surveillance 

0.65 0.99 0.99 0.90 

Sanson et al., 
2006b,250 
Axelsen, 
2012253 

Official 
veterinary visit 
delay 

6.0 d 2.75 d 2.75 d 3.5 d Axelsen 
2012253 

Official 
veterinary visit 
frequency  

6.5 d 4 d 4 d 4.5 d Axelsen, 
2012253 

Surveillance 
duration 33 d 28 d 28 d 42 d USDA, 20144 

Delay to 
 detection 

Beta Pert (9, 
10.7,14 contacts 
per day [cnt/d]) 

Beta Pert 
(0,1,3 
cnt/d) 

Beta Pert 
(0,1,3 cnt/d) 

Beta Pert 
(0,1,3) 

Kinsley et al., 
2016,7 Sanson 
et al., 2006b250 

Detection  
criterion Clinical signs Clinical 

signs 
Clinical 
signs Clinical signs 

Sanson et al., 
2006b,250 
Axelsen, 
2012253 

Detection 
probability 0.986 0.983 0.983 0.983 Sanson et al., 

2006b250 
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Appendix 2, Table 2. Summary of movement restrictions during an outbreak for each zone. 

Definition Zone 1 Zone 2 Zone 3 Zone 4 Reference 

Movement restriction User 
zone 

Infected 
zone 

Buffer 
zone 

Surveillance 
zone 

USDA, 2015192 

Start of movement 
restriction 

At first detection Sanson et al., 2006b250 

End of movement 
restriction 

90 d Sanson et al., 2006b250 

Movement types 
restricted 

All 
 

Probability of movement 
restriction 

0.9 Axelsen, 2012253 based 
on Bates et al., 2003254 

 
Definition of some parameters used in the IS+ model: 

• Probability of being under surveillance: The probability that a farm will be placed 
under surveillance, and added to the surveillance list, depending on the zone. For 
example, in zone 1 (normal conditions), not all farms are monitored. A farm that is being 
monitored and becomes infected will be detected after the visit of an official designated 
veterinarian.  

• Visit delay: The number of days between a farm being placed under surveillance and 
being visited by a designated official veterinarian. The inclusion in the surveillance list 
by zone (1, 2, 3, 4) could depend on the suspicion of disease by clinical signs or the 
location near an infected farm.  

• Visit frequency: The number of days between consecutive designated official 
veterinarian visits for undetected farms.  

• Surveillance duration: The total number of days that a farm will be under surveillance 
and thus subjected to an official veterinarian visit.  

• Delay to detection: The number of days from when a visit occurred to when that farm is 
detected. Once detected, the farm will be removed from the surveillance list and placed 
on the infected list.  

• Detection relative to: A function that defines detection relative to surveillance and 
observation of clinical signs. 

• Detection probability: The probability of an infected farm being detected at each 
designated official’s visit depending on the number of days the farm has been infected.  

• Probability of movement restriction: The probability that the restrictions for this 
specific movement will be put in place and will not be disregarded. 
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Model inputs 
The frequency and distance of movement of live animals between farms throughout the study 
area was characterized by the following parameters: 

(1) Number of daily movements (depending on the type of farm) 

This parameter describes the probability distribution of the number of movements of this type to 
occur per day for the specified type of farm. 

Appendix 2, Table 3. Poisson probability distribution of the number of daily movements per 
type of farm 

Farm type Number of daily movements 

Breeding 0.13 

Nursery 0.13 

Farrow (all types of farrow) 1 

Finish 0.12 
Source data: Analysis of movements between farms from two private swine production  
companies (personal communication, January-December 2014) 

 
(2) Destination probability 
This parameter describes the probability of a farrowing farm receiving pigs from a specific farm 
type. 

Appendix 2, Table 4a and 4b. Probability of farrowing site receiving pigs from various farm 
types 

a. Probability of movement to the farrowing site  b. Probability of movement to 
other destination sites (e.g. 

those that are not farrowing 
sites)  

Source farm 
type 

Farrow to 
feeder 

Farrow to 
finish 

Farrow to 
wean 

Breeding Nursery  Finish 

Breeding 0.006 0.006 0.006 0.006 0.9 0.076 

Farrow to 
feeder 

0.006 0.006 0.006 0.006 0.9 0.076 

Farrow to 
wean 

0.006 0.006 0.006 0.006 0.9 0.076 
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Farrow to 
finish 

0.006 0.006 0.006 0.006 0.9 0.076 

Nursery 0.001 0.001 0.001 0.001 0.026 0.97 

Finish 0.14 0.14 0.14 0.14 0.025 0.415 
Source data: analysis of movements between farms from two private swine production companies  
(personal communication, January-December 2014) 

(3) Movement distance 
This parameter was characterized by a lookup table of the probability of a movement occurring 
within a certain distance. Ninety percent of movements occurred within a 100-km radius of the 
source farm. 

Appendix 2, Table 5. Probability of a movement occurring within a certain distance 
Probability Distance (km) 

0 0 
0.208 7.5 
0.181 14 
0.133 22.7 

0.096 30 
0.060 36 
0.047 44 
0.044 52 

0.024 58 
0.025 66 
0.100 124 
0.041 198 

0.004 212 
0.016 302 
0.007 400 
0.007 401 

0.003 499 
0.002 599 
0.001 700 

Source data: analysis of movements between farms from two private swine production 
companies (personal communication, January-December 2014) 
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(4) Probability of disease transmission by movement 
This parameter describes the probability that the destination farm will be infected from 
movements originating from an infected farm. A constant probability of 0.9999 was selected 
based on a simulation of FMDv serotype O in the U.S.253 This means that a farm that receives a 
movement of live animals from an infected farm will have close to a 100% probability of 
infection. 

Characteristics of FMD transmission 
The parameters describing the infectivity of FMDv serotype O for a specified time period were 
defined as follows: 

• Incubation period 
 
This parameter is a probability distribution of the days from infection to the appearance 
of clinical signs.   
Appendix 2, Table 6: Probability of appearance of clinical signs within a certain number 
of days 

Day Probability 

2 0.01 

4 0.645 

6 0.23 

8 0.007 

10 0.01 

14 0.01 

 Sources: Yoon et al., 2006,255 Kinsley et al., 20167 
 

• Infectivity of a farm: 
Infectivity, as used as a model input, describes the probability of a farm to spread FMDv 
to another farm. A farm is considered to be infected when just one animal is infected, and 
infectivity and spread are assumed to occur shortly thereafter. The probability of a farm 
becoming infective (specifically, the probability that an infected farm can spread FMDv 
to other farms) is reported in Appendix 2, Table 7 on a scale with values from 0 to 1 over 
time between days 1 and 33 of an FMD outbreak. The value is applied to the probability 
of all forms of spread, and, when the value not specified, 1 is assumed in all cases as 
from days 2 to 16). 
 

  



Working Draft 

Risk Assessment of Movement of Weaned Pigs During FMD Outbreak in the U.S.  

 

Page 163 of 179 

Appendix 2, Table 7: Probability of a farm becoming infective on a given day during an 
FMD outbreak  

Day Probability 

1 0 

2-16 1 

17 0.941 

18 0.882 

19 0.823 

20 0.764 

21 0.705 

22 0.646 

23 0.587 

24 0.528 

25 0.469 

26 0.41 

27 0.351 

28 0.292 

29 0.233 

30 0.174 

31 0.115 

32 0.056 

33 0 
Data source: Sanson et al. (2006b),250 which includes a smoothed value based on UK 
FMD epidemic (2001); a latent period of 2 days is assumed. 
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Appendix 3: Within-herd Spread Model During Transport  
The likelihood that virus will be released from a load of infected but undetected weaned pigs is 
affected by the percentage of viremic pigs being transported.  For example, if we assume that 
wean pigs were shipped out before detection of the disease (as could occur in a farrowing site 
with less than 5% of the animals in the herd displaying clinical signs), it is reasonable to 
conclude that the release of virus from the truck will increase as the duration of transportation 
increases.   

To estimate this likelihood of virus release, a within-herd disease spread model was used to 
describe the changes in disease progression as time elapses throughout transport.   As time passes 
from the time of departure (hour 0) to the maximum time allowed for transport (hour 28), the 
model describes the percentage of animals on the trailer that progress through the susceptible, 
latent, pre-clinical, clinical, and recovered stages of disease. In the event of an outbreak, the true 
number of viremic pigs will not be known, so the model accounts for loads of  pigs with different 
percentages of clinical signs at departure Time 0, increasing from 1 to 5%.  

Appendix 3, Table 1. Mean percentage of pigs in different stages of disease, given 1% clinically 
ill pigs at departure  

Time 
(hr) 

% 
Susceptible 

% 
Latent 

% 
Preclinical 

% 
Clinical 

% 
Viremic 

% 
Recovered 

0 84 12 3 1 4 0 

4 79 15 4 2 6 0.4 

8 73 19 5 2 8 0.6 

12 65 24 7 3 10 0.9 

16 57 29 9 4 13 1 

20 48 34 11 6 16 2 

24 39 45 13 7 20 3 

28 30 42 15 9 24 3 
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Appendix 3, Table 2. Mean percentage of pigs in different stages of disease, given 2% clinically 
ill pigs at departure  

Time 
(hr) 

% 
Susceptible 

% 
Latent 

% 
Preclinical 

% 
Clinical 

% 
Viremic 

% 
Recovered 

0 71 21 6 2 8 0 

4 63 26 7 3 11 0.9 

8 55 31 9 5 14 1 

12 45 35 11 6 17 2 

16 36 40 14 8 22 2 

20 28 43 16 10 26 3 

24 21 45 18 12 30 4 

28 15 45 20 15 35 5 

Appendix 3, Table 3. Mean percentage of pigs in different stages of disease, given 3% clinical 
pigs at departure  

Time 
(hr) 

% 
Susceptible 

% 
Latent 

% 
Preclinical 

% 
Clinical 

% 
Viremic 

% 
Recovered 

0 60 28 8 4 11 0 

4 50 33 10 5 15 1 

8 41 38 12 7 19 2 

12 32 42 15 9 23 2 

16 24 45 17 11 28 3 

20 17 46 20 13 33 4 

24 11 45 22 16 37 6 

28 8 44 23 19 41 7 
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Appendix 3, Table 4. Mean percentage of pigs in different stages of disease, given 4% clinical 
pigs at departure  

Time 
(hr) 

% 
Susceptible 

% 
Latent 

% 
Preclinical 

% 
Clinical 

% 
Viremic 

% 
Recovered 

0 50 34 10 5 15 1 

4 40 39 13 6 19 2 

8 31 43 15 8 24 2 

12 23 45 18 11 28 3 

16 17 46 20 13 33 4 

20 11 46 22 16 38 6 

24 7 44 23 19 42 7 

28 5 4 24 21 45 9 
 

Appendix 3, Table 5. Mean percentage of pigs in different stages of disease, given 5%* clinical 
pigs at departure. Parentheses represent 5th and 95th quantiles. 

Time (hr) % Latent % Preclinical % Clinical % Viremic % Recovered 

0 39 (38−40) 13 (12−13) 5* 18 2 

4 43 (39−46) 15 (14−16) 7 (6−7) 22 (20−23) 2 (2−3) 

8 46 (41−51) 17 (16−19) 9 (8−9) 26 (24−28) 3 (2−3) 

12 47 (41−53) 20 (18−22) 11 (10−12) 31 (28−34) 4 (3−4) 

16 48 (42−53) 22 (19−24) 13 (12−14) 35 (31−38) 4 (5−5) 

20 47 (41−51) 24 (21−26) 15 (14−17) 39 (35−46) 5 (5−6) 

24 45 (41−47) 25 (22−27) 18 (16−19) 43 (38−46) 7 (7−8) 

28 42 (39−44) 26 (23−28) 20 (18−22) 46 (41−50) 8 (7−9) 
*The percentage of clinical pigs is just below 5% 
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Appendix 4: Research on Disinfectants and Approved Disinfectants 
against FMDv 
 
Appendix 4, Table 1. EPA-approved disinfectants for FMDv in livestock-transporting 
vehicles230 

EPA 
Reg. No. 

Product 
Name 

Manufacturer Active ingredients 

10324-67 Maquat 
MQ615-
AS 

Mason Chemical 
Company 

Alkyl dimethyl benzyl ammonium 
chloride 
Didecyl dimethyl ammonium chloride 
Octyl decyl dimethyl ammonium chloride 
Dioctyl dimethyl ammonium chloride 

70060-19 Aseptrol 
S10-TAB 

BASF Catalysts, LLC Sodium chlorite 
Sodium dichloroisocyanurate dihydrate 

70060-30 Aseptrol 
FC-TAB 

BASF Catalysts, LLC Sodium chlorite 
Sodium dichloroisocyanurate dihydrate 

71654-6   Virkon S The Chemours 
Company FC, LLC 

Sodium chloride 
Potassium peroxymonosulfate 

 
Appendix 4, Table 2. OIE-suggested disinfectants to inactivate FMDv35 

Disinfectant Concentration 

Sodium hydroxide 2% 
Sodium carbonate 4% 
Citric acid 0.2% 
Acetic acid 2% 
Sodium hypochlorite 3% 
Potassium peroxymonosulfate/ sodium chloride 1% 
Chlorine dioxide Not reported 
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Appendix 4, Table 3. Summary of research studies on the efficacy of disinfectants against 
FMDv 

FMD 
serotype 

Agent Concen- 
tration 

Contact 
material 

Contact 
time min 

Temp, 
°F 

Temp, 
°C 

Reduction (log)* 

A24 Sodium 
hypo- 
chlorite 

500 ppm Steel 10 72 22 2.63 ± 0.53 
CCID50/ml 
Krug et al. 2011256 

A24 Sodium 
hypo- 
chlorite 

500 ppm Plastic 10 72 22 2.38 ± 0.18 
CCID50/ml  
Krug et al. 2011256 

A24 Sodium 
hypo- 
chlorite 

1000 ppm Steel 10 72 22 5.55 ± 0.47 
CCID50/ml  
Krug et al. 2011256 

A24 Sodium 
hypo- 
chlorite 

1000 ppm Plastic 10 72 22 5.55 ± 0.47 
CCID50/ml   
Krug et al. 2011256 

A24 Citric acid 0.5% Steel 10 72 22 4.7 ± 0.88 
CCID50/ml  
Krug et al. 2011256 

A24 Citric acid 0.5% Plastic 10 72 22 4.13 ± 0.72 
CCID50/ml  
Krug et al. 2011256 

A24 Citric acid 1% Steel 10 72 22 5.0 ± 0.35 
CCID50/ml  
Krug et al. 2011256 

A24 Citric acid 1% Plastic 10 72 22 5.1 ± 0.49 
CCID50/ml  
Krug et al. 2011256 

A24 Sodium 
carb- 
onate 

4% Steel 10 72 22 4.8 ± 0.57 
CCID50/ml  
Krug et al. 2011256 

O & A Citric acid 0.2% NA 5 -4** -20 >4 TCID50/0.1 ml 
Hong et al. 2015229 
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FMD 
serotype 

Agent Concen- 
tration 

Contact 
material 

Contact 
time min 

Temp, 
°F 

Temp, 
°C 

Reduction (log)* 

O & A Citric acid 0.2% NA 5 39 4 >4 TCID50/0.1 ml 
Hong et al. 2015229 

O & A Sodium 
carb- 
onate 

4% NA 30 -4** -20 <1 TCID50/0.1 ml 
Hong et al. 2015229 

O Electro- 
lyzed 
water 

1:10 (viral 
dilution), 
pH 2.6 

NA 2 72 22 >4 TCID50/ml  
Bui et al. 2017257 

O Electro- 
lyzed 
water 

1:100 
(viral 
dilution) 
pH 5.8 

NA 2 72 22 >4 TCID50/ml  
Bui et al. 2017257 

O Accelerate
d hydrogen 
peroxide® 

7% Petri 
dish, wet  

5 72 22 >5 TCID50/ml  
Hole et al. 2017258 

  NA: not available 
*Krug et al. 2011 used 4.8-log reduction as cutoff for effective FMDv inactivation.256 
**With added de-icers 
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Appendix 5: Expert Biosecurity Survey  
A 14-question survey was sent to swine production experts in the Secure Pork Supply working 
group to gather input on current industry transportation C&D practices. Four responses were 
received from the Secure Pork Supply working group members. Answers to write-in responses 
are presented in random order. 
 

The following questions pertain only to trucks moving weaned pigs from sow farms. 
 Q1: What disinfectants do you normally use for disinfecting trucks that have moved 
weaned pigs from sow farms? 
 N=4 “Synergize” 

 Q2: What concentrations are used? 

 
  
Q3: What contact times are used for the disinfectant? 
 N=1  “It varies” 
 N=1  “Minimum 1hr at 60 F” 
 N=1 “Until disinfectant is dry; trucks stored in heated shop” 
 N=1  No response 

  
  

0

1

2

3

4

Label Concentration 1:128
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Q4: Is there a downtime between disinfection and the next use of the truck? 

 
 
Q5: How long is the downtime? 
 N=1  “It varies” 
 N=1  “Overnight” 
 N=1 “Downtime from disinfection to use of trailer can vary from 24-72 hrs” 
 N=1  “It varies based on hot air drying.  Downtime overnight if no heat used” 

 
Q6: At what temperature is the truck dried after disinfection? 
  N=1  “It varies” 
 N=1  “50-65 F” 
 N=1 “160 F for 10 minutes” 
 N=1  No response 

 
  

0

1

2

3

4

Yes No Not Sure
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Q7: Do you have access to hot water at truck washing? 

 
 
Q8: Do you have access to a drying station after washing & disinfection? 
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Yes No Not Sure
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Yes No Not Sure
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Q9: Are you able to use de-icers in an event of continuous below freezing temperatures? 

 
  

Q10: How often are the trucks washed & disinfected after moving weaned pigs from sow 
farms? 

 
 

  

0

1

2

3

4

Yes No Not Sure

0
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2

3

4

After every transport Every day Once weekly Other, please specify
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Q11: Could the frequency of truck washing be increased in an emergency? 

 
  

Q12: How is manure and bedding from the truck handled? 
 N=1  “Swept out” 
 N=1  “Scraped at receiving site and usually used in mortality compost pile” 
 N=1  “Scraped out and disposed of” 
 N=1  “Scraped out by hand or high volume water hose” 

 
Q13: Where is the manure and bedding from the truck disposed? 
 N=1  “At receiving farm” 
 N=1  “In a field” 
 N=1  “In compost pile or put in dumpster for landfill” 
 N=1  No response 
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Q14: Do you currently use any biosecurity checklists? 

  
 
 

  

0
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4

Yes, internally
developed checklist

Yes, checklist from
outside source

No Not Sure
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