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SDCHQ
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WTO 
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1. Summary and conclusions

This report provides a review of new and developing technologies for the diagnosis of FMD and discusses the application of these technologies in the management of an FMD outbreak in Australia.

AUSVETPLAN was identified as the key policy document for emergency animal disease preparedness and planning.

The AUSVETPLAN Disease Strategy: Foot and Mouth Disease manual has a date of last update of 2002 (Edition 3, version 1.0). In the period since August 2002 the Strategy manual has been reviewed by the Technical Review Group and minor updates incorporated. The Strategy document is currently undergoing technical review following a level 2 update and it is anticipated that a new edition of the Strategy will be released before the end of 2005. 

This report considered information within Edition 3, version 1.0 (August 2002) since this was the current strategy at the time this report was prepared.

Vaccination
The current AUSVETPLAN allows for the use of emergency vaccination under certain conditions provided that all vaccinates are identified, subject to strict movement controls and ultimately slaughtered. This policy is considered appropriate for Australia in the light of current information concerning vaccines, OIE guidelines for restoration of disease-free status following an outbreak and available tests to detect vaccinated carrier animals based on detection of antibodies to NSPs.

The OIE Manual lists two NSP tests for use in serosurveillance to distinguish vaccinated from infected animals. These tests are not validated sufficiently for international recognition of their use in individual animals. The OIE has accepted the principle of herd based NSP serosurveillance for regaining disease free status and guidelines for the application of SP tests are contained within the OIE Manual (OIE 2005). Continued development and validation of NSP tests is an active area of research. Currently vaccination-to-live may be considered in cattle with NSP tests being applied at the herd level with a variety of follow-up strategies used to resolve any positive NSP test results. Options for follow-up testing include virus isolation and real time RT-PCR on probang samples as well as additional serological testing and even slaughter and post-mortem of test-positive animals. Validation of NSP tests for small ruminants and other species is also ongoing and is likely to take longer than for cattle.

Developments in vaccine technology are likely to result in the production of alternative vaccines that may induce rapid-onset immunity with minimal or no risk of vaccinated animals forming a carrier state after subsequent exposure to virus, or allow easier detection of carrier animals through the use of vaccine markers combined with specific serological testing. These developments are considered unlikely to occur in less than 10 years. In addition developments in other diagnostic technologies such as novel biomarkers detecting gene expression associated with viral activity or real-time RT-PCR may offer superior tests for detection of carrier animals amongst vaccinates that may complement or replace NSP tests. Either of these approaches may allow consideration of vaccinate-to-live policies in the control of an FMD outbreak.

The following recommendations concern vaccination policy:

· That efforts continue to evaluate the use of suppressive vaccination (vaccinate-to-die) in a FMD outbreak in Australia.

· That detailed plans be drafted to advise and guide the process of determining whether to implement emergency vaccination and protocols for implementation including consideration of vaccinate-to-live and –to-die alternatives.

· That consideration be given to investigation of the role of carrier animals in transmission of FMDV and factors that influence or modify this risk including strain, vaccination and other factors. Uncertainties should be identified and further specific research aimed at clarifying these issues.

· That developments in diagnostic tests and vaccine technology be monitored for their potential application in Australia and impact on the AUSVETPLAN policy concerning vaccination.

· That continued investment be directed towards development and validation of diagnostic tests capable of differentiating infected from vaccinated animals.

· That emergency vaccine bank requirements be reviewed in light of developments in policy regarding the use of vaccination and also in response to developments in vaccine technology and monitoring of circulating field strains of FMDV. 
Diagnostic test methodologies

A number of diagnostic methodologies were reviewed and considered to represent mature technologies that were already implemented within Australia, fully validated and that appear in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals. These include:

· Virus Isolation (VI)

· Antigen Capture ELISA

· Liquid Phase Blocking ELISA (LPBE)

· Solid Phase Competitive ELISA (SPCE)

· Virus Neutralisation (VN)

· Genotyping using PCR/Sequencing

With the exception of the VN test, all these technologies are currently implemented within Australia. In the event of an FMD outbreak VN tests would be developed using field isolates from the outbreak. These technologies were not associated with any potential impacts on the management of an FMD outbreak in Australia.

Several other methodologies were identified that had potential impacts on management of an FMD outbreak in Australia. Impacts and recommendations are summarised below.

Non Structural Protein (NSP) tests
Availability of reliable, validated NSP tests would allow consideration of a vaccinate-to-live policy as an option for emergency vaccination in the face of an FMD outbreak. Consideration of a vaccinate-to-live policy would require review of much of the content of the AUSVETPLAN for FMD control including exit strategies for dealing with vaccinated livestock and regaining disease-free status. 

A variety of unresolved issues were identified relating to validation of NSP tests and their application and interpretation. There is much research directed at validation of NSP tests in cattle in particular as well as small ruminants and pigs. Validation for use in cattle with interpretation at the herd-level appears likely to be achieved within a few years.

The following recommendations concern NSP tests:

· Until such time as NSP tests are fully validated in all susceptible species or an alternative test is identified that can distinguish vaccinated from infected animals, it is recommended that Australia continue to consider emergency vaccination only as a vaccinate-to-die (suppressive vaccination) policy.

· Simulation modelling should continue to be used to investigate economic and other impacts resulting from the use of different control options on FMD outbreaks in Australia including consideration of no vaccination, vaccinate-to-die and vaccinate-to-live approaches.

· Australia should continue to contribute to and learn from experiences and research in other countries that have had FMD outbreaks, including efforts to investigate issues associated with NSP tests.

Development of novel test platforms for identifying vaccinated animals that have been exposed to wild FMDV may obviate the need for NSP tests. An example is the use of microarray technology for detecting gene expressions associated with FMD virus activity. 

Real-Time RT-PCR including TaqMan® RT-PCR
The technology offers a rapid, robust, high sensitivity, high specificity test that is capable of being enhanced with automation to increase capacity in a centralised laboratory, and that can be performed in regional laboratories with suitable training and provision of reagents. 

Development and validation of portable tests incorporating real-time RT-PCR capability, and that are capable of being applied outside a conventional laboratory setting (on-farm, regional control centre etc) is considered likely to involve a longer time-scale, in the order of 3–5 years or more. 

Real-time RT-PCR has potential application in all aspects of management of an FMD outbreak.

The following recommendations concern Real-Time-RT-PCR tests:

· That Australia continues to develop real-time RT-PCR techniques and works with other researchers and organisations such as OIE towards achieving sufficient validation of these techniques to allow application in index case diagnosis and ongoing control measures.

· That contingency plans be developed for increasing throughput capacity for real-time RT-PCR tests in the event of an outbreak — both within AAHL, and through deploying the technique in regional laboratories with PCR skills and equipment.

· That there be consideration of the development and application of portable technologies incorporating real-time RT-PCR test capability.

· That real-time RT-PCR be evaluated for a potential application in detecting carrier animals either as an alternative option for NSP tests or as a confirmatory test in conjunction with NSP tests.
Luminex xMAP® technology
Luminex xMAP® has the potential to provide any form of antigen or antibody detection assay in a rapid, reliable, high sensitivity, high specificity test that is capable of being automated and of high throughput capacity. The technology is considered most suitable for situations where multiple tests are required and high sensitivity is a primary objective. Differential diagnostics and serosurveillance appear to be the most suitable applications. 

It is considered likely that Luminex technology may replace ELISA in the mid term future including assays devoted to a single serotype (either measuring one or multiple analytes) as well as multiplexed assays measuring multiple analytes for multiple serotypes.

The following recommendations concern Luminex xMAP® tests:

· That consideration be given to investment in research and development of Luminex techniques suitable for FMDV diagnosis including detection of FMDV antigen and antibodies directed against structural and non-structural proteins.
Microarray analysis (gene chip or DNA chip)
Microarray technologies may have considerable potential in the differential diagnosis of unknown diseases due to the ability to simultaneously screen a sample for the presence of any of a large number of different antigens. Alternative methods are available for this purpose. The combination of PCR and microarray technologies offers a rapid, high sensitivity, high specificity system capable of detecting many pathogens simultaneously. Major benefits are throughput capacity and multiplexing capability.

Applications include differential testing for large numbers of pathogens in screening tests including diagnosis of disease and ruling out diseases in animals intended for importation into Australia as well as diagnosis of FMD subtype.

Microarray technologies are also capable of being used to detect novel biomarkers including gene expressions indicative of viral activity. This type of test would be applicable in DIVA strategies.

The following recommendations concern Microarray tests:

· Monitor advances in the field.

· That consideration be given to an international collaborative research and development effort aiming at investigating this technology for future potential applications including but not limited to FMD.

Pen-side diagnostics
Likely to have a major potential impact on the management of an FMD outbreak in Australia because they may allow on-the-spot confirmatory tests for the presence of FMDV and greatly facilitate rapid implementation of biosecurity measures and culling.

Incorporation of pen-side tests into an emergency disease control programme may change the structure and function of various components of a response, largely by moving decision making towards the level of the farm, and bundling together in time and space various activities such as initial inspection, diagnosis and culling.

Production of specific pen-side tests is likely to depend on generation of commercial returns to a manufacturing company.

The potential benefits of such tests warrant further development and validation. 

The following recommendations concern pen-side tests:

· That consideration be given to investment in further research and development activities aimed at developing and validating pen-side tests for FMDV antigen detection.

· That a review of the economic feasibility of development and maintenance of pen-side tests be developed to determine whether it is likely to be worthwhile for a commercial company to invest in this technology.

· That consideration be given to the feasibility of an international consortium of countries to contribute to the costs of development, validation and maintenance of a ‘bank’ of pen-side tests for application in the event of an FMD outbreak.

Solid state diagnostics incorporating different diagnostic methodologies embedded within a chip

Lab-on-a-chip technology offers miniaturisation of almost any laboratory based technology and incorporation of these capabilities into small, rapid, affordable devices that can be highly portable. Lab-on-a-chip devices are expected to able to offer complex separations, enzyme-linked immunoassays (ELISA), and even PCR. In the short to mid term future this technology is seen as a mechanism by which general laboratory capacity will be improved. In the longer term future (over the horizon) development of portable, miniaturised test platforms offers alternative pen-side tests based on sophisticated underlying technology. This platform is considered to have limited impact on Australia’s FMD plans or policies in the foreseeable future other than as a means of improving laboratory capacity and efficiency.

The following recommendations concern solid-state diagnostic tests:

· That developments in this field be monitored for possible application.

· That consideration be given to an international collaborative research and development effort aiming at investigating this technology for future potential applications including but not limited to FMD.

Biosensor technologies

Laboratory based diagnostics that incorporate biosensor technology are already available and will continue to be developed. This platform is considered to have limited impact on Australia’s FMD plans or policies in the foreseeable future other than as a means of improving laboratory capacity and efficiency

Remote biosensors have the potential to be implemented as independent environmental sampling systems capable of autonomous action and reporting. Similarly implantable biosensors may allow early detection of exposure of sentinel animals to FMDV. Such advances could offer enhanced capacity for detecting FMDV. However, this platform is considered to have little potential for impact on Australia’s FMD plans or policies in the foreseeable future because of the perceived very long time frame before remote or implantable biosensors might be developed and validated. This technology is considered an example of over-the-horizon technology because of the early state of research and development at the current time.

The following recommendations concern biosensor tests:

· That developments in this field be monitored for possible application.

Future roles for diagnostic platforms
Table 1.1 shows varying diagnostic platforms listed under different applications and at three time points (current, 5-yrs time and 10-yrs time). The expected changes reflect a move towards nucleic acid and gene expression based technologies in the future.
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Current

5-yrs time

10-yrs time

Index case

Ag capture ELISA

Real time RT-PCR

Nucleic acid technologies

Ab ELISA

Whole of genome sequencing

Virus isolation

Real time RT-PCR

Electron microscopy

Sequencing

Detection of infection 

Ag capture ELISA

Real time RT-PCR

Nucleic acid technologies

Ab ELISA

Luminex assays

Novel biomarkers 

Virus isolation

Pen-side tests

Virus neutralisation

Real time RT-PCR

Detection of carriers

NSP ELISA

Luminex NSP tests

Novel biomarkers

Virus isolation

Real time RT-PCR

Real time RT-PCR

Virus isolation

Confirmation of freedom

Ab ELISA

FMD generic ELISA

Nucleic acid technologies

Virus neutralisation

Luminex assays

Vaccination

as per vaccine bank

as per vaccine bank

Virus like particles

Immunomodulators

Anti-virals


Table 1.1: Description of test platforms expected to be used for different purposes at three different time points: currently, in 5-years and in 10-years time (See section 7 for more detail)
Other issues related to diagnostic performance
Developments in diagnostic test platforms in the future are expected to improve sensitivity, specificity, speed and portability (in some cases). Realisation of benefits of these improvements will require effort to ensure that other components of a response are not rate limiting such as sample collection and submission, interpretation and reporting of results and implementation of resulting actions including quarantine, slaughter and disposal.

It is recommended that consideration be given to assessment and improvement (if necessary) of the following areas relating to clinical diagnosis of FMD and logistics relating to diagnostic sampling and reporting:

· effective training in clinical recognition of disease due to FMDV

· Continued development of a response framework that can generate maximal benefit from the expected availability of high speed, high sensitivity, high specificity tests including those that are portable through:

· implementation of an effective and integrated information management system

· rapid two–way communication of voice, text and images between field personnel, laboratories and experts to facilitate decision making

· logistics of rapid transport of samples from point-of-collection to a laboratory

· decision making criteria that can be applied locally to allow portable tests and rapid provision of test results to reduce the time period between initial visit, diagnosis and action (quarantine, movement control, stamping out).

Surveillance and epidemiological technologies
A brief review is presented of recent developments and issues in the area of epidemiology and data management relating more generally to surveillance as well as emergency animal disease control.

The lack of an integrated information management system (IMS) capable of utilisation in peace-time (in the absence of any emergency disease response) as well as during the management of an FMD outbreak, is identified as an issue of major importance.

It is critical that an integrated information management system (IMS) be designed, implemented and tested in the period prior to an outbreak occurring. Such a system (BIOSIRT) is currently being specified and tenders will be called for in October 2005. Sufficient funds and resources should be directed towards successful completion of this project in as short a time as possible.

Development of rumour and syndrome surveillance capacity is considered to offer potential benefits in early warning of FMD (and other diseases) both outside Australia as well as within the national border.

There should be consideration of the potential application of mass screening tests capable of detecting FMDV or other agents at pre-border, border or post-border locations. Deployment of remote biosensors capable of continuous monitoring for presence of FMDV in high risk areas for example piggeries and saleyards, may have application in early warning systems, but are considered to be more than 10 years from availability in a robust and validated form. Alternatives include application of high capacity, rapid screening of samples (individual or pooled) from animals or animal products. This option is considered likely to be feasible within the next several years though cost and other impacts on trade for example will need to be reviewed against any perceived increase in biosecurity offered over current methodologies.

A current research project in the AB-CRC portfolio is developing methodologies for incorporating complex data from multiple sources into a quantitative estimate of confidence in disease freedom. It is recommended that this project be expanded to consider options for using this approach for estimating confidence in freedom from FMDV.

The national livestock identification system (NLIS) is already being implemented though there are species variations in the level of information that may be available through NLIS. There also appears to be some uncertainty about how NLIS data might be made available and integrated into an Information Management System and also accessed in the event of an outbreak. It is recommended that contingency plans for availability, access and application of NLIS data in the event of an outbreak, be reviewed and updated.

Introduction of FMDV into a previously free country as the result of an act of bioterrorism is a scenario that needs to be considered. There is a risk of multi-site, multi-serotype introduction in such a scenario, an event that would presumably be considered rare in conventional preparedness and planning. If this were to occur it would impact all stages of a response due to the need to account for differing serotypes in diagnostic tests, vaccine selection, and exit strategies. It is recommended that consideration be given to the potential impact of multi-site, multi-serotype introductions of FMDV on contingency planning and response policies.

Policy implications of advances described in the report
The principles of FMD control as described in the AUSVETPLAN, are not expected to change significantly in the next 10 years. 

Realising maximal benefit from advances in diagnostic test platforms in the future will require sufficient resources and infrastructure to rapidly implement policy decisions as well as clear and pre-agreed decision criteria and triggers to allow rapid identification of decision options / actions in the light of near real-time information on disease status and spread. These developments include criteria governing the use of suppressive vaccination (vaccinate-to-die). These developments do not require any major change in Australian policies but are likely to require continued investment and development in infrastructure, resources, communications, laboratory capacity, training and development of detailed plans and decision making criteria.

One example of the potential impact of selected technical advances is the detection of viral antigen in infected animals before they begin to shed large amounts of virus using tests based on nucleic acid detection (real time RT-PCR) or gene expression indicative of viral activity may allow intervention to eliminate or reduce exposure of in-contract animals. This would require the ability to respond extremely rapidly to new information through implementation of quarantine, movement control, stamping out or administration of emergency vaccination / immunomodulation therapy. The likely constraints that may need addressing are in movement of information, triggers for immediate decision making and mobilisation of sufficient resources to implement pre-agreed actions. 

Australian policies and plans for preparedness and response to FMD outbreaks are dependent in part on international inputs into regulations and agreements concerning trade such as the OIE recommendations. While Australia is an important contributor to international developments it is also acknowledged that outbreaks of FMD elsewhere in the world may drive changes to OIE recommendations independent of any inputs from Australia. It is reasonable to expect OIE recommendations to change within the next 10 years to reduce or eliminate the difference in time required to regain disease-free status for countries that choose a vaccinate-to-live policy in a FMD response compared to countries that choose to either not vaccinate or implement a vaccinate-to-die policy. This change will be dependent in part on developments in vaccine and diagnostic test technologies (particularly validation of DIVA strategies based on NSP tests).  Part of the continual process of review of Australia’s FMD response plans and policies will incorporate consideration of vaccinate-to-live options under Australian conditions.
2. Background

This review was undertaken between February and June 2005. An additional workshop was held in October 2005 to discuss the draft final report.  Detailed terms of reference are shown in Appendix 2 and the focus and scope of the report in Appendix 3. Briefly, the review aimed to identify and assess the potential impacts of future technologies on how Australia might manage a Foot and Mouth Disease (FMD) outbreak should one occur. Although the focus was on screening and diagnosis for FMD, the review also considered developments in data gathering, management and analysis. The report includes recommendations on how future technologies might be incorporated into preparedness plans.

3. Review team

Drs Chris Baldock
, Nigel Perkins, Jenny Hutchison and Evan Sergeant
AusVet Animal Health Services

19 Brereton Street, South Brisbane QLD, 4101

Phone: 07 3255 1712




Fax: 07 3511 6032

Email: chris@ausvet.com.au; nigel@ausvet.com.au; evan@ausvet.com.au 

URL: www.ausvet.com.au

Drs David Boyle, Linfa Wang and Hans Heine
CSIRO Livestock Industries, Australian Animal Health Laboratory

5 Portarlington Road, Geelong, Victoria 3220

Private Bag 24, Geelong, Victoria 3220

Phone: 03 5227 5018

Fax: 03 5227 5555

Email: David.boyle@csiro.au

URL: www.csiro.au/aahl

4. Methods

The following activities were completed during preparation of the draft and final reports.

i. Literature review including consideration of:

a. Advances in the diagnosis of FMD.

b. Advances in diagnostic techniques and technologies for viruses in general.

c. Advances in the broader field of epidemiology focusing on data capture, transmission, processing, analysis and reporting as well as areas such as syndrome surveillance.

d. Advances in related technologies such as telecommunications and remote sensing.

e. Information from a variety of sources on FMD plans and policies.

ii. Workshop involving team members to develop and discuss draft report contents.

iii. Communication by email and phone with researchers and government personnel within Australia and internationally to discuss issues related to the terms of reference.

iv. One-day workshop in Canberra on October 13, 2005 involving Nigel Perkins (AusVet), Jenny Hutchison (AusVet), Linfa Wang (AAHL), Laurie Gleeson (AAHL), and 
Allen Bryce, Rob Williams, Graeme Garner, Jill Mortier, Peter Black (DAFF) and  George Perry (BA).

5. Review of selected features of FMDV disease and control

Material presented in this brief review was drawn from a number of sources including the AUSVETPLAN Disease Strategy for FMD, and the 2003 report from the Institute for Animal Health, Pirbright Laboratory: ‘Foot-and-mouth disease: scientific problems and recent progress 1st annual report (2003) prepared for DEFRA, Science Directorate’, and recent reviews of foot-and-mouth disease (Sutmoller et al 2003; Grubman and Baxt 2004).

5.1 Disease

Foot-and-mouth disease is an acute vesicular disease of cloven-hoofed animals (cattle, pigs, sheep, goats, buffalo, deer, camels and various wildlife species). It is highly contagious and there is rapid onset of disease. The acute phase of the disease lasts for about a week. An antibody mediated immune response results in clearance of the infection from most infected animals.

The pharynx is the major initial site of viral replication in cattle. Vesicles develop at multiple sites (mostly feet and tongue), preceded by fever. The incubation period is generally between two and 14 days depending on dose and route of infection. Foot lesions are more common in pigs with tongue lesions being small and less noticeable. Clinical disease is similar in sheep to other species but up to 25% of infected sheep may fail to develop lesions and an additional 20% may form only one lesion. In sheep and goats the disease is generally mild and can be difficult to distinguish from other common conditions (Grubman and Baxt 2004).

Australian native wildlife are not considered likely to play any significant role in spread of FMDV. Introduced feral animal species such as pigs, deer, camels, buffalo and other ruminants may play important roles in disseminating and maintaining infection. Other animals such as rodents and birds may also transmit the virus in a mechanical manner.

5.2 Virus

The FMD virus (FMDV) is a RNA virus and a member of the Picornaviridae family.

It is a small virus with genetic material (RNA) enclosed in a spherical protein shell. The virus invades host cells and reprograms the cell to produce more virus. The FMDV RNA molecule codes for 12 viral proteins (L, 1A, 1B, 1C, 1D, 2A, 2B, 2C, 3A, 3B, 3C, 3D). Proteins 1A (VP4), 1B (VP2), 1C (VP3) and 1D (VP1) make up the protein shell (capsular or structural proteins). Other viral proteins are involved in replicatory functions and influencing host cell functionality and are termed non-structural proteins or NSPs. Purification of structural components of the virus should separate NSPs from the structural proteins. It is common for traces of NSPs to be retained particularly protein 3D.

There are seven immunologically distinct serotypes: O, A, C, SAT 1, SAT 2, SAT 3 and Asia 1. Within these seven serotypes there is considerable antigenic variability. Over 60 subtypes have been described and new subtypes arise continuously as a result of a high mutation rate and possibly RNA recombination. NSPs are more highly conserved since these proteins are essential for replication and changes are more likely to be lethal. An animal that is immune to one serotype may still be susceptible to infection with another serotype and animals immune to one strain (subtype) may still be susceptible to infection with another strain.

This level of antigenic diversity and lack of cross-protection means that a number of vaccine strains are required even within one serotype. It is necessary to monitor the appearance of new strains on a constant basis to ensure available vaccines are protective. Production and use of a highly effective vaccine must be considered as a time-limited success since it may exert immunogenic pressure on the FMDV population resulting in the emergence of new antigenic variants.

5.3 Transmission

FMD is one of the most highly contagious diseases of animals.

FMDV replicates in large numbers in the epithelium of the mouth and feet. Ruptured vesicles release large numbers of viral particles into the environment. Viral particles are also excreted in aerosol form and in faeces, urine, milk and semen. Aerosol shedding is particularly high in pigs with pigs capable of excreting 60-times as much aerosolised virus as cattle or sheep. In contrast cattle produce large amounts of virus in lesions as well as in saliva, urine, faeces and milk and represent the major source of non-aerosolised environmental contamination.

FMDV infects animals orally, via the respiratory tract or through abrasion of skin or mucous membranes. The primary method of transmission is by direct contact via respiratory aerosols. Transmission through abraded skin is very inefficient, requiring up to 10000 times more virus. Major routes of infection for pigs are thought to be via ingestion of FMDV-contaminated food, direct contact with infected animals or exposure to a contaminated environment.

Of the domestic animal species, sheep are considered by many to have played the major role in the UK outbreak of 2001, mainly because it was so difficult to make a clinical diagnosis in sheep and delays in diagnosis allowed sheep to continue to spread the infection. Some researchers differ from this view and maintain that cattle played a more important role overall in transmission during the 2001 outbreak (Keeling et al 2001). While sheep are susceptible to aerosolised virus they are considered most likely to be infected during an outbreak by direct contact with other infected animals.

Windborne spread of virus was a feature of the 1967-68 outbreak but not of the 2001 outbreak. Under appropriate conditions it may result in spread over many kilometres.

FMDV is readily spread on contaminated vehicles and equipment. In addition, people can spread the virus via surface contamination of skin or by harbouring virus in the upper respiratory tract for up to 36 hours with excretion of infective virus in aerosol.

Dogs, cats, rodents and other animals or birds can spread the virus mechanically.

FMDV is highly infectious. Only small amounts of virus are needed to establish infection in susceptible animals.

5.4 Host response

Infection with FMDV elicits a rapid humoral response in both vaccinated and non-vaccinated animals. Virus-specific antibodies are directed mainly against epitopes on three external structural proteins (VP1, VP2, VP3) and good protective immunity generally develops within seven to 14 days after infection or vaccination.

The role of cellular immune response mechanisms in the elimination of FMDV infection and continued immunity remains unclear. However, cell mediated immune mechanisms increasingly are considered to play a role in clearance of infection, particularly from persistently infected animals.

In addition other innate immune response mechanisms (interferon, cytokines) may play a role in protection against FMDV infection.
5.5 Persistent infection (carriers)

Ruminants recovering from infection with FMDV would normally be expected to eliminate virus from tissues by 14 days after infection. Asymptomatic persistent infection has been shown in ruminants following FMDV infection.  Carriers are typically defined as animals where virus persists past 28 days after initial exposure. Vaccinated animals can still become carriers if exposed to sufficient levels of live virus.

Carrier rates may be high in buffalo (50 to 70%) and between 15 to 50% in cattle and sheep (Alexandersen et al 2002). The longest recorded carriage of virus has been five years in buffalo, more than three years in cattle, nine months in sheep and four months in goats. There is no evidence to suggest that convalescent or vaccinated pigs develop a carrier state. There is evidence to support existence of a carrier state in wildlife species including buffalo and various species of deer and antelope (Sutmoller et al 2003).

Carrier animals seem to be most likely to have persistent viral infection localised to tissues within the pharynx and there is little or no evidence for viraemia or persistence of virus in other parts of the body. Carriers have been detected by virus isolation from oesophageal-pharyngeal scrapings taken using a probang sampling cup and, more recently, by reverse transcriptase polymerase-chain reaction testing (RT-PCR). Titres of virus in probang samples are generally low and after an initial stable period in the first 3-4 weeks post infection, gradually decline through the period of FMDV persistence to eventually fall below levels thought to be necessary for successful transmission to susceptible animals. Using PCR, RNA fragments have been isolated from probang samples after infectious virus could no longer be isolated and it is not clear how these results relate to infectivity (Salt 2004). 
In individual animals protection from FMD by vaccination does not affect the development of persistent infection. Under research conditions at Pirbright, 77 and 78% of vaccinated and non-vaccinated cattle respectively, developed persistent FMD infections following challenge (Salt 2004). There also appears to be little discernible difference between serotypes in terms of their ability to persist in cattle.

The role of carrier animals in spread of virus in the field remains controversial. There is a perceived but non-quantified risk that carriers may transmit FMDV to in-contact susceptible animals. Even if the risk of transmission from a carrier to a susceptible contact animal is very low, there may be a non-zero probability of transmission. One infected animal can then start an outbreak (Sutmoller et al 2003). This is a critical issue and one that is commonly raised as an argument by opponents to the use of emergency vaccination in FMD control. Under experimental conditions vaccinated animals subsequently exposed to virus have been shown to transmit FMD to susceptible in-contact animals up to 14 days after infection of the vaccinated animals but not at 21 days (Donaldson and Kitching 1989).  Salt (2004) describes anecdotal information indicating likely involvement of carrier animals in two FMD outbreaks in Zimbabwe. The first involved an isolated outbreak of FMD in the FMD–free zone of northern Zimbabwe that was attributed to movement of carrier cattle from a farm within a previously infected region. The second involved another isolated outbreak in the FMD–free zone of northern Zimbabwe that was traced to movement of vaccinated cattle from the edge of a previous outbreak region in the south indicating involvement of vaccinated cattle that acted as carriers to initiate a subsequent outbreak. These outbreaks involved SAT strains of FMD and it is not clear whether long term persistence and transmissibility may be a particular property of SAT strains and not of non-SAT strains. 

Experiences from countries employing FMD vaccination provides some level of evidence suggesting that vaccinated animals do not provide significant risk of transmission of virus through the development of carrier status.  This is based on the successful eradication of FMD in several recent outbreaks in Europe, Korea, South Africa and Uruguay where vaccination was used during the eradication process and there was little evidence of transmission from vaccinated to susceptible cattle. 

Although difficult to demonstrate unequivocally the potential risk of carrier cattle, including vaccinated animals, has been sufficient to have a major impact on international trade and on the decision to use vaccine as an aid in the control and eradication of FMD outbreaks. Available evidence indicates that the probability of transmission of FMD by vaccinated carriers to susceptible livestock is extremely low and is not considered to justify continued export restrictions following successful control of an outbreak where vaccination was used (Sutmoller and Olascoaga 2003; Sutmoller et al 2003). 

The main method of detecting carrier animals is virus isolation using probang-cup samples of fluid and cellular debris from the oesophagus and pharyngeal region. More recently a variety of researchers have reported the detection of viral RNA using PCR techniques with sensitivities similar to or greater than virus isolation (Sutmoller et al 2003). Serological tests detecting antibodies against non-structural proteins (NSPs) have also been used to detect carrier status in animals that have been vaccinated and then exposed to circulating virus (Cox et al 2005; Parida et al 2005). NSP tests are covered in more detail elsewhere in this report.

Further research is urgently required to better understand the development of the carrier state in different species of livestock and the potential role of carriers as a mechanism of spread of FMDV to susceptible animals. 

5.6 International FMD status and trade

Rights and obligations of countries with respect to international trade are derived mainly from the World Trade Organization (WTO) Agreement on the Application of Sanitary and Phytosanitary Measures (the SPS agreement). Member countries are encouraged to base national protective measures on standards, guidelines and recommendations issued by the OIE, and the Codex Alimentarius, produced by the FAO/WHO Food Standards Programme.

International trade in animals or animal products is greatly facilitated for those countries that are able to demonstrate that they are free of specified diseases. The OIE’s Terrestrial Animal Health Code (the Code) sets out the basis for determination of the FMD status of a country (Chapter 2.2.10) and the measures that must be undertaken for a country to recover disease-free status following an outbreak (Appendix 3.8.7).

Vaccination has an important impact on the time and steps required to regain FMD free status following an outbreak of FMD. Prior to 2002 OIE requirements for regaining disease-free status after an outbreak of FMD were summarised as follows:

1. Free country or zone without vaccination: 

· 3 months after the last case where stamping out and serological surveillance were applied, OR

· 3 months after slaughter of the last vaccinated animal where stamping out, serological surveillance and emergency vaccination were carried out

2. Free country or zone with vaccination

· 12 months after the last case where stamping out and serological surveillance were applied, OR

· 2 years after the last case where serological surveillance was applied without stamping out

The effect of these requirements was a substantial disincentive to employ vaccination during an outbreak because the country still had to slaughter all vaccinated animals in order to regain disease free status in a timely manner. There was least incentive to apply a vaccinate-to-live policy because this was associated with a 12 month lag after the last known case of FMD before disease-free status could be regained, a 9 month delay over the option of slaughtering all vaccinated animals.

In response to advances in vaccine development and in diagnostic tests, particularly those capable of distinguishing vaccinated from naturally infected animals, the OIE Terrestrial Animal Health Code was modified in 2002. Current requirements for regaining disease-free status following an outbreak are defined in Article 2.2.10.7 of the Terrestrial Animal Health Code with requirements depending on policies concerning vaccination prior to and during the outbreak.

1. For previously FMD-free countries (or zones) that do not routinely vaccinate for FMDV:

· 3 months after the last case where a stamping-out policy and serological surveillance are applied in accordance with Appendix 3.8.7., or

· 3 months after the slaughter of all vaccinated animals where a stamping-out policy, emergency vaccination and serological surveillance are applied in accordance with Appendix 3.8.7., or

· 6 months after the last case or the last vaccination (according to the event that occurs the latest), where a stamping-out policy, emergency vaccination not followed by the slaughtering of all vaccinated animals, and serological surveillance are applied in accordance with Appendix 3.8.7., provided that a serological survey based on the detection of antibodies to non-structural proteins of FMDV demonstrates the absence of infection in the remaining vaccinated population.

2. For previously FMD-free countries (or zones) where vaccination is practised:

· 6 months after the last case where a stamping-out policy, emergency vaccination and serological surveillance in accordance with Appendix 3.8.7. are applied, provided that the serological surveillance based on the detection of antibodies to non-structural proteins of FMDV demonstrates the absence of virus circulation, or

· 18 months after the last case where a stamping-out policy is not applied, but emergency vaccination and serological surveillance in accordance with Appendix 3.8.7. are applied, provided that the serological surveillance based on the detection of antibodies to non-structural proteins of FMDV demonstrates the absence of virus circulation.

The Terrestrial Animal Health Code and the Manual of Diagnostic Tests for Terrestrial Animals contain information on the use of NSP tests to distinguish between vaccinated animals and those that have been previously exposed to live FMDV (whether vaccinated or not). The use of NSP tests in serosurveillance for the purpose of establishing freedom from FMD in countries where vaccination was used during control and eradication, remains controversial largely due to concerns about test validation and risk of residual infection.

Modifications to OIE guidelines in the past several years reflect a move to risk-based trade decisions including the possibility of trading in products from disease-positive countries or from countries that are free with vaccination, reducing the focus on demanding freedom without vaccination. The combination of risk-based decision making and development of NSP tests has contributed to the reduction in time required for regaining disease-free status following an outbreak where vaccination was implemented in the subsequent response. In addition there is increasing provision in the OIE Code for provisions governing trade from countries that have not complied with requirements to document freedom from infection.

Sutmoller and Olascoaga (2003) suggest that the risks posed by vaccinated carrier animals in the face of other risk reduction mechanisms already being imposed, are negligible and do not warrant any penalty associated with use of vaccination (Sutmoller and Olascoaga 2003).  

Advances in vaccine efficacy, diagnostic tests to distinguish infected from vaccinated animals (DIVA strategies), and improved understanding of the incidence and risks posed by carrier animals are likely to contribute to future modifications of OIE recommendations, particularly those relating to use of vaccination against FMD and trade from countries or zones where a vaccinate-to-live policy might be adopted. Drivers for developments in these areas and for changes in international trade regulations are likely to be hastened by any further major outbreaks of FMD particularly in Europe or North America. In addition, increasing pressure from a variety of stakeholder groups including consumers and animal welfare proponents, is being applied to policy makers to encourage adoption of vaccinate-to-live policies. Possible impacts of these developments on OIE recommendations might include:

· removal of any difference in the time required for recovery of FMD disease-free status for countries where vaccination is not practised and those implementing a vaccinate-to-live policy, providing surveillance can document freedom from disease with acceptable confidence;

· development of zoning regulations allowing testing at a variety of levels to document disease freedom for trade purposes including individual carcass, herd, or zone;

· reduction in the importance of FMD as a trade issue if for example a vaccine is produced that is capable of inducing life-long sterile immunity to all strains of FMDV.

Information presented elsewhere in this report indicates that technical advances necessary to underpin dramatic changes in OIE recommendations are unlikely to be achieved within the next 10 years.

It is also useful to consider that trading countries may have bilateral agreements based on assessments of disease status that do not necessarily comply with all of the OIE requirements.  The terms of such agreements are worked out by negotiation between the trading countries. For example within the European Union (EU), recognition of the disease-free status of a member country involves scrutiny of data presented by the affected country on the outbreak, control measures and post-outbreak surveillance. The period required for regaining the status for trade within the EU may be shorter than the periods defined by the OIE Terrestrial Animal Health Code
.

5.7 Vaccines

Recent reviews of FMD vaccines provide excellent general information (Barnett and Carabin 2002; Doel 2003; Barteling 2004).

All currently available FMDV vaccines are based on cell culture-derived preparations of inactivated whole virus. Vaccines may be monovalent (protect against one strain), typically developed using a field derived or outbreak strain, or polyvalent (containing viral material from multiple strains or serotypes).

Adjuvant use is considered essential for satisfactory potency. Aluminium hydroxide and saponin are both used in aqueous vaccines for ruminants. Oil-based adjuvants are widely used as oil emulsion vaccines for pigs and in some parts of the world for ruminants (particularly South America). Oil vaccines are considered to provide superior responses in pigs that generally respond poorly to aqueous vaccines.

FMD vaccines may provide protection within four to five days after vaccination but this depends on the vaccine and on the severity of challenge. Vaccination induces a relatively short period of immunity, requiring revaccination at intervals of every 6 to 12 months and on occasion more often for example in the face of heavy challenge.

Issues have been identified regarding the use of inactivated vaccines for FMD control particularly in emergency vaccination programs implemented in response to an outbreak as part of the control and eradication strategy (Grubman and Baxt 2004; Doel 2003). These include:

1. High containment facilities are required for production

2. Variable levels of NSP contamination may lead to subsequent difficulties in distinguishing vaccinated from infected animals

3. Vaccination does not induce rapid protection against challenge by direct contact or aerosolised virus, resulting in a window of susceptibility in vaccinated animals prior to generation of protective immunity

4. Vaccinated animals may become persistently infected (carriers) following challenge with live virus.

The last two decades have seen an increasing investment in development of improved vaccines to address the issues identified above though there are as yet no products that have delivered on the perceived potential for improvement. Target areas for improvement include:

1. Development of purified or recombinant VP1 or VP1 derived peptides that allow vaccine production without the necessity to handle infectious virus during preparation

2. Development of options for distinguishing vaccinated from infected animals including marker vaccines and improved diagnostic tests. An example is the use of empty viral capsid vaccines that contain the complete range of immunogenic sites from FMD viral structural proteins cloned into empty viral capsids lacking infectious nucleic acid (lacking genome regions that code for NSPs). An example of a capsid vaccine that appears to have major potential is described by Pacheco et al (2005).

3. Development and application of high potency vaccines for use as emergency vaccination in the face of an outbreak (reviewed in Barnett and Carabin 2002)

4. Protection against establishment of local viral replication in the oropharyngeal area and formation of a carrier state

5. Increased thermostability to reduce or eliminate the need for cold chain in handling and delivery

6. Broad immunogenic spectrum allowing a single vaccination to confer immunity to many or all of the major serotypes in a particular region

7. Ease of application including topical rather than parenteral application

8. Unaffected by presence or absence of circulating maternal antibodies in young stock 

9. Engender a rapid onset of immunity (days) and extended duration of immunity following a single dose. Administration of innate viral defence compounds such as interferon, in combination with a single vaccination dose may provide immediate, non-specific protection against FMDV while vaccine induced immunity is being developed. Promising results have been described in pigs using this approach (Chinsangaram et al 2003; Moraes et al 2003) and more recently in cattle (Pacheco et al 2005). Similarly promising results have recently been reported for interleukin-2 in a mouse model (Yadav et al 2005). Pacheco et al (2005) suggest that a single shot vaccine comprised of empty viral capsids delivered by an adenovirus vector in combination with interferon delivery via a similar mechanism, may offer rapid onset of immunity following a single injection in a system that also allows effective DIVA strategies to be developed. Grubman and de los Santos (2005) raise the possibility of RNA interference (RNAi) as a means of providing early protection in susceptible, uninfected animals surrounding a disease foci either while vaccination induces immunity or to reduce or block viral replication and shedding while control is implemented. RNAi is a sequence specific gene silencing phenomenon mediated by RNA that may have antiviral purposes in plants. 

Workers in Argentina have recently described successful immunisation of mice against FMD using transgenic plants that have bee modified to express foot-and-mouth disease structural polyproteins (Dus Santos et al 2005; Dus Santos and Wigdorovitz 2005). Levels of antigen expressed by the transgenic plants remain lower than desired and further work is necessary to develop this promising potential delivery mechanism.

5.7.1 Emergency vaccination

The term emergency vaccination is used to refer to vaccination performed in the face of an outbreak, and is used to distinguish this practice from routine prophylactic vaccination in FMD–endemic regions. 

There are two broad strategies for implementation of emergency vaccination in the face of an outbreak 
.

1. Area or ring vaccination where all susceptible animals in an area are vaccinated to reduce weight of infection and protect susceptible herds. The area may take the form of a localised ring centred on a known group of infected premises, or a zone, country or region. In the 2001 FMD outbreaks in The Netherlands, all FMD susceptible animals within a 1-2 km radius of an outbreak farm were vaccinated. This approach was repeated on 7 subsequent occasions after detection of new outbreaks outside the previous areas of vaccination.

2. Barrier vaccination where herds that border an infected area or zone or country are vaccinated to prevent infection from spreading to a susceptible area. Since vaccination takes time to induce effective immunity the barrier needs to be established some distance from the nearest infected premises. 

A third more general option exists of extensive or blanket vaccination over a wide area where other control methods would be too demanding or too costly. This option is only likely to be considered where there is complete failure of attempts to eradicate the disease and is not considered further.

One of the purposes of emergency vaccination is to reduce the amount of virus that might be circulating by increasing resistance to infection and reducing the number of susceptible animals in the likely pathways of exposure. An additional approach that may be used in conjunction with emergency vaccination or as a separate therapy (either instead of vaccination or in areas where vaccination might not be available), is the use of anti-viral therapies or non-specific immunomodulators that might increase resistance to viral infection. Addition of an adenovirus expressing alpha interferon to a FMD vaccine did appear to shorten the time to onset of protective immunity in pigs (Chinsangaram et al 2003; Moraes et al 2003). The main purpose of these modifications would be to hasten the onset of protection from infection and to reduce the amount of circulating virus while control and eradication policies were being implemented.

Increasing acceptance of the potential role for emergency vaccination in the control of an FMD outbreak are represented by extracts from The Royal Society Infectious Diseases in Livestock Inquiry.

Emergency vaccination was described as having an ‘essential role in the control of future epidemics of FMD virus’ (page 87).c
‘Emergency vaccination should be seen as a major tool of first resort, along with culling of infected premises and known dangerous contacts, for controlling FMD outbreaks. This policy should be vaccinate-to-live, which necessitates acceptance that meat and meat products from vaccinated animals enter the food chain normally.’(page 105)

Several factors have contributed to a commitment on the part of many FMD-free countries to consider emergency vaccination, in combination with test and slaughter of infected premises and high risk contacts, for the control of future outbreaks of FMD. These include:

· improved understanding of the risks and benefits associated with vaccination

· Improvements in vaccine and in diagnostic tests to distinguish vaccinated from infected animals.

· A desire to avoid the high direct and indirect (including public perception and confidence) costs of large scale pre-emptive slaughter and destruction of the sort experienced in the 2001 UK outbreak.

There appears to be a lack of consistency in terminology. Emergency vaccination is used to refer to vaccination of animals in the face of an outbreak. ‘Emergency vaccine’ is used to refer to a particular form of FMD vaccine that contains a higher payload of antigen (at least 6PD50) than conventional FMD vaccines (3PD50)(Barnett and Carabin 2002). The increase in potency is reported to reduce the time from vaccination to onset of immunity from 10 to 4 days. Potency is expressed as the number of 50% cattle protective doses contained in a label dose. A potency of 6PD50 is interpreted as indicating that one dose of vaccine could be diluted 6 times and still protect 50% of cattle against challenge 21 days after vaccination (Barnett and Carabin 2002). Potencies for emergency vaccines held at the International Vaccine Bank at Pirbright have been reported to range from 18PD50 to greater than 112PD50 (Barnett and Carabin 2002).

It is not clear whether emergency vaccination implies the use of emergency vaccine (high potency) and it is suggested that this is not necessarily the case. The benefits of using high potency vaccines in an outbreak situation would seem to be sufficient to suggest that where possible high potency vaccines should be used in an emergency vaccination program.

There are a number of examples where emergency vaccination has been used in conjunction with culling to control FMDV outbreaks including recent experiences in Uruguay (2001) and The Netherlands (2001). 

Emergency vaccination has been viewed by some as an option of last resort in the response to an outbreak that is not rapidly and effectively brought under control by traditional control measures based on movement restrictions and test-and-slaughter. For example, current policy for outbreaks of FMD in the UK is based on a stamping-out policy. There is provision to resort to emergency vaccination under certain circumstances such as the threat of an outbreak becoming extensive or if the logistic requirements of slaughtering a large number of animals to control the disease are considered to be so large as to be unattainable.

In addition the decision to deploy emergency vaccination in the initial stages of a response to a FMDV outbreak may be influenced by the potential repercussions of such a decision particularly in the post-outbreak stage leading to the country attempting to re-establish disease-free status. If an outbreak is controlled rapidly, then use of emergency vaccination may increase the time and costs involved in regaining disease-free status. 

Consideration of the use of emergency vaccination involves addressing the following issues:

5.7.1.1  Carrier animals and vaccination

Information has been presented on carrier animals in section 6.6. Further research is urgently required to better understand factors influencing the carrier state, the potential role of carrier animals in transmitting FMDV to susceptible animals, and whether vaccination has any impact on either of these.

There is considerable interest in directing specific experimental studies to the question of whether vaccination has an impact on the establishment or duration of persistent infection in animals subsequently exposed to live FMDV. Researchers have demonstrated that emergency vaccination may reduce the risk of transmission of FMDV to susceptible animals (Donaldson and Kitching 1989; Cox, Barnett et al 1999; Doel, Williams et al 1994). A dose response study in sheep indicated that there was a correlation between antigen payload and establishment of local viral replication and suggested that if the antigen payload is sufficiently high, vaccination may effectively inhibit local viral replication and establishment of a carrier state following aerosol challenge (Barnett, Keel et al 2004). Results of these and other similar studies are encouraging and indicate that vaccination does have the potential to greatly reduce or eliminate the risk of carrier animals. Further research is required to better understand factors that might influence the efficacy of vaccination in achieving this outcome and to determine how such results might be used to guide policy. For example, imposition of a period of movement restriction after vaccination, may serve as a risk reduction mechanism to reduce the risk of transmission from vaccinated animals. Risk management based on scientific risk assessment should be used to develop strategies for identifying and managing risks associated with vaccinated animals.

5.7.1.2  Discriminating between vaccinated and infected animals

The term DIVA strategy is applied to those tests that function to differentiate infected from vaccinated animals.
Development of an effective diagnostic test capable of distinguishing vaccinated from infected animals is an essential prerequisite to the consideration of emergency vaccination in controlling a FMD outbreak, particularly vaccination-to-live as opposed to vaccination followed by slaughter of all vaccinated animals.
Currently tests for this purpose are based on detection of circulating antibodies against one or more non-structural proteins (NSPs). The use of NSP tests is based on the fact that viral replication results in the production of NSPs in the host and will therefore induce the production of anti-NSP antibodies. Purification of viral antigen in vaccine production should remove all NSPs from the antigen mixture. In addition administration of inactivated vaccine is not followed by viral replication so no NSPs are produced in the host. Vaccinated animals, therefore, will have circulating antibody against structural proteins, but not against NSPs. NSP tests have an additional advantage in that they are non-serotype specific since NSPs are conserved between serotypes of FMDV.

NSP tests have been under development for more than three decades and improvements in test performance and delivery platform are continuing. There is not as yet a validated, reliable and robust test that is capable of delivering to the standard required for widespread adoption of vaccination-to-live policies and this is perhaps a frustrating reminder of the complexities of the problem.  More information is presented on NSP tests in later sections of this report.

The ability of NSP tests to distinguish between vaccinated and infected animals is influenced by a number of factors that may affect either sensitivity or specificity. These include:

· Vaccine purity. Low-level residual contamination of vaccine with NSPs may induce some level of antibody production.

· Number of doses of vaccine administered. Very low levels of NSPs may be present in vaccines and repeated vaccination of animals increases the risk of inducing a measurable amount of circulating antibody to NSPs.

· Timing of sampling relative to infection. Antibody response to NSPs is weaker than to structural proteins and circulating antibody levels decline over time to non-detectable levels. This means that infected, carrier animals could have low (or non-detectable) NSP levels, depending on the interval between infection and testing

· Degree of viral replication in the host. If there is relatively little viral replication for example following low level exposure in a vaccinated animal, there may be little or no stimulation to develop anti-NSP antibodies. Some animals or species (sheep for example) may therefore not develop antibodies against NSPs even following infection with wild virus.

· Target species. Anti-NSP antibodies may be detectable earlier post infection in cattle than in sheep and there may also be species variation in the level and rate of decline of antibodies over time. There appears to be less information on the performance of NSP tests in species where overt symptoms may be mild or absent, such as sheep. 

· Type and combination of NSPs used in a particular test. Evidence suggests some NSPs are more suitable than others (3ABC for example) and that tests based on detection of antibodies to multiple NSPs may be associated with improvement in sensitivity.

· Individual animal variation has been reported in the antibody response to NSPs in both naïve and vaccinated animals following exposure to live virus.

· Validation of NSP tests is not yet considered to be complete. There is no single index or reference method for comparative purposes. The method described in the OIE Manual may not be the most effective or current method available. A high level of confidence in the performance of the test is required before it can play a substantive role in the establishment of disease freedom following a FMDV outbreak.

The impact of many of these factors is that NSP tests may have lower relative sensitivity to detect positive animals than tests based on structural proteins. Reduced sensitivity raises the potential risk of infected, carrier animals being misclassified as negatives when in fact they are infected with FMDV. Lower sensitivities mean that it may not be possible to prove absence of infection (ie detection of every persistently infected, subclinical animal) by serosurveillance, even if every animal is tested and this problem will be greatest in small herds (Paton 2004).

Reports have suggested that NSP tests should be interpreted at the herd level and not at the individual animal level (Clavijo, Wright et al 2004). In addition, sampling strategies should be designed to maximise the usefulness of the test, by for example, sampling younger animals born at a time when transmission was not expected to have occurred (after control of the outbreak). An example of the use of NSP tests to detect carriers amongst vaccinated animals subsequently exposed to wild virus is reported by Cox et al (2005) and Parida et al (2005). The presence of positive animals within a herd would then be interpreted as indicative of circulating FMDV and would be followed by culling of the herd. Further information is required to determine an appropriate sampling approach and to guide interpretation of test results. Specific areas that need to be clarified include:

· The level of certainty with which freedom from infection must be demonstrated.

· Herd level interpretation of results under varying herd sizes particularly in small herds.

· sampling strategies (sample from a herd vs testing every animal in the herd)

· Options for dealing with positive results particularly in the face of less than perfect specificity (identification and guidelines for use of follow-up discriminatory tests including serology, virus isolation, nucleic acid detection, and necropsy). Current Australian guidelines suggest if any animals (cattle) are positive to the 3ABC ELISA, these animals are retested, including by serology and probang, and possibly slaughter, post-mortem and sampling for virology. If infected, the herd is slaughtered out, and surrounding herds at risk are retested 28 days later
.
· Options for dealing with less than perfect sensitivity particularly in small herds.

· Use and interpretation of NSP tests in species other than cattle.

Development and validation of diagnostic tests based on detection of antibodies to one or a combination of NSPs is an active area of research. Issues are discussed in a recent review (Clavijo, Wright et al 2004). It is likely that further developments will improve the sensitivity and specificity of NSP tests including: use of recombinant proteins and monoclonal antibodies; simultaneous measurement of antibodies to multiple NSPs in the same assay through microarray or multiplexed (Luminex) technologies. An example of a NSP ELISA that employs monoclonal antibody, can be used in sheep, cattle and pigs and detects all seven FMD serotypes, has been described recently by Sorensen et al (2005).

There are currently two NSP tests for FMD described in the OIE Manual of Diagnostic Tests

and Vaccines for Terrestrial Animals (OIE 2005) but these tests are currently not sufficiently validated on an individual animal basis to be accepted as prescribed tests for international trade. Absence of validation does not preclude consideration of the use of NSP tests at the level of the herd or farm with follow-up tests used to investigate and resolve any positive results to the NSP test
. These approaches are already under consideration
.

Alternative methods based on detection of outcomes other than NSPs may offer the best potential solution to the problem of distinguishing infected from vaccinated animals in the longer term. In part this is because not every animal exposed to wild virus will develop a detectable antibody response to NSPs even if the animal becomes a carrier. This means that even if the NSP test had perfect sensitivity and specificity for detecting those animals with any anti-NSP antibody, it still may miss carrier animals that do not have circulating anti-NSP antibody. Examples of alternative technologies include RT-PCR techniques to examine for presence of viral antigen and the use of markers of viral replication such as CD8+ T-cell responses or even gene expression tests using microarray technology. In addition, subunit marker vaccines may offer the combined benefits of effective immunity (or better) than conventional whole-virus vaccines, and increased potential for differential testing strategies to distinguish vaccinated from infected animals. Major concerns to date have centred around the strength of the immune response. Such vaccines are considered to be several years away from availability though promising results have been reported including in particular developments by researchers at the USDA Plum Island FMDV laboratory as described in Pacheco et al (2005). In the longer term options other than NSP tests may ultimately provide effective solutions to the problem of how to utilise vaccination in a control programme and regain disease free status in a timely and cost-efficient manner.

There is also the possibility of improved analytical procedures being used to increase the ability of diagnostic test results to distinguish between vaccinated and infected animals. As an example, Johnson et al (2004) have described the potential of Bayesian probability diagnostic assignment (BPDA) methods for predicting FMDV infection from serologic results. The method estimates the probability that an animal is infected with a specified agent given the specific antibody concentration (ELISA s/p value). The approach also permits estimation of the prevalence and 95% prediction interval of the prevalence, of infection in a herd, based on serologic values for a representative sample of animals from the herd. The full scale of information inherent in the assay is used ie results of the serologic tests are not interpreted in a dichotomous scale (positive or negative).

Finally, developments in vaccine efficacy and in understanding the risks presented by carrier animals may lead to a diminished requirement for effective and validated DIVA strategies through minimisation of the risk of carrier animals either occurring or spreading FMDV to susceptible animals.

5.7.1.3  Efficacy of emergency vaccination in outbreak control

Several factors are understood to influence the efficacy of emergency vaccination in outbreak control including vaccine strain, batch to batch variability, vaccine potency, animal species, breed, virulence and level of exposure.

There are few studies assessing efficacy of emergency vaccination and as a result statements regarding efficacy must be interpreted with caution.

Emergency vaccination with high potency vaccines may protect against FMDV challenge as early as 3–5 days after vaccination in that vaccinated animals may not develop clinical signs of FMD. Addition of immunomodulators to vaccine or separate administration of immunostimulants may provide immediate, non-specific protection against FMDV while vaccine induced immunity is developing. Promising results have been described in pigs by incorporating an adenovirus expressing alpha-interferon into a FMD vaccine (Chinsangaram et al 2003, Moraes et al 2003). In addition the risk of viraemia and subsequent formation of a carrier state is considered to reduce as the time interval from vaccination to challenge increases (Barnett and Carabin 2002). 

Further studies are required to better characterise the efficacy of emergency vaccination in both preventing clinical signs and viraemia. These may take the form of experimental studies and observational studies implemented if emergency vaccination is utilised in a FMD outbreak.

In order to be effective, emergency vaccine must be delivered to large numbers of animals within a short period of time. This requires systems to be in place for storage, transport, and delivery as well as adequate resources (personnel, equipment for administration). There are clear advantages under these circumstances if emergency vaccines were robust to variation in storage and handling conditions to allow for suboptimal field conditions during delivery.

5.7.1.4  Vaccine banks
Many countries maintain some form of vaccine bank composed of bulk reserves of formulated vaccine (expensive due to short shelf-life) or frozen (liquid nitrogen) stores of concentrated FMD antigens (indefinite shelf life). Vaccine bank policy represents a compromise between the cost of maintaining a supply of ready-to-use product and the anticipated number of doses required in the face of an outbreak. A minimum vaccine requirement may be based on the number of vaccine doses that could be distributed and administered within one week under the expectation that additional sources of vaccine may be procured within that time frame.

Australia has an agreement with a commercial pharmaceutical company that guarantees supply of up to 500000 cattle-equivalent doses within seven working days of a request of any one or combination of nine specified strains, selected to cover the serotypes and strains considered to represent the highest risk to Australia.

It will be important to review vaccine bank requirements in light of developments in policy regarding the use of vaccination and also in response to developments in vaccine technology and monitoring of circulating field strains of FMDV. 

There is clearly a need for review of requirements for vaccine supply and delivery under different scenarios regarding use of vaccine in response to an outbreak. Constraints imposed by the number of doses available within a short time frame and the number of doses that can be delivered, would suggest that emergency vaccination would be targeted based on some measure of risk in the first instance. Examples include ring or barrier vaccination of animals adjacent to an infected area to help prevent spread of the disease while other control measures are implemented, or suppressive vaccination in a localised area to reduce viral shedding.

5.7.1.5  Exit strategies following use of emergency vaccination

The term exit strategies is used to refer to options available to a country to regain disease-free status following the use of emergency FMDV vaccination as part of an outbreak control programme.

Creation of an exit strategy after emergency vaccination has been identified as an important issue that will require discussion and agreement amongst industry stakeholders and trading partners. Options for exit strategies will be influenced by the choice of vaccine used and the manner in which vaccine might be used. There will also need to be consideration given to whether vaccinated animals might be permitted to live or not and surveillance options for documenting freedom from circulating FMDV after the outbreak is controlled.

The term vaccinate-to-kill (Suppressive vaccination in EU terminology) is used to refer to policies where vaccination is used as an interim measure in a stamping out programme. All vaccinated animals are subsequently slaughtered under controlled conditions to eliminate the possibility of further spread of FMDV through carrier animals. This approach is associated with the benefit of facilitating a more rapid return to disease-free status under OIE guidelines once the outbreak is controlled and all infected and vaccinated animals are slaughtered (stamping out) compared to vaccinate-to-live.

Vaccinate-to-live (Protective vaccination in EU terminology) refers to policies where infected animals are slaughtered, including those vaccinated animals that become persistently infected. Other vaccinated animals that do not become infected with FMDV are then allowed to live, perhaps under some form of controlled conditions influencing movements and whether animals can be sold for purposes other than slaughter.

The choice between vaccinate-to-live or –to-kill is in part dependent on the OIE requirements for regaining disease-free status (see Section 5.7). Vaccinate-to-kill can result in regaining disease-free status within 3 months after the slaughter of the last vaccinated animal while vaccinate-to-live requires a 6 month waiting period after the last case or the last vaccination. Using economic impacts alone the importance of export markets to Australian livestock industries means that policies favouring the most rapid return of market access are inherently most efficient even if large numbers of animals are slaughtered as an outbreak is eradicated (Productivity Commission 2002).

Under international trade rules zoning may be used to demarcate geographic areas within a country as either infected or disease-free. Conditions under which zoning for FMD can be established have been defined by the OIE (2005). Zoning has been shown in selected simulated FMD outbreaks in Australia to reduce the potential economic costs of an outbreak by facilitating market access from disease-free areas and improving the rate of resumption of market access from the outbreak area once disease-free status is regained (Productivity Commission 2002; Abdalla et al 2005). However, the assumptions inherent in these simulations concerning time taken to establish zoning and the resource requirements for establishing and maintaining zones (including their impact on disease eradication efforts), appear to have either been unduly optimistic or not incorporated into the scenarios. More considered discussion can be found in the Exercise Minotaur Evaluation Report
 (2005) where it is acknowledged that zoning may have limited practical application. While zoning would be considered in an Australian response to FMD, any decision to proceed or not with a zoning application would be made in the context of national cost–benefit analysis, weighing up the competing issues of rapid eradication versus the value of some, but limited, market access.
There may also be particular situations where Australia may consider surveillance methods capable of demonstrating freedom from FMD following an outbreak that are not necessarily constrained by the requirement for complete compliance with current OIE guidelines as outlined in Chapter 2.2.10 and Appendix 3.8.7 of the OIE Terrestrial Animal Health Code (OIE 2005), particularly the defined time lags between diagnosis of the last case and restoration of disease-free status. Provided that surveillance methodologies used to support a disease-free status are transparent and scientifically sound, and are acceptable to a trading partner (ratified in a bilateral trade agreement),  there may not be any need to allow a predefined time period to elapse before a return to normal trading status. Such developments would remove a disincentive for utilisation of emergency vaccination in FMDV outbreak control. It is presumed that any developments would be done in conjunction with efforts to review the requirements in Chapter 2.2.10 and Appendix 3.8.7 of the OIE Terrestrial Animal Health Code. This development is based on the following broad assumptions: that diagnostic tests to distinguish vaccinated from infected animals will be validated and available, and that control policies incorporating emergency vaccination will be viewed as being no different to those based on culling only in terms of post outbreak resumption of free-status.
5.7.2 The decision to vaccinate

A complex process is involved in making the decision about the use of vaccination as part of a FMD outbreak control and eradication response. Policy decisions are influenced by a broad range of factors including cost and feasibility of control options, impact of FMD on domestic and international markets, loss of animal productivity, consequences of outbreak on other sectors of the economy such as tourism and social / environmental issues including animal welfare implications of a decision to vaccinate. Public reaction to large-scale slaughter of animals in recent FMD outbreaks in the UK and The Netherlands reinforced the need to develop effective methods of outbreak control that allow avoidance of such measures in the future. Additional factors include developments in vaccine performance, development of differentiating tests (such as the NSP tests), and the OIE guidelines for re-establishment of disease-free status following successful control of an outbreak where vaccination was employed. Vaccination is itself an expensive and resource intensive operation and would divert needed resources away from stamping out activities thus interfering with eradication efforts. A major component of the decision-making process rests on the development of an effective exit strategy to guide restoration of disease-free status following use of vaccination.

 [image: image2.emf]Criteria Favour vaccination Against vaccination

Insufficient resources to complete pre-emptive slaughter to required extent or timeframe Likely Unlikely

Availability of suitable vaccine Yes No

Exposure of herds to current and ongoing risk of infection Yes No

Population density of susceptible animals High Low

Predominant species clinically affected Pig Ruminant

Predicted airborne spread of virus High likelihood Low likelihood

Incidence rate of outbreaks Rising rapidly Slow rise or stable

Distribution of outbreaks Widespread Localised

Feasible exit strategies that allow for vaccination Yes No

Importance of animal conservation - zoos, rare breeds, valuable animals Yes No

Economic assessment of competing control policies          may support either option

Opinions of stakeholders and public          may support either option


Table 5.1: Criteria influencing a decision to implement emergency vaccination. Adapted from: Criteria for the decision to apply protective vaccination and guidelines for the emergency vaccination programmes, Annex X, Council Directive 2003/85/EC, Official Journal of the European Union, 29 September 2003
.
Countries that have significant economic contributions from export of animals or animal products generally tend to employ test-and-slaughter methods, at least initially, and may only consider vaccination if the first option is not deemed successful. Countries with less dependence on export revenue may implement vaccination strategies more readily. 

A major reason for considering suppressive vaccination would be if there are insufficient resources to complete pre-emptive slaughter effectively and within a desired timeframe, and if susceptible animals are likely to be exposed to viral challenge. For example if infected herds were not slaughtered for several days following diagnosis there is a continued risk of exposure of nearby susceptible animals during the delay period. Suppressive vaccination in the immediate area may reduce the risk of spread of infection and further viral shedding while pre-emptive slaughter continues. Delays in pre-emptive slaughter would have to be approaching 7 days before suppressive vaccination would be optimally effective. This time frame allows for time to deliver vaccine and for development of immunity in vaccinated animals. However, if requirements for personnel and equipment for vaccination actually interfere with those resources required for depopulation then the rationale for vaccination breaks down. 

The Netherlands experience in 2001 provides useful information on implementation of suppressive vaccination. The decision to vaccinate was based in part on recognition that resource constraints would be likely to delay the time period between identification of a farm as infected or as a dangerous contact that required pre-emptive slaughtering and completion of slaughter and disposal of animals on those farms (Bouma et al 2003). Vaccination zones were established within a radius of 2km around an outbreak and vaccination was started at the outside of the vaccination zone working in towards the infected premises, while culling started from the infected  premises and worked outwards. This approach minimised the risk of inadvertent spread of the virus during the vaccination of livestock. Time from vaccination to subsequent culling ranged from 4 to 14 days depending on the size of the vaccination zone and numbers of animals involved. There were isolated instances of disease outbreaks in vaccinated animals in the first 2-3 days after vaccination but in general outbreaks were halted by 4 days post vaccination
.

Additional factors influencing a decision to vaccinate include animal density, species affected and role of windborne spread of infection in the outbreak. In areas where livestock population density is high, and where pig infection and windborne spread are important contributors to the outbreak, then suppressive vaccination of nearby susceptible animals is more likely to offer beneficial impacts on reducing viral shedding and spread of infection. In extensive pastoral regions of Australia, and regions where pigs are not a major contributor to viral spread there is considered to be less support for emergency vaccination.

Protective vaccination (vaccination-to-live) has more significant implications with respect to exit strategies and regaining disease-free status for trade purposes and is therefore not considered to be an initial FMD response option in either Australia or New Zealand at the present time. In order for vaccinate-to-live to be considered as a policy option, there will need to be reliable and validated tests available to detect carrier animals amongst vaccinates. There is also a growing awareness of the need to revisit the risks posed by vaccinated animals with an acknowledgement that the actual risks may be very low and amenable to other forms of risk reduction.

The Royal Society Infectious Disease in Livestock Inquiry Follow-Up Review (2004)
 reinforced the importance of rapid culling of infected premises and of epidemiologically identified dangerous contacts as the appropriate response for control of exotic diseases. It also stressed the importance of identification of approaches where emergency vaccination can be employed along with appropriate consideration of how to effectively manage this process to ensure rapid restoration of export trade. More details on the decision making process for implementation of emergency vaccination can be found in the revised EU Directive (2003/85/EC) on Foot-and-Mouth disease
 and the DEFRA Exotic Animal Disease Contingency Plan
.  Emergency vaccination has been moved to the forefront of FMD control strategies in conjunction with the core policy of slaughter of susceptible animals on infected premises and those identified as dangerous contacts. Key requirements of the FMD Directive include:

· banning of prophylactic (routine) vaccination

· Member states must have arrangements in place for the possible use of emergency vaccination as soon as is practicable once FMD is confirmed.

· Following emergency vaccination–to–live, disease free status can be regained 6 months after the last vaccination.

· Special vaccination measures may be applied in zoos, wildlife parks and to allow conservation of rare breeds.

· Countries authorising vaccination in an outbreak must specify whether the vaccination is to be protective (to live) or suppressive (to die), the geographical area involved, species of animal involved and the duration of the campaign.

· Animal products from protection and surveillance zones cannot go into the food chain unless they undergo specified treatments including heat treatment, and in some cases products will need to be identified.

The Directive also contains detailed criteria to aid decision makers when considering emergency vaccination as well as guidelines for emergency vaccination programmes
.

Post vaccination serosurveillance to detect subclinical infection is also defined in the Directive. Either all animals within vaccinated herds must be tested or sufficient numbers to enable a prevalence of 5% of subclinical infection to be detected with 95% confidence. Testing is to take place at least 30 days after the last vaccination. Interpretation of the tests is applied at the herd level meaning that for those herds with one or more diagnosed persistently infected animal, the herd must be slaughtered. 

‘Difficulties in predicting the likely prevalence of post-vaccinal, subclinical infection and uncertainty over the reliability of NSP tests has cast doubts over the suitability of these proposed sampling regimes’ (Paton et al 2004). Further work is required on the likely prevalence of carriers, detailed recommendations for implementation and interpretation of NSP tests after control of the outbreak including options for dealing with false positives and comparisons of the risks associated with false positives and false negatives under this approach and a non–vaccination or vaccinate–to–die approach.

The Canadian Food Inspection Agency describes a decision tree or matrix that can be used to guide decision makers in determining whether to implement emergency vaccination or not
. A great deal of detailed information on factors influencing the decision to adopt emergency vaccination and a similar decision tree approach to determining a control strategy is presented on the DEFRA web sitej.

5.7.3 Current policy re vaccination in Australia

The current AUSVETPLAN states that:

‘Vaccination may be approved under certain circumstances (although there is potential for vaccination to extend market disruption) such as, if the disease spreads beyond the limit of the available resources to control it, or to protect large animal concentrations, limit infection and to minimise virus production.’ (page 32)

‘If emergency vaccination is used during an outbreak then the following principles will apply to vaccinated animals:

· All vaccinates must be permanently identified

· Vaccinates must be quarantined and subject to strict movement controls, and

· Vaccinates must be ultimately slaughtered out.

Vaccination is a resource intensive operation, particularly if revaccination is required. It is also expensive and can defer the declaration of freedom and exacerbate the devastating effects on producers. Its use therefore should be treated with caution particularly as there is a risk that vaccination teams may inadvertently spread virus. Vaccines will only be used in accordance with the permits issued by AQIS and the National Registration Authority.’ (page 36)

Procedures for receival, storage, distribution and administration of FMD vaccine are covered in the National Operating Procedures for the use of Foot-and-Mouth Disease Vaccine in Australia. Although the current AUSVETPLAN states that vaccination for FMD in Australia would be suppressive (vaccinate-to-die), the National Operating Procedures document does incorporate some discussion of a vaccinate-to-live policy that incorporates the use of a 3ABC ELISA to test all vaccinated animals for evidence of exposure to field virus. Animals positive to the 3 ABC ELISA would then be retested using serology and possibly slaughter and post mortem to determine their status. It is expected that a vaccinate-to-live policy would apply primarily to cattle while small ruminants and pigs may either not be vaccinated or be managed under a vaccinate-to-die approach.

Australia has an agreement with a commercial pharmaceutical company that guarantees supply of up to 500000 cattle-equivalent doses within seven working days of a request of any one or combination of nine specified strains, selected to cover the serotypes and strains considered to represent the highest risk to Australia.

The current AUSVETPLAN policy regarding emergency vaccination as outlined above, is considered appropriate for Australia in the light of current information concerning vaccines, OIE guidelines for restoration of disease-free status following an outbreak and available tests to detect vaccinated carrier animals.

Developments in vaccine technology are likely to result in the production of alternative vaccines such as recombinant products that may induce immunity strong enough to eliminate carrier animals or allow easier detection of carrier animals through the use of vaccine markers. These developments are considered unlikely to occur in less than 10 years. In addition developments in other diagnostic technologies such as real-time RT-PCR may offer superior tests for detection of carrier animals amongst vaccinates that eliminate the need to consider use of NSP tests. Either of these approaches may allow consideration of vaccinate-to-live policies in the control of an FMD outbreak.

A variety of control options including vaccination-to-die (suppressive vaccination) have been considered in simulation models of FMD outbreaks in Australian conditions (Garner and Lack 1995; Garner 2002; Productivity Commission 2002; Abdalla et al 2005). All models were based on regaining disease-free status by compliance with OIE regulations dating from prior to 2002 as defined in Section 5.7. These requirements stipulated that implementation of vaccination-to-live policies during an outbreak would be followed by a minimum 12-month period after the last vaccination before the country could be declared free. If an FMD outbreak is detected rapidly, and contained effectively with little risk of spread, there was little benefit of ring vaccination over a more traditional stamping out policy (Abdalla et al 2005). Under more extensive conditions with large herd sizes and relatively low rates of spread there was similarly little benefit of ring vaccination. In situations where there were larger numbers of farms with high density stocking rates of susceptible animals, more rapid spread risk, longer delays in detecting the disease or limited resources to effectively implement a stamping out policy, then vaccination became more cost effective (Garner and Lack 1995; Productivity Commission 2002; Abdalla et al 2005).

Of perhaps even more importance was the recognition that ring vaccination reduced the variability in the model outcomes indicating an increase in the probability that an outbreak would be successfully contained. These findings were consistent with a reduction in the probability of failure of containment of an outbreak in the initial response phase resulting in a prolonged and large-scale outbreak of very high cost (Productivity Commission 2002; Abdalla et al 2005).

It is suggested that suppressive vaccination be considered as a front-line option rather than as a last resort option, using the experience of The Netherlands in 2001 as a model. OIE regulations have changed since the Australian simulation models were completed and there is now a 6-month minimum time period from last vaccination to restoration of disease-free status under a vaccinate-to-live policy. It is considered appropriate to update model outputs using the new criteria to assess the impact of a vaccinate-to-live policy if such revisions have not already been completed. It is anticipated that a vaccinate-to-die policy will be preferred over vaccinate-to-live because of risks associated with carrier animals, lack of effective tests to distinguish vaccinated from infected animals and the need to restore market access as quickly as possible. 

If vaccination is to be considered as a front-line option in an Australian response, there will need to be specific and clear decision criteria defined and agreed prior to an outbreak concerning issues such as trigger points for using, ceasing use and not using vaccination under Australian conditions
. A vaccination decision matrix has been described in the Canadian foot-and-mouth disease strategy
, the USDA National Animal Health Emergency Management System Guidelines (2005) and the UK strategy as an aid in the decision making process concerning implementation of emergency vaccination. A diagrammatic representation of the decision matrix is presented below.
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Figure 5.1: Decision matrix for FMD vaccine use. From USDA National Animal Health Emergency Management System Guidelines (2005).
It will also be important to review vaccine bank requirements in light of developments in policy regarding the use of vaccination and also in response to developments in vaccine technology and monitoring of circulating field strains of FMDV. 
6. Diagnosis of FMDV

The Royal Society Infectious Diseases in Livestock Review (2002) identified four phases of diagnostic importance for FMD (and for infectious diseases):

1. Clinical diagnosis in the field

2. Laboratory diagnosis of the index case

3. Diagnosis during an outbreak

4. Surveillance after an outbreak
6.1 Clinical diagnosis in the field

Recognition that animals may be suffering from a disease that could be FMD is a critical step and requires awareness of the disease by farmers and livestock service providers including veterinarians.

The AUSVETPLAN FMD Strategy lists the following differential diagnoses in which signs or lesions similar to FMD might be seen:

Dermatitis

Phytodermatitis

Trauma

Lameness
Exotic viral diseases
· swine vesicular disease

· vesicular stomatitis

· vesicular exanthema

· rinderpest

· bluetongue

· peste des petits ruminants

Endemic infectious diseases
· BVD mucosal disease

· bovine popular stomatitis

· bovine ulcerative stomatitis

· pseudocowpox

· bovine malignant catarrh

· contagious ecthyma (scabby mouth or orf)

· infectious bovine rhinotracheitis/infectious bovine pustular vulvovaginitis

· Dermatophilosus infection

· Actinobacillosis
Increased awareness of the range of clinical signs associated with FMD in animals and other possible causes of vesicular lesions (both endemic and exotic diseases) would greatly assist both identification of suspect cases and differential diagnosis of animals showing FMD–like lesions.  

While the clinical signs associated with FMD in animals have been well described for many years there have been advances in the past few years in understanding of the range of clinical signs and also in the progression of clinical signs over time from exposure as well as in the knowledge of other conditions that might cause similar lesions to those observed with FMD infection.

Provision of educational and resource material to stakeholders is important including topics such as clinical signs of FMD; differential diagnoses; contact details for notification of authorities; and advice on actions to take should FMD be suspected. Activities in these areas should be reviewed on a regular basis and updated to include material from elsewhere in the world such as images of FMD available on the DEFRA web site
. While web mounted material has advantages of being easily updated and disseminated to those users who have access to the internet, restricting material to web delivery does disadvantage those users who either do not have internet access or who have difficulty downloading image rich content over poor connections. Provision of printed material is considered to be most useful for people in more isolated regions of Australia and ensures that users have material that can be taken into the field to serve as a pen side reference.

Advances in communication technology provide opportunities for strengthening field diagnostic capability through links with central decision makers and diagnostic experts. For example two-way communication of voice, text and images between field personnel and experts may assist in early and effective diagnosis and decision making. These activities could be extended to communication of pen-side or portable diagnostic test results to a central facility for review and interpretive advice before action is taken.

6.2 Laboratory diagnosis of the index case

In order for laboratory diagnosis to be successful, appropriate samples must be collected with due care to avoid any interference with subsequent test capability of detecting FMDV agent or antibody, and samples must be transported to a diagnostic laboratory rapidly and in appropriate storage and transport conditions. 

Diagnosis in accordance with AUSVETPLAN guidelines would involve submission of diagnostic specimens to the Animal Health Laboratory (AAHL) Geelong, Victoria, either directly or via a State or Territory diagnostic laboratory
. Confirmation of index case diagnosis requires submission of samples to an OIE reference laboratory such as the Institute for Animal Health, Pirbright, UK. 

Preferred samples are epithelium and vesicle fluid from acute lesions (unruptured or freshly ruptured) involving mouth, tongue, or interdigital/coronary band regions. Additional or alternative samples may be collected such as blood, serum, oesophageal-pharyngeal fluid samples taken by probang cup in ruminants, throat swabs from pigs, mouth and nasal swabs, saliva, milk (lactating animals)
. Viral isolation is most likely to be successful for example when epithelium and vesicular fluid are sampled from acute lesions. Identification of acute lesions and sampling methods as well as packing and shipping can all influence the likelihood of a test procedure identifying FMDV
. In species with relatively mild oral/feet lesions (such as sheep), blood samples may be considered as the preferred sample for use in assays aimed at detection of virus (VI, antigen capture ELISA, PCR; Kitching et al 2004).
Laboratory diagnosis of an index case in 2005 would be expected to involve the following test procedures:

· virus isolation using OIE defined protocols

· antigen capture ELISA

· real–time RT-PCR

· electron microscopy

· sequencing

· submission of samples to World Reference Laboratories

Using current technologies already employed within AAHL, confirmation of a diagnosis of FMD and identification of serotype could be completed within 4 hours of receipt of an appropriate sample at AAHL, through the use of an antigen detection ELISA. Electron microscopy and TaqMan RT-PCR could also be completed within 4 hours
. It is unlikely that further improvements in speed of diagnosis for an index case are going to have any meaningful impact on the management of an outbreak.

6.3 Diagnosis during an outbreak

Once an index case has been confirmed then diagnostic services will presumably be tasked with investigating many suspected clinical cases for laboratory confirmation of disease. 

Given current diagnostic tests and resources it is anticipated that the surge capacity within AAHL would be rapidly saturated during the early phases of a response due to the large number of samples likely to be submitted. This would lead to pooling of samples for initial screening and then following-up with individual tests being applied to those samples from any positive pool.

The major tests used for this purpose are likely to include those designed to detect antigen. These can be divided into currently available and potential future technologies.

Currently available tests

· virus isolation using OIE defined protocols

· antigen capture ELISA

· real–time RT-PCR

Potential future technologies

· luminex xMAP technologies

· microarray tests

· pen-side diagnostics

Tests that detect circulating antibody concentration (serological tests) offer some usefulness in diagnosis during an outbreak but are considered to be of secondary importance behind those designed to detect antigen.

As the outbreak is brought under control serological tests are likely to play an increasingly important role as indicators of previous exposure to FMD virus.

As for diagnosis of the index case, there are considered to be potential benefits from improvement in transport and reporting capability to reduce times from sample collection to analysis and from completion of analysis to receipt of a diagnostic report at point-of-collection. The extreme version of this is the development of effective pen-side or portable tests that either reduce or eliminate the transport requirements in diagnostic testing.

6.4 Surveillance after an outbreak

After an outbreak is controlled there will need to be a period of clinical and laboratory surveillance to ensure that the disease has been eradicated. As stated in 6.3 serological tests are likely to play a major role in this phase.

Documentation of freedom from infection at either a zone or country level will require extensive surveillance in accordance with Appendix 3.8.7 of the OIE Terrestrial Animal Health Code.

Particular requirements will depend on any decision to use vaccination during the response to the FMD outbreak. 
6.5 Sources of diagnostic uncertainty

A variety of factors could result in false positive or false negative diagnoses during either clinical or laboratory diagnostic investigations of a suspected FMD case.

6.5.1 Failure of stockperson to notify

Lack of farmer/stakeholder awareness of the clinical signs suggestive of FMD and either lack of awareness of, or, reluctance to comply with reporting obligations could lead to a failure to report the disease.

Continued education and awareness programs are necessary to ensure that industry stakeholders are aware of the risks posed by exotic diseases such as FMD and the need to be vigilant and to contact authorities if there is any concern.

6.5.2 Variation in clinical signs

Passive reporting of FMD lesions is likely to be more effective in pigs and cattle than in other domestic species because pigs and cattle tend to show acute clinical signs that are reasonably consistent and typical of the disease. This is aided in the pig and dairy industries in particular by density of animals and close monitoring that is inherent in these operations.

For more extensive pastoral cattle operations there may be less opportunity for animals showing clinical signs to be observed by farm operators and clinical sensitivity is likely to be lower. 

A number of species (sheep, deer, goats) may show more variable and less severe clinical signs of infection and the sensitivity of the passive reporting system is likely to be lower for these operations. This may be compounded in those areas where animals are managed under extensive conditions. 

6.5.3 Other disease causing similar clinical signs

A range of endemic and exotic diseases may cause similar clinical signs to FMDV infection. These have been listed in section 6.1.

6.5.4 Failure of veterinarian to notify

The issues are similar to those described for stockpersons in section 6.5.1. There is a continual need for training and education/awareness programmes that target veterinarians (and other livestock industry professionals/consultants). Extensive training and awareness programmes are maintained in Australia and are targeted at different levels of the veterinary industry depending on the activities and roles of particular stakeholder groups (pathologists, government field veterinarians, private practitioners etc).

6.5.5 Appropriate specimen collection and submission

Laboratory diagnosis of FMD requires collection of appropriate specimens from suspect clinical cases. Specimens need to be handled, stored and shipped in such a way as to not interfere with the diagnostic value of the specimen during transit to the laboratory. These issues are most important for virus isolation since any loss of viability of virus in the sample from collection to culture may reduce test sensitivity.

The choice of sample and diagnostic test in relation to time post infection may also influence diagnostic uncertainty. Antigen detection by VI, ELISA or RT-PCR is most successful in the first 7 days after exposure. In instances where poor quality samples are received at the laboratory, RT-PCR may be preferred due to its capability of detecting genome fragments compared to techniques dependent on presence of intact or viable virus. By day 14 post infection viral RNA is largely eliminated from body tissues and circulation with the exception of tongue and tonsil tissue. Antibodies in serum are usually detected from about 6 days after infection. The longer the delay between infection and notification or sampling, the more opportunity there may be for reduced sensitivity of test performance, particularly antigen detection tests, as a result of declining viral levels due to immune clearance.

7. Laboratory diagnosis of FMDV

The key elements of diagnosis of infectious diseases are sensitivity (Se), specificity (Sp) and speed:

· Se is defined as the proportion of true diseased animals that test positive

· Sp is defined as the proportion of true disease–free animals that test negative

· Speed is critical to allow implementation of disease control strategies without delay.

Additional elements considered highly desirable include the capacity to test for multiple analytes simultaneously (multiplexing), and portability of testing platforms. The term multiplexing may be applied to multiple analytes related to a single disease (test detecting several different NSPs for example); multiple analytes relating to multiple diseases but where each disease is tested by a single analyte; and finally multiple analytes for multiple diseases where each disease may be tested by more than one analyte.

The following sub-sections concern specific diagnostic test platforms or methodologies. Several general comments can be made concerning potential improvements in diagnostic tests in the future. 

· a move from dichotomous classification systems that are applied to a continuous outcome (positive or negative based on an ELISA measurement of a single analyte for example), to classifications based on patterns observed across measurement of multiple analytes or the use of quantitative bayesian methods to estimate the probability of an animal being infected based on the continuous measurement data generated from test methodologies such as ELISAs (Johnson et al 2004). These developments apply to any test that uses some form of rule to apply a categorical classification to a continuous test outcome and may offer improved capacity to identify infected patients.

· use of novel or different biomarkers that may be related to exposure to an infectious agent or infection. Examples include receptor binding assays and measures of RNA expression that may offer tests capable of detecting very early stages of infection or viral activity. Molecular biomarkers based on gene expression are likely to be applied through platforms such as the microarray technology.

7.1 Purpose of diagnostic testing

The OIE’s Terrestrial Animal Health Code identifies the most important infectious animal diseases and provides guidelines for assessment of animal diseases. The OIE’s Manual of Diagnostic Tests and Vaccines for Terrestrial Animals specifically describes the diagnostic techniques and associated tests for each of the diseases and relevant vaccines. The Manual provides a list of diagnostic tests that are designated as either prescribed or alternative tests for listed diseases. ‘Prescribed tests’ are those that are required by the Code for the testing of animals before they are moved internationally. ‘Alternative tests’ are those that are suitable for the diagnosis of disease within a local setting and can be used for import/export testing after bilateral agreement. Other tests that may be of value or that may still be under development are described in the chapters. All the tests described are validated tests where validation is considered to incorporate measures of test sensitivity, specificity (accuracy), precision (checked by proficiency testing or use of international standards), and relevance to the decision making process.

In general the importance of sensitivity and specificity may depend on the purpose of the use of the particular diagnostic test but precision and reproducibility are always important regardless of the proposed use of the test.

There has been a growing recognition that the term ‘validation’ when applied to a particular diagnostic test, may need to be coupled with a particular purpose. For example, a test may be appropriate for one purpose, yet inappropriate for another. This has led to an awareness that OIE guidelines may need to be expanded in this area to: 1) provide information on validation of diagnostic tests with respect to a particular fitness for purpose; and 2) define or standardise the process by which diagnostic assays can be certified by the OIE as valid for a particular purpose. A recent FAO/IAEA
 consultants meeting on OIE Guidelines for Validation and certification of diagnostic assays for animal infectious diseases classified testing into six broad categories of fitness for purpose (Anonymous 2002):

1. demonstrate freedom from infection:

a. free with and or without vaccination

b. historical freedom

c. re-establishment of freedom following outbreak(s).

2. demonstrate freedom from infection or agent in individual animals or products for trade purposes

3. eradication of infection from defined populations

4. confirmatory diagnosis of clinical cases

5. estimate prevalence of infection to facilitate risk analysis (surveys, classification of herd health status, implementation of disease control measures)

6. determine immune status in individual animals or populations (post-vaccination).

The OIE has not yet developed criteria for certification of tests as fit for a particular purpose and tests listed in the OIE Manual are not classified by any standardised system.

Current technologies

7.1.1 Virus isolation
Application: 

· Virus isolation is the internationally accepted standard for index case confirmation of FMDV infection.

· Provides live virus for a variety of subsequent tests and procedures including identification, typing, and use in development of other tests and vaccines or in experimentation.

· Little capacity for automation. 

Sensitivity and specificity:
· Specificity is considered to be 100%

· Sensitivity is very high under optimal conditions but is dependent on sample quality and time of sampling relative to exposure.
Speed: 

· 24 to 48 hours assuming good samples and laboratory technique.

· Additional time may be required for further passage through cell culture for some samples, up to 4 days.

· Longer time frames particularly for negative samples due to requirement for re-passage.

Operator and facility: 

· Moderate level of operator skill required.

· High level of biosecurity required.

· Virus isolation for FMD virus is currently limited to the CSIRO-AAHL facility at Geelong. 

· In the face of an outbreak there may be justification for provision of FMD virus isolation capability at a regional level depending on sample throughput requirements, laboratory capacity/capability and biosecurity. The key constraint to transfer from AAHL would be a need to meet biological containment requirements (biosecurity) and it is expected that regionalisation of this technology would only occur in exceptional circumstances.

Portability: 

· not portable.

Procedure development stage: 

· Virus isolation is a mature procedure and is well described in reference literature and the OIE manual.

Issues:

· In a major ongoing outbreak the provision of primary bovine thyroid cells would be a major impediment to use of virus isolation as one of the primary laboratory diagnostic tools. Animal movement standstills would critically restrain access to calves for the preferred cell type – bovine thyroid. Use of continuous cells lines as an alternative would be dependent upon the susceptibility of such lines to the particular virus(es) involved in the outbreak.
Impact:
VI is a mature technology and an internationally accepted standard for index case confirmation. 

Recommendations:
Continue to ensure that advances in methods are incorporated into laboratory procedures in Australia.
7.1.2 Antigen capture ELISA

Application: 

· Detection of FMD antigen in clinical materials and in cell culture supernatants – for primary isolates from index cases of FMD.

· Preferred method recommended by the FAO World Reference Laboratory (Pirbright Laboratory) for the detection of FMD viral antigen and identification of viral serotype.
· Serves as a rapid surrogate test for virus isolation, with the capability of providing detection of FMD virus and also identification of serotype.

· Capable of being automated to increase capacity.

· Used mainly on pathological samples from acute lesions in mouth or interdigital/coronary band regions.

· Blood/serum, saliva, probang samples and milk are considered unsuitable for direct testing by antigen capture ELISA largely because the virus concentration is too low and these samples must first be passaged in cell culture.

Sensitivity and specificity:
· Diagnostic sensitivity is 100% for cell culture suspensions. Poorer sensitivity (60 to 90%) particularly if material from aged lesions is submitted. For bovine samples some 10-20% of positive samples were not detected in the direct ELISA while for sheep this increased to 40% (Ferris and Dawson 1988).

· Highly specific.

Speed: 

· Results within three to five hours under optimal conditions in a national reference laboratory accustomed to performing the test. 

Operator and facility: 

· Moderate level of operator skill required.

· High level of biosecurity required.

· Development and maintenance of the test requires access to live FMDV for control and antiserum preparation. AAHL is the only laboratory currently holding the necessary reagents which have been prepared overseas and appropriately inactivated prior to importation to AAHL. AAHL does not hold live virus at this time and is thus constrained in its ability to prepare additional reagents. In the event of an outbreak AAHL would need to use the outbreak virus for reagent preparation. For transfer to state laboratories the reagents would need appropriate inactivation and testing. Alternatively AAHL and Australia would need to have reagents prepared overseas. 

Portability: 

· Not portable though may be performed by a regional laboratory with equipment and expertise in ELISA techniques, and adequate biosecurity.

Procedure development stage: 

· mature technique

Issues:
· Reagent supply is a key constraint both prior to and during an outbreak – see above. The need to hold reagents for all seven serotypes is an impediment to holding and distributing sufficient quantities prior to or during an outbreak

· Use of alternative ligands and monoclonal antibodies may offer improved test performance and ease of reagent supply. Ferris et al (2005) describe an ELISA using a recombinant integrin protein as a capture reagent and mouse monoclonal antibodies in a test capable of detecting and determining serotype for all seven FMD serotypes.

Impact:
Antigen capture ELISA is a mature technique and already an established component of Australia’s FMD diagnostic capability.

Recommendations:
Continue to ensure that advances in methods are incorporated into laboratory procedures in Australia.
7.1.3 Serological tests for detecting antibody to FMD virus

7.1.3.1 ELISA
Application: 

· Two tests: Liquid Phase Blocking ELISA (LPBE) and Solid Phase Competitive ELISA (SPCE). SPCE preferred because it has higher specificity and equal sensitivity to LPBE, and because it is a more robust test.

· Alternative test to Virus Neutralisation.  Faster than VN, less variable, quantitative results and is not dependent on cell-culture capabilities.

· Applications are broad and include identification of index case and outbreak investigation, post-outbreak surveillance, monitoring of vaccination status and international trade. 

· May be used in combination with VN to increase specificity. Questionable and low positive values can be tested by VN.

· May be automated to increase capacity and throughput.

Sensitivity and specificity:
· LPBE: Sensitivity approaching 100% and specificity 82 to 96%.

· SPCE: Sensitivity approaching 100% and specificity 95 to 99.8%.
Speed:  

· Hours

· LPBE generally requires overnight period to generate results

Operator and facility: 

· Moderate level of operator skill required.

· Low level of biosecurity required.

· limited to AAHL in Australia while the country is FMD-free

· In the face of an outbreak, ELISA reagents are likely to be distributed regionally particularly in affected regions to help cope with the volume of testing required. The most significant limitation is the time it would take to prepare, inactivate and test sufficient reagents for distribution to regional laboratories.
Portability: 

· Not portable though may be performed by a regional laboratory with equipment and expertise in ELISA techniques, and adequate biosecurity.

Procedure development stage: 

· Mature technology

· Both ELISA assays are internationally accepted and recognised by the OIE.

· Detailed protocols are provided in the OIE’s Manual of Diagnostic Tests and Vaccines for Terrestrial Animals, 5th edition, 2004.

Issues:
· Further development using monoclonal antibodies offer potential of improved consistency and ease of reagent supply.

· Development and implementation aims would include production of a high Se and high Sp test that is suitable for use with a pipeting robot and capable of being produced in kit format so it can stored and transported for use at short notice. 

· Ease of production, storage and use would be facilitated by minimising the use of biologically variable ingredients such as polyclonal serum and ill defined additives such as serum or milk powder. 

· Continued efforts need to be made to ensure appropriate reference sera are validated and made available (Moonen et al 2000; Paton 2004).

· Developments in methods suited for mass screening have been described (Chenard et al 2003).

Impact:
ELISA tests for circulating antibody represent a mature technology and are already an established component of Australia’s FMDV diagnostic capability.

Recommendations:
Continue to ensure that advances in methods are incorporated into laboratory procedures in Australia.
7.1.3.2 Virus neutralisation (VN)

Application: 

· Gold standard for serological detection of anti-FMD virus antibodies. 

· Serotype specific and therefore can also be used for serotyping and virus characterisation – an important step in the selection of an appropriate vaccine. 

· Mainly used for investigation of outbreaks, confirmation of non-conclusive ELISA results, and certification for international trade purposes.

Sensitivity and specificity:
· High sensitivity approaching that of SPCE.

· High specificity 98 to 99%.
Speed: 

· Microscope readings may be possible on the second day but tests are routinely fixed and stained on the third day.

Operator and facility: 

· Not available in Australia in the absence of circulating virus. In the event of a FMDV outbreak, the test would be developed at AAHL using field isolates of virus. 

· High biosecurity requirements.

· Moderate operator skill requirements.

· The VN test could potentially be performed regionally in the face of an outbreak with AAHL providing test reagents. Regional laboratories would have to have suitable capacity and capability to perform the test, and would need adequate biosecurity for handling live FMD virus. Given these requirements this procedure may only ever be maintained at AAHL.

Portability: 

· Not portable.

Procedure development stage: 

· Mature technology.

Issues:

· VN assay is laborious, time consuming, variable in the results due to its biological nature (non-robust) and must be performed in high biosecurity conditions.
· Serotyping and strain–typing applications likely to be supplemented by molecular serotyping and molecular epidemiology based on nucleotide sequence determination of appropriate regions of outbreak virus genomes. Sequencing is likely in the future to play a role in vaccine strain selection with the accumulation of additional evidence.

Impact:
The VN test for circulating antibody is a mature technology and would be developed in Australia in the event of an FMDV outbreak.

Recommendations:
Continue to ensure that advances in methods are incorporated into laboratory procedures in Australia.
7.1.4 Non-Structural Protein (NSP) tests 

Application: 

· The major applications are the assessment of residual infection-specific antibodies in a livestock population, and in distinguishing vaccinated from naturally-infected animals.

· An important assumption is that the application of NSP tests in a population of animals after vaccination is dependent on the use of purified, inactivated vaccine that is free (as much as is possible) of NSPs and produced in accordance with OIE guidelines. 

· NSP tests do have potential application as a pan FMD serological test in non-vaccinated cattle.

· NSP tests are currently used for serosurveillance and risk assessment associated with animal movement, mainly for countries in which there is an ongoing, active vaccine program. The tests would, therefore, be applied mainly in the post-eradication phase when a zone or country is attempting to re-establish freedom and resume international trade.

· Most validation data on tests to detect NSPs are on sera from cattle and more validation is needed on sera from sheep and pigs to determine application and fitness for purpose in these species.

· ELISA tests are capable of being automated to increase capacity.

· Current OIE guidelines indicate that NSP tests should be interpreted at the herd level and not at the individual animal level because of low and variable sensitivity. OIE guidelines include specification of follow-up tests that may be used to investigate animals and herds in the event of a positive NSP test.

Sensitivity and specificity:
· Variable sensitivity and specificity values reported depending on validation methods, test used, antibody target (mostly 3ABC), timing of testing relative to exposure, and whether animals were vaccinated or not. Estimates of Se and Sp have been derived from studies in cattle and little data are available in other species.

· Sensitivity values were lowest in the first 21 days after infection (26 to 56%) and rose to moderate to high values after 21 days post-infection (84 to 98%).  Values then declined after 6 months post-infection.

· Specificity values under optimal conditions were very high (98 to 100%) but some tests do not perform this well with specificity values as low as 45 to 68% (Moonen et al 2004). Specificity can be increased by applying a confirmatory test such as the enzyme linked immunoelectrotransfer blot assay (EITB) to all positives from the NSP test (Bergmann et al 2000). The EITB test is described in the OIE Manual and has been extensively used in South America. Commercially available tests have been described including the FMD CHEKIT–ELISA (Schalch et al 2002, Bronsvoort et al 2004) and the UBI FMDV NSP (Liu et al 2002). Neither has been extensively validated. Alternative follow-up tests that can be applied for animals or herds that test positive to NSP tests include virus isolation and nucleic acid detection (real time RT-PCR) using probang samples.
Speed: 

· Under optimal conditions tests can be completed within two to three hours.

Operator and facility: 

· Moderate operator skill requirements.

· Low biosecurity requirements.

· Regional and national centres

· NSP tests use inactivated reagents and ELISA technology. Regional laboratories with appropriate equipment and personnel, could therefore, provide these tests. Reagents would presumably be supplied through the national reference laboratory.

Portability: 

· Not portable though may be performed by a regional laboratory with equipment and expertise in ELISA techniques, and adequate biosecurity

Procedure development stage: 

· Developing technology but almost mature. 

· Very good evaluation data are available on sera from cattle, more validation is necessary on sera from small ruminants and pigs.

· These tests are being used extensively in South America in ongoing control and eradication programs. Further validation and standardisation is necessary. 

· Commercial NSP tests are available, and these will also require in-house validation (as is applicable to all tests).

Issues:

· Further validation of NSP tests is required particularly for species other than cattle.

· Further research and risk analysis is also required to determine the risk of spread of FMDV from vaccinated carrier animals including the impact of time on this risk.

· Developments in vaccines for FMD including the use of subunit or recombinant vaccines and high potency vaccines will have an important impact on the development, validation and application of NSP based tests.

· There will need to be clear guidelines on how NSP tests would be used and interpreted at different stages in the response to a FMDV outbreak, including appropriate sampling strategies, unit of interpretation (herd vs individual animal), and how to deal with positive results (some of which can be expected to be false positives). The OIE has accepted the principle of herd based NSP serosurveillance as a basis for countries regaining disease free status following a FMD outbreak. General guidelines can be found in the OIE Manual (OIE 2005) and in the National Operating Procedures for the Use of Foot and Mouth Disease Vaccine in Australia. 

· There is currently insufficient information available on which to develop sampling strategies to achieve detection of vaccinated carrier animals at defined prevalence values in herds of varying sizes (Paton et al 2004). There is a risk that current test sensitivities would mean that it would not be possible to achieve 95% confidence of detecting a single carrier animal in a herd of 100 animals (or fewer). The smaller the herd, the higher the risk of missing a single carrier animal given imperfect sensitivity. In larger herds the expectation is that multiple carrier animals would be more likely to be present and given a herd-level interpretation, at least one positive would be very likely to occur ie larger herds with carriers would be identified with very high probability. Important contributing factors include acceptance of non-zero risk, impact of risk reduction mechanisms and identification of a critical threshold or design prevalence for testing purposes.

· Application of NSP tests will depend on policy options concerning emergency vaccination and on the choice of vaccine. The first step is to consider a risk based approach to control options that either do, or, do not include the use of emergency vaccination. Vaccination is discussed elsewhere in this report. This approach will need to consider a variety of decision making criteria including consequences for re-establishment of trade and technical requirements of testing that might be undertaken post-vaccination (exit strategies). NSP tests will have little potential application if a country chooses not to use vaccination in the control of a FMDV outbreak (other than as an option for detection of pan-serotype antibodies to indicate prior exposure in unvaccinated animals). Vaccinate-to-die policies are likely to have less requirement for NSP tests in the post-outbreak period since vaccinated animals are all subsequently culled. Vaccinate-to-live policies are likely to result in a more detailed exit strategy post-outbreak including the use of NSP tests to detect carrier animals within the vaccinated population.

Impact:

The ability to reliably detect carrier animals amongst a vaccinated population (using NSP tests or other tests not based on NSPs) has the potential to have a major impact on the management of an FMD outbreak in Australia.

This would allow Australia to consider the use of a vaccinate-to-live policy for emergency vaccination carried out during an FMD outbreak response. Following control of the outbreak, biosecurity measures would remain in force while surveillance measures were completed to detect and slaughter any possible carrier animals in the vaccinated population, as described in Chapter 2.2.10 and Appendix 3.8.7 of the OIE Terrestrial Animal Health Code. 

Consideration of a vaccinate-to-live policy would require review of much of the content of the AUSVETPLAN for FMD control including exit strategies for dealing with vaccinated livestock after control of the outbreak and for regaining disease-free status.

If emergency vaccination were limited to vaccinate-to-die (Suppressive vaccination), then NSP tests would have reduced impact on the management of an FMD outbreak in Australia.

Validation of NSP tests seems likely to be completed for cattle initially. National Operating Procedures for the use of Foot-and-Mouth Disease Vaccine in Australia incorporate discussion of vaccinate-to-live in cattle with the use of a 3ABC ELISA and follow-up tests (virus isolation, real-time RT-PCR, post mortem) on positive animals. Implementation of such a policy would depend on satisfactory resolution of issues identified above. There is insufficient evidence to consider adoption of such an approach for other species (small ruminants). There is no evidence to suggest that carrier states exist in pigs.

It is not clear what impact vaccinate-to-live might have on the economic impact of an FMD outbreak in Australia compared to alternative policies such as no vaccination and vaccinate-to-die. Vaccinate-to-live policies are associated with longer time frames post-outbreak before disease-free status can be regained as outlined in OIE guidelines. It is possible that this may change in the future as more information becomes available on the risks posed by vaccinated animals (Sutmoller and Olascoaga 2002; Barteling 2002). 

Discussion of vaccination options is presented elsewhere in this report.

Recommendations:
· Until such time as NSP tests are fully validated in all susceptible species or an alternative test is identified that can distinguish vaccinated from infected animals, it is recommended that Australia continue to consider emergency vaccination only as a vaccinate-to-die (Suppressive vaccination) policy.

· Simulation modelling should continue to be used to investigate economic and other impacts resulting from the use of different control options on FMD outbreaks in Australia including consideration of no vaccination, vaccinate-to-die and vaccinate-to-live approaches.

· Australia should continue to contribute to and learn from experiences and research in other countries that have had FMD outbreaks, including efforts to investigate issues associated with NSP tests.

7.1.5 Real-Time RT-PCR, including TaqMan® RT-PCR

Real-Time RT-PCR represents a major advance in test performance, robustness and application compared with conventional RT-PCR.
Application: 

· Detection of viable or non-viable virus and fragments of viral genome.

· Can be applied to a wide variety of samples including blood, serum, probang derived samples, milk, saliva, epithelial tissue and others.

· Primary index case diagnosis, detection of infection in ongoing outbreak response and control, serotype determination.

· Differential diagnosis potential by incorporating primers for viral diseases or agents other than FMDV in a multiplexed RT-PCR assay. 

· High sensitivity offers potential for early detection of animals prior to onset of clinical signs though this requires further research and validation.

· Identification of carriers in post-outbreak surveillance offering a potential alternative or complementary/confirmatory test to NSP tests for detection of carriers in vaccinated animals.

· Capacity may be ramped up in the case of an outbreak by involving regional laboratories with PCR equipment and expertise to perform testing.

· Amenable to automation to increase capacity. 

· TaqMan® may complement and even supplant Virus Isolation and antigen capture ELISA tests.

· TaqMan® more amenable to large scale sample throughput, robust, faster, and less susceptible to risk of contamination than conventional RT-PCR.

Sensitivity and specificity:
· Approaching 100%.

· Dependent on incorporation of serotype specific primers. Minor nucleotide substitution in different field isolates can have a major impact on sensitivity.

Speed: 

· Test results can be obtained in hours (less than four hours) at a centralised laboratory facility with skilled personnel and equipment.

Operator and facility: 

· High level of operator skill required. 

· Portable kit-form versions have been produced and these may be able to be used in the field by personnel without any requirement for detailed/prolonged training or specific expertise.

· Low biosecurity requirements. Samples can be treated to inactivate virus without affecting test performance so the method can be used in regional laboratories or other facilities that do not have full containment capability.

· Laboratories with PCR equipment and appropriate skills.

Portability: 

· Equipment is potentially portable and further development of compact capability is likely in the future. Portable equipment capable of being operated in a regional laboratory facility and potentially at on-farm level though field level portability is probably more likely to occur in custom designed portable laboratories (shipping container size), that are capable of being rapidly transported by truck, set up in a field location and operated by highly trained technicians. 

Procedure development stage: 

· maturing technology 

· Much validation has been done. Tests are available and being used. 

· This is a major area of current research and further test and technique development and validation is expected in the next several years.

Issues: 

· It is anticipated that future generations of PCR technology will be more automated, standardised and compact than current procedures. 

· At the extreme end of development, amplification times may be reduced to minutes using hand-held devices that can detect presence of antigen material in the field.

Impact:
Real-Time RT-PCR technologies such as the TaqMan® have potential to play an important role in management of an FMD outbreak in Australia.

The technology offers a rapid, robust, high sensitivity, high specificity test that is capable of being enhanced with automation to increase capacity in a centralised laboratory, and that can be performed in regional laboratories with suitable training and provision of reagents, provided that regional facilities can implement adequate biosecurity measures for handling live FMD virus. If samples are treated to ensure inactivation of virus then the biosecurity requirement may be reduced. The technology is also capable of being adapted for use in portable platforms including pen-side tests and in multiplexed assays. The major short term impact is considered to be in national and regional laboratories with specialised equipment and operator training appropriate for PCR-based tests. 

While real-time RT-PCR can be performed on different types of instruments, there are clearly requirements for research and development work to develop and implement a coordinated proficiency evaluation and validation procedure before tests can be performed in different laboratories, on different types of machines and under the operation of a range of different personnel.

Development and validation of portable tests incorporating real-time RT-PCR capability, and that are capable of being applied outside a conventional laboratory setting (on-farm, regional control centre etc) is considered likely to involve a longer time-scale, in the order of 3–5 years or more. These developments may result in a re-usable non-specific device that can be targeted towards a variety of diseases by altering primers and reagents. This approach may be more robust in terms of return on investment than solid-phase pen-side tests.

Portable laboratories employing a range of diagnostic test capabilities but principally ELISA and real time RT-PCR, may offer high quality laboratory capacity in the field. It is conceivable that each state/territory may develop and maintain this sort of capacity and be prepared to mobilise resources in an emergency. This sort of mobile lab could also function on-board ship for example if a FMD outbreak occurred on mainland Australia while a live export shipment was in transit.

Recommendations:
· That Australia continues to develop real-time RT-PCR techniques and work with other researchers and organisations such as OIE towards achieving sufficient validation of these techniques to allow application in index case diagnosis and ongoing control measures.

· That contingency plans be developed for increasing throughput capacity for real-time RT-PCR tests in the event of an outbreak — both within AAHL, and through deploying the technique in regional laboratories with PCR skills and equipment.

· That any regional deployment plan be preceded by development of appropriate coordinated proficiency test, validation and quality control procedures to ensure that a consistent and repeatable level of test performance can be achieved and maintained.

· That there be consideration of the development and application of portable technologies incorporating real-time RT-PCR test capability.

· That real-time RT-PCR be evaluated for a potential application in detecting carrier animals either as an alternative option for NSP tests or as a confirmatory test in conjunction with NSP tests.
7.1.6 Genotyping using PCR/sequencing

Application:
· Complement VI and serotyping (VN and ELISA) as a method for precise identification and characterisation of virus, particularly for index case diagnostics. 

· Major application in molecular epidemiology and source tracing for outbreak investigation.
Speed: 

· Complete sequence information can be obtained within 24 to 48 hours of receipt of virus.

Operator and facility: 

· High level of operator skill required

· High biosecurity level required

· AAHL (national laboratory) and world reference laboratories.

Portability: 

· not portable

Procedure development stage: 

· mature technology

Issues: 

· growing importance in molecular epidemiology and tracing

· Sequencing methodologies are constantly being improved. Margulies et al (2005) describe a scalable, highly parallel sequencing system capable of sequencing 25 million bases in one four-hour run, a 100-fold increase over conventional sequencing capacity. This capacity should allow whole genome sequencing to become routine.

Impact:
Sequencing is an accepted technology and capability currently exists within AAHL for sequencing viral isolates. 

High throughput sequencing capacity allowing whole genome sequencing on some or possibly all isolates may have applications in diagnosis and also in molecular epidemiology and tracing of outbreaks.

Recommendations:
That any advances in methods be incorporated into laboratory procedures in AAHL.

7.2 Technologies under development

7.2.1 Luminex xMAP® technology

Application:
· investigation of suspect clinical cases where the diagnosis is unknown, confirmation of index case diagnosis, identification of strain or serotype, disease outbreak response testing, post-outbreak testing, surveillance, documentation of freedom from disease

· capable of being ramped up to deal with high throughput requirements and automation

· capable of providing an alternative test to many of the previously described tests or of providing a platform through which other technologies may be applied and multiplexed

Sensitivity and specificity:
· likely to be very high

· dependent on the test technologies incorporated within the Luminex platform

Speed: 

· hours

Operator and facility: 

· high level of operator skill required

· biosecurity levels required will be dependent on the test and the sample material

· national and regional laboratories with appropriate capability and capacity

Portability: 

· not portable

Procedure development stage: 

· under development

· It is anticipated that assessment of the potential applications for this technology will be possible within three years and validated tests may be available for use within five to ten years.

Issues:
· This platform offers many potential advantages as described. Further development and validation of this platform and others (particularly microarray or similar technologies) will be important in determination of the potential application for these tests in the Australian situation.
Impact:
Luminex xMAP® has the potential to provide any form of antigen or antibody detection assay in a rapid, reliable, high sensitivity, high specificity test that is capable of being automated and of high throughput capacity.

The technology is considered most suitable for situations where multiple tests are required and high sensitivity is a primary objective. Differential diagnostics and serosurveillance appear to be the most suitable applications. 

Further information and preliminary validation tests are required to allow a considered opinion of the value and application in Australia’s management of an FMD outbreak.

Recommendations:
That consideration be given to investment in research and development of Luminex techniques suitable for FMDV diagnosis including detection of FMDV antigen and antibodies directed against structural and non-structural proteins.
7.2.2 Microarray analysis (gene chip or DNA chip)

Application: 

· In the short term, microarray techniques may have more application in research studies investigating aspects of FMDV behaviour and function (infection, replication, transmission, carrier state), as well as related areas such as host immune response and vaccine development.

· Microarray technology is capable of being combined with a range of other diagnostic modalities (nucleic acid or serological) and adapted to a variety of specific needs including index case diagnosis, ongoing outbreak response testing, and large volume screening tests including multiplexed NSP testing. 

· Using nucleic acid based testing in a microarray platform is probably most suited to agent detection purposes. 

· It is capable of being ramped up to deal with high volume throughput and of being automated.

Sensitivity and specificity:
· likely to be very high
Speed: 

· hours to days required from sample receipt to test results

· not as fast as RT-PCR and not suited for rapid turn around testing. Technology change is likely to address this
Operator and facility: 

· high level of operator skill required

· high level of specialised equipment required

· variable level of biosecurity depending on nature of sample material

· national and regional laboratories with capability and capacity

Portability: 

· not portable although portability is conceivable in the future

Procedure development stage: 

· developing technology

· It is anticipated that assessment of the potential applications for this technology will be possible within three years and validated tests may be available for use within five to ten years.

Issues: 

· This platform offers many potential advantages as described. 

· Further development and validation of this platform and others (particularly luminex or similar technologies) will be important in determination of the potential application for these tests in the Australian situation.
Impact:
Microarray technologies may have considerable potential in the differential diagnosis of unknown diseases due to the ability to simultaneously screen a sample for the presence of any of a large number of different antigens. Alternative methods are available for this purpose and this particular application is not considered likely to have a major impact on management of a FMD outbreak in Australia in the foreseeable future.

Microarray technology designed to detect gene expression associated with infection of a naïve animal with FMD virus may serve as a very early marker of exposure, potentially offering advantages over antibody-based tests such as NSP tests. This approach may also offer an alternative methodology with application in distinguishing vaccinated from infected animals. This approach could have a major impact on management of a FMD outbreak in Australia in the foreseeable future.

Recommendations:
· Monitor advances in the field.

· That consideration be given to investment either within Australia or as a contributor to an international collaborative research and development effort aiming at investigating this technology for future potential applications including but not limited to FMD.

7.2.3 Lateral-flow, flow-through, solid-phase diagnostic tests (pen-side diagnostics)

Application: 

· antibody or antigen detection

· Tests may be developed that are either non-serotype specific (FMDV yes or no) or that contain serotype specific capability to be able to confirm presence of FMD as well as provide specific serotype information.

· Samples suitable for testing are likely to include vesicular fluid, epithelial samples (suspended in buffer), nasal swabs (in buffer) and probang samples. Other samples (blood or serum) are also likely to be suitable for testing as well.

· The tests will not provide equivalent sensitivity or specificity compared to laboratory based tests but they offer highly portable and rapid testing capability.

· An example application is for immediate testing of suspect clinical cases (either index case testing or in-contact cases) to facilitate rapid culling of positive animals in the early stages of an outbreak. 

· May have limited capability for multiplexing to allow some differential testing or detection of multiple antigens in one assay.

Sensitivity and specificity:
· likely to be lower than laboratory based tests such as ELISA or RT-PCR

· Preliminary data on laboratory based validation indicated that a rapid chromatographic strip test had sensitivity values about equal to antigen capture ELISA (Reid et al 2001).
Speed: 

· very rapid (minutes)

Operator: 

· Low level of operator training required in appropriate use and interpretation of test results

· No biosecurity requirements

· Capable of being applied in the field by clinical veterinarians as well as in regional or central laboratories. 

· Particular applications may include the immediate testing of animals showing clinical signs of vesicular disease to rule out differentials and diagnose FMD.

Portability: 

· Highly portable and amenable to development as hand held (pen-side) tests.

Procedure development stage: 

· developing technology

· further development and validation required

· It is likely that prototype tests will be available within the next 12 months and fully validated tests within the next 3 years

Issues: 

· The technology required for pen-side tests is largely available and the major constraint currently is the cost required to complete and validate a test, leading to a disincentive for commercial companies to get involved on the scale required to produce a commercially available, validated test on the sort of scale required to be of practical use for countries like Australia.

· An additional issue is the fact that these tests may have a short shelf life which further affects funding and commercial viability for test development. 

· In countries like Australia that are FMD free, there is little incentive for commercial development of these tests and there may be high costs involved in maintaining stocks of tests when the anticipated risk of an FMD outbreak may be low. 

· Research and development efforts are focused in part on improvements in stability and shelf life of tests that utilise lateral flow technology.

· It is more important for pen-side tests to have high sensitivity than specificity. Lower sensitivity may require follow-up testing of all negative tests with more conventional laboratory based tests such as ELISA, RT-PCR, VN. This would offset the major benefit of the test method which is to provide an immediate on-farm confirmatory test to allow early culling of infected herds. Less than perfect specificity would mean that positive results would result in follow-up testing for confirmation.

· The use of highly portable tests capable of being applied and interpreted by field personnel will present a series of challenges for effective implementation including:

· training of personnel in taking appropriate samples and applying and interpreting the tests

· clear protocols for interpreting test results and for the range of follow-up actions (kill, re-test, confirmatory test etc) 

· ensuring sufficient field staff to provide testing service

· determination of appropriate level of decision making authority for acting on the test results (decision for immediate slaughter of animals could be made during the first visit to the farm if the test was performed and interpreted immediately)

· validation of test performance against standard tests

· provision for collection of data and samples for subsequent analysis and testing using laboratory based tests with high sensitivity and specificity

· ensuring rapid and effective communication networks are implemented along with accessibility to real-time outbreak and epidemiological information during a response to ensure field personnel have up to date information on the outbreak and the response activities.

Impact:
Pen-side diagnostic tests that detect FMDV antigen are considered likely to have a major potential impact on the management of an FMD outbreak in Australia because they may allow on-the-spot confirmatory tests for the presence of FMDV and greatly facilitate rapid implementation of biosecurity measures and culling. These measures could drastically shorten the time from notification to diagnosis and culling in the event of an outbreak and this could have a major effect on the number of infected farms in an outbreak.

Incorporation of pen-side tests into an emergency disease control programme may change the structure and function of various components of a response, largely by moving decision making towards the level of the farm, and bundling together in time and space various activities such as initial inspection, diagnosis and culling. This effect is likely to have impacts on the flow of data/information as well as resource demands.

Production of specific pen-side tests is likely to depend on generation of commercial returns to a manufacturing company. This is considered to be a relatively high risk venture due to the intermittent and unpredictable nature of FMDV outbreaks, the need to develop a test that is validated for the appropriate field isolate of FMDV, and the unknown shelf-life of such tests. Costs are likely to be high per test particularly in the short term.

The potential benefits of such tests warrant further development and validation. There may be value in pursuing such aims in a coordinated and collaborative fashion with other research groups or organisations due to the common benefit and shared cost of such an arrangement.

Recommendations:
· That consideration be given to investment in further research and development activities aimed at developing and validating pen-side tests for FMDV antigen detection.

· That a review of the economic feasibility of development and maintenance of pen-side tests be developed to determine whether it is likely to be worthwhile for a commercial company to invest in this technology.

· If the above recommendation results in an unfavourable review then it is suggested that consideration be given to the feasibility of an international consortium of countries to contribute to the costs of development, validation and maintenance of a ‘bank’ of pen-side tests for application in the event of an FMD outbreak.

7.3 Future technologies

7.3.1 Solid state diagnostics incorporating different diagnostic methodologies embedded within a chip

Application:
· applications of this technology are incredibly broad and include rapid, highly portable tests that can be completed at the farm or in a laboratory. 

· The technology offers portability (in some cases to an extreme level as a result of miniaturisation) and robustness as a result of incorporating all the steps and components for a complete analysis into a device such that the operator only has to add biological sample.

· The actual test methodologies that may be incorporated into the devices include a range of nucleic acid and serological tests that have been discussed previously in this report.

· Major perceived advantages are in portability and speed of testing leading to movement of testing and decision making towards the farm gate.

· The likely time frame before this technology might result in portable or lab-on-a-chip tests that have application in FMDV diagnosis is sufficiently long for this technology to be considered to have little potential application in FMDV control in the foreseeable future (10 to 20 years).

Sensitivity and specificity:
· likely to be high

· Dependent on the test methodologies incorporated into a particular product
Speed: 

· variable but capable of very rapid testing at the extreme end of development (minutes)

Operator and facility: 

· capable of being applied in the field by clinical veterinarians as well as in regional or central laboratories, with appropriate training in use and interpretation.

Portability: 

· Variable. Capable of being designed to function within complex laboratory systems as one of a number of test methodologies, or of being developed as a highly portable technology in the form of hand held (pen-side) tests

Procedure development stage: 

· over-the-horizon technology, particularly with respect to a validated, available hand-held systems with applications for FMDV diagnosis. While development in this area is expanding it is likely that provision of validated test systems may take 10 years, or more.

· Progress towards incorporation of sold state diagnostic components in laboratory systems is more advanced and already being implemented.

Issues:
· Lab-on-a-chip diagnostics is a high risk area and investment is dependent on future realisation of income. There may be little reason for investment in the field of FMDV diagnostics because of the lack of perceived income potential in this field compared with other fields such as human clinical diagnostics and biodefense. This may result in a need for government investment in this technology.

· Shelf life, test validity, applications, interpretation, integration with other tests and control strategies, are all as yet not determined.

Impact:
This platform is considered to have little impact on Australia’s FMD plans or policies in the foreseeable future (10 years).

Recommendations:
· That developments in this field be monitored for possible application.

· That consideration be given to an international collaborative research and development effort aiming at investigating this technology for future potential applications including but not limited to FMD.

7.3.2 Biosensor technologies

Application:
· major application in fundamental research aimed at understanding aspects of infection and immunity

· Detection and differential diagnosis of pathogens in the investigation of clinical disease.

· Potentially useful in ongoing diagnosis of infection in a disease response program and in surveillance for documentation of disease freedom.

· The methodology is capable of being produced in a robust kit form that is amenable to use in regional laboratories, veterinary clinics and on-farm (as for solid state devices). Advantages of laboratory or portable biosensors are in speed, ease of use and sensitivity and specificity.

· Remote biosensors could potentially be used to measure aerosolised FMDV as a detection device, monitoring and also in basic research to improve understanding of FMDV epidemiology.

· Implantable biosensors could potentially be used as early warning devices in sentinel animals for early detection of infection.

Sensitivity and specificity:
· Likely to be high but dependent on the test methodologies incorporated in the device.
Speed: 

· variable – potentially capable of very rapid testing (minutes) or of being applied in a more conventional laboratory setting where test set-up and completion may take hours or days (particularly for larger scale testing)

Operator and facility: 

· Variable level of operator skill required. Laboratory based methods may require a high level of skill and equipment. At the other end biosensors may be developed to work remotely or as implantable devices with little or no operator requirement.

· central or regional laboratory with appropriate capacity and capability

· potential for kit form testing to be developed and applied in regional laboratories and even in veterinary clinics

Portability: 

· capable of being adapted to portable tests though the methodology may be initially applied in a laboratory using fixed instrumentation

Procedure development stage: 

· This technology is a rapidly expanding area and is perhaps most accurately described as a developing technology. 

· Many of the techniques are novel and completely undeveloped and will be many years from reaching fully validated tests capable of being applied in the field. 

· There are a smaller number of examples of technologies that may be considered to be robust technologies but even these remain largely unvalidated. 

· It is possible that validation for specific purposes could be completed within a number of years. However, in the foreseeable future such tests are likely to be used at the discretion of individual countries or in bilateral agreements between trading partners and not certified by an international body such as the OIE.

· External biosensor devices are in development and may be validated and available within 5-10 years. 

· Internal (implantable) biosensors are more likely to be 15-20 years or more away from validation and application.

Issues:
· Commercial companies and defence/biodefence industries appear to be driving much of the development in this field. 

· Company investment in a particular platform and test are considered moderate to high risk endeavours with continued development and support for a particular test then dependent on commercial return.

· Major issues include the development of robust and validated tests that are sustainable, supported and available on a scale appropriate for the needs of the users.

Impact:
External biosensors capable of detecting FMDV may be available within 10 years and could offer an additional method of early warning in high risk areas either on an ongoing basis (high density piggeries in high risk locations, saleyards, pre-border and border inspections, slaughter house surveillance etc). External biosensors could also be developed for implementation during an outbreak as a method of real time surveillance for early detection of viral shedding and in research to further understand FMDV epidemiology.

Implantable biosensors are considered to have little potential for impact on Australia’s FMD plans or policies in the foreseeable future because of the perceived very long time frame before such devices might be developed and validated.

Recommendations:
· That developments in this field be monitored for possible application.

· That consideration be given to an international collaborative research and development effort aiming at investigating this technology for future potential applications including but not limited to FMD.

7.4 Summary of developments in diagnostic technologies

The Report of the Scientific Committee on Animal Health and Animal Welfare of the European Commission
 (2003) identified the following needs with respect to diagnostic techniques for selected infectious animal diseases including FMD:

· Development of simple and rapid tests for use in the field (pen-side) or regional laboratories to support clinical suspicions of diseases.

· Development of rapid and highly sensitive tests that will detect animals as soon as possible after they become infected. If developed as mass screening tests they could serve to detect follow-up outbreaks before clinical suspicion arises.

· Development of more sensitive and specific tests to detect infection in an individual vaccinated animal without the need for screening whole herds.

· Development of rapid and sensitive methods for differential diagnosis of diseases that produce similar clinical signs.
Progress in diagnostic technology appears to be moving towards increased miniaturisation in an arena where micro- and nanotechnology are facilitating speed, portability, mass screening, low cost and high sensitivity. This involves collaborative involvement of disciplines ranging from physics, nanotechnology, bioinformatics and computing, microelectronics, to chemistry. In some cases such developments are dramatically improving and miniaturising existing diagnostic technologies. In other cases they may be associated with development of entirely novel technologies with improved characteristics.

However, in many cases the deliverables are likely to be similar to those that are likely to be achieved within 5-10 years using diagnostic techniques outlined in this report. These deliverables may be summarised as:

· speed of test

· detection of antigen/gene fragment, or antibody (either directly or indirectly)

· robustness

· portability

· validity (high sensitivity and specificity)

· fitness for purpose

Table  7.1 shows qualitative estimation of properties of diagnostic technologies

Table 7.2 shows test technologies and their applications at three different time periods (current and those predicted to be in use in 5-yrs and 10-yrs time).

Table 7.1: Qualitative estimation of properties of diagnostic technologies presented in Section 7. Adapted from The Report of the Scientific Committee on Animal Health and Animal Welfare of the European Commission
 (2003)
	Method
	Relative Se
	Relative Sp
	Automation capacity
	Pen-side feasibility
	Cost
	Robustness
	Speed to result
	Biosecurity needs
	Operator skill

	
	
	
	
	
	
	
	
	
	

	Antigen or gene fragment detection
	
	
	
	
	
	
	
	

	Virus isolation
	High
	High
	No
	No
	High
	Moderate
	Low
	High
	Moderate

	Antigen capture ELISA
	Moderate
	Mod to high
	High
	N/A
	Low
	High
	Moderate
	High
	Moderate

	Pen-side immunoassay
	Moderate
	Moderate
	N/A
	High
	Low
	High
	High
	N/A
	Low

	Nucleic acid methods
	
	
	
	
	
	
	
	
	

	real time RT-PCR
	High
	High
	Mod to high
	Low to mod
	Moderate
	Moderate
	Moderate
	Low
	High

	Hybridisation microarray
	Mod to high
	High
	Moderate
	N/A
	Moderate
	Moderate
	Moderate
	Low
	High

	
	
	
	
	
	
	
	
	
	

	Antibody detection
	
	
	
	
	
	
	
	
	

	ELISA
	High
	Moderate
	High
	Low
	Low
	Moderate
	Moderate
	Low
	Moderate

	NSP (3ABC)
	Moderate
	Moderate
	High
	Low
	Low
	Moderate
	Moderate
	Low
	Moderate

	Virus neutralisation
	High
	High
	No
	No
	High
	Low
	Low
	High
	High

	Pen-side immunoassay
	Moderate
	Moderate
	N/A
	High
	Low
	High
	High
	N/A
	Low


Table 7.2: Description of test platforms used for different purposes at three different time points: currently, in 5-years and in 10-years time
	Application
	Current
	5-yrs time
	10-yrs time

	Index case diagnosis
	Ag capture ELISA
	Real time RT-PCR
	Nucleic acid technologies

	
	Ab ELISA
	Whole of genome sequencing
	     (lab-on-a-chip, microarray)

	
	Virus isolation
	
	

	
	Real time RT-PCR
	
	

	
	Electron microscopy
	
	

	
	Sequencing
	
	

	
	
	
	

	Detection of infection 
	Ag capture ELISA
	Real time RT-PCR
	Nucleic acid technologies (lab-on-a-chip)

	
	Ab ELISA
	Luminex assays for Ab detection
	Novel biomarkers eg gene expression

	
	Virus isolation
	       (single serotype or multiplexed)
	      (microarray)

	
	Virus neutralisation
	Pen-side tests
	

	
	Real time RT-PCR
	
	

	
	
	
	

	Detection of carriers
	NSP ELISA
	Luminex multiplexed NSP tests
	Novel biomarkers eg gene expression

	
	Virus isolation
	Real time RT-PCR
	      (microarray)

	
	Real time RT-PCR
	Virus isolation
	

	
	
	
	

	Confirmation of freedom
	Ab ELISA
	FMD generic ELISA
	Nucleic acid technologies

	
	Virus neutralisation
	Luminex assays for Ab detection
	      (microarray for vesicular diseases)

	
	
	       (single serotype or multiplexed)
	

	
	
	
	

	Vaccination
	as per vaccine bank
	as per vaccine bank
	Virus like particles in conjunction with

	
	
	
	      Immunomodulators

	 
	 
	 
	      Anti-virals


8. Surveillance and epidemiological technologies

Although not the main focus of this review, advances in epidemiological methods are briefly summarised here and their potential impact on the management of a future FMD outbreak discussed.

Defence against exotic diseases is based on preventing incursion and being prepared and capable of mounting a rapid and effective response in the event of incursion.

Development of effective global surveillance capacity for FMD offers the potential to provide very useful information to all countries on risk factors for FMD and early warning of FMD outbreaks. Concepts have been outlined by Perez et al (2004).

Preventing incursion depends on pre-border and border activities. Australia has continued to develop highly effective biosecurity measures at the border level, with major additional investments in capacity in the period since the 2001 UK FMD outbreak. Australia is also involved in a wide range of pre-border activities, particularly with the OIE in continuing to develop international standards and also with South-East Asian countries in capacity enhancement projects focused on surveillance and control of FMD and other diseases. Specific surveillance activities are also undertaken in adjacent countries through the Northern Australian Quarantine Strategy. All of these activities are important in building relationships, capacity and preparedness as well as reducing the level of uncertainty and threat posed by diseases in neighbouring countries.

Considerable efforts are also devoted to capacity building of post-border surveillance including activities specifically designed to test and develop FMD preparedness such as exercise Minotaur and Crucible.

One of the major lessons learned from the 2001 UK outbreak was that there were shortcomings in the gathering and processing of data in the first weeks of the outbreak. Complete data were not available and there were too few staff to enter and analyse those data that were available. In the future it will be important that data be collected and analysed in real time.

Effective and rapid control of a FMDV outbreak is dependent on decisions made early in the outbreak. Decisions in the first two weeks of an outbreak may determine the length and size of the total epidemic (Morris et al 2002). It is critical that an integrated information management system (IMS) be designed, implemented and tested prior to an outbreak occurring. The IMS need not be a single database but it must have the capability of accessing a wide range of up-to-date data on all aspects related to disease control and the animal population at risk. Geographical information systems (GIS) capability is now considered essential in such a system to allow rapid mapping and modelling of spatio-temporal characteristics of a disease outbreak. The IMS must be able to be accessed in real-time by officials and decision makers at multiple levels and in an appropriate form. The IMS should be capable of linking with other databases such as the National Livestock Identification System (NLIS) databases to incorporate animal identification and tracing capabilities in disease control efforts. The IMS should be either linked to, or, capable of exporting data easily to other systems such as mathematical modelling systems for modelling disease spread and comparing the impact of various control options.

In the development of an IMS the following issues should be reviewed
:

· Data requirements for informing policy both before and during epidemics of infectious diseases including information to be collected on a routine basis, information to be collected during the outbreak, incorporation of data into a central database, and use of modern techniques for real time data capture and verification.

· Incorporation of capability to identify dangerous contacts

· Review of the data requirements and application of mathematical modelling in understanding of quantitative aspects of animal disease including preparation for outbreaks, evaluating control strategies and during outbreaks.

While none of the information in the above paragraph is novel, and all of the capabilities described can be met with existing commercial technologies, there are few examples around the world where such a system has been implemented and is fully functional. Various decision support activities that are necessary during an outbreak can be performed separately as was largely the case in the 2001 UK outbreak. This approach involved moving data from group to group in a variety of formats requiring manual steps in the process that were relatively cumbersome and error-prone compared to a fully integrated system. 

The need for a national information management system has been identified previously by the Primary Industries Ministerial Council
 and is being progressed through the development of an integrated system (BIOSIRT) that is described elsewhere in this report (see Section 9.6). Other activities arising from this report are being managed by Animal Health Australia through the National Emergency Animal Disease Business Plan. 

8.1 Remote Sensing and Geographical Information Systems (GIS)
Remote sensing and GIS are tools with many applications.  In terms of the management of an FMD outbreak there appear to be two areas which are relevant where remote sensing and GIS may have application:

· estimates of animal population densities and their location relevant both to disease surveillance and the selection of disease control strategies;

· incorporation of spatial data in decision making processes in the face of an outbreak and in follow-up surveillance to demonstrate a return to freedom from FMD.

It is reasonable to assume that, within the next 10 years, methods to estimate livestock, wildlife and feral animal populations using a combination of NLIS information, satellite-derived, remotely sensed data, and computer modelling will be available in Australia.  If combined with other data elements and managed within a GIS framework, very rapid situation analyses to estimate required resources for FMD surveillance and control will be available as well as provision of a sampling frame for design and implementation of disease surveillance surveys.

8.2 Information search tools and early warning
Internet-based information can provide early warning of disease risks, especially those reported by nearby countries.  All countries monitor this resource to some extent both through formal channels such as OIE disease reports and Promed and less formal systems such as internet searches using search engines such as Google.

At the high end of this technology, the USDA at its Center for Epidemiology and Animal Health, Fort Collins Colorado, uses an ex-military application called “Pathfinder” to obtain and analyse internet-accessible information for use in early warning for exotic and emerging diseases on a global basis. This is a huge and complex text editor that can search on-line newspapers, list servers, web-pages etc and can have highly complex queries automatically running.  This system was able to indicate to the USDA that there was an emerging avian influenza epidemic in south east Asia well before individual countries reported the disease through formal channels.  Information is occasionally made publicly available at www.aphis.usda.gov/vs/ceah/cei.

At the lower end of this approach are a variety of methods useful for capturing unstructured information through media, from members of the public, or any other non-formal channel of communication. This broad source of information has been termed rumour or event surveillance by the World Health Organisation and is considered to be a key component of early warning and response capacity (Samaan et al 2005). Rumour surveillance has been credited with being responsible for initial notification of a large proportion of human disease emergency events. Rumour surveillance can be enhanced through appointment of individuals tasked with actively seeking out rumours and undertaking more rigorous follow-up of reports. 

There may be applications for this methodology as a form of general or baseline surveillance both within Australia and in adjacent countries. Such systems could help to provide early warning of suspect FMD outbreaks in other countries, resulting in an increase in threat level and enhanced pre-border and border biosecurity that could be either general in nature of focused on threats from particular countries or regions. In addition rumour surveillance is potentially very useful in early detection of disease outbreaks within Australia.

There are difficulties in capturing and investigating rumour surveillance information. There is considered to be value in developing methods of enhanced rumour surveillance including more effective methods of collecting, analysing, investigating and reporting on such activities. Criteria for development of rumour surveillance are described by Samaan et al (2005).
8.3 Syndrome surveillance

Syndrome surveillance has gained substantial impetus in the human health area since the emergence of an increasing risk of bio-terrorism in developed countries.  Research focuses on two areas: 1) establishment of syndrome description standards; 2) rapid capture and analysis of data based on anomalous pattern recognition algorithms.  Medical applications of this technology are “data rich” whereas veterinary applications are “data sparse” and therefore the two areas, while having many similarities, do require different approaches particularly in the area of data analysis and interpretation.

The technology is presently the subject of a PhD research project within the AB-CRC using beef cattle in remote areas as an example
.  The motivation for the project is the present lack of easily accessible, objective data on the health status of such animal populations.  In this project, a list of 30 essential clinical signs grouped by nine body systems has been developed that could be recognised and differentiated by non-veterinary personnel such as livestock owners and their assistants.  Recognition and reporting of these 30 signs provide sufficient disease discriminatory powers for basic syndrome surveillance.  A sophisticated web-based expert system, called BOSSS (Bovine Syndromic Surveillance System), has been developed and is being piloted in northern Australia.  It is designed to assist users analyse signs to obtain lists of diseases consistent with observed syndromes.  The system also provides a communication network to assist users identify diseases and also records results which can be analysed to detect anomalous patterns for the use of system administrators.  There is presently a research proposal in preparation for consideration by the AB-CRC to test the use of the system on hand-held devices (“palm top”) and possibly even to a mobile phone.  Use of hand held devices within such a framework means that data are more likely to be entered.

It is likely that the system under development in Australia will be fully operational within two to three years.  If adopted nationally, it may provide a useful tool to assist in the early recognition of emerging diseases.  For a rapidly spreading disease such as FMD, its value may be limited, although the internet-based networking aspect of the system may facilitate improved clinical surveillance.

8.4 NLIS and similar systems
The BSE crisis has given considerable impetus to the development of individual animal identification and tracking in many beef-producing countries including Australia.

The National Livestock Identification Scheme (NLIS) is presently being introduced throughout Australia for cattle.  NLIS requires that each animal leaving a home property be uniquely identified with an electronic device with details held on a national database.  This provides the basis for tracking individual animal movements for the life of the animal. A sheep NLIS is also being implemented with identification limited to property of origin and not at the individual animal level.  Similar schemes are under consideration for other livestock species.

The NLIS has been used for animal tracing for chemical residue investigations but has not yet been tested in the face of an emergency disease outbreak.  Once national coverage is achieved sometime in the next few years, the NLIS has the potential to provide more reliable and rapid traceback of animals.  This will be a valuable tool during an FMD outbreak.  The technology has the potential to free up people resources during the response phase of an outbreak.  This may mean that people can be allocated to other tasks.  However, there will also be a need for people with high level access to NLIS and like databases to be available to disease control agencies from the very beginning of a response. It must also be remembered that NLIS implementation is initially confined to cattle while FMD is infectious to a much wider range of animals. A modified form of NLIS that allows property of origin identification is scheduled for implementation in the sheep industry. Difficulties will remain in tracking animals of other species that are susceptible to FMD infection.

8.5 Data standards and data integration
Development of, or adoption of existing standards (data standards, formatting and exchange methods) will be important to facilitate national strategies for coordination and interchange of data between various sources and stakeholders such as laboratories and state and national veterinary services. 

Australia is still not well positioned to integrate and analyse data from a variety of sources to provide a comprehensive surveillance system.  Animal Health Australia (AHA) presently has a project to develop national data standards for laboratory results and perhaps field syndrome surveillance signs.  The main sources of data for Australia’s present National Animal Health Information System (NAHIS) are veterinary laboratory records.  

Issues include: 

1. facilitation of collection of data from any source relevant to FMDV preparedness and response and in a manner that facilitates integration of data into systems involved in FMDV outbreak control (industry stakeholders; existing databases such as NLIS, historical disease, animal movement, and animal health; veterinarians; diagnostic laboratories; geographical, mapping, environmental and climate data; public health; food safety; etc);

2. movement of data and information between individuals or organisations during collation, analysis and report preparation;

3. provision of data or reports to stakeholders, governments and to meet international reporting obligations to the OIE and trading partners.

8.6 Use of diagnostic technologies in surveillance

Advances in diagnostic technologies have been described elsewhere in this report. The development of tests that have capacity to rapidly screen large numbers of samples with very high sensitivity has the potential for application in screening of animals or animal products either prior to, during or after importation into Australia. Multiplex technology for example could allow simultaneous screening for a range of exotic diseases in a single assay. Depending on the numbers of animals and tests being considered this could be combined with pooled sampling to reduce per test costs. There are obvious cost and trade implications of such activities. Such tests could potentially be developed and implemented within years.

In addition, remote biosensors have potential for use as screening devices, particularly in pre-border and border locations as well as in general surveillance within Australia. The ability to continuously monitor air or water for FMDV antigen in areas of high stock density and movement (piggeries and saleyards for example) may offer valuable early warning capacity. However, these methods are likely to be expensive and not available in a form that would be genuinely useful for the foreseeable future.

8.7 Analytical methods
During an outbreak there are two main analytical processes that require up-to-date access to data collected on incident cases and negative results.

The first is related to defined activities associated with outbreak control and reporting incident cases and control activities. Analyses involve relatively simple statistical methods coupled with mapping of cases and populations at risk and using this information to generate summary reports incorporating maps displaying spatial and temporal characteristics of the outbreak. An example of outcome measures that are widely used in reporting and reviewing outbreak control measures are the estimated dissemination rate (EDR) and the reproduction ratio. Many of these analyses can be automated in order to provide regular reports at the same time every day for scheduled meetings involving senior advisors and decision makers.

The second is related to epidemiological modelling to provide more detailed information on the status and evolution of the epidemic, estimate risks of transmission in space and time based on current knowledge of the outbreak, predict possible future trends, compare the possible impacts of various control options, assess operational requirements of different control options, and predict the total number of infected premises/animals. These measures involve more advanced statistical analyses and deterministic or stochastic modelling. It may be possible to incorporate complex analytical and modelling capability into an IMS to facilitate analysis and reporting. However, it is more common to export data from the disease IMS and incorporate that data into separate analytical or modelling software for analysis and reporting.

In the period following an outbreak there is generally a vast amount of data analysis and epidemiological modelling performed to improve understanding of the evolution of the outbreak and comparative success of various control options. These analyses range from simple to highly complex and serve to inform stakeholders about various aspects of the outbreak and also provide a variety of material for use in preparation and training for future outbreaks.

Epidemiological modelling of the 2001 UK outbreak contributed in an important way to the understanding of factors driving the outbreak and to review, guidance and modification of control activities throughout the course of the outbreak. A variety of publications have described aspects of various models and reviews of the applications and pros and cons of models with respect to FMD (Ferguson et al 2001ab; Keeling et al 2001; Morris et al 2001; Kao 2002; Taylor 2003
; Ap Dewi et al 2004; Woolhouse 2004; Keeling 2005; Kitching et al 2005). In addition The Royal Society Infectious Diseases in Livestock Inquiry reviewed the role and requirements for epidemiological modelling and recommended investment in research and development of modelling techniques
. 

An increasingly sophisticated FMD modelling capability has been developed within Australia over time using progressive developments of an integrated epidemiological / economic model to simulate FMD outbreaks under Australian conditions and evaluate control options. The base model was a herd or farm level, state-transition model incorporating stochastic elements but without spatial modelling capacity (Garner 1993; Garner and Lack 1995ab). More recently these approaches have been extended with implementation of a spatial simulation model operating within a GIS framework and capable of simulating disease spread and evaluating control options under a variety of conditions (Garner and Beckett 2005; Garner 2005). Work is continuing on validation, verification and further refinements of the model.

A number of other advances in analytical techniques offer potential applications in disease outbreak control or exit strategies. There have been a variety of developments in analytical techniques associated with diagnostic test performance and interpretation, prevalence and incidence estimation, sample size determination and survey design, and demonstration of freedom from disease. Examples include:

· Bayesian probability diagnostic assignment (BPDA) methods for predicting FMDV infection probabilities from quantitative serologic results (Johnson et al 2004). 

· Improved methods for assessing diagnostic test performance either with or without comparison to a gold standard.

· Development of methods to allow incorporation of multiple, complex data sources including non-representative data in estimates to support a claim for disease freedom. This is the subject of a current AB-CRC research project. This technology, once internationally accepted will provide enhanced opportunities for Australia to use a range of types of data to demonstrate a return to freedom from FMD once eradication is achieved.  However, it will require systems being in place (see section on data standards and data integration above) that can rapidly provide the necessary data from a variety of sources.

· Improved methods for estimating sample size requirements for surveys to demonstrate disease freedom.

· Improved methods for estimating incidence and prevalence from survey data while adjusting for correlations and confounding.

8.8 Advances in hardware and software
A range of different technologies are important in the application of diagnostic technologies described in this report. These are primarily associated with telecommunications, data transmission, miniaturisation of electronic components, and development of robust portable devices for either collecting data or performing pen-side tests.

Handheld computers, laptops, mobile phones and other portable communication devices have greatly facilitated capture and movement of data and information from the field to a centralised centre and vice-versa. High capacity internet capability has allowed development of web-based systems for integrated data collection / entry from a wide variety of sources and also for provision of rapid feedback in the form of answers to queries, technical support and test results.

Advances in computing power and software design have facilitated development of large integrated databases capable of sourcing data from multiple sites and levels, and capacity for semi- or fully-automated analyses and reporting. In diagnostics these advances have contributed to the development of rapid automated analysis of complex analytical testing procedures with real-time delivery of information to the operator. 

Technological advances in areas such as bar coding and RFID (radio frequency identification) may facilitate rapid and accurate sample identification and tracing. The NLIS is already investigating technologies to use a wand reader linked to a hand-held computer and mobile phone to rapidly upload animal identification data and query the national database.  

Development of web-mounted platforms integrated with hand-held computers, mobile phones and lap-tops to receive, transmit, collate and automatically analyse data and produce reports is technically feasible now, but no specific systems are presently under development other than in BOSSS.

The potential impacts on an FMD response of technologies in this area are associated with rapid flow of high quality data and information in multiple directions between all stakeholders with an interest in the control of a disease outbreak. This process will facilitate effective decision making on a faster time scale at all steps in the control programme as well as improve communications and relationships between field personnel and farmers or other stakeholders not directly involved in diagnosis and control efforts.

Figure 8.1 shows a diagrammatic representation of a future integrated surveillance network incorporating current technology to improve data capture and flow in real-time.
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Figure 8.1: Diagrammatic representation of components contributing to a real-time surveillance system in the future (from AB-CRC newsletter, March 2005, page 2).
8.9 Bioterrorism

In an environment without any risk of purposeful introduction of disease agents such as FMDV, outbreak response strategies would largely be predicated on the assumption that an outbreak would be most likely to involve a single serotype and even a single strain. While this assumption is arguably simplistic under a current environment of large scale movement of people, animals and animal products, it seems reasonable to assume that the probability of two independent incursion events occurring at around the same time and involving different serotypes of FMDV, would be very low.

However, in the current era there is a need to consider the impact of purposeful introduction of agents such as FMDV. The economic impact of an FMDV incursion is clearly likely to be crippling. 

9. Existing FMD plans and policies

9.1 Whole-of-government response

Responsibilities for biosecurity and emergency management are dispersed across governments and industry using a whole-of-government and industry approach. The technical response to emergencies is coordinated by the Consultative Committee on Emergency Animal Diseases (CCEAD) comprising the chief veterinary officers of the Australian national, state and territory governments, the head of AAHL and technical representatives from livestock industries.

Operational responsibility for the control and eradication of an animal disease rests with the states/ territories in which the disease has occurred. Because an emergency disease incident involving FMD would have national and international impacts state and territory response plans are based on and must conform with the national plan (Australian Veterinary Emergency Plan or AUSVETPLAN). 

The need for national coordination of a response to an emergency such as an FMD outbreak is recognised by the Memorandum of Understanding–National Response to a Foot-and-Mouth Disease (FMD) Outbreak signed by the Commonwealth of Australia and state/territory governments in 2002
. The MOU outlines the arrangements agreed between governments for the national coordination framework as represented below.
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Figure 9.1: National FMD coordination framework

The framework above is placed on alert following reasonable suspicion of FMD within an Australian state/territory and is formally activated on confirmation of FMD.
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Figure 9.2: Model state/territory response arrangements to an animal disease emergency (from AUSVETPLAN).
The MOU also covers the establishment of a National Communication Network (NCN) to ensure consistency in public comment, identify spokespersons and generally managing communication during a response. Other communication plans include pre-approved advertising material, national telephone arrangements through Centrelink, various training programs and a single national website to serve as a source of information during an outbreak (www.outbreak.gov.au) (Conkey 2004).

In large scale emergencies there may be as many as 200 agencies directly engaged in the response in a variety of ways including for example government agencies providing health, employment and financial support and advice, SES, police, transport, etc. All activities would be coordinated through the whole-of-government approach.
9.2 Emergency Animal Disease Preparedness Program
Animal Health Australia (AHA) manages the Emergency Animal Disease Preparedness Program on behalf of its stakeholders – Australian Government, State and Territory governments and major national livestock industry organisations
. A number of major initiatives relating to FMD and other emergency disease threats are managed by AHA:

· Emergency Animal Disease Response Agreement (EADRA) – covers cost sharing arrangements and performance standards for emergency animal diseases. The National Animal Health Performance Standards are intended to define the level of capability that signatories to the EADRA should maintain.

· AUSVETPLAN– a series of manuals that provide guidance on the conduct and management of emergency disease responses in Australia. AHA ensures that AUSVETPLAN is progressively updated and expanded as necessary as part of it’s responsibilities under the EADPP.

· Assisting stakeholders in completion of biosecurity planning

· National Emergency Animal Disease Business Plan– associated with managing and reporting on the activities arising from the National Management group (NMG) on transmissible spongiform encephalopathies (TSEs) and foot-and-mouth disease (FMD)
.

· Rapid Response Team (RRT) – initially developed to assist smaller jurisdictions such as Northern Territory, South Australia and Tasmania in the initial and rapid establishment of a Local Disease Control Centre (LDCC) and State Disease Control Headquarters (SDCHQ) during the response to an EAD. After an initial 12-month trial the concept has been extended under AHA management due to perceived general benefits (Flaherty and Callan 2004).

· National Animal Health Risk Assessment Process– framework for evaluating and managing animal health risks and assigning priorities for addressing identified issues.

· FMD Vaccine Management– Establishment and management of the FMD vaccine bank.

· National Emergency Animal Disease Training Program– provides training in EAD response throughout Australia.
9.3 AUSVETPLAN

The Australian Veterinary Emergency Plan (AUSVETPLAN) encompasses the management of animal disease emergencies within Australia.

AUSVETPLAN comprises a series of documents describing Australia’s proposed approach to an exotic animal disease incursion. These documents are publicly available on the internet at Animal Health Australia’s web site (www.aahc.com.au). Animal Health Australia has held responsibility for managing AUSVETPLAN since 2001.

AUSVETPLAN comprises the following components:

· Summary document

· Disease strategies (one for each disease including FMD)

· Operational procedures manuals

· Management manuals

· Agency support plans

· Diagnostic resources

These components are represented diagrammatically below.
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Figure 9.3 Components of AUSVETPLAN

The fundamental aim of national emergency animal disease control policy is to attempt to eradicate any introduced disease. The principal option is eradication by stamping out, a process that involves slaughter and sanitary disposal of all infected and in-contact animals.

Details of the control strategy for FMD are contained in the AUSVETPLAN Disease Strategy: Foot-and-Mouth. A brief review is presented here from the AUSVETPLAN Summary Document.

‘The strategy is to eradicate the disease as quickly as possible in order to reinstate Australia’s disease-free status for trade purposes. This will be achieved by stamping out to remove the source of infection; strict quarantine and movement controls; decontamination of facilities, products and things to limit the spread of the virus; tracing and surveillance to identify infected and in-contact animals; and zoning to define infected and disease-free areas. Wild animal reservoirs will be assessed in relation to their effects on the eradication process. Vaccination may, in certain emergency circumstances, be an important component in controlling an FMD outbreak. Vaccination of “at-risk” species is a major component to be considered in Australia’s “stamping out” strategy against FMD. Where vaccination is used, all animals must be permanently identified, quarantined and ultimately slaughtered out.’

Summary Document (Interim draft). AUSVETPLAN Edition 3.0. Pp48-49, 2002.

Operational responsibility for control and eradication of animal diseases lies with the respective states and territories. Commonwealth powers would provide support where necessary to state and territory activities, including initiation of a Whole of Government response in a major emergency.

Detailed control measures that would be considered in the event of a FMDV outbreak are outlined in the AUSVETPLAN FMD Disease Strategy manual
 and would be further refined by the Chief Veterinary Officer of the state/territory in which the outbreak(s) occurred, in consultation with the Consultative Committee on Emergency Animal Diseases (CCEAD), the state/territory and Australian governments, and representatives of the affected industries. It is expected that a combat state/territory (where a FMD outbreak had occurred) would develop a detailed plan in compliance with the AUSVETPLAN.

9.3.1 AUSVETPLAN Disease Strategy: Foot-and-Mouth Disease

The FMD Disease Strategy manual conforms to a defined structure with the following sections:

1. Nature of the disease

2. Principles of control and eradication

3. Policy and rationale

4. Appendices

While the document outlines broad policy objectives very clearly, the content is not overly prescriptive. It is designed to provide sufficient information to allow authorities to make informed decisions on what policies and procedures should be used to control an outbreak of FMDV in Australia. The general approach may be described as a compromise between statements that are so broad as to be of little value in directing activities, versus those that are so detailed and prescriptive that they are difficult to implement and rapidly become outdated. 

The FMD Disease Strategy manual is currently under technical review following updates to the material and it is anticipated that a new edition will be posted on the AHA web site before the end of 2005.

9.4 Department of the Prime Minister and Cabinet

The Department of the Prime Minister and Cabinet provides the National Counter-Terrorism Committee (NCTC) with executive and secretariat support. The NCTC was established in October 2002, and one of its roles is to maintain the National Counter-Terrorism Plan. This plan outlines responsibilities, authorities and the mechanisms to prevent, or if they occur manage, acts of terrorism and their consequences within Australia.  The plan is supported by the National Counter-Terrorism Handbook, which sets out in detail the procedures and protocols relevant to the plan. The plan is available on the internet (www.nationalsecurity.gov.au) but the handbook is not publicly available. Although agriculture is not specifically mentioned in the version of the plan on the website, it is covered in the handbook. As FMD is widely regarded as a potential weapon for terrorists, harmonisation of procedures and protocols in the National Counter-Terrorism Plan and AUSVETPLAN is encouraged.

9.5 Emergency Management Australia

The following information has been sourced directly from the EMA website: http://www.ema.gov.au.

Prime responsibility for the protection of life, property and the environment rests with the States and Territories.  However, the Australian Government is committed to supporting States and Territories in developing their capacity for dealing with emergencies and disasters, and provides physical assistance to requesting States or Territories when they cannot reasonably cope during an emergency. Emergency Management Australia maintains and uses four Australian Government disaster response plans: 1) Commonwealth Government Disaster Response Plan; 2) Commonwealth Government Overseas Disaster Assistance Plan; 3) Australian Contingency Plan for Space Re-entry Debris; and 4) Commonwealth Government Reception Plan. 

In addition, information presented on the EMA website refers to specific national hazard plans, which are maintained by relevant agencies as indicated: 

· National Plan to Combat Pollution of the Sea by Oil—Australian Maritime Safety Authority (AMSA)

· National Search and Rescue (SAR) arrangements—Australian Maritime Safety Authority (AMSA)

· Management of Communicable Diseases in Australia —Australian Government Department of Health and Ageing

· Australian Veterinary Emergency Plan (AUSVETPLAN)— Australian Government Department of Agriculture, Fisheries and Forestry

9.6 Information Management Systems: ANEMIS, MAGIC and BIOSIRT

A detailed review of Information Management Systems (IMS) available for use in a disease outbreak response has not been conducted. This was considered outside the terms of reference of this project. This section presents brief information on this because of the importance of a functional and integrated IMS in effective management of an outbreak.

The Animal Emergency Management Information System (ANEMIS) is a computer program designed to store and retrieve information about disease control activities carried out at a local disease control centre. ANEMIS is mentioned in AUSVETPLAN documents as one method of recording and reporting various activities at the level of the LDCC. ANEMIS appears to function as a stand alone piece of software installed on one or more computers at LDCC or state levels. There is little capacity for networking capability and movement of files between different units or levels may require export/import functions rather than direct access to a central database. ANEMIS therefore is not capable of providing the functionality provided by an integrated IMS with GIS capability as described earlier in this report.

In 2001 specifications for an upgrade to ANEMIS were developed under the name of MAGIC but the upgrade was not progressed following preliminary costing done by AHA. The National Information Managers Technical Group (NIMTG) was established in October 2002 as a working group under the Primary Industry Health Committee (PIHC), itself a subcommittee of the Primary Industries Standing Committee (PISC). NIMTG’s task is to improve Australia’s capacity to manage animal and plant health information by creating an efficient and effective management system for emergency incidents and routine surveillance while enabling national and international reporting requirements to assist in market access. The NIMTG is chaired by NSW Agriculture and membership includes IT staff from state and territory agriculture agencies as well as DAFF, Australian Bureau of Statistics (ABS), CSIRO, Plant Health Australia (PHA) and AHA. 

The NIMTG has developed specifications for a new emergency and biosecurity information system for animal, plant and pest incursions, called BIOSIRT. BIOSIRT is an acronym for BIOsecurity, Surveillance, Incident Response and Tracing. It is understood that specifications for BIOSIRT are under development and that a request for tender will be released in October 2005 with a view to implementing the system by July 2006. BIOSIRT consists of three key components
:

· SQCR – Surveillance, Quarantine, Control and Recovery component which manages and records regulatory–based activities on properties and is focused on emergency incident management;

· CRIS – Client and Resource Information System component which delivers spatial and mapping capacity and manages people and their association with land;

· RMP – Resource Management Package component which manages detailed activities of teams, consumables, equipment, contractors, accommodation etc associated with surveillance and response activities.

Responsibilities for the development of BIOSIRT are apportioned between the states/territories and the Australian government. It is too early in the development process to provide any assessment of the functionality of BIOSIRT. The production of an integrated IMS that is capable of assisting in management of routine surveillance activities as well as animal disease emergency management is strongly encouraged.

9.7 Australian Animal Health Laboratory (AAHL) contingency plan

In September 2002 a major simulation of a FMD outbreak was held in Australia (exercise Minotaur) to test Australia’s whole of government framework of preparedness, response and recovery. In June 2004 a second exercise (Crucible) was carried out to test the readiness of the National laboratory network and its ability to interact with the Australian Animal Health Laboratory (AAHL).

Changes have been made partly in response to findings from these exercises (Hammond et al 2004). Improvements have been implemented in AAHL to support FMD diagnosis and surveillance including establishment of an emergency response plan, Laboratory Information Management System (LIMS) and robotic sample handling and development of advanced diagnostic capability including high throughput PCR and ELISA screening. These changes have significantly added to the ability of AAHL to respond rapidly and specifically to an FMD outbreak.

9.8 International activities related to FMD

Australia plays an important role within the global community in contributing to aspects of biosecurity and animal health and welfare (Murray and Koob 2004). Examples of global activities include:

· contributions to international agreements and standards including the OIE Manual and Terrestrial Animal Health Code

· capacity building activities in the Pacific region to detect and manage pests and diseases including contributions to the South East Asia Foot-and-Mouth Disease campaign (SEAFMD)

· provision of training opportunities to international personnel to assist in combating specific diseases such as FMD or Avian Influenza

· sharing experiences in and contributing to simulation exercises and actual outbreak response activities

· provision of laboratory expertise to provide diagnostic services for countries in our region

This report has identified a number of areas where international collaboration may be helpful in addressing the research and development of diagnostic techniques with particular reference to FMD. Given the complexities of some of the R&D issues, the lack of commercial incentive for private industry development of desirable outcomes such as pen-side tests, the universal nature of the challenges posed by FMD, and the potential benefits in working together on these issues, there would seem to be real benefit in strengthening collaborative international efforts. 

A particular example that incorporates more than simply a collaborative approach to research and development is the concept of a bank of portable FMD test kits similar to a vaccine bank where contributing countries may rapidly access test capability when needed. This approach is one option to addressing the issue of high cost of production and storage of such tests in the face of an anticipated low probability of requiring the assays for countries currently free of FMD.
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Appendix 1: Background and technical information on diagnostic technologies

10.1 Virus Isolation

Virus isolation is an essential component of confirmation of clinical diagnosis of FMD in any animal species. The virus grows rapidly (24 to 48 hours at first or second passage) in bovine thyroid cells or primary pig, calf or lamb kidney cells. Although other continuous cell lines may be used, primary cell cultures are more sensitive. Ground epithelium samples, vesicular fluids or blood samples are inoculated onto confluent monolayers of the cells substrate. Positive cytopathic effects (CPE) are confirmed by testing culture supernatants by antigen capture ELISA or PCR. 

Virus isolation is not as sensitive as PCR because of the requirement for sufficient live virus to be present in the sample to allow growth in the cell culture medium. Virus can most successfully be isolated from samples in the early infection (days 2 to 7 post exposure).

Selected references:

Detailed protocols are provided in the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals, 5th Edition, 2004.

http://www.oie.int/eng/normes/mmanual/A_00024.htm
10.2 Antigen capture ELISA

Antigen capture ELISA is the preferred method recommended by the FAO World Reference Laboratory (Pirbright Laboratory) for the detection of FMD viral antigen and identification of viral serotype.
Rabbit anti-serum to each of the seven major FMD serotypes is immobilised in wells on an ELISA plate, using different wells for each serotype. Test sample suspension is added to wells, followed by guinea-pig anti-sera to each FMD serotype. Rabbit anti-Guinea-pig antibody that is conjugated to an enzyme is then added. Extensive washing is carried out between each stage to remove unbound reagents. A colour reaction on the addition of enzyme substrate indicates a positive reaction.
Because of the serotype differences for FMD the test requires paired rabbit and guinea-pig sera for each of seven major FMD serotypes. Maintenance of the test requires access to live FMDV for control and antiserum preparation though type specific guinea pig and rabbit antibodies and inactivated antigens can be purchased. The reagents need to be appropriately inactivated for use in laboratories that do not provide an adequate level of containment.
The Antigen capture ELISA does not require viable virus but it does require a minimal threshold level of virus to achieve maximal sensitivity. When viral levels in a sample are very low the test may return a negative result. 

FMD virus serotype can be identified by the detection of serotype-specific circulating antibodies using VN or ELISA (solid or liquid-phase) serological tests or by antigen capture ELISA. Serotyping relies upon antibodies directed against FMDV structural proteins and their configuration found in the 146S intact virus structure. Virus serotype plays a critical role in the selection of appropriate vaccine strains for disease control. For validation as a vaccine, seed viruses must be antigenically characterised to establish homology to the original candidate isolates as a way of ensuring effectiveness against the circulating strains for which they were developed. Serotyping may also allow measurement of 4-week post-vaccination sera derived from cattle vaccinated with representative monovalent vaccines formulated from the antigens held in the vaccine bank, may allow selection of the optimal antigen for use in emergency vaccine production for a selected serotype.

Ferris et al (2005) have described an antigen capture ELISA that uses a recombinant integrin molecule as a ligand to trap FMD virus under the assumption that this molecule may be the principal receptor for binding wild FMD virus. The assay combined the ligand with detection antibodies directed against all seven serotypes. The assay offers potential for improvement over current antigen detection ELISAs because it can avoid dependence on rabbit and guinea pig derived antibodies. In addition the methodology may be suitable for application in pen-side tests.
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10.3 Serology

10.3.1 ELISA
FMDV infection, as for most virus infections, can be diagnosed by the detection of a specific antibody response.  ELISA is currently the most convenient method for this purpose. Virus neutralisation (VN) is recognised as the gold standard and is indicated as a confirmatory test. However, the ELISA tests offer very good correlation with the VN test, and generally are quicker, simpler, more reproducible, less susceptible to biological variability and safer as they make use of inactivated antigens.  Although various ELISAs have been developed for the detection of FMDV-specific antibodies, the OIE-prescribed ELISA uses a blocking- or competition-based assay that uses serotype-specific polyclonal or monoclonal antibodies.  The OIE-prescribed ELISA assay is therefore serotype-specific and quantitative.   There are two types currently being used: the solid-phase competitive ELISA and the liquid-phase blocking ELISA.  The solid-phase assay is carried out in a single plate whereas the liquid-phase assay needs two separate plates to complete the ELISA.  The solid-phase ELISA has a higher specificity than the liquid-phase ELISA.  It should be noted that low-level of false-positive or -negative reactions can be expected for both assays, and virus neutralisation (see below) is usually employed to confirm some positive reactions that have low titre. Chenard et al (2003) have recently described a solid-phase competitive ELISA that offers potential as a mass screening test.

In the liquid-phase blocking ELISA test (LPBE), sera are pre-mixed with a constant amount of standard FMD virus before addition to an ELISA plate coated with anti-FMD antibody. If antibody is present in the test sera this will block the standard virus, which will be unable to bind to the coating antibody on the plate. If there is no virus-specific antibody in the test sera, the standard virus will be available to be trapped on the plate, and this will be detected by a colour reaction indicating a negative test result. The liquid-phase ELISA was developed in the 1980’s as an alternative to the virus neutralisation (VN) test for routine screening because it offered a rapid, more reproducible test. The lower specificity (82 to 96%; Haas 1994) meant that the liquid-phase ELISA was employed in conjunction with the VN test (often in series) eg by re-testing all samples positive to the LPBE with the Virus Neutralisation test. There were also concerns about the robustness of the assay particularly since the inactivated antigens used in the assay appeared to have variable stability over time, and the fact that the LPBE required multiple steps involving two plates resulting in a more demanding process that was less amenable to high-speed, high-throughput capacity (Mackay et al 2001; Chenard et al 2003). Mackay et al (2001) then described the development of a solid-phase competition ELISA (SPCE) that used the same polyclonal antisera as in the liquid-phase ELISA but that offered more stability of antigens. The solid-phase competitive ELISA was shown to be equally sensitive (approaching 100%) and more specific (specificity estimated to be 95%) when compared to the liquid phase ELISA (Mackay et al 2001). Further validation of a SPCE was reported by workers at Pirbright and VLA during the 2001 UK epidemic when the specificity was reported as 99.8% at the chosen cut-off. SPCE has now largely replaced the LPBE as the OIE prescribed test for screening due to evidence of a higher specificity, equivalent sensitivity and a generally more robust test (Mackay et al 2001).

The OIE has coordinated production of reference sera to standardise the FMD serological tests and these are available from the WRL at Pirbright. The OIE Manual currently describes the use of polyclonal antibody in the ELISA tests. The OIE Manual recommends that dilution of the weak positive standard must be chosen such that it is unequivocally positive in all runs of the assay. The weak positive sera currently available do not fulfil this condition. Moonen et al (2000) showed that the currently selected sera are selected for a high sensitivity of the assays, and this is not useful in an outbreak situation. So, although reference sera are available, further validation of cut-offs in the laboratory should be performed based on the purpose of the test.

In the past few years there have been reports describing the development of SPCE based on monoclonal antibody, rather than polyclonal antibody. Polyclonal antibodies are generated by repeatedly immunising rabbits, guinea-pigs, or other animals with purified antigen. The result is a complex mixture of antibodies that may be directed against more than one epitope and that may show variable affinity for the antigen under study. Monoclonal antibodies in contrast are developed as the product of immortal hybridoma cell culture lines, and offer the benefits of consistency of product and affinity and a limitless supply. In addition a test based on monoclonal antibody means that there is no longer any need to generate several different antisera in different species. This approach is more suited to the development of validated, robust test kits for distribution.

FMD virus serotype can be identified by the detection of serotype-specific circulating antibodies using VN or ELISA (solid or liquid-phase) serological tests or by antigen capture ELISA. Serotyping relies upon antibodies directed against FMDV structural proteins and their configuration found in the 146S intact virus structure. Virus serotype plays a critical role in the selection of appropriate vaccine strains for disease control. For validation as a vaccine, seed viruses must be antigenically characterised to establish homology to the original candidate isolates as a way of ensuring effectiveness against the circulating strains for which they were developed. Serotyping may also allow measurement of 4-week post-vaccination sera derived from cattle vaccinated with representative monovalent vaccines formulated from the antigens held in the vaccine bank, may allow selection of the optimal antigen for use in emergency vaccine production for a selected serotype.
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10.3.2 Virus Neutralisation

Virus neutralisation (VN) test is still regarded the ‘gold standard’ for detection of FMDV-specific antibodies.  The VN test is serotype-specific, requires cell culture facilities and takes two to three days to complete.  The OIE-recognised VN test is a quantitative microtest which is performed with the following cell lines: IB-RS-2, BHK-21, lamb or pig kidney cells.  The VN test is highly specific.

The VN test requires the use of laboratory-cultured isolates of the field virus recovered from the initial phase of an outbreak. In the absence of FMD infection in Australia, no VN test is available (because AAHL does not hold live FMDV as part of national policy). However, AAHL has the equipment, training and biosecurity levels necessary to perform the test.

The VN test involves serial dilution of test serum samples across the plate, followed by the addition of titrated amounts of cultured virus and a range of controls (standard antiserum of known titre, a negative serum, a cell control, a medium control, and a virus titration used to calculate the actual virus titre used in the test). Interpretation of tests can vary between laboratories in regard to end-points taken, and OIE standards recommend that laboratories establish their own criteria by reference to standard reagents obtained from the FAO WRL for FMD.

FMD virus serotype can be identified by the detection of serotype-specific circulating antibodies using VN or ELISA (solid or liquid-phase) serological tests or by antigen capture ELISA. Serotyping relies upon antibodies directed against FMDV structural proteins and their configuration found in the 146S intact virus structure. Virus serotype plays a critical role in the selection of appropriate vaccine strains for disease control. For validation as a vaccine, seed viruses must be antigenically characterised to establish homology to the original candidate isolates as a way of ensuring effectiveness against the circulating strains for which they were developed. Serotyping may also allow measurement of 4-week post-vaccination sera derived from cattle vaccinated with representative monovalent vaccines formulated from the antigens held in the vaccine bank, may allow selection of the optimal antigen for use in emergency vaccine production for a selected serotype.
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Serological tests to discriminate between vaccinated animals and naturally infected animals

There is considerable interest in techniques capable of differentiating vaccinated or non-vaccinated animals that have had contact with live FMD virus from those animals that have been vaccinated against FMD virus. Conventional serological testing using VN cannot differentiate between these two groups because both groups have neutralising antibodies circulating in their serum.

Several diagnostic tests have been developed to distinguish infected from vaccinated animals, all based on detection of antibodies to the non-structural proteins (NSPs) of FMD virus.

During FMD virus replication the entire protein-coding region of the genome is translated and the resulting polypeptide cleaves itself to produce structural capsid proteins (new virions), and non-structural proteins (NSPs). NSPs have a variety of functions associated with protein processing and altering host cell functions. Some NSPs are immunogenic, resulting in the production of specific antibody in the infected animal. Vaccines produced according to OIE guidelines are depleted of NSPs during purification and therefore induce antibody production to structural proteins only. Tests that detect NSPs therefore have potential application in identifying animals that have been exposed to live FMD virus. In addition NSPs are not serotype specific and are largely conserved between serotypes, meaning that an effective test would be applicable for all serotypes.

Presence of antibody to non-structural proteins of FMDV can be used as an indicator of virus infection (either present or past).  This is especially useful for vaccinated animals that subsequently were infected.  For the last decade, there have been intense research activities in search for the best non-structural protein for this purpose.  It is now generally accepted that antibody directed against 3ABC or 3AB offer the most reliable indicators of infection.  Further confirmation can be achieved by detecting antibodies to one or more of the other non-structural proteins, L, 2C, or 3D. Two tests are currently provided in the OIE manual, these are the indirect ELISA based on a recombinant 3ABC expressed in E. coli and the enzyme-linked immunoelectrotransfer blot assay (EITB) using recombinant 3A, 3B, 2C, 3D and 3ABC, all expressed in E. coli.
A range of other NSP tests have been described including 3ABC-based competition ELISA, and some of them are being validated by different groups internationally. It is envisaged that the competition ELISA will be used more widely once accepted by OIE. Commercial NSP tests are available (Bommeli CHEKIT-FMD-3AB, UBI FMD NSP ELISA, CEDI Diagnostics FMDV-NS, and Svanova NSP test). ). Currently these tests are being evaluated in various places, e.g. the EU evaluation offers valuable data on sensitivity and specificity in cattle, but these evaluation reports are not yet available. All tests require further validation before being considered as options for use in FMDV control
Tests based on detection of NSPs offer tremendous potential usefulness in the management of FMD outbreaks. However, there are a number of issues that should be considered in the evaluation of fitness for use.

· The current commercial NSP ELISAs show a very high sensitivity (close to 100%) and specificity in non-vaccinated cattle. The tests are therefore potentially very useful as a pan FMD serological test in situations where vaccination is not practiced.

· Vaccines often contain small and variable amounts of NSPs as contaminants. Therefore, vaccinated animals may mount variable (typically weak and transient) antibody responses to NSPs

· There is considerable individual variation in the initiation, specificity, magnitude and duration of antibody response to different NSPs in naturally infected animals

· Antibodies to structural proteins may persist for the lifetime of a naturally infected animal while antibodies to NSPs may decline over time to below-detectable levels

· Antibodies to NSPs in naturally infected animals take slightly longer to reach detectable levels than do antibodies to structural proteins. Half of infected animals tested positive after 9–10 days post-infection (Dekker et al., 2003).

· Animals may be carrying live FMD virus without expressing antibody to NSPs. The most likely scenario under which this might develop is in vaccinated animals that are subsequently exposed to live FMD virus. However, the contribution of such animals to the risk of a new outbreak needs to be assessed.

· Tests based on recombinant NSPs derived from E. coli may result in false positive results due to the presence in sera of antibodies against expression vector antigens

· Most validation data on tests to detect NSPs are on sera from cattle and more validation is needed on sera from sheep and pigs.

These and other issues have meant that NSP tests should be applied and interpreted with care and planning (as should all tests). The following guidelines are considered appropriate:

· NSP tests should be interpreted at the herd level, and not at the individual animal level with the major interpretable conclusion being a dichotomous outcome representing whether FMD virus is or is not circulating within the herd. Herd-level testing implies that an appropriate sampling strategy be employed. There do not appear to be any firm guidelines to define what constitutes a herd or how to perform and interpret the test at the herd level. Development and validation of NSP tests with higher sensitivities for detecting vaccinated carrier cattle will increase the potential for application of these tests at the individual animal level. For example there are numerous diagnostic tests being used for individual animal purposes that have sensitivities of 90% or below. Usefulness will depend on the way the test is applied and interpreted and the purpose of testing.

· Eblé (2004) and Orsel (2004) showed that vaccination can block transmission of FMD virus, even subsequent challenge was applied. This means that if infection occurs only limited numbers of animals will become serologically positive. Currently only very limited information (Yadin et al., 2004) is available on seroprevalence in vaccinated cattle in an outbreak. This information is important in the determination of a sampling strategy. In vaccinated herds it may be necessary to test the entire herd to ensure that potential carrier animals are detected.

· Specificity may be increased by applying a confirmatory test such as the enzyme-linked immunoelectrotransfer blot assay (EITB), to all positive results from an NSP test as has been described by Bergmann et al (2000). The confirmatory test described in the OIE Manual and being applied in South America, is a form of western blot test to measure the binding of antibodies to range of NSP. Alternative confirmatory tests have been proposed by others, including an ELISA (Schalch et al 2002
) and a peptide based assay (Liu et al 2002
).

Although NSP tests have been widely employed in South America for many years, the issues surrounding sensitivity and carrier animal detection might be different in that region compared with Europe or Australia. South America has employed mass vaccination in the face of endemic FMD, and under these conditions NSP tests have been used more to monitor vaccine efficacy than to document eradication or detect carriers. Studies on the possible differences should be employed to be able to evaluate the fitness for purpose of these tests.

NSP tests are currently at varying levels of development and validation. Currently the South-American tests (Bergman et al., 2000) are described in the OIE Manual index or reference tests to serve as a point of comparison. Further test development will include availability of tests for additional NSPs using recombinant proteins and monoclonal antibodies that could improve diagnostic sensitivity and specificity, and possibly act as confirmatory tests. Simultaneous detection and quantification of antibodies to multiple NSPs with a single sample are likely to become the norm using technologies such as microarray systems (Clavijo et al 2004).

Under favourable conditions Paton et al (2004) have estimated that commercially available NSP tests might achieve sensitivity and specificity values of 90% and 99%, respectively in detecting individual persistently infected cattle. Detection of a single positive animal results in the herd being classed as positive. Major assumptions are that vaccines are free of NSPs and that animals receive a single emergency vaccination. Depending on the assumed sensitivity and under different herd sizes, it may not be possible to achieve 95% confidence of detecting a single positive animal in a herd. This is greatly exacerbated as herd size reduces. This is potentially a major problem in that it limits the certainty that can be achieved for detecting low levels of infected animals. Since there is very little information on which to base estimates of expected prevalence of persistently infected, subclinical animals under different conditions, it is possible that testing regimes could result in falsely classifying an infected herd as disease free. In addition, even though specificity is higher than sensitivity, testing of large numbers of animals will produce a significant number of false positive results. There appears to be little data available on use and interpretation of follow-up tests for determination of disease status in herds that test positive on the initial test.

Conventional serological surveillance for FMD antibodies involves screening by ELISA with positive and inconclusive results submitted for follow-up testing by VN. Positive animals can then be tested using probing sampling and virus isolation to determine if they are carrying virus. In contrast NSP tests are less sensitive than ELISA tests detecting antibodies to structural proteins and VN cannot be used to verify the results of NSP tests since VN tests detect antibodies to structural proteins. An alternative but more clumsy form of confirmatory testing is the Western Blot test that has been applied in South America.

For countries currently free of FMD, such as Australia, the potential application of NSP tests in the response or recovery phases of an outbreak will require consideration and planning. A major application for NSP tests is in distinguishing vaccinated from infected animals in regions that have employed the use of vaccination in a control or eradication program. Consideration of the role of NSP tests in Australia would therefore require review of policies that cover:

· FMD response activities

· the use of vaccination in the control and eradication phase as well as 

· post-eradication exit strategies concerning options for vaccinated animals (slaughter and disposal versus entering the human food chain)

· restoration of disease-free status. 

If the primary method of control and eradication is test and slaughter of all FMD-positive livestock, there may be less potential role for NSP tests. The high sensitivity of NSP tests in non-vaccinated animals does support consideration as a general serological test in areas where vaccination is not practiced. If emergency vaccination were to be used in some way during a control and eradication program then NSP tests may have a role during a response, particularly in documenting freedom from circulating FMD virus after the outbreak.

There are additional concerns regarding planning for the use of NSP tests. For example, stored antigen for emergency vaccine that may be maintained for possible use in an outbreak would need to be free of NSPs if the country wished to consider use of NSP tests. Stored vaccine could be checked for presence of NSPs and use and interpretation of NSP tests then adjusted accordingly. Future vaccine produced for storage should be manufactured as per OIE guidelines to ensure that it is free of NSPs.
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10.3.3 Agent detection using PCR, including TaqMan® RT-PCR

PCR: Polymerase chain reaction

A laboratory process that selects a DNA segment from a mixture of DNA chains and rapidly replicates it; used to create a large, readily analysed sample of a piece of DNA.
DNA is heated until it denatures or splits into identical single strands. Oligonucleotide primers are added–these are sections of DNA used to define the boundaries of the target section. Primers are made in a separate process involving DNA synthesis. Primer segments bind to the DNA strands and serve to identify the beginning (and end) of the section to be replicated. DNA polymerase is then added and it functions to add corresponding base pairs (Adenine, Thymine, Cytosine or Guanine) to the strand, creating two identical copies of the original double stranded DNA. The process can be repeated up to 30 times to create over a billion copies of the original sequence.

RT-PCR: Reverse transcriptase polymerase chain reaction

A variation of the PCR process that starts with a strand of RNA and not DNA. The RNA strand is ‘reverse’ transcribed into its DNA complement (cDNA), followed by amplification of the resulting DNA using a polymerase chain reaction (PCR).

RT-PCR is the most sensitive method available for mRNA detection and quantitation, able to detect extremely low levels of mRNA. RT-PCR is widely used in the diagnosis of genetic diseases and viral diseases.

Real time RT-PCR

Referred to as Real-Time PCR, Real-Time RT-PCR, Quantitative RT-PCR or Quantitative PCR.

An extension of the RT-PCR methodology where quantitative PCR machines monitor and display the progress of the PCR reactions as they proceed. This provides the ability to automate tedious process of determining when to cease amplification for optimal results as well as automating analysis and standard curve generation. There are currently several different detection systems available in real time RT-PCR: Hydrolysis Probes or TaqMan® probes (Applied Biosystems, Foster City, CA, USA), Molecular Beacons or Scorpions®, LightCycler hybridisation probes (Moonen et al 2003), SimpleProbe probes, and SYBR® green dye. This report concentrates on TaqMan® since this has been the predominant chemistry used in veterinary diagnostics to date.

TaqMan® assays have repeatedly achieved an absolute sensitivity of 5-10 molecules (Leutenegger 2001).
Reverse-transcriptase polymerase chain reaction (RT-PCR) offers rapid and specific detection of FMDV genetic material in samples collected from animals suspected of FMD. Conventional RT-PCR based upon agarose gel-electrophoresis analysis of the PCR products does not offer adequate control of contamination, quantitative interpretation parameters or ability for high through-put in large scale outbreaks. TaqMan® RT-PCR overcomes the limitations of conventional RT-PCR. Retrospective evaluation of a TaqMan® RT-PCR on samples collected during the UK FMD outbreak shows this technology to be as robust and effective (if not more effective) in primary detection of FMDV in comparison with antigen capture ELISA and virus isolation. When coupled with liquid handling robotics for nucleic acid purification and reaction set up, the test is highly suitable for primary index case diagnosis and for use in an ongoing outbreak. 

A TaqMan® RT-PCR assay has been shown to have almost 100% sensitivity for serotypes O/A/C/Asia 1 and lower sensitivity for SAT 1 and SAT 2 serotypes. Specificity is also close to 100%. This was attributed to the fact that more sequence information was available for types O, A, C and Asia 1 viruses for the primer/probe design (Reid et al 2002). Specificity was also close to 100%. The technique has also been used for detection of carrier animals (Zhang and Alexandersen 2003). It is vital that monitoring of field strains continue to ensure that the primers/probe set selected for the diagnostic RT-PCR are fit for the purpose. Results from comparative studies have shown that minor nucleotide substitution in different field isolates may have a major impact on the ability of the RT-PCR to detect viral antigen.

The TaqMan® assay is more amenable to large scale sample throughput than conventional RT-PCR, more resistant to contamination, and is faster. It also produces a quantitative and objective measure of target RNA/DNA that facilitates definition of negative, positive and borderline results. It may be used to detect FMDV without regard to serotype or to detect specific serotypes by employing serotype-specific primers. The technique is amenable to use with robotic arm technology to provide additional ramp-up capacity and speed the diagnostic process from sample receipt to test result. TaqMan® RT-PCR may be used directly on samples such as clotted blood, serum, probing derived samples, milk, saliva, epithelial tissue and other samples that may not be suitable for ELISA testing without first undergoing cell culture. Sample material can be treated to inactivate live virus without affecting the RT-PCR and therefore the method can be used in regional laboratory facilities that do not have full containment capability. The high sensitivity of RT-CPR makes it applicable to preclinical diagnosis and detection of carriers. Multiplex RT-PCR would facilitate differential diagnosis at the same time as checking for FMDV.

‘TaqMan® RT-PCR is becoming increasingly important for virus diagnosis where rapid and quantitative results are required from processing large numbers of samples without significant risk of contamination’ (Reid et al 2002; p78).

Callahan et al (2002) described the use of a portable real-time RT-PCR assay involving a 10 kg thermocycler linked to a laptop. The result was a highly sensitive and specific assay that could be performed in a maximum of two hours. In samples where RNA extraction was not required the test could be completed in 45 minutes, allowing rapid field diagnosis. The test was a single tube RT-PCR with dried reagents, meaning it could be produced in kit form. Running the test then involved rehydration of the tube and addition of the sample. This sort of assay could be used to quickly identify infected herds or to identify carrier animals in the aftermath of an outbreak. The paper described the performance of the assay under experimental conditions–field validation remains to be performed.

Commercial hand-held PCR devices are available though these may be focused on military or specific applications. An example is the Bio–Seeq device engineered by Smiths Detection (https://peoiewswebinfo.monmouth.army.mil/portal_sites/IEWS_Public/rus/sensorcat/PDF/BioSeeq-Smiths1.pdf).
Moonen et al (2003) described the use of the LightCycler® for detection of FMD genome. This system has been successfully used in the Dutch FMD outbreak of 2001. It showed that the cells used for virus isolation were not sensitive enough for the specific circulating virus, showing the advantage of using different techniques in a diagnostic laboratory.

Techniques such as nested PCR may also offer potential for increasing sensitivity by reducing false amplification. The process involves using two pairs of PCR primers for a single locus. The first pair (outer primers) amplify a target sequence. The second pair (inner primers) then bind within the first PCR product and produce a second PCR product that is shorter than the first one. If the wrong locus was amplified in the first PCR process, the probability of amplification in the second step is likely to be considerably reduced. The output of the second process is then used for analysis (Wen et al 2004). There are however major issues of contamination control with nested PCRs. Many of these issues are overcome with TaqMan® and other similar techniques. TaqMan® assays now reach a level of sensitivity equal to nested PCRs.

RT-PCR is amenable to multiplexing by using primers coding for specific regions from multiple serotypes in a single assay (Reid et al 2002; Giridharan et al 2005). The technique offers promise as a rapid (less than 1 day), sensitive and specific method for detection and serotyping. The technique may be extended by for example inclusion of primers for viral diseases other than FMDV in a multiplexed RT-PCR assay.
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10.3.4 Genotyping using PCR/sequencing

Classically serotyping of FMDV is undertaken using virus neutralisation and ELISA. However, genome sequencing of FMDV isolates allows both serotyping and molecular epidemiology to be undertaken rapidly. Molecular epidemiology provides insights into the origins of viruses involved in outbreaks and into the evolution of the virus in different susceptible species, during the progress of outbreaks, and (more generally) over longer periods of time. Genotyping and epidemiology by RT-PCR and sequencing are essential components in the characterisation of viruses involved in FMD outbreaks. The speed and accuracy of sequencing and the availability of large data bases of sequences of viruses involved in previous FMD outbreaks allow genotyping and epidemiology to be an essential component of investigation of any FMD outbreak. For example when FMDV type O was detected on February 20, 2001 at an abattoir in the UK, researchers at Pirbright laboratory obtained complete VPI gene sequences of three viral isolates by the following day. They identified the strain as a PanAsia strain by comparison with sequence database information on previous isolates (Knowles and Samuel, 2003). Genotyping using PCR/Sequencing is likely to become routine and particularly useful for tracing of outbreaks. It may complement but not necessarily replace classical approaches to selection of vaccine strains because protein sequence information may not be a very good predictor of antigenic conformation due to the role of tertiary structures in modifying antigenicity. 
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10.4 Technologies under development

10.4.1 Luminex xMAP® technology

Luminex is the commercial name of a new platform technology that allows the simultaneous detection and quantification of multiple analytes in a single vessel.  It has been commercialised by several companies, including Qiagen (under the commercial name Liquid Chip) and BioRad (under the commercial name Bio-Plex).  This technology is a bead-based system that detects the interaction of immobilised capture molecule with an analyte in a solution using a specially designed flow cytometer.  Up to 100 different beads can be used in this system, each with a different spectral signature which can be registered using a red laser.  Specific interaction is quantified by the binding of a reporter molecule (e.g., an anti-species antibody conjugated with the fluorescent dye phycoerythrin) which is recorded by the flow cytometer only when the spectral signature of the bead (the red signal) is present at the same time.  This ensures that the unbound free reporter molecules do not interfere with the detection system.  The major advantages of the system are its multiplicity and sensitivity.

This platform has the potential to replace all the current tests used for antigen and antibody detection, for serotyping and for differentiation of vaccinated from infected animals.  The capacity for multiple testing (multiplexing) can also be used for the development of tests that allow detection/rule-out of FMDV as well as differential diagnosis of other endemic or exotic vesicular diseases in a single assay. Multiple tests for different NSPs could be run in parallel in a single assay providing a platform for rapid, high sensitivity NSP testing.
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10.4.2 Microarray analysis (gene chip or DNA chip)

Microarray refers to technology using large numbers (often into the thousands) of molecules (often but not always, DNA) attached to a substrate (microchip, glass slide, microsphere). Microarrays can be used to test (for example) the amount of a specific DNA fragment present in a sample. The term array simply refers to the orderly arrangement of samples. Microarray indicates that sample spot sizes are typically less than 200 microns in diameter, allowing thousands of spots in a single array. Microarrays generally require specialised robotics and imaging equipment that are not yet commercially available as a complete system.

Microarray hybridisation techniques currently are focused upon assessment of levels of gene expression and gene polymorphisms. Although microarray technology was initially developed for gene expression studies, the technology has a very wide range of potential applications. This technology holds the potential for rapid detection and characterisation of viruses since samples can be screened for the presence of genetic material for hundreds or thousands of viruses simultaneously. Microarray technology has been used for detection of bacteria and for DNA typing of specific pathogenic bacterial strains (Call et al 2001, Wang et al 2002, 2003).

Wang et al (2002, 2004) used oligonucleotide probes for each of 40 different bacterial species. PCR was used to amplify the 16S rRNA gene from all bacterial DNA in human faecal samples and the PCR product was then applied to the microarray slides. The assay was capable of detecting as few as 10 bacterial cells in samples. Wen et al (2004) used PCR in conjunction with microarray technology to amplify and detect conserved DNA fragments for three human viruses (hepatitis B, hepatitis C and HIV type-1).

Briese et al (2005) described the use of Mass Tag PCR for detecting 22 respiratory pathogens in a single assay. Microbial DNA was amplified using multiplex RT-PCR where primers were labelled by a photocleavable link to molecular tags of different weights. On completion of amplification steps, tags were released by UV irradiation and analysed by mass spectrometry to identify microbes. Infections with respiratory syncytial virus, parainfluenza virus, SARS coronavirus, adenovirus, enterovirus, metapneumovirus and influenza virus were all correctly identified. The limit of this sort of approach may be based on the maximal primer concentration that can be accommodated in a PCR mix.

A recent paper described potential application of microarray technologies in biodefence (Hashsham et al 2004). There are numerous techniques capable of detecting individual viruses or bacteria, using antibodies, gene sequences or some other functional signature. Large scale, parallel detection systems offer broad-spectrum detection most suited to screening where the suspect agent is unknown and screening must be done for a large number of candidate organisms or when strain-level fingerprinting is required for molecular epidemiology or source tracking. High throughput DNA microarray technology offers one of the best platforms for development of large scale parallel detection devices (Hashsham et al 2004).
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Figure 11.1: A XeoChip™ containing 7,693 probes developed for microarray screening. Photograph copied from Hashsham et al 2004.

Issues in the development of microarray screening systems have been presented by Hashsham et al (2004), and include the selection of a list of micro-organisms, selection of gene targets and choice of a suitable microarray platform. There are an increasing diversity of platforms available for microarray systems, ranging from glass slides to beads and chips. Figure 1 shows a XeoChip™ developed by Xeotron (www.invitrogen.com).

It is expected that all pathogenic micro-organisms are likely to contain a set of genes, unique compared to all other organisms (Hashsham et al 2004), that can be used as signature sequences in a diagnostic system. It is therefore theoretically possible that a unique set of genes could be developed that encompasses all the important pathogens of interest for use as target genes. Detection limits, sensitivity and specificity become major issues when considering screening of biological samples that may contain large amounts of DNA for the presence of small amounts of particular DNA signatures. Current estimates of lower detection limits are in the order of 1% of the total DNA population in a sample (Denef et al 2003) although preferential enrichment techniques are likely to improve this markedly in the near future. The combination of RT-PCR and microarray technologies may address some of the issues, particularly those related to detection limits.

Large-scale parallel detection systems offer the capability to screen for many pathogens at once, provide sequence based level of resolution not achievable in many other diagnostic techniques, enable high throughput, are amenable to automation and miniaturisation, and allow exploration of unknown pathogens (Hashsham et al 2004). Disadvantages for these techniques at present include high cost, time required for testing, complexity and lack of validated tests.  
The most significant challenges in the application of microarray technology for emergency animal disease diagnostic purposes are to identify suitable target sequences from known viruses for inclusion as probes on the microarray hybridisation chips and methods to provide the level of sensitivity needed for index case diagnosis. Microarrays also provide multiplexing capability which will allow the implementation of differential assays versus exclusion testing (as is currently the FMD testing regimen). For example a microarray test could be developed to simultaneously test for FMDV RNA as well as all endemic viral diseases present in Australia and all other exotic viruses capable of causing vesicular disease in domestic animals (Baxi et al 2005).
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10.4.3 Lateral-flow, flow-through, solid-phase diagnostic tests (pen-side diagnostics)

Pen-side tests refer to a group of tests developed using disposable hand-held devices containing membrane strips coated with antigens or antibodies.  These tests can be used to detect specific antibody or antigen in the field within five to 20 min.  Depending on how the sample is applied and how the test is conducted, they are called lateral-flow, flow-through or solid-phase test.  Currently the lateral-flow is the most commonly used format for development of pen-side test.  Lateral-flow tests are also called immunochromatographic strip (ICS) tests. The central part of the device is a membrane with multiple stripes of antibody or antigen fixed to the membrane.  To perform a test, a sample is placed on the sample pad on one end of the strip.  A reporter or signal reagent (colloidal gold, dye or latex bead conjugates) will bind to the antigen or antibody in the sample and moves through the membrane by capillary action.  If specific analyte is present, the reporter agent will bind it and the complex will, in turn, be captured by the antibody or antigen immobilised as a line in the membrane, resulting in a visible pink/purple line.  All tests include an internal control line this is used to validate the test.  

One variation of the lateral-flow platform is the oligonucleotide lateral-flow test in which the capture antibody or antigen is not directly striped onto the membrane Instead, they are chemically conjugated to a specific oligonucleotide, and thus remain in the liquid phase of the test.  After binding with the reporter-analyte complex, the whole complex will move through the membrane and will be captured via DNA-DNA hybridisation at a line where a complementary oligonucleotide is immobilised.  The advantage of this improved lateral-flow strategy is two fold: it is easy to be multiplexed, and it increases sensitivity by controlling the optimal orientation for the capture antibody or antigen. 
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Figure 11.2: Diagrammatic representation of a commercial test under development – the PanBio multi-analyte test, that is capable of detecting and differentiating between multiple targets (antigens for example) in a single multiplexed test format. Copied from http://www.panbio.com/modules.php?name=Content&pa=showpage&pid=16&cid=3.

The most useful pen-side test will be for the detection of antigen using specimens from vesicular lesions of suspected animals.  With the oligonucleotide lateral-flow format, it is possible to achieve serotyping in the same test if multiple serotype-specific capture antibodies are used.   A prototype test was developed for FMDV but was never commercialised (Reid et al 2001).  Several groups are currently working towards the development of lateral-flow test for both antigen and antibody detection.  Using multiple antigens, it should be feasible to develop a lateral-flow test to detect FMDV-specific antibodies and at the same time to differentiate between vaccination and infection.

The ability to perform a confirmatory test on-farm and at the time that an initial visit was made to investigate for clinical signs of disease would circumvent problems associated with transportation of samples to a laboratory and avoid delays between the initial visit and laboratory diagnosis.
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10.5 Future technologies

10.5.1 Solid state diagnostics incorporating different diagnostic methodologies embedded within a chip

Biochips are analytical devices that incorporate a biological recognition component into a chip manufactured by microlithography techniques and spotting or in situ synthesis technologies in microarrays that allows the simultaneous analysis of thousands of parameters within a single experiment. Microspots of capture molecules are immobilised in rows and columns onto a solid support and exposed to samples containing the corresponding binding molecules. Readout systems based on fluorescence, chemiluminescence, mass spectrometry, radioactivity or electrochemistry can be used to detect complex formation within each microspot. 

Microarray technology has been used for the assessment of the levels of gene expression and identify genetic variation in individuals and across populations. DNA microarray technology employed as a diagnostic biochip is capable of simultaneously detecting or differentiating hundreds of viruses and is likely to revolutionise molecular diagnosis in the future. Current microarray biochips are predominantly lab-based, but microfluidics research is heading towards the implementation and integration of various fluid manipulation components (e.g. pumps, valves, filters, and mixers) and analytical separation and detection techniques (e.g. electrophoresis, chromatography, fluorescence, and electrochemical detection) on individual microfabricated devices for complete on-chip analysis (lab-on-a-chip). Following early proof-of-principle work in microfluidics with silicon and glass devices, polymer-based micro-chips have emerged in recent years as inexpensive and disposable alternatives to micromachined devices. 

To date, microfluidics has been successfully implemented in a variety of biological applications, including DNA sequencing and fragment sizing, PCR amplification, amino acid, peptide, and protein analysis, immunoassays, cell sorting and manipulation, and in vitro fertilisation. Continuing miniaturisation and the development of disposable microfluidic devices will change diagnostic methods and genome and proteome research and bring this technology into the field and to the pen site. Ultimately a biosensor which is an analytical device similar to a biochip, incorporating a biological recognition element coupled to a transducer system, could be implanted in the animal and data sent to a remote receiver. 

Numerous commercial companies are investing heavily in the development of microfluidics capability with two major drivers being development of point-of-care diagnostics and life science research. Life science research remains the major market at the moment with many companies still in a phase of grant funded research and development or proof of concept stages of development. Clinical diagnostics and biodefense with sophisticated analytical capacity on a chip such as PCR or ELISA, have been identified as a major potential growth area for this technology in the next several years.
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10.5.2 Biosensor technologies

A biosensor is:

“a device that detects, records, and transmits information regarding a physiological change or the presence of various chemical or biological materials in the environment.”

http://www.ornl.gov/info/ornlreview/rev29_3/text/biosens.htm

“a self-contained integrated receptor-transducer device which is capable of providing selective quantitative or semi-quantitative analytical information using a biological recognition element.” (Thevenot et al 1999)
Biosensors use a biological component as an essential part of a sensor. Examples of biologically responsive material that may be detected in a biosensor include enzymes, whole cell metabolism, analyte binding and antibody-antigen reactions. The most widespread example of a commercially successful biosensor is the blood glucose biosensor, which uses an enzyme to break blood glucose down. In so doing it transfers an electron to an electrode and this is converted into a measure of blood glucose concentration. Blood glucose monitoring devices represent arguably the only commercially successful biosensor yet developed, accounting for approximately 85% of the world biosensor market. The field of biosensor technology is expanding very rapidly and there are a number of commercial companies developing test platforms for application particularly in the human medical area.

Perceived advantages of biosensors over conventional analytical devices include ‘real-time analyses in complex mixtures, without the need for extensive sample pre-treatment or large sample volumes. Biosensors also promise highly sensitive, rapid, reproducible and simple-to-operate analytical tools.’(Velasso-Garcia and Mottram 2003). 

Biosensors are often based on sensing technologies that we are familiar with from existing laboratory applications such as antibody-antigen binding, enzyme reactions and DNA-RNA affinity-based techniques such as PCR. Biosensors combine a sensing technology with some sort of integrated signalling or recognition capability (transducer). Ideally a biosensor should be reagentless because this would facilitate a very simple operational step that may not involve any sample pre-treatment or processing at all and potentially the ability to operate remotely or by the addition of sample in a single step. 

However, many biosensors still require some form of sample processing or the addition of reagents. Since many biosensors are in vitro devices more suitable to use in a laboratory there is considerable grayness and overlap between developments in conventional diagnostic technologies (ELISA, pen-side diagnostics, nucleic acid based diagnostics, etc) and biosensors. Is a semi-portable, laboratory based device that involves addition of processed sample and a reagent and measurement of the output in some form of optical measurement device, considered to be a biosensor or an improved but conventional ELISA?

The ideal vision of a biosensor tends to be oriented towards one of two extremes:

· A device that can continuously measure environmental samples over a period of time without any requirement for human input. These are akin to smoke alarm devices that operate remotely. Examples include anthrax-detection units installed in United States Postal Service (USPS) centres.

· A device capable of being implanted within the body of an animal or human and that also continuously measures the target analyte over a period of time. Considerable efforts are being directed towards the development of implantable glucose biosensors but there appear to be no successful strategies yet developed for combating the problem of biofouling.

There is a tremendous amount of commercial research and development being directed at biosensor technology. Most of the activity currently remains at the level of the laboratory while there are some environmental biosensors already functioning. There are numerous examples of portable diagnostic technologies that may be classified as biosensors such as the rapid diagnostic devices for Dengue fever, Ross River virus, and other diseases developed by Panbio diagnostics
 and miniaturised devices incorporated into a biochip or lab-on-a-chip.  

Kissinger (2005) suggests that much of the work being done in the field of biosensor technology ‘because it can be done’ and not because ‘it needs to be done’. He suggests that there are often alternative methodologies that are cheaper per data point, more reliable, more specific and already commercially available using current technologies such as chromatography, mass spectrometry, immunoassays and nucleic acid techniques.

Biofouling or protein deposition and fibrous encapsulation, are major problems limiting the successful development of implantable biosensors. A variety of researchers are actively working on methods to reduce protein deposition and inflammatory response through modification to sensor design and use of novel coating agents (http://www.inframat.com/biosens2.htm), or through the use of slow release biodegradable beads around the device to reduce local inflammatory response mechanisms. A prototype device called the Long-Term Sensor System has been developed for implantation into humans with diabetes. The implant consists of a glucose sensor and an insulin pump, surgically implanted within the body and intended to function over months (http://www.sbdrc.org/Pages/page48.html). 

A recent example of a cell-based sensor test was reported by Rider et al (2003). The authors developed pathogen specific B-lymphocyte cell lines engineered to emit light within seconds of exposure to specific bacteria and viruses. The BioFlash™ system employed a proprietary technology called CANARY™ (Cellular Analysis and Notification of Antigen Risks and Yields), developed by Innovative Biosensors, Inc, MD, USA (www.innovativebiosensors.com). The B-lymphocytes are engineered to express membrane bound, pathogen specific antibodies and a calcium sensitive bioluminescent molecule. Cross linking of antibodies by the presence of bound antigen leads to elevation of intracellular calcium and light emission. The test is claimed to be highly sensitive and very rapid (minutes). The authors also claim to have produced B cell lines that respond to a specific serotype of FMDV or to multiple strains of VEE virus though no details were provided in the publication.
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Figure 11.3: Image of a miniaturised medical telesensor. Copied from http://www.ornl.gov/info/ornlreview/rev29_3/text/biosens.htm.

Medical telesensors attached to the body (as shown in Figure 3) are being developed by defence force research organisations for monitoring and transmitting data on biological parameters such as temperature, blood pressure, oxygen level, pulse rate. 

A large amount of research effort is being expended in the development of biosensors for detection of environmental evidence of biological contamination with toxins or infectious agents (bioterrorism and biowarfare).

Biosensors are being developed at the subcellular level (nanosensors) that are capable of probing individual living cells to measure cellular products in quantities as small as a single molecule or DNA that may be indicative of early neoplastic change or particular cell functions (http://www.ornl.gov/info/ornlreview/rev32_3/nanosens.htm; http://www.sci-tech-today.com/story.xhtml?story_id=22150).

It is conceivable that a future diagnostic system may involve a combination of remote environmental sensors and implanted biosensors in sentinel animals, both systems capable of transmitting signals via satellite to a remote location.

The technical and methodological challenges confronting the development of biosensors and in particular implantable or internal biosensors, are formidable. It is considered unlikely that validated diagnostic systems employing implantable biosensors for use in detection of exotic disease agents such as FMDV, will be available within the next 15-20 years. Given the uncertainty and prolonged time-frame these methods are considered over-the-horizon and unlikely to influence FMD policies or plans within the foreseeable future.

External biosensors and laboratory-based biosensor devices that involve cellular function or components in the sensing activity such as was reported by Rider et al (2003) represent a form of diagnostic test that is very similar to other test platforms mentioned in this report. These developments are considered to offer potential application for FMD diagnosis in the mid to long term future.
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Appendix 2: GLOSSARY

Analyte:
The substance in an analysis that is being identified or determined.

Antigen:
Any substance that causes the host’s immune system to produce antibodies against it. An antigen may be a foreign substance from the environment such as chemicals, bacteria, viruses, or pollen. An antigen may also be formed within the body, as with bacterial toxins or tissue cells.

Antigen capture ELISA or Antigen detection ELISA:
Antisera specific for the different serotypes of FMDV are passively adsorbed to the wells of microtitre plates. Test sample is added and antigen (if present) is trapped by the immobilised antibodies. Specific anti-FMDV detecting antibodies are then added which react with the trapped antigen. Further substrates are added to produce a colour change the intensity of which may be measured to indicate the antigen content of the test sample.

Biofouling:
Biological fouling – the undesirable accumulation of micro-organisms, plants and small animals on marine waters submerged artificial surfaces. This occurs, for example, on ship's hulls. With respect to biosensors the term refers to accumulation of inflammatory cells and cellular products around a biosensor that is implanted within the body of a person or animal.

Biosensor:
An analytical device which incorporates a biological recognition element in close proximity or integrated with a signal transducer to provide a sensing system specific for a target analyte.

Capsid:

The outer covering of protein surrounding the nucleic acid of a virus.

Carrier:

An animal from which FMD virus can be isolated more than 28 days after the date of infection.

Chemiluminescence

The generation of electromagnetic radiation as light by the release of energy from a chemical reaction.

Chromatographic test strips:
Technique of separating and analysing the components of a mixture of liquids or gases by selective adsorption in a strip of paper.

Competition or Blocking antibody ELISA:
Test sera are pre-mixed with standard FMD virus before addition to an ELISA plate coated with anti-FMD antibody. If antibody is present in the test sera this will block the standard virus, which will be unable to bind to the coating antibody on the plate.

Data standards for health:
uniform terminology and meanings for data collected, exchanged, and analysed among hospitals, physicians, other health decision makers, and researchers across geographical areas and institutional boundaries. Data standards facilitate data analysis and use by ensuring greater comparability, quality, and accuracy of health care data. In addition the use of standards increases the potential for automation of health care data for direct patient care, quality measurement, and research. 

Dissemination rate:

The average number of herds to which virus is delivered by an infectious herd per unit time.

DIVA test:
Diagnostic test that differentiates infected from vaccinated animals.
DNA:
Deoxyribonucleic acid is a nucleic acid that contains the genetic instructions specifying the biological development of all cellular forms of life (and many viruses).

DNA sequencing:

Determination of the precise sequence of nucleotides in a sample of DNA.

ELISA:

Enzyme-linked immunosorbent assay. A qualitative or quantitative immunological test for detecting specific molecules (eg antigens or antibodies) in biological samples. The test uses a enzyme reaction with a substrate to produce a colour change when antigen–antibody binding occurs.

Emergency vaccination: 
Vaccination performed in the face of an outbreak.

Epitope:
Site on a large molecule against which an antibody will be produced and to which it will bind.

Exit strategy:
Options for a country to regain disease–free status following the control of a FMD outbreak

Flow through tests:
The test principle involves a flow of fluid containing the analyte through a porous membrane and into an absorbent pad where the target analyte (antibody or antigen) is bound or immobilised. A second layer, or sub-membrane, inhibits the immediate back-flow of fluids, which can obscure results. This is followed by a wash step and then addition of a signal or colouring reagent.

Genome:
The total gene complement of a set of chromosomes in higher life forms or the functionally similar but simpler linear arrangement in bacteria or viruses.

Genotype:
Genetic constitution of individual or group, as determined by its particular genes

Geographic Information System:
An organised collection of computer hardware, software, geographic data, and personnel designed to efficiently capture, store, update, manipulate, analyse, and display all forms of geographically referenced information.

Humoral:
immunity associated with circulating antibodies in the peripheral blood

Hybridisation:

The process of combining complementary, single-stranded nucleic acids into a single molecule. Nucleotides will bind to their complement under normal conditions, so two perfectly complementary strands will bind to each other readily. Conversely, due to the different geometries of the nucleotides, a single inconsistency between the two strands will prevent them from binding. The process can be reversed by heating the molecule.

Hybridisation probe:

A short piece of DNA (on the order of 100-500 bases) that is denatured (by heating) into single strands and then radioactively labelled, usually with phosphorus. The radioactive phosphorus is incorporated into one of the bases of DNA (adenine, guanine, cytosine, or thymidine) and these labelled bases are incorporated into the backbone of the DNA strands by incubation with a polymerase enzyme. This creates a short piece of radioactively labelled DNA with known sequence that will hybridise with any complementary nucleic acid strands. The probe can then be used in an assay to detect genes or RNA transcripts with which it has homology (a region with similar base pair sequence).

Index case:
The first case in an outbreak of disease or infection.

Information management system:
A system that collects and processes data (information) and provides it to managers at all levels who use it for decision making, planning, program implementation, and control. Comprised of all the components that collect, manipulate, and disseminate data or information: hardware, software, people, communications systems such as telephone lines, and the data itself.

Lab-on-a-chip:
Lab-on-a-chip devices are single chips, usually constructed out of silicon or Pyrex glass, that integrate multiple traditional macroscopic laboratory processes, such as sample pre-treatment, reaction, and detection, on a smaller scale. The advantages of lab-on-a-chip technology are chiefly portability and reduced analysis time. The reduction of sample and reactant volume increases the efficiency and reduces the costs associated with analytical chemistry and analytical biochemistry.

Lateral flow tests:
Lateral flow tests are also called immunochromatographic strip (ICS) tests. A sample is placed on a strip where it mixes with solubilised reagent and moves through a membrane by capillary action. If the specific analyte being tested is present the signal reagent binds and is the basis for some form of colour reaction. The tests are used for specific qualitative or semi-quantitative detection of many analytes including antigens, antibodies, and even the products of nucleic acid amplification tests. One or several analytes can be tested for simultaneously on the same strip. Urine, saliva, serum, plasma, or whole blood can be used as specimens. Extracts of patient exudates or fluids have also been successfully used. 

Luminex:
Luminex Coproration has commercialised xMAP®  technology that enables large numbers of biological tests (bioassays) to be conducted and analysed using colour–coded microspheres coated with specific reagents to allow the capture and detection of multiple analytes from a single sample. An example of a multiplexed assay system.

Marker vaccine:
A marker vaccine is a vaccine that, in conjunction with a diagnostic test, enables serological differentiation of vaccinated animals from infected animals.

Mass spectrometry:

A technique for separating ions by their mass-to-charge ratios. It allows the detection of compounds by separating ions by their unique mass.

Mass Tag PCR:
A modified form of RT-PCR under current development that can amplify multiple different target nucleic acids in the one sample (multiplexed), allowing for example the ability to diagnose more than one pathogen at a time. The technique links molecular tags of different defined molecular weights to different target nucleic acids. Photocleavable links are used to separate the tagged nucleic acids and they are then identified using mass spectrometry. 

Microarray:

A 2D array, typically on a glass, filter, or silicon wafer, upon which genes or gene fragments are deposited or synthesised in a predetermined spatial order allowing them to be made available as probes in a high-throughput, parallel manner to test for the presence in a sample of specific DNA fragments, antibodies, or proteins. 

Microfluidics:

A multidisciplinary field comprising physics, chemistry, engineering and biotechnology that studies the behaviour of fluids at the microscale, that is, fluids at volumes thousands of times smaller than a common droplet. It also concerns the design of systems in which such small volumes of fluids will be used. Microfluidics is used in the development of DNA microarray technology, as well as in micro-thermal and micro-propulsion technologies.

Microlithography:

A term used to describe construction of a biochip or biosensor device. Lithography is a method for printing on a smooth surface, as well as a method of manufacturing semiconductor devices. Microlithography refers to a fabrication process whereby hundreds of thousands of unique, single-stranded DNA sensors are deposited on a glass or silicon substrate one nucleotide at a time to produce a biosensor device.

Monoclonal antibody:

An immunoglobulin secreted by a single clone of antibody producing cells, and therefore monospecific.

Monospecific antibody:

A single species of antibody able to react with only a single specified antigen or antigenic determinant.

Multiplex:
Tests that assay multiple analytes simultaneously

Multiplexed PCR:
Where multiple DNA targets can be measured in the same sample.

Nanotechnology:

The creation of materials, devices, and systems through the manipulation of individual atoms and molecules.

National livestock identification system (NLIS):
Australia’s system for the identification and tracing of livestock. It is a permanent whole-of-life identification system that enables individual animals to be tracked from property of birth to slaughter for food safety, product integrity and market access purposes.

Non-structural virus proteins (NSPs):

Proteins that are not part of a virus capsid but perform regulatory or other functions.

Nucleic acid:

A nucleic acid is a complex, high-molecular-weight biochemical macromolecule composed of nucleotide chains that convey genetic information. The most common nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)

Nucleobases:

Nucleobases are the parts of RNA and DNA that are involved in pairing up (see also base pairs). These include cytosine, guanine, adenine, thymine (DNA) and uracil (RNA). These are abbreviated as C, G, A, T, and U, respectively.

Nucleotide:

A nucleotide is a monomer or the structural unit of nucleotide chains forming nucleic acids as RNA and DNA. Examples include AMP, ATP etc.

Oligonucleotide:

A short sequence of nucleotides (RNA or DNA) that is typically 5 to 50 nucleotides long. Oligonucleotides are often used as probes for detecting complementary DNA or RNA because they bind readily to their complements. Examples of procedures that use oligonucleotides are DNA microarrays and polymerase chain reaction (PCR). 

Pen–side test:

A test procedure that can be performed in the field at the point where samples are collected to provide rapid results and allow immediate action. 

Photocleavable:
A technique where oligonucleotides or PCR products can be initially captured and then released in a purified form into solution by illumination with a hand-held UV light source.

Polymerase:

A naturally occurring enzyme, a biological macromolecule that catalyses the formation and repair of DNA (and RNA).

Polymerase chain reaction (PCR):
A laboratory process that selects a DNA segment from a mixture of DNA chains and rapidly replicates it to create a large, readily analysed sample of a piece of DNA. DNA is heated until it denatures or splits into identical single strands. Oligonucleotide primers are added–these are sections of DNA used to define the boundaries of the target section. Primers are made in a separate process involving DNA synthesis. Primer segments bind to the DNA strands and serve to identify the beginning (and end) of the section to be replicated. DNA polymerase is then added and it functions to add corresponding base pairs (Adenine, Thymine, Cytosine or Guanine) to the strand, creating two identical copies of the original double stranded DNA. The process can be repeated iteratively to create over a billion copies of the original sequence.

Potency:

Potency is used to refer to the number of 50% cattle protective doses contained within a single label dose of FMD vaccine. A potency of 6PD50 indicates that one dose of vaccine could be diluted 6 times and still protect 50% of cattle against challenge 21 days after vaccination.

Pre-emptive slaughter:
killing and disposal of animal identified as being at high risk of exposure to FMD virus without necessarily testing for presence of disease typically as a result of proximity or contact with a known infected animal or farm.

Primer:

In molecular biology the term primer refers to a nucleic acid strand (or related molecule) that serves as a starting point for DNA replication

Probang sample:
A probang sample involves passing a metal cup attached to a wire handle into the mouth and down into the upper part of the oesophagus. The cup is then moved forwards and backwards several times and withdrawn to collect a sample of oesophageal and pharyngeal fluid to test for the presence of FMD antigen.

Radio Frequency Identification (RFID):
A method of storing and remotely retrieving data using devices called RFID tags or transponders. An RFID tag is a small object that can be attached to or incorporated into a product, animal, or person. RFID tags contain antennas to enable them to receive and respond to radio-frequency queries from an RFID transceiver. Passive tags require no internal power source, whereas active tags require a power source.

Real time RT-PCR:
Referred to as Real-Time PCR, Real-Time RT-PCR, Quantitative RT-PCR or Quantitative PCR. An extension of the RT-PCR methodology where quantitative PCR machines monitor and display the progress of the PCR reactions as they proceed. This provides the ability to automate the tedious process of determining when to cease amplification for optimal results as well as automating analysis and standard curve generation. There are currently several different detection systems available in real time RT-PCR: Hydrolysis Probes or TaqMan® probes (Applied Biosystems, Foster City, CA, USA), Molecular Beacons or Scorpions®, LightCycler hybridisation probes (Moonen et al 2003), SimpleProbe probes, and SYBR® green dye. 

Recombinant:
Recombinant DNA is an artificial DNA sequence resulting from the combining of two other DNA sequences in a plasmid. Recombinant proteins are proteins that are produced by different genetically modified organisms following insertion of the relevant DNA into their genome. As this recombines the DNA of two different organisms, the word recombinant is used to refer to this process.

Remote sensing:
Remote sensing is the science of deriving information about the earth's land and water areas from images acquired at a distance eg aerial or satellite photographs.

Reverse transcriptase polymerase chain reaction (RT-PCR): 
A variation of the PCR process that starts with a strand of RNA and not DNA. The RNA strand is ‘reverse’ transcribed into its DNA complement (cDNA), followed by amplification of the resulting DNA using a polymerase chain reaction (PCR). RT-PCR is the most sensitive method available for mRNA detection and quantitation, able to detect extremely low levels of mRNA. RT-PCR is widely used in the diagnosis of genetic diseases and viral diseases.

RNA:
Ribonucleic acid is a nucleic acid consisting of a string of covalently-bound nucleotides. It is biochemically distinguished from DNA by the presence of an additional hydroxyl group, attached to each pentose ring; as well as by the use of uracil, instead of thymine. One of the main functions of RNA is to copy genetic information from DNA (via transcription) and then translate it into proteins (by translation).

Sensitivity:
The proportion of true disease positive animals that test positive

Serosurveillance:
serological surveys for the detection of antibodies resulting from infection

Serotype:
A subgroup of a genus of micro-organisms identifiable by the antigens carried by its members. 

Solid phase tests:
Solid-phase assays include the so-called "dipstick" tests. The tests are formatted on solid, non-porous supports onto which antigen or antibody is immobilised in order to detect specific analytes. The dipsticks are incubated with patient specimens. This is followed by an initial wash step, addition of signal reagent, and a final wash step. 

Specificity:
The proportion of true disease–free animals that test negative.

Stamping out:
slaughter of affected animals and those suspected of being affected in the herd and, where appropriate, those in other herds which have been exposed to infection by direct animal to animal contact, or by indirect contact of a kind likely to cause the transmission of the causal pathogen. All susceptible animals, vaccinated or unvaccinated, on an infected premises should be killed and their carcasses destroyed by burning or burial, or by any other method which will eliminate the spread of infection through the carcasses or products of the animals killed.

The term modified stamping-out policy should be used whenever the above animal health measures are not implemented in full and details of the modifications should be given
.
Subunit vaccine:
A vaccine composed of a purified antigenic determinant that is separated from the virulent organism.

Syndromic surveillance:
The term “syndromic surveillance” applies to surveillance using health-related data that precede diagnosis and signal a sufficient probability of a case or an outbreak to warrant further investigative or diagnostic response.

Taqman®:
A patented approach to real-time RT-PCR developed by Applied Biosystems.

Telesensor:
A device that can measure something (sensor) and transmit the information eg via wireless technology to a receiver.
Thermocycler:

An instrument that repeatedly cycles through various temperatures required for an iterative, temperature-dependant chemical process such as the polymerase chain reaction.

Vaccinate-to-kill:
suppressive vaccination where vaccination is used as an interim measure in a stamping out programme and all vaccinated animals would ultimately be slaughtered and disposed of to eliminate any possibility of further spread of infection.

Vaccinate-to-live:
protective vaccination where vaccinated animals that do not become infected with outbreak strains of virus are allowed to live and enter the market though typically under restrictions.

Virus isolation:
Replication or amplification of live virus in biological samples by culture on susceptible monolayer cell sheets to produce antigen-rich supernatant fluids generally for use in other diagnostic procedures. The presence of FMD virus in culture is determined by the observation of virus-specific cytopathic effect (CPE) after inoculation.

Virus neutralisation test:
A quantitative assay for the determination of antibody titre in, for example, serum, based on the ability of the serum to neutralise a known amount of a standard virus antigen.

Zoning:

Dividing a country into infected and disease–free areas with associated movement restrictions between zones.
11. Appendix 3: Terms of reference
The terms of reference are to: 

i) review and summarise new and developing technologies that may impact on the management of an FMD outbreak in Australia. This should include consideration of technologies: 

· that are available or are becoming available now, but are not necessarily commercially available or commonly adopted,;

· that are being researched now, or for which there are plans to research; and

· may potentially become available in the next 5-10 years.

ii) analyse the potential effect of each of these technologies on Australia’s FMD preparedness and response policies and plans, and make recommendations as appropriate.

iii) provide an interim report to DAFF by 31 March 2005. 

iv) provide a draft report to DAFF by close of business on 28 April 2005.

v) respond to feedback from DAFF and provide a final report by close of business on 21 May 2005. Amended in April 2005 to 24th June 2005 due to conflicting demands on time.

The focus and scope of the project are outlined below.

The focus of this project is on predicting the potential effects of new technologies (particularly in relation to diagnosis) on policies and plans for preparedness and/or response to FMD.  The project requires collation of summary information about the new technologies, but does not require a detailed technical description of the new technologies.  References, and contact details of researchers or institutions working in the field, should be provided, to facilitate later access to detailed information.

It is expected that the consultant will carry out the project by undertaking a thorough literature review and through discussions with researchers and policy-makers in Australia and internationally, where possible including ‘future thinkers’.

The new technologies covered in this project should include, but should not be limited to, those in the following (overlapping) categories:

1. improved diagnostic systems, for example:

· systems that facilitate early detection or confirmation of presence of FMD in animals and herds, or provide early warning of spread of FMD overseas or of an FMD incursion into Australia;

· systems specifically tailored to detect disease during a response, or to verify freedom after a response.

2. cheaper, quicker or more readily available test systems, for example:

· pen-side and other rapid or field-based diagnostic tests, and other tests that can be used almost anywhere with a no special training or knowledge;

· real-time PCR and other rapid laboratory-based diagnostic tests;

· automated and remote sensing diagnostic technologies.

3. more specific or more sensitive tests, for example:

· tests that differentiate infected and vaccinated animals, and technologies such as marker vaccines or test systems that facilitate this differentiation;

· tests that more accurately differentiate infected and uninfected animals; 

· tests to identify FMD carrier animals;

· tests to more rapidly or accurately diagnose or rule out other vesicular diseases; 

· tests to characterise FMD isolates according to FMD type or phylogenetics.

� Deceased, July 2005.


� The trading dimension, Section 4. The Royal Society Infectious Diseases in Livestock Inquiry. London UK, 39-42, 2002.


� Dealing with an outbreak. Section 9. The Royal Society Infectious Diseases in Livestock Inquiry. London UK, 111-125, 2002.


� R8.2. Vaccination. Section 8. The Royal Society Infectious Diseases in Livestock Inquiry. London UK, 87-109, 2002.


� National operating procedures for the use of foot-and-mouth disease vaccine in Australia, 2005.


� The role of vaccination in a future outbreak of FMD. 2004, Page 10. http://www.defra.gov.uk/footandmouth/pdf/vaccinationscenarios.pdf


� National operating procedures for the use of foot-and-mouth disease vaccine in Australia. 2005.


� http://www.daff.gov.au/minotaurreport


� � HYPERLINK "http://europa.eu.int/eur-lex/pri/en/oj/dat/2003/l_306/l_30620031122en00010087.pdf" ��http://europa.eu.int/eur-lex/pri/en/oj/dat/2003/l_306/l_30620031122en00010087.pdf� 


� Report from the APHIS/CFIA site visit – FMD outbreak in the Netherlands August 15-17, 2001


� HYPERLINK "https://web01.aphis.usda.gov/db/mtaddr.nsf/0/6c09cc893b5ffa4b85256b10005f9c36/$FILE/NL%20site%20visit.doc" ��https://web01.aphis.usda.gov/db/mtaddr.nsf/0/6c09cc893b5ffa4b85256b10005f9c36/$FILE/NL%20site%20visit.doc� 


� http://www.royalsoc.ac.uk/inquiry/index.html


� � HYPERLINK "http://europa.eu.int/eur-lex/pri/en/oj/dat/2003/l_306/l_30620031122en00010087.pdf" ��http://europa.eu.int/eur-lex/pri/en/oj/dat/2003/l_306/l_30620031122en00010087.pdf�


� � HYPERLINK "http://www.defra.gov.uk/corporate/consult/animaldisease-plan/index.htm" ��http://www.defra.gov.uk/corporate/consult/animaldisease-plan/index.htm� 


� � HYPERLINK "http://www.defra.gov.uk/corporate/consult/animaldisease-plan/index.htm" ��http://www.defra.gov.uk/corporate/consult/animaldisease-plan/index.htm�


� Appendix 5 - Prioritisation of FMD vaccination in buffer zone. Foot-and-mouth disease strategy. Canadian Food Inspection Agency. � HYPERLINK "http://www.inspection.gc.ca/english/anima/heasan/fad/fmd/fmdtoce.shtml" ��http://www.inspection.gc.ca/english/anima/heasan/fad/fmd/fmdtoce.shtml� 


� Exercise Minotaur Evaluation Report. Page 67-68, 2005.  http://www.daff.gov.au/minotaurreport


� � HYPERLINK "http://www.inspection.gc.ca/english/anima/heasan/fad/fmd/fmdtoce.shtml" ��http://www.inspection.gc.ca/english/anima/heasan/fad/fmd/fmdtoce.shtml� 


� � HYPERLINK "http://www.defra.gov.uk/footandmouth/about/clinical.htm" ��http://www.defra.gov.uk/footandmouth/about/clinical.htm�


� Laboratory tests. Section 1.4.3, AUSVETPLAN Disease Strategy, Foot and Mouth Disease, August 2002, p 9.


� Foot and Mouth Disease, Chapter 2.1.1. OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals.


� Diagnosis. Section 7. The Royal Society Infectious Diseases in Livestock Inquiry. London UK, p 78, 2002


� Laboratory tests. Section 1.4.3, AUSVETPLAN Disease Strategy, Foot and Mouth Disease, August 2002, p 11.


� International Atomic Energy Agency


� http://europa.eu.int/comm/food/fs/sc/scah/outcome_en.html


� http://europa.eu.int/comm/food/fs/sc/scah/outcome_en.html


� Epidemiology, data and modelling. Section 6. The Royal Society Infectious Diseases in Livestock Inquiry. Pp57-74, 2002.


� National Management Group on TSEs and FMD Report to PIMC, March 2002. � HYPERLINK "http://www.mincos.gov.au/pdf/pimc_res1_10_AnnexC.pdf" ��http://www.mincos.gov.au/pdf/pimc_res1_10_AnnexC.pdf� 


� Shephard RW. Advanced Surveillance Systems - BOSSS. Annual Australia Biosecurity CRC Conference – Nov 22-24, Sunshine Coast, Qld 2004


� � HYPERLINK "http://www.defra.gov.uk/science/documents/publications/2003/UseofModelsinDiseaseControlPolicy.pdf" ��http://www.defra.gov.uk/science/documents/publications/2003/UseofModelsinDiseaseControlPolicy.pdf� 


� Epidemiology, data and modelling. Section 6. The Royal Society Infectious Diseases in Livestock Inquiry. London UK, 57-74, 2002.





� http://www.coag.gov.au/ig_agreements/fmd_2002.pdf


� � HYPERLINK "http://www.animalhealthaustralia.com.au/corporate/corporate_home.cfm" ��http://www.animalhealthaustralia.com.au/corporate/corporate_home.cfm� 


� � HYPERLINK "http://www.mincos.gov.au/publications%20annexes.htm" ��http://www.mincos.gov.au/publications%20annexes.htm� 


� AUSVETPLAN Edition 3 Disease Strategy: Foot-and-Mouth Disease, Version 1.0 August 2002.


Animal Health Australia, Deakin ACT. � HYPERLINK "http://www.aahc.com.au/ausvetplan" ��http://www.aahc.com.au/ausvetplan� 


� Record and resolutions of the Primary Industries Ministerial Council, Seventh Meeting, December 2004.  Commonwealth of Australia, 2005. � HYPERLINK "http://www.mincos.gov.au" ��www.mincos.gov.au� 


� Schalch et al. Recently generated data with the CHEKIT-FMD-3ABC-ELISA kit and methods to monitor the operational performance of a 3ABC ELISA. Session of the Research Group of the Standing Technical Committee for the EUFMD. Izmir, Turkey, 17-20 Sept 2002.


� Liu et al. Synthetic peptide based serosurveillance and vaccine system for FMD. Session of the Research Group of the Standing Technical Committee for the EUFMD. Izmir, Turkey, 17-20 Sept 2002


� http://www.panbio.com.au/index.php


� General Definitions, OIE Terrestrial Animal Health Code. http://www.oie.int/eng/normes/mcode/en_chapitre_1.1.1.htm#terme_abattage_sanitaireealth Code





[image: image14.jpg]


[image: image15.png][



[image: image16.png]x
Aus\et



    


61
2

_1206003896.bin

