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1 ABSTRACT

Demonstration of disease freedom is a prerequisite for safe trade of animals and animal-derived products with
both domestic and international trade partners. Efficient surveillance designs have the potential to reduce the cost
of surveillance, whilst preserving the power of confirmation of freedom. The aim of this review was to evaluate
recent progress in the development of surveillance methods to demonstrate freedom from disease, in order to
determine if and where conventional strategies can be replaced by novel statistical methods. Data related to
demonstrating disease freedom in animal populations were extracted from 132 identified publications. This report
includes a descriptive analysis and an overview of the development and interrelation of methods relating to
demonstrating disease freedom including sample size calculations, scenario tree models and simulation models.
The number of identified publications continuously increased since 1995 with more frequent application of risk-
based methods after 2005. Forty-one, 29 and 28 publications were identified for the methodological groups
‘sample size calculation’, ‘scenario tree model’ and ‘simulation model’, respectively. Within each group, patterns
existed regarding methodological issues, imperfection and uncertainty of test characteristics, software application
and use of risk information. It is discussed, which methodologies are well established (e.g. two-stage sampling in
clustered populations), require further assessment (e.g. approximate versus exact methods to calculate sample
size; value of historical information) or would benefit from clearer guidelines (e.g. imperfect and uncertain test
characteristics; expert opinion; epidemiological models). Risk-based methods appear to be particularly useful
when demonstrating disease freedom as the confidence from previous surveys and targeted selection of higher risk
strata are highly suitable to increase the efficiency of a surveillance programme. It is hypothesized that revision of
international standards to guide decision makers, a well-established decision making framework, better analytical
tools (i.e. exact methods to calculate sample size; estimation of value of historic info) and comprehensive software
would promote the application of risk-based methodologies in the future and thus offer opportunities to decrease
surveillance costs.

Keywords: Surveillance, disease freedom, sample size, scenario tree model, simulation model, sensitivity, animal
health.
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2 ABBREVIATIONS
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Avian influenza

African Swine Fever

Bovine Herpes Virus 1

Bovine Spongiform Encephalopathy

Bluetongue disease

Classical Swine Fever

Echinococcus multilocularis

European Union

Friedrich-Loeffler-Institut

Foot and Mouth Disease

1* generation of output-based standards: See Cameron (2012)
2" generation of output-based standards: See Cameron (2012)
Multistage random sampling

Number of publications

Newcastle disease

World Organization for Animal Health

Design prevalence

Animal or within herd design prevalence

Herd or between herd design prevalence

Porcine Reproductive and Respiratory Syndrome
Royal Veterinary College

Sensitivity

Specificity

Sanitary and Phytosanitary

Simple random sampling

Scenario tree method

Tuberculosis

Viral hemorrhagic septicemia

Work package

World Trade Organization
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3 INTRODUCTION

Freedom from infection is identified as ‘the absence of a pathogenic agent in the country, zone or compartment’
(OIE, 2011). The objective to demonstrate ‘freedom from infection” can however be ambitious as the surveillance
method, the diagnostic test or the vaccination status of the animals may not allow detecting infected animals. For
example, passive clinical farmer reporting and serological testing would not detect infected animals during the
incubation period and during the pre-seroconversion window period, respectively, and the use of non-marker
vaccines would not allow to distinguish between infected and vaccinated animals (Kitching, 2003). Therefore, it
was decided to use the more general term ‘freedom from disease’ throughout the report to cover both, freedom
from disease and infection. In a wider sense, this term shall also cover non-infectious or non-pathogenic
substances such as antibiotic residuals (hazard freedom).

Obtaining the status of freedom from disease can carry important implications not just for trade, but also for non-
trade purposes such as to improve public health, to decide when to stop an eradication programme and to
eliminate production losses and control costs due to endemic disease. Thus, it has relevance for a country, a zone
as well as for individual herds (certification programmes). However, due to imperfect measurement methods (i.e.
test specificity <100%) and the impracticality of testing every animal in the population, it is not possible to prove
absence of disease with absolute certainty. Instead, demonstration of freedom from disease involves providing
sufficient evidence to show that if a particular pathogen is present, it is present in less than a specified proportion
of the population (design prevalence, P*) at a given level of statistical confidence. Hence, rather than aiming to
document absolute freedom, the aim is to estimate the “probability of freedom from disease” and its opposite, the
“probability of disease” despite having negative test results (Schuppers, et al., 2012). Applying this probabilistic
approach allows considering accumulative evidence (Cameron, 2012), such as taking results from different
surveillance activities (structured and non-structured) and from previous surveys into account. However, this also
means that applied statistical methods, determination of risk-pathways and estimation of risk ratios need to be
scientifically sound.

Traditionally, input-based standards have been used, which prescribe the surveillance activities to be carried out
(i.e. sampling strategy, sample size, choice of test and frequency of testing), assuming that the population
properties of herds are homogeneously distributed. However, herds vary in many factors: The most relevant ones
are herd size, risk of infection and spread as well as the likelihood of pathogen detection. Therefore, this method
has proven to be inefficient as it wastes resources in large and in low-risk herds. Moreover, it is ineffective as it
provides only insufficient evidence in small and high-risk herds (De Massis, et al., 2005, Cameron, 2012).
Although input-based standards are simple to implement and audit, there is an increasing tendency to set output-
based standards, which prescribe what surveillance has to achieve. Output-based standards grant the flexibility
required to find the most effective surveillance approach for the specific population under surveillance. However,
there is a need to a) define clear guidelines how to achieve the expected outputs and to document the applied
decisions and procedures, b) update / develop tools to allow application of more complex methodologies and c)
create a framework for validating the surveillance system so as to ensure standardized and reliable implementation
of output-based standards (Willeberg, et al., 2012).

Risk-based surveillance methods are particularly useful for demonstrating freedom from disease (Cameron, 2012,
Oidtmann, B., et al., 2013). First, targeted selection of high risk strata is particularly efficient when a disease is
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rare as it increases the likelihood of detection. Secondly, the value of historical information is higher when the aim
is to demonstrate disease freedom than for endemic diseases, as the impact of disease spread or effectiveness of
control measures plays no role if the disease is truly absent and no new introduction has occurred. The definition
of risk in the context of disease freedom however is still under debate: The standard definition of risk in the field
of risk analysis for animals is ‘the chance of encountering some form of harm, loss or damage’ (OIE, 2004),
which implies that both likelihood (contracting disease) and consequences (spreading disease) should be
considered. Cameron (2012) argued for demonstrating disease freedom the question is whether the population is
infected, rather than whether it becomes infected. Based on this argument, the authors suggest that the only focus
should be on the likelihood of infection when selecting high-risk strata. This recent discussion indicates the need
to agree on standard terminologies related to risk-based surveillance, which may differ between surveillance
objectives (early detection, endemic disease, disease freedom).

Due to trade globalization, it would in the long term also be desirable to reach agreements at the international
level on how to define surveillance requirements to demonstrate disease freedom in a consistent and transparent
way. For example, the handling of different hazards within the European Union (EU) does not follow a consistent
strategy (Reist, et al., 2012), as some programmes still rely on input-based standards, while others have adopted
output-based standards, sometimes also promoting risk-based surveillance methods. It would be useful to define
requirements for demonstrating freedom from different hazards consistently and in a transparent way, outlining
how the biology of the disease and other factors influence the decision on selected design criteria. Similarly,
increased consistency between organizations / regions may contribute to a more uniform approach for trade
regulation. For example, the World Organization for Animal Health (OIE) was designated in the Sanitary and
Phytosanitary (SPS) Agreement of the World Trade Organization (WTQ) as the standard-setting organization for
animal health, so that any differences in regulations set by the EU should exceed the minimum requirements by
the OIE. However, this may not always be the case as demonstrated by Schuppers, et al. (2011). The requirements
set by the OIE and EU for detecting Trichinella spp. infections differ with respect to testing method (serology
versus meat inspection), P* (0.02/0.01% and 0.2/0.5%1 versus 0.0001%) and the level at which disease freedom
can be testified (country only wversus country and herd), so that it is not straightforward to assess the
comparability. Moreover, for comparability of surveillance systems, it would be desirable to provide clear
guidelines based on peer review by experts which criteria to consider when defining fundamental parameters such
as P* and propose standard values for each disease of international interest. The expectation of sound
justifications that need to undergo independent review would oblige trading partners to base parameters on
scientific rather than on political or economic grounds. For those diseases, for which no international standards
exist, the general guidelines could help trading partners to select suitable criteria.

Standardization regarding both the implementation and validation of output-based standards as well as the
definition of national and international requirements should account for new methodological developments, which
could lead to a more efficient use of existing resources. Recent reviews have outlined new developments
regarding the design of surveillance systems to demonstrate freedom from disease (Dufour, et al., 2001, Stark, et
al., 2006, Cameron, 2012, Oidtmann, B., et al., 2013). For example, new methods have been developed
accounting for imperfect diagnostic tests and finite population sizes (Cameron, et al., 1998a) as well as clustering

! The OIE specified different design prevalences for the sow and finisher pig population during the first 5 years (0.02%
and 0.01%, respectively) and thereafter (0.2% and 0.5%, respectively).
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and heterogeneity in P* (Audigé, et al., 1999). Furthermore, multistage (Cameron, et al., 1998b) and risk-based
(i.e. targeted) sampling (Dufour, et al., 2001), pooling of samples (Christensen, et al., 2000) as well as using
information derived from multiple data sources and historical surveillance results (Martin, et al., 2007b) may
allow reducing the number of samples or tests required. Such methodological approaches may have the potential
to increase the accuracy and cost-effectiveness of surveys to demonstrate freedom from disease, but also increase
the complexity of methods and therefore make it more difficult to evaluate the adequacy of the system.

The aim of this work was to review methodological developments for surveillance systems to demonstrate
freedom from disease and identify issues that are well established or may require further assessment. We operate
on the assumption that future methods need to preserve the power of confirmation of freedom and thus have the
potential to fulfill the legal requirements to the same extent as the established conventional methods.

4 MATERIALS AND METHODS

The initial search for publications was done by colleagues from the Royal Veterinary College (RVC) to ensure a
homogeneous search for reviews between the three work packages 2-4. Their approach was based on an
automated search of peer-reviewed literature of the ‘CabAbstract’ and ‘Scopus’ databases. These databases have
been chosen as they were thought to cover more than 91% of journals relevant for veterinary studies (Grindlay, et
al., 2012). Title, abstract and keywords were included in the search. This search was limited to studies published
in English in the last 20 years (1993 to 2012). The search was conducted in two stages:

First, a general theme was defined for all three WPs, targeting publications dealing with surveillance of animal
health based on the following search terms:

surveillance OR monitor* OR survey* OR sampling

AND

animal* OR livestock OR veterinary* OR fish* OR wildlife OR “food system** OR herd* OR farm* OR cattle OR cow* OR bovine OR ruminant*
OR pig* OR porcine OR swine OR sheep OR goat* OR poultry OR bird* OR avian OR horse* OR equine OR equid* OR cat* OR dog*

AND

disease* OR health OR infection* OR outbreak

Next, specific searches were carried out for each work package (WP). For WP3, the search terms ‘freedom’ OR
‘negative predictive value’ OR ‘sensitivity’ OR ‘absence of disease’ were used. The sensitivity of these search
terms was evaluated by cross-checking the resulting publications with a list of publications considered relevant by
the FLI group. The search was subsequently performed without further modifications on 21* January 2013.

Titles and abstracts of resulting publications were screened for eligibility based on exclusion criteria 1-13 (Table
1). For all remaining publications, full texts were obtained and forwarded to the FLI group. One researcher at the
FLI carried out all of the subsequent steps described. Full texts were screened to identify publications to be
included based on exclusion criteria 1-15. Conference proceedings (e.g. ICAHS proceedings published in a
special edition of the journal ‘Epidémiologie et Santé Animale’) were excluded as they were not considered to
provide enough details on methodologies and results to allow a detailed comparison with full text publications.
The search of ‘CabAbstract’ and ‘Scopus’ databases and subsequent steps were repeated on 8" July 2013 to
update the database with articles published in the meantime.
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A systematic search within the ‘cited by lists’ of each selected article was performed in the database in ‘Web of
Knowledge’, using the words ‘free*” OR ‘absence’ to identify additional relevant publications that may have been
missed in the initial search. ‘Sensitivity’ was not included as a search term in this search anymore as it was
considered too broad to be included at that stage of verification. Furthermore, relevant publications from the
reference list of included publications as well as methodological key publications published before 1993 were
included afterwards (non-systematic search). Full texts of these publications were also downloaded and screened
for eligibility based on the same exclusion criteria.

It was assessed how many of the publications in the final publication list were identified when searching
title/abstracts/key words by one search term at a time. The search term used for the initial search (‘freedom’;
‘negative predictive value’; ‘sensitivity’; ‘absence of disease’) and the two modified search terms (‘free’;
‘absence’) were assessed. The percentage of publications identified by the respective search terms indicates how
sensitive this search term was in identifying relevant publications. The following variables were extracted from
the publications, where applicable:

e General information: author, year, country, species group, disease, objective as stated in the article, level
(herd, regional, national, international), type of data (real, simulated, both);

e Methodological categorizations (details see below): primary objective of paper, type of method,
application of risk-based methods;

e Surveillance details: surveillance components, sampling method, time units, P*, confidence level,
sensitivity, specificity, risk factors applied;

e Methodological details: outcome of interest, calculation method, uncertainty in test characteristics (and
other parameters), category nodes (for scenario tree model), sensitivity analysis.

Publications were grouped based on their primary objective (‘application of a method’, ‘comparison of methods’,
‘new method’, ‘description of a programme’, ‘input parameters’, ‘evaluation of methods’, ‘simulation model’,
‘opinion paper’, ‘review paper). If more than one objective applied, the main objective was defined. Furthermore,
publications were grouped according to the applied method(s) (‘sample size calculation’, ‘scenario tree model’,
‘simulation model’, ‘other methods’, ‘not methodological’). Publications with the objectives ‘description of a
programme’, ‘evaluation of methods’, ‘opinion paper’ and ‘review’ may not necessarily appear under one of the
methodological groups. Lastly, publications were grouped as to whether they applied risk-based strategies. For
that purpose, risk-based strategies were defined to be applied if a publication targeted subpopulations that have a
higher risk of infection than the population as a whole (targeted surveillance) (Salman, et al., 2003) or took into
account the level of confidence from previous surveys (risk-based sample size calculation) (Cannon, 2001, Stark,
et al., 2006). An article was not grouped as risk-based if it only targeted one risk group without further risk
differentiation within this group.

Extracted data were entered into a customized Access database. The Fisher exact test was used to test for
statistical differences in the application of risk-based methods between the species groups ‘Cattle’, ‘Small
ruminants’, ‘Pigs’, ‘Poultry’ and ‘Wildlife’.

Analyses and graphical representations of the data were performed using R version 3.0.1 (R Development Core
Team: www.r-project.org).
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5 RESULTS

51 Search results

For the review, 131 of the 162 screened publications were included, of which 19 dealt with new methodologies
and 14 were review or opinion papers (Figure 1). The percentage of publications identified through the initial
database search, the search of ‘cited by lists’ and the reference lists was 57.3%, 34.4% and 8.4%, respectively.
The most sensitive single search terms used for this review were ‘freedom’ (47.2% of publications; compared to
the modified search term ‘free’: 59.8%) and ‘sensitivity’ (37.0%). ‘Absence of disease’ (3.1%; compared to the
modified search term ‘absence’: 9.4%) and ‘negative predictive value’ (0.8%) appeared in the
title/abstract/keywords of only few publications, most of which were covered by other search terms as well. Most
exclusions were based on the criteria ‘Conference proceeding” (n = 11), followed by the criteria ‘Control
measures’ (n = 6) and ‘Endemic’ (n=4) (Table 1).

5.2  Descriptive results

Table 2 shows the grouping of all 131 publications based on primary purpose category and application of risk-
based methods. Risk-based methods were applied in 66.4% of the publications.

Of the 105 publications that specified the area under investigation, 63.8% referred to a country/region in Europe,
16.2% in Australia, 15.2% in the Americas and 4.8% in Asia (Figure 2). The highest number of publications
referred to Switzerland (n = 20), followed by Australia (n = 11) and Denmark (n = 11). More than 90% of the
publications referring to Australia and Denmark included application of risk-based methods (Switzerland: 60%).
Figure 3 illustrates a continuous increase in the number of publications on disease freedom from 1995 to 2012.
After 2005, the annual median percentage of publications including risk-based methods was higher than 75%. Of
the 115 publications referring to a specific level, disease freedom was mostly applied at the national (53.0%) or
multinational level (3.5%), followed by the regional (20.9%) and herd level (22.6%) (Figure 4).

Figure 5 shows that most publications referred to ruminants (n = 57) and pigs (n = 21), followed by aquacultural
species (fish, crustaceae; n = 9), poultry (n = 8) and wildlife (n = 8). There was no statistical difference in the
application of risk-based methods between species. Common diseases covered included Paratuberculosis (n = 16),
TB, FMD and Al (8 publication each), Trichinella (n = 7), PRRS (n = 5), brucellosis (n = 4), VHS, Scrapie, EM,
BSE and BT (3 publications each), ND, CSF, BHV-1 and ASF (2 publication each) (data not shown). Apart from
brucellosis, risk-based methods have been applied to every disease, for which the review has identified at least
two publications.

5.3  Methodologies

Important methods for demonstrating disease freedom include the calculation of the sample size necessary to meet
certain survey requirements (section 5.3.1) and the epidemiological models used to estimate the probability that a
population is free from a specified disease (section 5.3.2).
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5.3.1 Sample size calculation

The review identified 41 publications reporting the calculation of sample sizes (Table 3), of which nine applied
simple random sampling, 11 multi-stage random sampling and 21 risk-based sampling (including five
publications calculating sample size via a scenario tree model).

Sampling is usually performed without replacement, apart from special situations such as sampling of rodents in
live traps, which are subsequently released and recapturing is possible (Seber, 1986), even if the probability may
be low. When sampling without replacement, the hypergeometric distribution is mathematically the exact method
to use (Feller, 1968). However, this formula is impossible to solve exactly for large population sizes. Therefore,
different kinds of binomial approximations were proposed: Cannon (1982) illustrated the use of the simple
binomial approximation and Cameron (1998a) developed the modified binomial approximation to the
hypergeometric formula. Cameron et al. (1998a) compared these two approximations and showed that the
modified binomial approximation formula is more suitable for small population sizes than the simple binomial
formula. A generally accepted recommendation is that the binomial approximation is only appropriate to use
when the sampling fraction is less than 10% of the population size (Dohoo, et al., 2003, Fosgate, 2009, Williams,
et al., 2009a).

Cannon (1982) applied the simple binomial approximation for simple random sampling (SRS), which assumes a
homogeneous population. Cameron (1998b) applied the modified binomial approximation formula also to multi-
stage random (MSR) designs, as described by Levy (1991), in order to address the issue of disease clustering. By
calculating sample sizes for separate sampling units (e.g. herds, animals), a different P* can be assigned (e.g.
between herd design prevalence, P*H, for the selection of herds; animal or within herd design prevalence, P*A,
for the selection of animals within the herd). Hence, sample sizes can be calculated for each stage accounting for
imperfect test characteristics. The selection of individual units from within a risk stratum is usually done based on
SRS to ensure that the sample from each stratum is representative (Cameron, 2012). As the herd has been
increasingly recognized as the unit of interest in international legislation concerning domestic animals (Stérk, et
al., 2000, OIE, 2011), MRS has become the standard approach in livestock populations that are clustered into
herds, flocks or other groups although it results in larger sample sizes than SRS as demonstrated by Stark (2000).
All but one (Rodriguez, et al., 2012) of nine reviewed publications applying SRS actually dealt only with one
level (i.e. herd as unit of interest, census of herds). Rodriguez (2012) justified the application of SRS given that, in
their study, the domestic ruminant population was kept on an island.

Early sample size calculations were based on the assumption of a perfect diagnostic test (Cannon, 1982).
Therefore, a major development has been the inclusion of test characteristics (i.e. sensitivity, Se and specificity,
Sp) as a perfect test hardly exists (Fosgate, 2009). The modified binomial approximation formula by Cameron et
al. (1998a) allows incorporating test characteristics. Cannon (2001) proposed two new approximations to calculate
sample size based on the maximum number of diseased animals accounting for imperfect Se and Sp or imperfect
Se at perfect Sp. Only one article has been identified in the review (Hadorn, et al., 2002) that applied this
calculation method, making use of the advantage that the required level of confidence can be adjusted. Of those 35
publications that specified test characteristics, 16 accounted for imperfect Se and Sp, whilst six assumed perfect
test Se and Sp and eleven assumed perfect Sp (allowing for imperfect Se).

If a perfect test is assumed, the formula of Cannon (1982) can be solved using a simple hand calculator or the
freeware application WinEpiscope (www.clive.ed.ac.uk/winepiscope/) developed by Thrusfield et al. (2001).
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WinEpiscope includes a sample size adjustment factor to correct for small population sizes (Fosgate, 2009). Three
publications used WinEpiscope. The modified binomial approximation formula by Cameron et al. (1998a)
including the aspect of imperfect test characteristics and the option to incorporate multi-stage random sampling is
implemented in the freeware application FreeCalc (part of SurveyToolbox: available at
http://epitools.ausvet.com.au/content.php?page=SurveyToolbox). The latter can also be used for the analysis of
survey results (Audigé et al., 1999, Baldock, 1998, Deliberto et al., 2009, Gustafson et al., 2010, McFadden et al.,
2009, Mur et al., 2012, Paton et al., 2006, Reber et al., 2012, Ryan et al., 2012, Van Schaik et al., 2003). FreeCalc
has since been the most commonly used software when calculating sample size to demonstrate freedom from
disease (20 out of 38 articles published since its development).

Johnson (2003) extended the work of previous authors (Cameron, et al., 1998b, a, Cannon, 2001), accounting for
uncertainty in test Se and Sp using a Bayesian approach in a single cluster setting. They argued that test
characteristics are rarely known with certainty. When comparing sample sizes with those estimated by Cameron
(1998a), Johnson (2003) demonstrated that sample sizes were comparable if Se and Sp were known with high
certainty, but were higher with increasing uncertainty. Branscum, et al. (2006) extended the approach of Johnson
(2003) to a multiple cluster setting, also allowing for clusters with zero prevalence, variability in prevalence
among clusters and uncertainty in the within cluster prevalence. This approach was subsequently applied by
Kostoulas (2012).

Risk-based sampling

Risk-based sampling as defined in this report can involve targeting subpopulations that have a higher risk of
infection than the population as a whole (targeted sampling) or accounting for the level of confidence from
previous surveys (risk-based sampling). Four comprehensive reviews provide a good outline of the historical
development of risk-based surveillance (Dufour, et al., 2001, Stark, et al., 2006, Cameron, 2012, Oidtmann, B., et
al., 2013).

Hadorn, et al. (2002) developed a method based on the work of Cannon (2001) and Audigé (1999) that allows
adjusting the required level of confidence for repeated surveys and thus reducing the sample size. Aspects that
may affect the value of historical information include the probability of introduction (Hadorn, et al., 2002) (e.g.
through legal or illegal trade, wildlife, vectors) and the consequences of residual undetected infection (Knopf, et
al., 2007). Schwermer (2009) developed this method further for non-highly contagious diseases by incorporating
the time dependent reduction process of the value of historically gained testing information by multiplying the
confidence acquired in the past with the proportion of surviving animals. Furthermore, this method of accounting
for the ageing of historical information reduced the degree of undulation of the confidence level compared to the
method by Hadorn (2002).

Several authors demonstrated reductions in sample sizes (Hadorn, et al., 2002, Knopf, et al., 2007, Schwermer, et
al., 2009, Williams, et al., 2009a, b, Schuppers, et al., 2010a, Blickenstorfer, et al., 2011) and survey cost
(Blickenstorfer, et al., 2011, Reist, et al., 2012) when risk-based methods were applied. The magnitude of
reductions in sample sizes depend on various factors and can thus not be generalized. However, risk-based
surveillance taking historic records into account was demonstrated to achieve reductions in sample sizes by up to
80% (Hadorn, et al., 2002, Knopf, et al., 2007) and reductions in survey costs by over 6 million Euro (1.13% of
total cost) (Reist, et al., 2012). Examples for applying targeted sampling only (without taking historical
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information into account) also showed reductions in sample sizes up to 80% (Williams, et al., 2009b) and a
reduction in survey cost by 40% (Blickenstorfer, et al., 2011).

5.3.2 Epidemiological models

Epidemiological models are used to represent the logical or mathematical processes in the epidemiology of a
disease and associated factors (Willeberg, et al., 2011). After specifying model input parameters obtained from
real data, published literature review or expert opinion (Martin, et al., 2007b), the course of a past epidemic is
assessed (deterministic model) or its future course projected (predictive model). Such models may be used for a
wide range of purposes, such as to inform national, technical and administrative needs, scientific questions and
international, political and trade-related decisions (Willeberg, et al., 2011). Vose (1997) was the earliest author
identified in this review who described the two main modeling techniques based on the example of estimating
risks associated with the import of animals and animal products, i.e. the scenario-pathway method and simulation
modeling.

5.3.2.1  Scenario tree models (STM)

Martin (2007b) first applied scenario tree modeling (STM) for the aim to demonstrate disease freedom assuming a
test with perfect specificity. The authors justified this assumption by the fact that commonly applied multi-stage
ordered serial testing has perfect specificity and is therefore eligible to confirm potentially false-positive result.
Based on this assumption, it is further assumed that all final results (i.e. after completion of any diagnostic follow-
up) from the surveillance system are negative.

STM has been applied by 27 authors besides Vose (1997) and Martin (2007b) (Table 4). Most authors applied
STM at the country level and only one author at the herd level. Of the 26 publications, for which details were
specified, 21 accounted for historical information (ranging from 6 months to up to 16 years), 13 incorporated
information from more than one surveillance component and 20 distinguished between different risk groups (see
column ‘Risk factors’). Different scenarios were compared by 22 publications (data not shown). All but six
publications followed Martin, et al. (2007b) in their assumption of a perfect test or surveillance system specificity.
@Risk, developed by Palisade Corporation, was the software used by all but two others (data not shown). One
group used PopTools developed by Greg Hood, CSIRO, AUS (More, et al., 2009) and another one used
ModelRisk developed by Vose Software (Welby, et al., 2012). These two alternative products and @Risk are all
Microsoft Excel add-ins.

2007b) emphasized that their approach was quantitative, which should have a stochastic component, although a
qualitative or semi-quantitative approach may be more feasible in data-poor environments. Twenty-one
publications estimated quantitative input parameters partly by means of expert opinion, but only three provide a
detailed description on how expert opinion was gathered. All but four publications allowed for uncertainty in test
characteristics and often also other parameters such as risk ratios (stochastic model). Eighteen publications
included a sensitivity analysis to identify influential parameters.

The scenario trees can become fairly complex in that up to eight or nine nodes were assigned for the scenario tree
structure displayed in the publication (Table 4), sometimes in combination with multiple trees being constructed
for different surveillance components (Hadorn, et al., 2008b, Frossling, et al., 2009, Knight-Jones, et al., 2010,
Wahlstrom, et al., 2010, Frossling, et al., 2013), species (Wahlstrom, et al., 2011) or production systems (Martin,
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2008, Hadorn, et al., 2009, Alba, et al., 2010). Risk category nodes commonly related to potentially risky contacts
(n = 14), followed by management factors (n = 12), animal factors (n = 12) and location (n = 6) (Table 5). This
complexity was criticized by Hood, et al. (2009) who illustrated how a Bayesian belief network (BBN), a method
already used for modeling ecological systems, could be applied to deal with complex systems in a better way.
Compared to STM, BBN provide a compact diagram of the structure used, simplifies calculations and extends the
range of software that can be used. This method has not been applied in any other published work for animal
disease surveillance and only by one group in a publication on biosecurity surveillance (Whittle, et al., 2013).

5.3.2.2 Simulation models

Table 6 summarizes details of the 28 identified publications that used simulation models. A similar number of
simulation models were applied at the country (n = 10), regional (n = 7) and herd level (n = 11). Models were
most commonly used to calculate the surveillance system sensitivity (G1) (n = 13) or probability of freedom (G2)
(n =12), but also to assess the cost of surveillance (n = 7), calculate sample sizes (n = 2), estimate epidemiological
parameters such as the intra-correlation coefficient or prevalence (n = 3), estimate the time needed to confirm
disease freedom (n = 2) and simulate the spread of disease (n = 1). A longitudinal data set or multiple time periods
(2S) was considered by 15 publications, with longitudinal time periods ranging from four months to 25 years. Five
publications included multiple surveillance components, whilst the remainder only focused on one component,
usually active surveillance (n = 21). All publications that specified test characteristics accounted for imperfect test
sensitivity, whilst seven assumed perfect surveillance specificity.

Twenty publications applied a stochastic model allowing for uncertainty in input parameters, 17 of which
considered uncertainty in test characteristics (Table 6). A variety of software was applied including simple
spreadsheet models in Excel (n = 2), commercial modeling software (mainly @Risk, n = 10) freeware products
(R, n = 5) and own models that were made publicly available (JohneSSim and BDFree). Only nine publications
accounted for risk factors, most commonly previous disease status (n = 5).

6 DISCUSSION

In the last decade, a considerable shift has occurred in the design of surveillance systems through the increased
application of output-based standards and propagation of risk-based methods. But it appears that there is a need
for harmonization and standardized guidelines, which would make it easier to design, validate and compare
different surveillance systems (Vanderstichel, et al., 2013). This is the first report in recent years reviewing
methodological developments for surveillance systems to demonstrate freedom from disease. The aim of this
report was to review methodological developments for surveillance systems to demonstrate freedom from disease
and identify issues that are well established or may require further assessment.

The first part descriptively identified patterns of the number of identified publications and whether they applied
risk-based methods. Risk-based methods were increasingly applied after 2005. This trend was possibly due to the
relatively new evidence that past surveillance results can be used to strengthen confidence in disease freedom
(Hadorn, et al., 2002), the publication of reviews (Dufour, et al., 2001, Stark, et al., 2006) and the introduction of
the scenario tree model as a relatively straightforward method, which allows incorporating risk category nodes
(Martin, et al., 2007b). Since then, risk-based methodologies have become increasingly accepted, at least within
the scientific community.
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The number of publications referring to a particular country or region showed interesting publication patterns.
Most publications referred to an application in Switzerland (n = 20), followed by Australia (n = 11) and Denmark
(n = 11). This result might be explained by a mixture of factors such as strong exporting background (Denmark,
Auwustralia) and freedom from a comparatively large number of diseases, but also by the location of key institutes
and key people for the development and application of epidemiological methods propagating risk-based
approaches.

The predominance of publications referring to an application within a European country (63.5% and 43.8%,
respectively, when including all of Europe or EU countries only) illustrates the importance of demonstrating
disease freedom within this region, possibly combined with a strong financial support for research. Both, extra-
EU exports and intra-community trade (measured in terms of dispatches) of live animals and animal products,
play an important role in this economic and political union. Hence, the single market comprised of separate
member states makes surveillance to demonstrate disease freedom very important. The predominance of
publications relating to the national or multinational level indicates the international importance of disease
freedom, as it is a prerequisite to maintain, open new or re-open (after an outbreak) export markets. However, also
from a regional and herd level perspective, demonstrating disease freedom offers benefits as trade permits can be
issued for a specific region or certified herds within a region.

Although risk—based methods have been described in the literature, they are often only science-based, while
national or regional programmes need to follow international regulations to take advantage of international trade
benefits. Legal frameworks are relatively slow in responding to new evidence as the validity of advancements
needs to be well-established and the process in getting legal documents drafted and approved is rather slow.
Therefore, it is important to develop sound scientific evidence, which can support policy makers in decision-
making. Another potentially limiting factor is insufficient data/evidence to inform the choice of suitable risk
factors and quantification of risk ratios (Oidtmann, B., et al., 2013). This is especially a problem when a disease
has not been present in the country for a long time, so that estimates can only be derived from other, e.g.
neighboring countries, from the literature or expert opinion. Furthermore, risk-based methods make it difficult to
compare surveillance systems between countries (Stark, et al., 2006) and to extrapolate the results to the general
population if positive samples are detected (Williams, et al., 2009b). Finally, it is hypothesized that decision
makers may be unsure of the correct implementation of such methods since officially approved guidelines,
manuals or electronic tools are missing. In terms of the utility of risk-based surveillance, their economic benefits
may be limited by the fact that substantial efforts are required to inform and update the designs. Formal economic
evaluation would therefore be desirable, although it is anticipated that gains in the context of surveillance for
freedom from disease will probably be sufficient to justify the investment.

The methodological part distinguished between three groups, which are a) methods to carry out sampling and
calculate sample sizes, b) scenario tree models and c) simulation models. When calculating sample size, a major
advancement over recent years has been the general acceptance that an infectious disease cannot be assumed to be
homogeneously distributed throughout the population if animals are kept in groups (e.g. herd, flock). Although
multi-stage random sampling results in a higher total number of samples (Stark, et al., 2000), it addresses this
cluster effect of herds. Consequently, over the last decade multi-stage random sampling has become a general
legal requirement when animals are kept in herds.
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Another major advancement has been the development of the modified binomial approximation to the
hypergeometric formula (Cameron, et al., 1998a) instead of the simple binomial approximation (Cannon, 1982) as
it is more suitable for small populations and allows incorporating test characteristics, even for multi-stage
sampling. Other approximations may exist, but have not been applied by the identified publications. However,
there is insufficient evidence how the approximation formulas compares to the exact calculation method. It should
be explored whether complex issues such as the calculation of confidence intervals for the hypergeometric
formula could be incorporated into a software, which has not yet been the case, at least not when Fosgate (2009)
published his work.

Interestingly, uncertainty in test characteristics was rarely accounted for when calculating sample sizes (8/39),
although Bayesian methods suitable for this purpose have been proposed at least a decade ago (Johnson, et al.,
2003). In comparison, when scenario tree models or simulation models were applied, uncertainty in test
characteristics were incorporated by 22/26 and 17/27 publications, respectively. This raises the question, whether
uncertainty in test characteristics should be included or not (regardless of the technical limitations such as
software) and to what extent it depends on epidemiological parameters (e.g. P*, confidence level), the disease of
interest and the applied test.

Another issue that was handled differently between methods was how publications dealt with imperfect
specificity. Perfect specificity is a common assumption when demonstrating disease freedom (Cannon, 2002,
Martin, et al., 2007b, Cameron, 2012). The key reference (Martin, et al., 2007b) for scenario tree modeling
worked on the assumption of perfect surveillance specificity, based on the hypothesis that disease freedom can be
rejected as soon as a true positive sample is found. Therefore, serial testing is generally used to verify any positive
results, so to increase specificity to the highest possible degree. Subsequently, more than 70% of publications
applying STM assumed perfect specificity. In comparison, only 47.1% (n = 16) and 28.0% (n = 7) of publications
assumed perfect specificity when calculating sample size and applying simulation modeling, respectively.
Therefore, it is proposed to clearly illustrate the effect of serial testing and assuming perfect specificity on overall
survey sensitivity for a range of scenarios and provide guidelines whether this practice is acceptable (or only
under certain conditions).

Scenario tree modeling provides a relatively easy to use tool to determine the sensitivity of the surveillance
system as a whole or of individual branches (e.g. components, species, production types etc.), calculate sample
size and evaluate what-if scenarios. This method allows estimating surveillance sensitivity based on non-random
data (not just from structured random surveys) and incorporating information from multiple data sources. By
incorporating Bayesian methods, Martin (2007b) also demonstrated the possibility of accounting for historical
information with this easy to use tool. Scenario tree modeling is valuable for demonstrative purposes as the target
audience can easily follow the steps undertaken in the analysis as long as it is not too complex (Hood, et al.,
20009).

Incorporating historic information to adjust the probability of freedom and thus reduce the required sample size of
the upcoming survey (risk-based sample size calculation) has become a popular tool (e.g. applied in five out of 26
publications applying scenario tree models). New disease introductions (through legal or illegal trade, movement
of wildlife, vectors, ...) and residual infection may contribute to a loss in value of historical information. It would
be beneficial to summarize relevant aspects to consider according to the country’s specific situation in order to
adequately estimate the loss in value of historical information.
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Simulation models provide maximum flexibility. For example, whilst STM assumes two infection states (infected,
not infected), simulation models allows accounting for different infection states (e.g. susceptible, non-susceptible,
latent-infected, lowly infectious, highly infectious and clinical disease), various infection routes and different
design prevalences. On the one hand, this flexibility can lead to an improved model, which allows assessing a
wide range of scenarios. On the other hand, it may become difficult for the audience to assess the adequacy and
validity of the model structure and input parameters. Guidance would be useful for policy makers when to use a
STM or a simulation model and what standards need to be followed to document the decision making process
when designing a model. Guidelines would also be valuable how to validate the model and related outputs so that
also a less experienced target audience has the option to assess its adequacy.

One problem with both modeling methods is that they often require many input data, which are not known with
certainty. Sensitivity analysis was commonly applied for scenario tree models (69.2%), but not for simulation
modeling (28.6%) to assess whether the model was affected by the uncertainty and variation associated with input
parameters. Given the difficulties in accurately defining input parameters, sensitivity analysis could be proposed
as a general requirement to assess which parameters have a large impact on results and could thus potentially be
targeted by future research (e.g. epidemiological studies, simulation studies, more intense literature review)
(Fahrion, et al., 2011). Another weakness was that expert opinion was widely used to define input parameters, but
often no details were provided on the process and number of experts included, thus not informing the reader about
the validity of assumptions, although they have a high influence on model outputs. Hence, standard guidelines on
how to obtain and validate expert opinion and other input parameters could be a useful advancement to ensure
validity and thus acceptance of epidemiological models (Gustafson, et al., 2013).

There are some methodological limitations to the review article. First, the original database search identified 75 of
the 131 included publications, whilst the search of the ‘cited by lists’ identified 46 publications. Hence, the latter
search method may present an effective way of finding additional references and could possibly be recommended
for future reviews if the related workload is manageable and the initial database search appears to have resulted in
incomplete coverage. However, if many publications have been missed in the initial database search, bias may
occur as certain streams of publications may be missed completely. The results presented here cannot be assumed
to cover the complete range of potentially relevant publications. However, we are confident that relevant
methodological publications were picked up through the search, as it included three different components, two
systematic ones (initial database search and search of the ‘cited by lists’) and one non-systematic one (reference
lists). Furthermore, scientists working in the field did not detect any important publications being missed.
Secondly, at this stage only one researcher has screened full texts and extracted the information, so that this
review cannot be termed a systematic review yet. However, prior to publication in a peer-reviewed journal, other
FLI researchers will split the publications amongst themselves and extract the variables covered in this report.
Inconsistencies in results shall be resolved based on the outcome of subsequent group discussions.

This review examined the three most common methodologies to demonstrate disease freedom and identified
aspects that are well established, require further evaluation or would benefit from clearer guidelines. These aspects
need to be further discussed with experts to verify and prioritize them according to their impact. Some additional
methodologies referred to in publications included in the descriptive part were detected by this review, but were
not used by any subsequent authors and did not clearly fit the context chosen for this report. But the usefulness of
these and as well as potential other statistical methodologies, which may not have been documented yet in the
context of demonstrating freedom from disease, will need to be further explored.
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7 CONCLUSION

This review outlined major methodological developments and suggested areas that may benefit from further
exploration. For example, the RISKSUR project could address the following gaps in knowledge identified in this
review:

o Application of exact hypergeometric calculations to calculate sample size and confidence intervals;
o What aspects should be considered when estimating the value of historic information?

e Simulation of methodological aspects such as sample size calculation methods, serial testing and
uncertainty of test characteristics over a continuous range of scenarios, which can inform the illustrate
differences and thus inform the choice of appropriate methods;

o Development of guidelines and training materials on how to select appropriate methods depending on the
surveillance objective and the country situation.

It is hypothesized that improved international standards to guide decision makers, a well-established decision
making framework, better illustrated analytical tools and comprehensive software could promote the application
of risk-based methodologies in the future. However, such guidelines and tools would need to be revised on a
regular basis to take into account new developments.
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9 FIGURES AND TABLES
Table 1. Exclusion criteria for selection of publications in the review of methods to demonstrate freedom from
disease.
No. Exclusion criteria (short) Description n
1 Case report The paper is a case report 0
2 Control measures The paper focuses only on control measures (i.e. vaccination, stamping 6
out...)
3 Descriptive paper The paper is only descriptive (e.g. historical trend of a disease) 3
4 No freedom from disease The paper is not relevant for demonstrating freedom from disease 3
5 Disease review The paper is a review of a particular animal disease 0
6 Experimental infection The paper involves experimental infections 0
7 Field survey The paper is a field survey/report (incl. outbreak investigation) 0
8 Molecular characterization ~ The paper focuses on molecular characterization of pathogen 0
9 No animal disease The paper does not focus on animal diseases or animal health 0
10  Nosurveillance The paper does not focus on disease surveillance as defined for this project 1
11 Endemic The disease of interest is endemic/enzootic in the study area, without focus 4
on certifying disease freedom at the herd/flock level
12 Test evaluation The paper deals with test evaluation and/or implementation of new 1
diagnostic methods/tests
13 Vaccine evaluation The paper deals with evaluation of vaccine efficacy 0
14 Proceeding The paper is a conference proceeding published in a special edition of a 11
scientific journal
15  Evaluation The paper focuses on surveillance system evaluation 2
Total 31
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98 articles identified by
searching scientific
databases

23 articles excluded
after full text screening

53 articles added by
searching cited by list
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eligibility after full text
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10 articles added via
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articles
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8 articles excluded after
full text screening
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131 articles included in
the systematic review

98 articles on
description, application
or comparison

19 articles on new
methodological aspects

14 review articles /
opinion papers
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Figure 1. Flowchart illustrating the process of selecting peer reviewed publications (n = 131) included in the review of
methods to demonstrate freedom from disease.
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Table 2. List of publications included in the review of methods to demonstrate disease freedom grouped by primary objective and application of risk-based methods (n = 131).

Primary objective Not risk-based Risk-based
n  References n  References
Application of a 7 Thrusfield, et al., 2005, Knight-Jones, et al., 2010, 13 Bradley, et al., 2005, Martin, et al., 2007a, Rolesu, et al., 2007, Martin, 2008,

method

Comparison of 8
methods

New method 8
Description of a 7
programme

Input parameters 2
Evaluation of 6
methods

Simulation model®? 3
Opinion paper 1
Review paper 2
Total 44

Christensen, et al., 2011, Mur, et al., 2012, Murphy,
etal., 2012, Ryan, et al., 2012, Trevennec, et al.,
2012

Vose, 1997, Ziller, et al., 2002, Van Schaik, et al.,
2003, Greiner, et al., 2005, Norby, et al., 2005, Su, et
al., 2007, Hadorn, et al., 2008a, Hasler, et al., 2012

Cannon, 1982, Cameron, et al., 1998b, a, Audigeé, et
al., 1999, Cannon, 2001, Johnson, et al., 2003,
Branscum, et al., 2006, Schuppers, et al., 2012

Thornton, et al., 1995, Gohm, et al., 1999,
Rautiainen, et al., 2001, Feliziani, et al., 2005,
Cagienard, et al., 2006, Rawdon, et al., 2010,
Plischuk, et al., 2011

Peeler, et al., 2008, Sanchez-Vizcaino, et al., 2010a

Thorburn, 1996, James, et al., 2002, Branscum, et al.,
2005, De Massis, et al., 2005, Nérette, et al., 2008,
Tavornpanich, et al., 2012

Suess, et al., 2002, Heuer, et al., 2007, Ebel, et al., 2008
Baldock, 1998
Christensen, 2001, Fosgate, 2009

17

11

21

89

Deliberto, et al., 2009, Frossling, et al., 2009, Hadorn, et al., 2009, Wahlstrém,
etal., 2010, Wahlstrém, et al., 2011, Goutard, et al., 2012, Rodriguez, et al.,
2012, Calvo-Artavia, et al., 2013, Fréssling, et al., 2013

Good, et al., 2001, Hanson, et al., 2003, Weber, et al., 2004, Hadorn, et al.,
2008b, Durand, et al., 2009, Schwermer, et al., 2009, Alba, et al., 2010, Efsa
Panel on Biological Hazards, 2010, Schuppers, et al., 2010a, Welby, et al.,
2010, Blickenstorfer, et al., 2011, Handel, et al., 2011, Willeberg, et al., 2011,
Reber, et al., 2012, Reist, et al., 2012, Bessell, et al., 2013, Boklund, et al., 2013

Schlosser, et al., 2001, Cannon, 2002, Hadorn, et al., 2002, B6hning, et al.,
2006b, Martin, et al., 2007b, Hood, et al., 2009, Joly, et al., 2009, Williams, et
al., 2009a, b, Martinez, et al., 2010, Kostoulas, et al., 2012

McLaughlin, 1995, Garner, et al., 1997, Ellis, et al., 1998, Black, et al., 2001,
Appleyard, et al., 2002, East, et al., 2004, Mintiens, et al., 2005, Corbellini, et
al., 2006, Racloz, et al., 2006, Radunz, 2006, Alban, et al., 2008, O'Grady, et
al., 2008, Pare, et al., 2008, Carlsson, et al., 2009, McDonald, et al., 2009,
McFadden, et al., 2009, Schuppers, et al., 2010b, Sergeant, et al., 2011,
Windsor, et al., 2011, Dukpa, et al., 2012, Learmount, et al., 2012

Gustafson, et al., 2010, Sanchez-Vizcaino, et al., 2010b, VHSV Expert Panel
Working Group, 2010, Oidtmann, B. C., et al., 2011, Willeberg, et al., 2012

Ezzano, et al., 2005, Boéhning, et al., 2006a, More, et al., 2009, Hernandez-
Jover, et al., 2011, Welby, et al., 2012

Sergeant, et al., 2002, Knopf, et al., 2007, Sergeant, et al., 2008, More, et al., 2013
Burr, 2007, Alban, et al., 2011, Gustafson, et al., 2013

Christensen, et al., 2000, Stark, et al., 2000, Doherr, et al., 2001, Dufour, et al.,
2001, Corbellini, et al., 2006, Paton, et al., 2006, Cameron, 2012, Peeler, 2012

n

20

19

28

11

10

131

 Please note, that this grouping is based on the primary objective, so that the number here (n = 7) deviates from publications listed in Table 6 (n = 28).
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Figure 2. Number of publications identified by the review of methods to demonstrate disease freedom
by country (n = 131) sorted by continent (Americas: n = 16; Asia: n = 5; Australia and Oceania: n = 18;
Europe: n = 67) and stratified by application of risk-based methods (grey shading: Not risk-based;
white shading: Risk-based). na/ns: not applicable/not specified.
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Figure 3. Number of publications identified by the review of methods to demonstrate disease freedom
by year (n = 131), stratified by application of risk-based methods (grey shading: Not risk-based; white
shading: Risk-based).
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Figure 4. Number of publications identified by the review of methods to demonstrate disease freedom by
unit level (n = 131), stratified by application of risk-based methods (grey shading: Not risk-based; white
shading: Risk-based). Na: Not applicable.
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Figure 5. No. of publications identified by the review of methods to demonstrate disease freedom by
species (n = 131), stratified by application of risk-based methods (grey shading: Not risk-based; white
shading: Risk-based). Multiple: Inclusion of multiple domestic animals species. Na: Not applicable.
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Table 3. Detailed list of publications identified by the review of methods to demonstrate disease freedom, in which sample

No.  Reference Type Level Methods Py/Pa Software Ref.no.®  Adjustments ' Methodc
’ ° ‘ (%) ° Se Sp  Uncertainty °
1 Cannon (1982) N na SRS na/na - na - - - B
2 McLaughlin (1995) A R SRS nal/7 na 1 ns ns - ns
3 Garner, et al. (1997) A C MSR 5/25 ns v v oo ns
4 Cameron, et al. (1998a) NC H SRS na/30 FreeCalc na v v oo B, HG
5 Cameron, et al. (1998b) N na MSR na FreeCalc 4 v v - B, HG
6 Stark, et al. (2000) AC C RB ns FreeCalc 4 v v ns
7 Black, et al. (2001) A R RB 5/40 FreeCalc 45 v - - ns
8 Cannon (2001) N na MSR ns Excel - ns ns - 0
9 Rautiainen, et al. (2001) A R SRS na/10 Statistix 1 - - - B
10  Cannon (2002) N na RB ns ns - ns ns - ns
11 Hadorn, et al. (2002) NC C RB 0.2/1.5-13  FreeCalc 45,8 v v oo
12 Ziller, et al. (2002) C C MSR <0.2/1 na various v v HG
13 Johnson, et al. (2003) NC H SRS na/5-30 epi.ucdavis other v v v B, HG
14 East, etal. (2004) A C MSR 5/10 FreeCalc 4,5 v v - ns
15  Greiner, et al. (2005) C H SRS na/ns Stata ns v v oo B,P
16  Thrusfield, et al. (2005) A A MSR 2/5 WinEpiscope 1 - - - HG
17 Branscum, et al. (2006) N H MSR ns WinBugs, 13 v v v B
SPlus
18  Cagienard, et al. (2006) A C MSR 2/25:40;60  FreeCalc 4,5 - oo ns
19  Corbellini, et al. (2006) ReC  na RB na na 8,11 na na - na
20  Knopf, etal. (2007) AC C RB Various/v  FreeCalc ns v v v HG
arious
21 O'Grady, et al. (2008) A H RB na/10 Freecalc 4 v v oo ns
22 Peeler, et al. (2008) A H MSR various Freecalc 4,5 oo HG
23 Fosgate (2009) ReC R SRS 0.1/- Freecalc 4 - - - B, HG
24 McDonald, et al. (2009) A C RB 2/na FreeCalc 4 - - - HG
25  Schwermer, et al. (2009) A N RB 0.2/na @Risk, 11 oo - ns
FreeCalc
26 Williams, et al. (2009a) N H RB na/8 ns various - - - O; HG
27 Williams, et al. (2009b) N na RB ns/>1 R 10 ns ns Vv na
28  Rawdon, et al. (2010) A C MSR 5/30 FreeCalc 4,5 oo - ns
29  Schuppers, et al. (2010b) A C RB na/0.1- WinEpiscope 4,5 oo - ns
0.04 , FreeCalc
30  Welby, etal. (2010) A C RB 5/30;LM  FreeCalc 4 oo v HG
31  Blickenstorfer, et al. (2011) C C ST™M 0.2/na @Risk 11 oo - ns
32 Christensen, et al. (2011) A C STM 1/30 CanNAISS ns oo - ns
33 Plischuk, et al. (2011) A R SRS 1.1/- FreeCalc 4 oo - HG
34 Windsor, et al. (2011) A R RB 10/20 FreeCalc 45 - oo ns
35  Dukpa, et al. (2012) A R RB 20; 25 FreeCalc 4,5 v v - ns
36 Kostoulas, et al. (2012) N H RB various WinBugs 17 v v v B
37  Reist, etal. (2012) C C ST™M 0.1-0.2/na  @Risk 101,29 ns ns ns ns
38  Rodriguez, et al. (2012) A R SRS na/10;5 FreeCalc 3 v v oo HG
39  Schuppers, etal. (2012) A C MSR 0.2/10;40  WinEpiscope ns v v v ns
40  Welby, et al. (2012) C C STM 0.1/- @Risk other oo - ns
41 Boklund, et al. (2013) C C STM 1/5 @Risk other v - v ns

4 Type: New method (N), application (A), comparison (C), review (Re).
® Level: Country (C), region (R), herd (H).
¢ Methods: Simple random sampling (SRS), multi-stage random sampling (MSR), risk-based sampling (RB), scenario tree model (STM); NOTE:

sampling method can be a mixture: E.g. SRS generally applied at a given level for MSR; MSR generally applied of RB; STM as a special

application of RB.
4P, / P*A (%): Herd / animal design prevalence; NOTE: this also indicates if the herd or animal was the unit of interest; LM: Limited sampling
of a pre-fixed number of animals per herd.
® Ref. no.: No. of the publication in this table (see first column) used as a reference for calculation method.
f Adjustment for sensitivity (Se) and specificity (Sp) or uncertainty in test characteristics;
9 Calculation method (Methodc) based on the binomial approximation (B), modified binomial approximation to the hypergeometric (HG) formula,
Poisson (P) or other methods (O);
Na: not applicable; ns: not specified; v": Yes, -: No.
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Table 4. Detailed list of publications identified by the review of methods to demonstrate disease freedom, in which a
scenario tree model (STM) was applied (n = 29). The purpose of all publications was to estimate surveillance system
sensitivity or probability of freedom, sometimes combined with sample size calculations (see Table 3).

Nr.  Author Level Time Compo- Nodes (R/1/ Sensitivity  Adjustments ' Risk factors used °
a units®  nents® D) analysis® Se Sp  Uncer-
tainty
1 Vose (1997) Review using different examples
2 Hadorn et al. (2002) C 2S 1A 0/1/4 - v v v -
3 Sergeant, et al. (2002) C 12M 1A -11/2 - v v v na (stratified by loc)
4 Martin (2007b) New method using different examples
5 Martin (2007a) C 12M 1A 2/2/1 v vooo- 4 Loc, age
6 Alban, et al. (2008) C 16Y 1A ns 4 v ns vV Age, housing
7 Hadorn (2008b) C na 2A,1P 0/2/4 v v ns Vv Wildlife, trade, human
8 Hadorn (2008a) C na 1P (1)/1/4 v vooo- - -
9 Martin (2008) R 11Y 1A,1P 1/2/5 v vooo- 4 Contact, herd type,
import, origin
10  Hood (2009) Comparison of two methods using two examples:
11 Hadorn (2009) C 12M 2A,2P 1/1/4 v v ns VvV Loc
12 Frossling (2009) C 6M 2A,1P 21215 v vooo- v Loc, contact
13 More (2009) H 3Y 2A,1P 1/2/2 - voo- v Biosec,import,loc
14 Alba (2010) R 12Q 1A1P 1/2/2 - v ns VvV Species, prod type
15  Knight-Jones, et al. R 4Y 5A,1P 1/1/3 v vooo- 4 Species
(2010)
16 Schuppers, et al. C 15Y 1A 2/1/2 v vooo- 4 Age, housing
(2010a)
17 Wahlstrém (2010) C 13Y 3A 2/2/1 v Voo v Import, stream
18  Welby (2010) C na 1A 4/4/1 - vooo- 4 Outdoor, species
19  Blickenstorfer (2011) C na 1A 5;3/1/1 - vooo- v 2xcontact, move,
2xloc, import
20  Christensen (2011) C 6M 2A 0/2/5 v vooo- 4 na
21 Hernandez-Jover C na 1P 21215 v v ns VvV Feeding, herd size
(2011)
22 Wahlstrom (2011) C 10Y Various  0/1/3 v Voo v -
A
23 Willeberg, etal. (2011) C 16Y 1A 0/1/1 - v v Age, housing
24 Goutard (2012) C 36M 1P,2A 21214 v v v Loc, type
25  Murphy (2012) C 11Y 1A ns - v v -
26 Welby (2012) C 5Y 1A 5/2/1 v Voo v Import, HF, DS
27  Boklund (2013) C 24M 4A 3/1/1 v vooo- v Biosec, type, age
28  Calvo-Artavia (2013) C 7Y 1A 3/1/1 v v v v Gender,2HF
29  Frossling (2013) C 4Y 2P,3A 4/2/3 v vooo- v Import, DS, died,
origin

& Level: Country (C), region (R), herd (H).

® Time units: Number and type of time units: Years (Y), quarters (Q), months (M).

© Components: Active (A), passive (P), enhanced passive (EP), risk-based (RB).

 Nodes: Number of risk category nodes (R), infection nodes (1) and detection nodes (D): If the no. of nodes differed
between surveillance system components (SSCs) or different scenario trees (STs), then the SSC/ST with the maximum no.
of nodes was chosen to indicate the complexity of a given SSC.

¢ Sensitivity analysis carried out: Yes (v'), no (-).

" Adjustment for sensitivity (Se) and specificity (Sp) or uncertainty in test characteristics;

9 Risk factors used: Risk factors are either specifically listed or, if too detailed, were grouped as factors related to the
animal (AF), herd (management) (HF), contact (CONT) or location (Loc). Details are provided in Table 5. The inclusion
of historical data is covered under ‘Time units’.

na: not applicable; ns: not specified; v': Yes, -: No.
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Table 5. Risk factors considered in publications identified in a review of methods to demonstrate disease
freedom, in which scenario tree models were applied (n = 20).

Group  Risk factor n References
Animal factors (AF) 12
Age 5 Martin, et al., 2007a, Alban, et al., 2008, Schuppers, et al., 2010a, Willeberg, et al.,
2011, Boklund, et al., 2013
Gender 1 Calvo-Artavia, et al., 2013
Origin of animal 2 Martin, 2008, Frossling, et al., 2013
Previous disease status 2 Welby, et al., 2012, Fréssling, et al., 2013
Species 3 Alba, et al., 2010, Knight-Jones, et al., 2010, Welby, et al., 2010
Contact (CONT) 18
Animal contacts 3 Martin, 2008, Frossling, et al., 2009, Blickenstorfer, et al., 2011
Animal movements 2 Blickenstorfer, et al., 2011, Welby, et al., 2012
Grazing 2 Blickenstorfer, et al., 2011, Calvo-Artavia, et al., 2013
High density of herds 1 Blickenstorfer, et al., 2011
Human 1 Hadorn, et al., 2008b
Importation 6 Martin, 2008, More, et al., 2009, Wahlstrom, et al., 2010, Welby, et al., 2010,
Blickenstorfer, et al., 2011, Fréssling, et al., 2013
Outdoor 1 Welby, et al., 2010
Trade 1 Hadorn, et al., 2008b
Wildlife 1 Hadorn, et al., 2008b
Location (LOC) 6
Farm close to border 2 Martin, et al., 2007a, Blickenstorfer, et al., 2011
Location 4 Frossling, et al., 2009, Hadorn, et al., 2009, More, et al., 2009, Goutard, et al.,
2012
Management factors (MF) 12
Biosecurity 2 More, et al., 2009, Boklund, et al., 2013
Farm type 4 Martin, 2008, Alba, et al., 2010, Goutard, et al., 2012, Boklund, et al., 2013
Feeding 1 Hernandez-Jover, et al., 2011
Herd size 2 Hernadndez-Jover, et al., 2011, Welby, et al., 2012
Housing 3 Alban, et al., 2008, Schuppers, et al., 2010a, Willeberg, et al., 2011
Water 1 Calvo-Artavia, et al., 2013
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Table 6. Detailed list of publications identified by the review of methods to demonstrate disease freedom, in which a
simulation model was applied (n = 28).

No.  Reference Level Outcome Time Compo-  Sensitivity  Adjustments ' Software Risk
@ b units®  nents®  analysis® ~Se Sp Uncer- factors °
tainty
1 Ellis, et al. (1998) R G2 2S 1A - v v - @Risk PD,
CONT
2 Audigé, etal. (1999) C G1,G2 - 1A - v v v @Risk
3 Gohm, et al. (1999) C Gl 1S 1A - v v v @Risk -
4 Good, et al. (2001) H G2 14Y 1A, 1P - v v v @Risk -
5 Schlosser, et al. H G2 v 1A - v v Visual -
(2001) Basics
6 Suess, et al. (2002) C G2 - 1A - v v - Fortran, R
7 Hanson, et al. (2003) H Gl - 1A - v v v ns PD
8 Van Schaik, et al. H Gl $ - 1A - v v v @Risk -
(2003)
9 Weber, et al. (2004) H G1,P,$ 20Y 1A v v v JohneSSim  HFs
10 Branscum, et al. H ICC - 1A - v v v WINBUGS -
(2005)
11 De Massis, et al. C G1 12M 1A - ns ns - @Risk -
(2005)
12 Ezzano, et al. (2005) H G2 25Y 1A v Voo v Excel -
13 Feliziani, etal. (2005) C Gl 9Y 1A - ns ns ns ns PD
14 Greiner, et al. (2005) H Gl na na v vooo- v Stata -
15 Mintiens, et al. (2005) R G2 27TM 1A1P v v v v Own Loc
(BDFree)
16 Corbellini, et al. o] G2 2S 1A - v v v @Risk -
(2006)
17 Heuer, et al. (2007) R Time na 1EP v Voo ) Berkeley -
Madonna
18 Knopf, et al. (2007) c G2,Ss 12y 1A v v v v @Risk
19 Ebel, et al. (2008) R P 5Y 1A v v v v Winbugs -
20 Sergeant, et al. (2008) H GL$ na 1-2A - v v v R (age)
21 Joly, et al. (2009) R Gl 2Y 1A - ns ns - ns Loc
22 Handel, et al. (2011) R G1,$, na 1A, 1P - ns - - R Inf.risk
time,
spread
23 Sergeant, et al. (2011) R G2 4M As - vooo- v R HSize,
PD
24 Hasler, et al. (2012) C $ 10y 1A v v v @Risk -
25 Reber, et al. (2012) C GL$ - 1A - v - Excel, ns
FreeCalc
26 Schuppers, et al. C G2, SS na 1A - v v v @Risk -
(2012)
27 Tavornpanich, et al. H Gl na 1A - v o voo- Matlab -
(2012)
28 More, et al. (2013) H G2, $ 5Y 1A - v v v R PD

& Level: Country (C), region (R), herd (H).

® Outcome: Surveillance sensitivity (G1); probability of freedom (G2), cost ($), prevalence (P), sample size (SS),
intracluster correlation coefficient (ICC), duration of surveillance being required (time).

° Time units: Number and type of time units: Years (Y), quarters (Q), months (M), surveys (S2).

¢ Components: Active (A), passive (P), enhanced passive (EP).

¢ Sensitivity analysis carried out: Yes (v'), no (-).

" Adjustment for sensitivity (Se) and specificity (Sp) or uncertainty in test characteristics;

9 Risk factors used: Risk factors were grouped as factors related to contact (CONT) or location (Loc). Other risk factors
listed were previous disease status (PD), herd size (HSize) and infection risk (Inf.risk). The inclusion of historical data is
covered under ‘Time units’.

na: not applicable; ns: not specified.
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