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INTRODUCTION

Bovine tuberculosis (bTB) is a chronic disease mainly caused by Mycobacterium bovis. This infection can be zoonotic [START_REF] Müller | Zoonotic mycobacterium bovis-induced Tuberculosis in Humans[END_REF], and in developed countries, bTB is mainly an economic issue. Indeed, in developed countries, zoonotic tuberculosis in humans is insignificant (Thoen et al., 2006), whereas bTB results in major economic losses to farmers due to sales restrictions and to governments due to surveillance expenses and compensations for slaughtered cattle. In France, bTB has not been fully eradicated, despite the bTB-free status given by the European Union in 2000 (decision 2001/26/CE of 27 December 2000) and, thus, surveillance and control measures are still in place. These measures require significant economic and human resources, which are limited in the current economical context. France is aiming to eradicate bTB, as several other European countries, requiring improved cost-effectiveness of bTB surveillance and control systems.

Improvement of the surveillance system first requires an evaluation of those already in place. The actual French bTB surveillance system relies on the systematic inspection of carcasses in slaughterhouses, screening of bovine livestock (programmed screening in farms and purchase testing), and epidemiological investigation in farms linked to breakdowns. We present part of the current evaluation program of the French bTB surveillance system. It focuses on one of the three components: programmed screening in farms, putting aside purchase testing, slaughterhouse surveillance and investigation in the farms epidemiologically linked to breakdowns. We developed scenario-tree models for each subcomponent (or protocol) of programmed screening. These trees allowed us to assess the effectiveness of each of the subcomponents and their cost, depending on the type of herd (type of production, size, and herd turnover). The aim was to produce an evaluation that could help decisions-makers to choose the most cost-effective investigatory protocol, depending on the herd type considered.

MATERIALS AND METHODS

French bTB surveillance system on farms

In France, veterinarians regularly perform programmed screening of cattle herds. They test every animal older than 24 months (adults) with an intradermal cervical tuberculin test (ICT). This ICT can be a single intradermal cervical tuberculin test (SICT), which is an intradermal injection of bovine tuberculin in the middle of the neck, or an intradermal cervical comparative tuberculin test (ICCT), which consists in injecting bovine tuberculin and avian tuberculin in two different areas of the neck and is interpreted by comparison of the skin thickening at this two points 72 hours later. Here, we investigated the protocols using the ICCT as a screening test because it is already used as a routine test in several countries, such as the Republic of Ireland and the United-Kingdom (EFSA, 2012), and France is currently replacing the SICT with the ICCT. A herd is considered to have a suspected bTB infection if at least one animal is non-negative (e.g. positive or doubtful) for the ICCT. The farmer of a suspect herd cannot sell their animals and the authorities must carry out further investigations.

Veterinary authorities use mainly three investigation protocols. For all, the final decision concerning the bTB status of a suspect herd (confirmation as a breakdown or regaining bTB-free status) depends on the results of laboratory tests described below. Suspect animals are slaughtered, and a thorough inspection of the carcass is conducted. Three lymph nodes are systematically sampled (retropharyngeal, tracheobronchial, and mediastinal) and any suspect lesion and their corresponding lymph node identified. Samples are then sent to an accredited departmental laboratory (ADL) for real time PCR and bacteriological culture(s), which are systematically performed by the ADL; and for histological analysis on lesions if presents. If positive or doubtful results are obtained, samples are sent to the national laboratory of reference for bTB (NLR) were the diagnosis is confirmed by real time PCR, genotyping (on PCR products to confirm diagnosis of doubtful results and to differentiate mycobacterial species), and/or mycobacterial culture.

The path leading to reclassify a herd as bTB-free depends on the protocol used. When it seems likely that the farm is truly bTB infected (at least one positive ICCT, former breakdown, etc.), reclassification requires re-evaluation of the herd with a second ICCT 42 days later and the slaughter of any reactive animals for laboratory analyses: this constitutes the "strict" protocol. During this protocol, no animal can be sold. Otherwise, there are two "compliant" protocols. The "quick-path" permits direct (and therefore faster) reclassification of the herd without re-evaluation by ICCT if negative results are obtained following slaughter of the first reactive animals. The "slow-path" avoids the direct slaughter of reactive animals: blood samples from reactive animals are taken three days after ICCT injection (when the veterinarian come back in the farm for ICCT reading) and sent to the ADL for IFN testing. The IFN assay is performed using Bovine and Avian Lelystad PPD (Bovigam®; Prionics® AG, Switzerland) and specific antigens MIX (Peptid Cocktail ESAT-6/CFP-10; Prionics® AG, Switzerland) for stimulation and using the Bovigam® kit for measuring interferon gamma emission. If at least one animal is positive to IFN bTB test, animals that were ICCT non-negative at the first screening (ICCT1) are slaughtered for diagnosis. Meanwhile, selling any animal from the herd is prohibited. If no IFN bTB-positive animal is detected, animals that were non-negative for the first ICCT (ICCT1) are tested by a new ICCT (ICCT2) 42 days after the first one and the selling of ICCT1-negative animals is authorized (only to fattening farms when at least one non-conclusive IFN test was found and without other conditions). If all tested animals are negative for the second ICCT, the herd regains its bTB-free status. Otherwise, reactive animals are slaughtered for diagnosis. The use of serial IFN testing is not recognized by the European Union as a discriminant test to confirm or infirm bTB status of an herd. Compliant slow-path protocol and compliant quick-path protocol are consistent with that and unique in France to relieve the movements constraints on the national level.

Scenario trees and model description

Scenario tree modelling is frequently used to prove freedom from disease according to a fixed minimum prevalence that the surveillance system should be able to detect [START_REF] Martin | Demonstrating freedom from disease using multiple complex data sources 2: Case study-Classical swine fever in Denmark[END_REF][START_REF] Hadorn | Establishing a cost-effective national surveillance system for Bluetongue using scenario tree modelling[END_REF]. This method consists of representing each protocol as an event tree that describes each possible pathway from infection of the population to its detection by the protocol studied. Nodes composing the scenario tree separate the studied population into groups of animals with the same probability of being infected and the infection detected. A specific probability is associated with each node outcome. The probability of occurrence of each pathway of the tree is obtained by multiplying the probabilities along the corresponding limb. We used this method to assess the herd sensitivity and cost of the three bTB surveillance protocols using a stochastic approach for the types of farms already described (type of production, size and herd turnover). We fixed the probability of infection alternatively to 0 or 1, depending on the variable to estimate (herd sensitivity, herd specificity or total cost of the considered protocol). We defined the protocol herd sensitivity as the probability that at least one infected animal of an infected farm would be detected by the protocol.

Figures 1 to 3 illustrate the nodes and input parameters of the trees for each of the surveillance protocols for cattle farms. Most of the input parameters are described by distributions, to account for the variability and uncertainty of the estimates. We used common distribution laws (normal, PERT, or uniform) and normal asymmetric distribution laws (Sicard, 2013) (Appendix 1). All distribution laws representing the probabilities of occurrence were restrained between 0 and 1. The parameters of the laws were estimated based on French databases and the scientific literature. The SIGAL database (centralized national database of the ministry of food and agriculture) provided data concerning the surveillance and control interventions (screening results and laboratory analyses) in 2016. The national database of cattle identification (BDNI) provided data concerning the distribution of production type, herd size, distribution of age within the herds, and animal movements (sales) in 2016. The categories of farms listed below were defined by the Omar project [START_REF] Perrin | Assessment of the utility of routinely collected cattle census and disposal data for syndromic surveillance[END_REF] and were available in the BDNI. We used herd type data from a French department in which each herd type (production type, size, and turnover category) was present and in which the size and proportion of adult cattle were the closest to the National French average for each herd type (data of 1 January 2016 from Cantal, extracted from the BDNI).

For each herd type, the mean herd sensitivity and cost of a screening protocol and their 95% confidence interval (CI) were estimated for a one-year period (bTB is a chronic disease and screening in farms occurs every year) from 10,000 simulated values. The scenario trees were implemented in RStudio (version 1.1.383.0).

Herd type

The aim of this study was to evaluate bTB surveillance on farms for each of the twelve herd types defined by: -Their type of production: dairy, beef (except for strictly fattening farms, which are exempt from the program), and mixed farms (with both dairy and beef activities). Each type of production has a different age distribution; the proportion of animals tested will thus be different for each production type, influencing the probability of detecting a bTB infection in the herd.

-Herd size: "big" and "small". A "small" herd has a number of adults inferior to the national average for this type of production (74 for dairy farms, 66 for beef farms, and 124 for mixed farms); otherwise, it is a "big" herd. Herd size mainly influences the cost and herd sensitivity of surveillance through the number of screened animals and the specificity of protocols through the probability of false-positive results.

-Herd turnover: we used the French limit of 40% to distinguish low from high turnover. Herd turnover was defined as the number of cattle introduced into the herd (excluding birth) within the year, divided by the mean number of cattle during the year. Herd turnover can have an impact on the cost, as farms with a high turnover may suffer more indirect economic losses due to bans on the selling of animals.

Age of the animals

Young animals (younger than 24 months) are not screened in the bTB surveillance system. The age of the animal is thus a factor that influences its probability to be tested and thus detected. We used normal distribution laws to describe the proportion of adults in each type of herd. The parameters of such normal distributions were fitted to the actual distribution data from the BDNI (fitdistrib R function) (Table 1).

bTB prevalence at herd and individual levels

The probability of infection at the herd level was fixed at one to estimate the herd sensitivity and costs of each protocol for infected herds and at zero to estimate the costs for uninfected herds.

Within-herd prevalence has been estimated only once in France, in 2005, in a beef farm herd of Côted'Or. In this unpublished study, only two animals were found to be infected, corresponding to a within-herd prevalence of 0.94%. However, this study used conventional PCR on blended organs instead of the real-time PCR technique used today, which has better sensitivity [START_REF] Mackay | Real-time PCR in the microbiology laboratory[END_REF]. The number of animals confirmed to be infected in infected herds is generally between one and three [START_REF] Poirier | Elevages foyers de tuberculose bovine concernés par l'abattage partiel en France depuis son autorisation sur tout le territoire en 2014 : typologie des élevages concernés, efficacité du dispositif[END_REF]. In 2017, Bouveret (Bouveret, 2017) reported a within-herd prevalence rate between 0.8% and 3.1% in French breakdowns between 1988 and 2008. Based on these results, we choose to describe the probability for an animal of an infected herd to be infected by a PERT distribution law: PERT (min = 0.008, mode= 0.0094, max = 0.031).

Proportion of animals tested

Screening generally misses a few adults, primarily for technical reasons (for example, difficult tocontain animals). Based on the SIGAL database, we estimated that between 95% and 99% of adult animals are tested. We thus used a uniform law between 0.95 and 0.99 to describe this parameter. The data did not allow differentiation by herd type.

In the strict protocol, only a sampling of animals in the suspect herd is generally tested a second time with ICCT. Analysis of the SIGAL database showed a minimum of one adult to be tested a second time and a maximum of 100%. Limited data were available in this database (207 farms) and we detected no significant difference in the mean number of animals tested a second time between herd types. Nevertheless, all animals of most (55%) small herds appeared to be tested a second time with ICCT, whereas the average number of animals tested a second time in big herds was 53. The proportion of adults tested a second time with ICCT in the strict protocol was finally described by a PERT distribution, for which the parameters were chosen by herd size according to the following data:

PERT (min = 1/herd size, mode = 1, max = 1) for small herds and PERT (min = 1/herd size, mode = 53/herd size, max = 1) for big herds. The representation of herd size in the models is described in section 2.2.8.

Ante mortem tests results

ICCT

Estimations of sensitivity and specificity vary widely in published studies. We chose to combine all estimations into normal asymmetric distribution laws to represent ICCT and its uncertainty (Table 2).

In the strict protocol, ICCT1-negative animals are tested again by ICCT six weeks later. We found no information concerning the characteristics of a second ICCT (ICCT2) after a first negative ICCT result. We assumed that the result for the second ICCT has the same characteristics as the first ICCT, because animals screened by ICCT at year n are mainly animals already negative to the screening with an ICCT at year n-1.

after the ICCT1. Parameters used to represent the sensitivity and specificity of ICCT2 conditional to a first non-negative result to ICCT1 are presented in Table 2.

IFN gamma

The characteristics of IFN testing have already been studied under French field conditions [START_REF] Praud | Rapport sur l'analyse des données collectées dans le cadre du protocole expérimental d'évaluation de l'IFN pour le dépistage de la tuberculose bovine et dans les élevages en suivi renforcé de 2013 à[END_REF]. This study was used to set the parameters of normal distribution laws that describe the sensitivity and specificity of IFN testing presented in Table 3.

Post mortem tests results

The diagnostic slaughter test results are represented separately in Figure 4, as the path is the same for each of the three screening protocols studied. The sensitivity and specificity of bTB tests (PCR, bacteriology and histology) were previously estimated depending on the presence of bTB-like lesions [START_REF] Courcoul | Rapport d'appui scientifique et technique : Demande d'Appui Scientifique sur le protocole de diagnostic de la tuberculose bovine par PCR[END_REF]. As the CIs of these estimations were asymmetric, we used normal asymmetric distribution laws for the parameters of the scenario tree (Table 4). We calculated the proportion of animals with detectable lesions, depending on the infectious status of the animal, using

French slaughter data between 2008 and 2012, described by Courcoul et al., 2014 (Appendix 2).

We hypothesised that the histology was independent of PCR and bacteriology, based on the modelling results of [START_REF] Courcoul | Estimation of Sensitivity and Specificity of Bacteriology, Histopathology and PCR for the Confirmatory Diagnosis of Bovine Tuberculosis Using Latent Class Analysis[END_REF], but accounted for the inter-dependence of PCR with bacteriology.

We represented the covariance of the sensitivity and specificity between PCR and bacteriology, depending on the presence of detectable lesions by PERT distribution laws. The modes of the PERT distributions were chosen based on the results of Courcoul et al. (40% of the maximal covariance when detectable lesions are present and a covariance equal to zero when there are no detectable lesions). We defined the minimums and maximums of these laws as the minimum and maximum value possible for the covariance between the two tests used in parallel [START_REF] Gardner | Conditional dependence between tests affects the diagnosis and surveillance of animal diseases[END_REF]; Appendix 3).

We assumed that tests (PCR, bacteriology, and genotyping) performed by the NRL are perfectly sensitive and specific (personal communication, M-L. Boschiroli, NRL director).

Herd size

In strict and compliant slow-path protocols, the path followed by an animal depends on the test results of the entire herd (Figures 2 and3). Indeed, the probability for ICCT-negative animals to be tested 42 days later in the strict protocol (Figure 2) is the probability that at least one animal in the herd is ICCT non-negative at the first screening and that laboratory bTB analyses performed on slaughtered animals are negative. The probability for ICCT1 non-negative and IFN non-positive animals to be tested a second time with ICCT2 in the compliant slow-path protocol (Figure 3) is the probability that no IFNpositive animal is found in the herd. Herd size was essential for calculating these probabilities. We thus described herd size (number of animals present in the herd) by herd type with normal distribution laws fitted to the distribution of BDNI data (Table 5).

Costs

Costs of surveillance protocols can be direct (screening tests, organisation of the screening campaigns, laboratory analyses, etc.) or indirect (losses due to the ban of selling animals or unpasteurised milk). In In France, the price of post mortem analyses is different for each laboratory. Thus, we conducted an online survey among the 40 French ADLs in April 2018 with the help of the French association of the directors and executives of veterinary laboratories (ADILVA). We used the results of this survey to estimate the price of each analysis and sample transport fees (Table 6). Based on the SIGAL database, we estimated the mean number of samples sent for PCR by an ADL for one animal, depending on the presence of detectable lesions (3.59 for animals with lesions and 3.77 for animals without lesions) and the mean number of samples sent for histology by an ADL (1.9 samples for animals with lesions only). These data and the probability of occurrence of each laboratory analysis allowed us to calculate the mean cost of the diagnostic slaughter for an animal, depending on its infectious status.

The State compensates farmers 2,200 € for the slaughter of an adult animal if it is registered in the (1) compensation (€) = (1-herd book inscription rate)*1900 + herd book inscription rate*2200 -meat value

We associated a weighted direct cost to each limb of the tree, equal to the corresponding direct cost multiplied by the probability of occurrence of the limb. Then, we calculated the mean direct cost for each protocol by herd type, by adding all weighted costs of the paths corresponding to the considered herd type.

Indirect costs

In the compliant slow-path protocol, the blocking of all animals that should be sold depends on the results obtained at the IFN testing (2.1., Figure 3). We considered this particularity in our estimation of the indirect costs for the compliant slow-path protocol.

We calculated D, the mean duration of sales ban, for each protocol at each model iteration, by multiplying the delay between each protocol step (represented by the distribution laws presented in Table 8) with their probabilities of occurrence in the scenario trees.

Calculations

Herd-level sensitivity

For each protocol, we calculated the herd sensitivity for each type of herd. The prevalence of bTB in the concerned area was fixed at 100% to estimate the probability of detection of at least one infected animal in an infected herd. First, the model calculated the probability of occurrence of each path by multiplying the probabilities of occurrence for the corresponding limb. Then, for each protocol, it estimated the individual sensitivity for each type of herd (Sek) by adding the probability of occurrence of every path beginning with the nodes corresponding to the herd type k with a positive outcome. By construction, individual specificity was equal to 100%. Finally, for each protocol, the herd sensitivity for each herd type (CSek) was obtained by formula (5).

(5) CSek=1-(1-Sek) herd size*intra-herd prevalence

Costs

We calculated the mean direct and indirect costs for infected (bTB prevalence in the considered area fixed to 100%) and uninfected herds (bTB prevalence in the considered area fixed at 0%), by herd type, for each surveillance protocol, as described in section 2.2.9. The total cost calculated by herd type for each protocol corresponds to the sum of the mean direct and indirect costs.

Analyses

All analyses were performed using RStudio (version 1.1.383.0). The means were compared using Student's t test, corrected for multiple comparisons by the Bonferroni correction method with an accepted error risk α of 1%.

Cost effectiveness analyse (CEA)

CEA was performed to assess the efficiency of the three studied surveillance protocols for each type of herd. For each protocol, a cost/sensitivity index was calculated for each model iteration and each type of herd. We therefore obtained the mean cost/sensitivity index and its 95% CI for each protocol from 10,000 iterations for each type of herd.

Sensitivity analyses

We evaluated which model input had the most influence on outcome uncertainty by performing a sensitivity analysis for each scenario tree. As some inputs were interdependent, we could not use the AOT method and instead used the McKay method [START_REF] Mckay | Evaluating prediction uncertainty[END_REF], which can be used for dependant inputs [START_REF] Jacques | Sensitivity analysis in presence of model uncertainty and correlated inputs[END_REF], with 20 replications of Latin hypercube samples. We used the R package "sensitivity dependent" developed by Jacques, an INRA researcher.

RESULTS

Herd-level sensitivity

Table 9 summarizes the mean and 5th and 95th percentiles of the output distribution for the herd sensitivity for each protocol by herd type. The estimated mean sensitivities ranged from 20 to 60%.

The estimated mean herd sensitivity was higher for big herds, regardless of the protocol, production type, or herd turnover. The mean herd sensitivity was higher for low turnover than high turnover herds, regardless of the protocol and herd type. The differences of mean sensitivities between herd types for the same protocol were all significant, except for the compliant slow-path protocol between small mixed herds with a high turnover and small beef herds with a low turnover and between small mixed herds with a low turnover and small dairy herds with a low turnover. The strict protocol had the highest herd sensitivity for all herd types. The compliant slow-path protocol had the lowest mean herd sensitivity, regardless of herd type. These differences were significant with a 1% risk of error for all herd types, except for that between the two compliant protocols for small mixed herds, which were significant with a 5% risk of error.

Costs

The mean, 5th and 95th percentiles of the output distribution of total costs by protocol and herd type are presented in Table 10. Mean costs ranged between 1,211 and 32,115 euros for the compliant slowpath protocol, 1,355 and 15,990 euros for the compliant quick-path protocol, and 2,386 and 28,394 euros for the strict protocol. Big mixed herds were found to be much more expensive to investigate than other herd types because of a larger herd size (greater than 124 animals). The strict protocol was the most expensive, regardless of herd type, except for big mixed herds. The compliant quick-path protocol was the least expensive for all big herds and small mixed herds.

Cost-effectiveness analyses

Figure 5 illustrates the mean cost-sensitivity index estimated for each protocol, by herd type. A high cost-sensitivity index is associated with poor cost-effectiveness of the protocol. The strict protocol was never the most cost-effective, regardless of herd type. The compliant quick path was the most costeffective protocol for big beef, big dairy, and mixed herds. The compliant slow path was the most cost-effective protocol for small beef and dairy herds. All differences were significant. This index estimates the proportion of the variation of the output caused by the variability and uncertainty of the inputs. ICCT sensitivity had the greatest influence on variations in herd sensitivity for small herds, regardless of the protocol. In big herds, ICCT sensitivity, within-herd prevalence, and herd size shared responsibility for this variation.

Impact of inputs on the total cost

We performed the same sensitivity analysis for total cost output (Figure 7). For the compliant slowpath protocol, the most influential input on total costs was ICCT specificity, regardless of herd type.

Size was also an influential input for small herds. For the strict protocol, the interval between the first ICCT and the second ICCT testing of the herd was the most influential for herds with a high turnover.

For herds with a low turnover, total cost variation could be mainly explained by ICCT specificity and variations in compensation costs. For the compliant quick-path protocol, the most influential input on total cost variation was the interval between the first ICCT and the slaughter of ICCT non-negative animals for most of herds with a high turnover. ICCT specificity was an influential input for ten of the twelve herd types, but not for beef herd with a high turnover.

4. DISCUSSION

Advantages and limitations of the method

Here, we used stochastic scenario-tree modelling to estimate the herd sensitivity and cost of three mandatory investigation protocols in cattle farms for twelve herd types. We used various data sources (published studies, national databases, and expert opinions) and this method allowed us to account for the variability and the uncertainty in those data. The inputs chosen for these models were those with a documented impact on either infection or detection of bTB. Thus, we did not integrate some factors for which the impact was not sufficiently documented to allow their use. For example, the physiological status of the animals (other diseases, pregnancy, age, etc.) probably has an impact on their reactivity to the ICCT [START_REF] Buddle | Advances in ante-mortem diagnosis of tuberculosis in cattle[END_REF]Brooks-Pollock et al., 2013;[START_REF] Lahuerta-Marin | Risk factors for failure to detect bovine tuberculosis in cattle from infected herds across Northern Ireland (2004-2010)[END_REF]. The lack of quantitative estimations of their influence and/or the lack of consensus concerning their influence on the reactivity to ICCT led to their exclusion. Nevertheless, ICCT characteristics used in these models came from field estimations and thus the impact of these factors was partially and indirectly included in the ICCT sensitivity and specificity estimation.

The testing age limit used in the trees (24 months) may be surprising, as the European regulatory text recommends screening every animal over six weeks of age with the ICT. This rule is very difficult to apply in the field because young animals are too small to fit in restraining devices and thus their screening requires the help of several people. In addition, the European regulatory text allows reducing the screening frequency and increasing the age at testing in low-prevalence areas. Thus, in most regions of France, only animals older than 24 months are actually screened.

The longer an animal remains in an infected herd, the greater risk it has to be infected by bTB. We can therefore expect that an animal in an infected low-turnover herd would have a higher probability of being infected. This was not accounted for in the models because the scenario-tree method does not account for time.

Here, we only studied the cost-effectiveness of the surveillance in herds considered to either be infected or not. Further studies using the local epidemiological situation in France are necessary to assess the global cost-effectiveness of farm screening at the national or regional level.

Sensitivity analysis showed the influence of within-herd prevalence on herd sensitivity. Dairy herds are generally considered to be at greater risk of within-herd transmission because of housing conditions, but cattle are now considered to have a low risk of transmitting bTB if they are tested regularly, regardless of production type [START_REF] Phillips | The transmission of Mycobacterium bovis infection to cattle[END_REF] and, thus, few studies have quantitatively explored the factors that influence within-herd transmission under current conditions. In addition, the within-herd prevalence is very low in French herds, regardless of herd type, as no more than three infected animals have been found in most breakdowns [START_REF] Poirier | Elevages foyers de tuberculose bovine concernés par l'abattage partiel en France depuis son autorisation sur tout le territoire en 2014 : typologie des élevages concernés, efficacité du dispositif[END_REF]. Thus, the use of the same within-herd prevalence distribution for all herd types was probably consistent with field conditions.

ICCT sensitivity and specificity estimations showed a large distribution of values in the trees and, according to sensitivity analyses, these parameters had a significant impact on the variation of the model results (herd sensitivity and total costs). This suggests that the actual scenario trees could be improved by a more precise evaluation of these parameters, but a field evaluation of ICCT is difficult to perform and often produces biased estimations. For example, the estimation of ICCT characteristics under French field conditions [START_REF] Praud | Rapport sur l'analyse des données collectées dans le cadre du protocole expérimental d'évaluation de l'IFN pour le dépistage de la tuberculose bovine et dans les élevages en suivi renforcé de 2013 à[END_REF] was performed through data initially collected to evaluate IFN characteristics. ICCT-positive animals were therefore directly culled and excluded from the study and it led to a selection bias probably causing an underestimation of ICCT sensitivity.

In addition, there is a possible recruitment bias in this study because farms with many non-negative results at the first screening or those with at least one positive ICCT did not have any particular interest to participate in this program, as they could not benefit from the derogation of the sales ban otherwise granted in cases of negative IFN results. These biases certainly led to an underestimation of ICCT sensitivity and possibly an over-estimation of its specificity [START_REF] Praud | Rapport sur l'analyse des données collectées dans le cadre du protocole expérimental d'évaluation de l'IFN pour le dépistage de la tuberculose bovine et dans les élevages en suivi renforcé de 2013 à[END_REF], explaining why we did not use this study alone to implement our trees and combined the results of several studies to estimate the most probable value and the extremes of the ICCT characteristics. Thus, we accounted for the uncertainty concerning ICCT characteristic estimations.

We did not consider the cost of collecting blood samples in the total cost of the compliant slow-path protocol because we were unable to collect enough data to provide a realistic estimation. Therefore, the cost of the compliant slow-path protocol was underestimated, reducing the cost-effectiveness index value for this protocol. Accounting for the cost of blood sample collect could have led to an increase in the cost-effectiveness index of the compliant slow-path protocol. In this case, the compliant quickpath protocol could have become the most cost-effective protocol, regardless of herd type. In addition, in several departments of France, the stimulation of blood samples with antigens for IFN gamma testing frequently occurs in a lab different from the one reading the IFN results. This was not included in our models and would add costs (additional transport fees) to the compliant slow-path protocol, decreasing even more its cost-effectiveness.

Costs due to the slaughter of the calves of reactive cows was also not integrated into our model.

Therefore, protocol costs were probably slightly underestimated for all protocols.

Farms producing raw milk were excluded from this study. In case of suspected bTB, this type of farm cannot sell any raw milk, adding 2 € per day per cow (Bouveret A, 2017) to the total cost.

Nevertheless, the same cost would be added per day of suspicion for a given herd type, and thus it should not change the ranking of the cost-effectiveness of the protocols.

Most of the differences in cost and sensitivity were found to be significant. This is probably due to the very high number of iterations (10,000) used for the simulations.

Assumptions of the models

The herd-level sensitivity values estimated in this study were between 20 and 60%. Nevertheless, these estimations should not be interpreted alone to evaluate the global sensitivity of the French surveillance system. Indeed, the bTB surveillance system has other major complementary components (systematic inspection of carcasses in slaughterhouses, epidemiological investigations in farms linked to breakdowns) that improve its sensitivity. The sole purpose of this raw herd-sensitivity estimation was to compare the protocols for the detection of infected herds. In addition, these estimations were performed at a farm scale, with data of the average characteristics from one department. A better evaluation of the global effectiveness of bTB surveillance in France would require similar data (the proportion of each herd type, bTB prevalence, proportion of animals tested, etc.) from all departments.

Further studies are ongoing to this end.

The mean herd sensitivity was higher in low-turnover than high-turnover herds, regardless of the protocol. The proportion of adults in each herd type could explain this difference. Indeed, the number of tested animals increase herd sensitivity of the test and the proportion of adults is higher in lowturnover herds (Table 1).

The costs were higher in mixed herds, regardless of the protocol, because they are much bigger than dairy and beef herds. The strict protocol was always the costliest, except for big mixed herds with a high turnover. This exception can be explained by the indirect costs (costs due to sales bans). Indeed, costs due to sales bans were always higher for the compliant slow path than for the strict protocol, but other costs in the strict protocol compensated for this difference. However, this difference in indirect costs was three times higher for big mixed herds with a high turnover (due to a higher number of animals usually sold) and thus direct costs could no longer compensate.

The strict protocol was never the most cost-effective, regardless of herd type. Its herd sensitivity may have been slightly underestimated because we did not consider that when not all animals in a herd were tested a second time with ICCT, local authorities often chose to test a second time animals that are more likely to be infected (animals of the same group of animals reactive to ICCT1). Nevertheless, according to sensitivity analyses, the proportion of animals tested by ICCT2 was not the most influential factor on herd sensitivity; in addition, the probability that these particular animals become infected still remains very low, given the very low within-herd prevalence. Improving up to 100% the percentage of animals re-tested with ICCT may seem to be a good way to improve the sensitivity of the strict protocol. With 100% of animals being re-tested, our model estimates a gain of sensitivity between 0.4% and 0.9%, depending on herd type. But, it would imply to invest from 242 euros to 8,206 euros per percent gained and per herd (depending on herd type). To recommend retesting every 20 animal is therefore disputable in terms of cost-effectiveness, in particular in big herds in which the additional cost will be between 1,000 and 8,000 euros per percentage of sensitivity gained and per herd.

This result suggests that compliant protocols are more cost-effective than the strict protocol approved by the European Union and thus would argue in favour of authorising compliant protocols.

Nevertheless, the strict protocol is the most effective. Its lower cost-effectiveness is due to its significantly higher costs caused by a longer sales ban than the compliant quick-path protocol, and the slaughter of all animals non-negative for the first ICCT and a second ICCT on more animals than in the compliant slow-path protocol. In some context, the strict protocol could thus be preferred to compliant protocols (slow-path and quick-path) for its higher herd sensitivity, depending of the probability of infection and of the importance given to eradication purpose relatively to expenses.

The results of the sensitivity analysis of the herd sensitivity outcome were very similar between protocols. ICCT sensitivity was the most influential variable. This is not surprising, considering the uncertainty we had about its value.

Sensitivity analysis of the cost outcome highlights the impact of the time between protocol steps in the compliant quick-path and strict protocols. This result is logical, as there is a large difference of the time intervals between these two protocols (Table 8), but it underlines the need to reduce the authorised time intervals as much as possible to reduce indirect losses due to selling bans.

Nevertheless, this reduction of time intervals is, in some cases, limited by the regulation. For example, due to the immunological effect of prior testing, regulation require a time interval between two ICCTs superior or equal to 42 days.

In the compliant quick-path and compliant slow-path protocols, ICCT specificity was one of the most influential variables on variations in cost outcome, because of the substantial uncertainty we had concerning it and the impact it has on the number of slaughtered animals.

Finally, the model outcomes showed a significant difference in total costs and herd sensitivity between the three protocols studied. These three protocols are therefore not equivalent and seeking the most cost-effective, depending on the context, is logical. The cost-effectiveness index calculated for each protocol by herd type in this study provides data to help authorities choose the best protocol, as it highlights the most cost-effective protocol for each herd type. Nevertheless, cost-effectiveness is not the only indicator that should be considered. Indeed, our estimation did not include sociological factors, such as the acceptability of measures that can affect the effectiveness of a surveillance system (Broughan et al., 2016;[START_REF] Calba | The Added-Value of Using Participatory Approaches to Assess the Acceptability of Surveillance Systems: The Case of Bovine Tuberculosis in Belgium[END_REF]. For example, some veterinarians may not notify to authorities some non-negative results to ICCT, to avoid their customer's farm to be considered as bTB suspect. Acceptability issues mainly come from the sales ban for a suspect herd (or blocking period).

Indeed, such sales bans can be difficult for the farmer to tolerate and cause him economic loss. The non-notification by the veterinarian to the authorities of non-negative ICCTs could be due to various causes which will be useful to investigate. These can include the frequency of falsely positive ICT results, as notification has heavy economic repercussions [START_REF] Calba | The Added-Value of Using Participatory Approaches to Assess the Acceptability of Surveillance Systems: The Case of Bovine Tuberculosis in Belgium[END_REF], or the close relationship between veterinarians and farmers, as the veterinarian responsible for this mandatory measure is the habitual veterinarian of the farm. In addition, ICCT characteristics depend on how the test is administered (Tefka, 1986;[START_REF] Monaghan | The tuberculin test[END_REF][START_REF] Schiller | Bovine Tuberculosis: A Review of[END_REF], which may vary from one veterinarian to another [START_REF] Humblet | Monitoring of the intra-dermal tuberculosis skin test performed by Belgian field practitioners[END_REF]. The inclusion of these factors in the scenario trees could help to achieve a more accurate cost-effectiveness estimation of these protocols, depending on the sociological context considered.

CONCLUSION

We presented the use of stochastic scenario-tree modelling to estimate the herd sensitivity and cost of three protocols used to investigate suspected bTB in French cattle farms by herd type (herd production, size, and turnover). This study identified the most cost-effective protocol for each defined type of herd. It suggests that, regardless of herd type and based on herd sensitivity and cost, the strict protocol is never the most cost-effective, due to higher costs than for the other protocols, despite better herd sensitivity. This comparison of protocols could help authorities to choose the best protocol, depending on the herd characteristics. *Specificity according to EU standards (the only animals considered to be negative are those with a negative result (exclusion of inconclusive results))

** Raw sensitivity (only the animals with a positive result are considered to be positive (exclusion of inconclusive results)) *** Raw specificity (animals with negative or inconclusive results are considered to be negative) 29 Legend: N(m,s,t) = normal asymmetric distribution law (m = mean, s = lower value of CI95%, t = upper value of the CI95%); U(min, max) = uniform distribution law.

(1) The proportion of doubtful PCR results was estimated for each type of animal (infected or uninfected, with or without lesions) based on the SIGAL data of 2016. In these data, there were no doubtful PCR results for any animals without lesions (infected (74 animals) or uninfected (3,438 animals)). Of the 888 uninfected animals with lesion(s), only one animal showed a doubtful result (equal to 100% of the positive or doubtful results). In 2016, 50% of PCR nonnegative results for the 18 animals infected with lesion(s) were doubtful, whereas 0% of the PCR non-negative result for the 18 animals infected with lesion(s) in 2015 were doubtful. N(44.24, 15.04) (1) Restrained between 1 and 74 (2) ≥ 40% N(28.88, 16.25) (1) big < 40% N(98.86, 26.13) (1) Restrained to be higher than 74 (3) ≥ 40% N(80.50, 5.50) (1) Beef farm small < 40% N(39.27, 15.55) (1) Restrained between 1 and 66 (2) ≥ 40% N(34.38, 17.92) (1) big < 40% N(106.28, 38.26) (1) Restrained to be higher than 66 (3) ≥ 40% N(106.70,4 3.70) (1) Mixed farm small < 40% N(79.01, 22.60) (1) Restrained between 1 and 124 (2) ≥ 40% N(66.67, 23.51) (1) big < 40% N(164.32, 38.60) (1) Restrained to be higher than 124 (3) ≥ 40% N(156.75, 38.71) (1) Legend:

Normal(mean, SD)

(1) The number is rounded up to the next highest integer; parameters were defined to fit the BDIN data.

(2) For small herds, normal distribution laws were restrained to between 1 (because a herd contains at least one animal) and the mean size of the corresponding type of herd (dairy: 74, beef: 66, or mixed: 124 animals) which was used as a limit to define the size categories of the herds.

(3)

For big herds, normal distribution laws were restrained to be higher than the mean size of the corresponding type of herd (dairy: 74, beef:66, or mixed 124 animals) which was used as a limit to define the size categories of herds. Legend: N = number of prices considered, Min = minimum price reported, Max = maximum price reported

(1) Multiplied by 0.25 if it is a bacterial strain, because several bacterial strains (a mean of four, personal communication Boschiroli M.L. NRL) are usually sent in the same package. Finally, for 10,000 iterations, the calculated proportion of animals with detectable lesions among infected and uninfected animals was 73% (CI95%: [71.3%-76.1%]) and 8.1% (CI95%: [7.6%-8.5%]), respectively.

Appendix 3. Sensitivity and specificity covariances of two dependent tests used in parallel [START_REF] Gardner | Conditional dependence between tests affects the diagnosis and surveillance of animal diseases[END_REF] If we consider two tests of sensitivity, Se1 and Se2, and specificity, Sp1 and Sp2,

the sensitivity covariance has to be:

o greater than the maximum between -(1-Se1)(1-Se2) and -Se1*Se2

o and less than the minimum between Se1*(1-Se2) and Se2*(1-Se1)

the specificity covariance has to be:

o greater than the maximum between -(1-Sp1)(1-Sp2) and -Sp1*Sp2

o and less than the minimum between Sp1*(1-Sp2) and Sp2*(1-Sp1)

Appendix 4. Results of Buczinski and Reuillon, 2015(table A) the estimation of daily care costs by production type and type of animal and the method used to group some of these results into larger animal type categories For beef farms, we grouped the estimation for cows older than 24 months and pregnant three-year-old heifers into the category "female older than 24 months". We chose the parameters of the uniform law to describe the daily care costs of this group as the minimum and maximum value among the four estimated.

We also grouped the estimation for one and two-year-old heifers into the category "female younger than 24 months". An analyses of BDNI data showed that, in most French beef and beef/fattening farms, there are more heifers under one year of age than heifers between one and two years of age: the mean proportion of heifers under one year of age among heifers younger than two years of age was 64%. We thus estimated the daily care cost of females under 24 months of age as the weighted mean of this cost for a one-year-old heifer and a two-year-old heifer with coefficients of 0.64 for one-yearolds and 0.36 for two-year-olds. We obtained a daily care cost of 2.09 € DF for females under 24 months of age in beef farms and of 2.04 € DF for the same category of animals in beef/fattening farms.

Legend: Fsup24: female older than 24 months, Finf24: female younger than 24 months, Msup6: male older than 6 months, Minf6: male younger than 6 months, Dairycalf: dairy calves, Dssup: small dairy farm with a turnover of greater than 40%, Dsinf: small dairy farm with a turnover of less than 40%, Dbsup: big dairy farm with a turnover of greater than 40%, Dbinf: big dairy farm with a turnover of less than 40%, Bssup: small beef farm with a turnover of greater than 40%, Bsinf: small beef farm with a turnover of less than 40%, Bbsup: big beef farm with a turnover of greater than 40%, Bbinf: big beef farm with a turnover of less than 40%, Mssup: small mixed farm with a turnover of greater than 40%, Msinf: small mixed farm with a turnover of less than 40%, Mbsup: big mixed farm with a turnover of greater than 40%, Mbinf: big mixed farm with a turnover of less than 40%. Legend: Bbinf: big beef farm with a turnover of less than 40%, Bbsup: big beef farm with a turnover of greater than 40%, Bsinf: small beef farm with a turnover of less than 40%, Bssup: small beef farm with a turnover of greater than 40%, Dbinf: big dairy farm with a turnover of less than 40%, Dbsup: big dairy farm with a turnover of greater than 40%, Dsinf: small dairy farm with a turnover of less than 40%, Dssup: small dairy farm with a turnover of greater than 40%, Mbinf: big mixed farm with a turnover of less than 40%, Mbsup: big mixed farm with a turnover of greater than 40%, Msinf: small mixed farm with a turnover of less than 40%, Mssup: small mixed farm with a turnover of greater than 40%.

A high cost-sensitivity index matches bad efficiency of the protocol.

Legend: Bbinf: big beef farm with a turnover of less than 40%, Bbsup: big beef farm with a turnover of greater than 40%, Bsinf: small beef farm with a turnover of less than 40%, Bssup: small beef farm with a turnover of greater than 40%, Dbinf: big dairy farm with a turnover of less than 40%, Dbsup: big dairy farm with a turnover of greater than 40%, Dsinf: small dairy farm with a turnover of less than 40%, Dssup: small dairy farm with a turnover of greater than 40%, Mbinf: big mixed farm with a turnover of less than 40%, Mbsup: big mixed farm with a turnover of greater than 40%, Msinf: small mixed farm with a turnover of less than 40%, Mssup: small mixed farm with a turnover of greater than 40%. ICCT Se: ICCT sensitivity, pr_intra: within-herd prevalence of bTB, Size: herd size.

Legend: Bbinf: big beef farm with a turnover of less than 40%, Bbsup: big beef farm with a turnover of greater than 40%, Bsinf: small beef farm with a turnover of less than 40%, Bssup: small beef farm with a turnover of greater than 40%, Dbinf: big dairy farm with a turnover of less than 40%, Dbsup: big dairy farm with a turnover of greater than 40%, Dsinf: small dairy farm with a turnover of less than 40%, Dssup: small dairy farm with a turnover of greater than 40%, Mbinf: big mixed farm with a turnover of less than 40%, Mbsup: big mixed farm with a turnover of greater than 40%, Msinf: small mixed farm with a turnover of less than 40%, Mssup: small mixed farm with a turnover of greater than 40%. 

France, the

 the State and farmers share these costs. Farmers must pay for programmed screening and suffer indirect losses, whereas the State pays for all tests applied during the investigation of suspected cases and compensates farmers for slaughtered animals. All following prices and costs are tax-free.Direct costsEach year, each department sets the price for bTB screening tests for the next screening campaign by a written agreement between veterinarians and farmers. We collected 40 such agreements for 2015 to 2017. We corrected the prices based on the inflation rate between the agreement year and 2017 (0.2%), if necessary. The mean, maximum, and minimum of these data were used for the parameters of the PERT distribution laws used to describe the cost of a screening visit in euros per visit (considering that two visits are needed to perform the tuberculin injection and the reading of the ICT results) and the cost of an ICCT injection in euros per animal. The cost of an ICCT injection was therefore described as PERT (min = 5.01 €, mode = 7.36 €, max = 9.94 €), and the cost of the visit asPERT (min = 30.06 €, mode = 53.58 €, max = 70.90 €). The State sets the prices of ante mortem tests for investigations for suspected cases. In 2017, they were 28.36 € for the veterinarian visit (injection and reading), 7.09 € per animal for ICCT2, and 2.84 € per animal for blood sampling for the INF test.

  herd book and 1,900 € otherwise (ministerial decree of 17 June 2009); the meat value of the animal is deducted from this compensation. We represented the meat value by normal distribution laws designed to fit the best SIGAL data on the meat value of animals slaughtered during bTB investigations of suspected cases in 2016. The meat value of adults was therefore represented by normal distribution laws: Normal (mean = 972.15 €, SD = 314.89 €) for beef farms, Normal (mean = 633.04 €, SD = 284.32 €) for dairy farms, and Normal (mean = 628.07 €, SD = 434.22 €) for mixed farms. We estimated the percentage of cattle registered into the herd book (herd book inscription rate) for each production type to be 20% for dairy cows, 10% for beef cows, and 15% for cattle of mixed farms (source: http://www.racesdefrance.fr). We finally estimated the final compensation cost by the State with formula (1).

  3.4. Sensitivity analyses3.4.1. Impact of inputs on herd sensitivityWe performed sensitivity analysis of herd sensitivity output for each protocol by herd type. Mc Klay indices of the inputs greater than ten percent by herd type for each protocol are illustrated in Figure6.

Figure captions Figure 1 .Figure 6 .
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  ) = (p(C+|L+) -(1-Sp|L+)) / (Se|L++Sp|L+ -1) and p(I+|L-) = (p(C+|L-) -(1-Sp|L-)) / (Se|L-+Sp|L--1) In addition, we can estimate disease prevalence in the sample : p(I+)= p(I+|L+)*p(L+) + p(I+|L-)*p(L-) p(I+)= ((p(C+|L+) -(1-Sp|L+)) / (Se|L++Sp|L+ -1))*0.13 + ((p(C+|L-) -(1-Sp|L-)) / (Se|L-+Sp|L--1))*0.87 p(I-)=1-p(I+) From these equations and with Bayes theorem, we calculated for each model iteration the probability to have detectable lesions for an infected animal (p(L+|I+)) and an uninfected one (p(L+|I-)) : p(L+|I+) = p(I+|L+)*p(L+)/p(I+) p(L+|I-) = p(I-|L+)*p(L+)/p(I-)

  Compensation costs: compensation to framers for the slaughtered animals paid by the State; ICCT Sp: specificity of ICCT; Size: herd size; ICCT/slaughter interval: interval between the first ICCT and the slaughter of non-negative animals; slaughter IFNpos/slaughter interval: interval between the slaughter of the first ICCT non-negative and IFN positive animals and the slaughter of the other first ICCT non-negative animals in the same herd; IFN result/slaughter interval: interval between results of the IFN test and the slaughter of IFN positive animals; ICCT/recontrol interval: interval between the first ICCT results and herd re-control by ICCT.
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Table 1 .

 1 Estimated distributions of the proportion of adult and young cattle by herd type(production type, size, and herd turnover) 

	Tables				
	Production type	Herd size category Herd turnover	≥ 24 months	Age	< 24 months
	Dairy farm	small big	< 40% ≥ 40% < 40% ≥ 40%	N(0.659, 0.00207) N(0.473,0.0127) N(0.625, 0.00248) N(0.581, 0.0296)	Complementary to one Complementary to one Complementary to one Complementary to one
	Beef farm	small big	< 40% ≥ 40% < 40% ≥ 40%	N(0.578, 0.00180) N(0.491, 0.00683) N(0.546, 0.00122) N(0.212, 0.00719	Complementary to one Complementary to one Complementary to one Complementary to one
	Mixed farm	small big	< 40% ≥ 40% < 40% ≥ 40%	N(0.617, 0.00212) N(0.553, 0.0116) N(0.581,0.00246) N(0.537, 0.0144)	Complementary to one Complementary to one Complementary to one Complementary to one

Legend: Normal(mean, SD)

Table 2 .

 2 Values of the parameters of the distribution laws used to model ICCT sensitivity and specificity and estimated through published studies

	Test	Characteristic	Normal asymmetric law parameters	Sources
			CI lower limit	43%	Praud and Dufour, 2016
					Mean of estimations from de la Rua-Domenech et al.
		sensitivity	Mean	74%	2006a, Clegg et al. 2011, Praud and Dufour, 2016,
					Pucken et al. 2017, Nuñez-Garcia et al. 2017
	First ICCT (ICCT1)		CI upper limit CI lower limit	95% 80%	Pucken et al., 2017 Praud and Dufour, 2016 and Clegg et al., 2011
		specificity	Mean	99%	Mean of estimations from Praud and Dufour, 2016 and Clegg et al., 2011
			CI upper limit	100%	Praud and Dufour, 2016 and Clegg et al., 2011
			CI lower limit	43 %	Praud and Dufour, 2016
	ICCT conditional to a first non-negative result to ICCT	sensitivity	Mean CI upper limit CI lower limit	73% 95% 87%	Mean of estimations from de la Rua-Domenech et al., 2006; Praud Anne et al., 2015; Pucken et al., 2017 Pucken et al., 2017
	(ICCT2)	specificity	Mean	89%	Praud and Dufour, 2016
			CI upper limit	90%	
	CI: 95% confidence interval			

Table 3 .

 3 Estimated distributions of the probability of occurrence of each possible IFN results by animal status for bTB[START_REF] Praud | Rapport sur l'analyse des données collectées dans le cadre du protocole expérimental d'évaluation de l'IFN pour le dépistage de la tuberculose bovine et dans les élevages en suivi renforcé de 2013 à[END_REF] 

	IFN result	Infected	bTB animal status	Uninfected
	Negative	N(0.035, 0.020)		Neg=N(0.458, 0.00969)*
	Inconclusive	Complementary to one	N(0.818, 0.00765)***-Neg
	Positive	N(0.93, 0.0255)**		Complementary to one
	Legend: Normal(mean, SD)			

Table 4 .

 4 Estimated normal asymmetric distributions lawsN(m,s,t) of the probability of occurrence of each possible result of the tests performed in ADLs according to the presence of detectable lesions[START_REF] Courcoul | Rapport d'appui scientifique et technique : Demande d'Appui Scientifique sur le protocole de diagnostic de la tuberculose bovine par PCR[END_REF] 

	Analysis	Result	Infected animal

Table 5 .

 5 Estimated distributions of herd size (number of animals) by herd type(production type, size, and herd turnover) 

	Production type Herd size category	Herd turnover	Herd size	Comments
	small	< 40%		
	Dairy farm			

Table 6 .

 6 Price data of the laboratory test performed in bTB surveillance from the ADL survey and distributions used in our scenario trees to model the cost of each test

		Price data indicated by ADL				
	Analysis		surveyed (in €/sample)		N	Covered by the price	by the price Not covered	Description in the study models
		Min	Median	Mean	Max				
	IFNγ	34.00	53.15	51.76	67.63	6	IFN Analysis + administrative fees	Sample collect	PERT(min=34, mode=53, max=68)
	PCR	50.00	74.28	75.17	114.00 10 PCR analyses + administrative fees		PERT(min=50, mode=74, max=114)
	Bacteriology (culture of a mix of the three samples if there are no lesions)	35.36	68.81	75.14	185.00 10	Mix processing + plating + bacterial culture		PERT(min=35, mode=69, max=185)
	Individual bacteriology (for								
	each sample if there are	35.36	58.13	62.04	90.00	10	Plating + bacterial culture		PERT(min=35, mode=58, max=90)
	lesions)								
	Transport fees of PCR + DNA to the NRL	19.23	22.19	27.88	45.00	5			PERT(min=19, mode=28, max=45)
	Transport fees of bacterial strain or doubtful PCR sample	80		460	870	7			PERT(min=80, mode=460, max=870) (1)
	Sample processing for histology	0	10.92	10.73	20.39	8	Sample processing		PERT(min=0, mode=11, max=20)
	Transport fees for a sample to the ADL for histology	10.00	15.53	18.9	31.70	6			PERT(min=10, mode=16, max=32)
	Histology	65.46	65.73	65.73	66.00	2	Histological analysis	Sample processing	66

Table 9 .

 9 Mean herd sensitivity (in %) of the three studied protocols (10,000 iterations) estimated for each herd type by the scenario tree method

Production type Herd size category Herd turnover Compliant slow path protocol Compliant quick path protocol Strict protocol

  

				Mean (%)	CI95% (%)	Mean (%)	CI95% (%)	Mean (%) CI95% (%)
	Dairy farm	small	< 40%	42.7	42.5-42.8	44.2	44.1-44.4	47.4	47.2-47.5
		(< 74 adults)	≥ 40%	30.8	30.7-30.9	31.6	31.5-31.7	34.3	34.2-34.4
		big	< 40%	49.0	48.7-49.2	51.6	51.3-51.8	52.3	52.1-52.6
		(≥ 74 adults)	≥ 40%	40.4	40.3-40.6	42.4	42.3-42.6	43.7	43.5-43.9
	Beef farm	small	< 40%	37.5	37.4-37.7	38.7	38.6-38.9	41.8	41.7-41.9
		(< 66 adults)	≥ 40%	32.0	31.9-32.1	32.9	32.7-33.0	35.6	35.5-35.7
		big	< 40%	46.0	45.7-46.2	48.2	48.0-48.5	49.1	48.8-49.3
		(≥ 66 adults)	≥ 40%	20.2	20.0-20.3	20.8	20.7-21.0	21.7	21.5-21.8
	Mixed farm	small	< 40%	43.0	42.8-43.2	45.1	44.9-45.3	46.6	46.5-46.8
		(< 124 adults)	≥ 40%	37.7	37.5-37.8	39.3	39.1-39.5	41.2	41.1-41.4
		big	< 40%	61.0	60.7-61.3	63.9	63.7-64.2	64.2	63.9-64.4
		(≥ 124 adults)	≥ 40%	56.8	56.6-57.1	59.6	59.4-59.9	59.9	59.7-60.2

Production type Herd size category Herd turnover Compliant slow path protocol Compliant quick path protocol Strict protocol

  

				Mean	CI95%	Mean	CI95%	Mean	CI95%
	Dairy farm	small	< 40%	2,393	2,354-2,432	2,702	2,670-2,735	4,480	4,426-4,533
		(< 74 adults)	≥ 40%	2,459	2,422-2,497	3,208	3,183-3,234	5,591	5,543-5,639
		big	< 40%	6,988	6,884-7,092	5,905	5,836-5,975	8,949	8,851-9,047
		(≥ 74 adults)	≥ 40%	9,263	9,120 -9,405	6,948	6,892-7,005	11,983	11,889-12,077
	Beef farm	small	< 40%	1,211	1,190-1,232	1,355	1,340-1,370	2,386	2,359-2,412
		(< 66 adults)	≥ 40%	2,351	2,307-2,395	2,933	2,907-2,959	5,875	5,822-5,928
		big	< 40%	5,370	5,273-5,467	3,569	3,528-3,609	6,021	5,960-6,081
		(≥ 66 adults)	≥ 40%	7,470	7,314-7,625	6,948	6,886-7,011	14,051	13,922-14,180
	Mixed farm	small	< 40%	4,950	4,866-5,033	4,303	4,249-4,356	7,048	6,967-7,129
		(< 124 adults)	≥ 40%	7,560	7,426-7,694	6,169	6,115-6,223	11,213	11,119-11,307
		big	< 40%	13,065	12,864-13,266	8,692	8,584-8,800	13,179	13,033-13,324
		(≥ 124 adults)	≥ 40%	32,688	32,115-33,261	15,990	15,857-16,122	28,619	28,394-28,844

Table A :

 A Result of Buczinski and Reuillon 2015 estimation of daily care cost in euros per day

			Production type
	Type of animal	Dairy	
			Plain dairy	Mountain dairy
	Female ≥ 24 months	3.18	4.18
	Female < 24 months	2.87	3.79
	Dairy male calf *	103.66	122.06
			Beef	
			Beef	Beef / fattening
	Cow ≥ 24 months	3.68	3.70
	Pregnant 3-year old heifer	3.29	3.68
	Female < 24	Heifer ≤ 1year old	1.92	1.88
	months	Heifer > 1-year old	2.39	2.33
	Male < 6 months	1.30	1.42
	Male ≥ 6 months	3.14	3.32

Table A :

 A Mean of the normal distribution law best fitted to the number of each type of animal sold each month of 2016 in France for each type of herd (data from the BDNI)

		1 1 1	2 2 2	3 3 3	4 4 4	5 5 5	6 6 6		7 7 7	8 8 8	9 9 9	10 10 10	11 11 11	12 12 12
	Finf24_Dbsup Fsup24_Bbinf Dairycalf_Mbinf	5.68 2.13 4.11	9.24 2.46 4.02	10.32 3.75 1.73	2.41 1.01 3.75	8.24 4.30 3.21	8.46 3.36 3.81		20.73 5.92 5.80	5.97 6.31 3.29	8.76 3.87 6.17	21.32 5.37 0.15	0.00 0.00 0.00	0.00 0.00 2.70
	Msup6_Dbsup Finf24_Bbinf	4.79 2.62	10.27 3.93	2.79 4.50	4.12 1.57	5.03 2.79	6.91 3.31		22.34 5.80	7.25 3.41	14.30 4.06	23.38 6.47	0.00 0.00	0.00 0.00
	Minf6_Dbsup Msup6_Bbinf	4.16 2.90	8.85 4.68	2.78 1.53	8.67 1.95	9.76 3.66	7.61 2.61		20.12 5.88	8.46 3.36	20.73 5.92	0.00 6.31	0.00 0.00	0.00 0.00
	Dairycalf_Dbsup Minf6_Bbinf	5.12 1.88	8.44 5.44	4.15 1.95	7.67 3.56	5.97 4.11	8.76 3.87		21.32 5.37	6.91 3.31	22.34 5.80	0.00 0.00	0.00 0.00	0.00 0.00
	Fsup24_Dbinf Dairycalf_Bbinf	3.14 2.15	3.41 3.37	4.07 1.85	0.85 4.18	2.96 3.41	1.08 4.06		2.76 6.47	2.92 2.61	1.08 5.88	3.05 0.00	0.64 0.00	2.61 0.00
	Finf24_Dbinf Fsup24_Mssup	3.21 2.99	4.46 4.69	4.13 7.58	1.03 2.61	1.98 6.24	1.16 4.86		3.28 13.68	0.86 8.32	0.95 5.89	3.09 29.59	0.83 0.00	2.51 0.00
	Msup6_Dbinf Finf24_Mssup	2.66 4.55	5.74 4.61	1.03 8.05	1.28 3.21	2.04 8.85	0.96 4.73		3.75 11.95	1.08 5.15	2.76 5.11	2.92 19.24	1.08 0.00	2.34 0.00
	Minf6_Dbinf Msup6_Mssup	2.14 3.87	5.13 9.42	1.05 2.38	2.20 2.07	2.45 9.41	1.08 6.50		3.05 12.37	1.16 4.86	3.28 13.68	0.06 8.32	0.51 0.00	2.79 0.00
	Dairycalf_Dbinf Minf6_Mssup	2.95 3.59	3.47 6.72	1.02 3.46	3.24 6.33	0.86 2.75	0.95 5.89		3.09 29.59	0.96 4.73	3.75 11.95	0.50 0.00	2.45 0.00	2.81 0.00
	Fsup24_Bssup Dairycalf_Mssup	1.75 4.02	3.00 7.88	5.50 2.56	1.49 8.51	7.91 5.15	4.42 5.11		19.84 19.24	17.08 6.50	4.71 12.37	21.92 0.00	0.00 0.00	0.00 0.00
	Finf24_Bssup Fsup24_Msinf	1.74 2.01	4.09 2.41	6.15 3.26	1.87 0.83	6.45 2.22	4.96 1.39		19.37 2.86	4.39 3.29	5.00 1.52	20.27 2.64	0.00 0.00	0.00 1.71
	Msup6_Bssup Finf24_Msinf Animal and herd type Minf6_Bssup Msup6_Msinf	2.31 2.11 1 2.04 1.99	4.09 3.07 2 5.54 3.02	1.55 3.33 3 1.80 1.07	3.04 1.08 4 7.17 1.36	9.03 1.44 5 10.64 1.88	4.15 1.51 6 4.71 1.14	21.74 3.03 Month 7 21.92 3.74	4.42 1.34 8 4.96 1.39	19.84 1.82 9 19.37 2.86	17.08 3.03 10 0.00 3.29	0.00 0.16 11 0.00 0.22	0.00 0.00 12 0.00 1.54
	Fsup24_Dssup Dairycalf_Bssup Minf6_Msinf	2.02 2.41 1.49	3.63 5.00 3.34	4.72 2.09 1.21	1.58 6.46 2.01	7.32 4.39 2.25	2.75 5.00 1.52		17.22 20.27 2.64	14.31 4.15 1.51	3.39 21.74 3.03	20.10 0.00 0.00	0.00 0.00 0.00	0.00 0.00 1.95
	Finf24_Dssup Fsup24_Bsinf Dairycalf_Msinf	2.33 0.67 2.00	4.12 0.94 2.40	6.58 1.87 1.20	1.97 0.41 2.05	6.59 1.87 1.34	1.84 0.91 1.82		13.13 2.36 3.03	2.34 2.90 1.14	2.75 1.05 3.74	22.73 1.88 0.04	0.00 0.00 0.00	0.00 0.00 0.00
	Msup6_Dssup Finf24_Bsinf Fsup24_Mbsup	2.00 0.78 15.85	4.59 2.03 15.11	1.56 2.48 31.38	2.62 0.62 4.56	7.82 1.26 15.42	2.61 0.89 14.71	9.56 2.29 13.85	2.75 1.04 52.24	17.22 1.44 13.56	14.31 2.51 16.62	0.00 0.00 0.00	0.00 0.00 0.00
	Minf6_Dssup Msup6_Bsinf Finf24_Mbsup	1.50 0.77 14.54	4.67 2.15 24.20	1.67 0.66 31.29	6.39 0.90 3.53	6.36 1.73 6.42	3.39 0.64 12.88	20.10 2.26 45.05	1.84 0.91 9.00	13.13 2.36 19.31	0.00 2.90 27.77	0.00 0.00 0.00	0.00 0.00 0.00
	Dairycalf_Dssup Minf6_Bsinf Msup6_Mbsup	2.40 0.49 14.29	3.80 2.05 21.66	1.93 0.77 5.53	5.38 1.84 5.93	2.34 2.19 7.05	2.75 1.05 10.53	22.73 1.88 22.60	2.61 0.89 14.71	9.56 2.29 13.85	0.00 0.00 52.24	0.00 0.00 0.00	0.00 0.00 0.00
	Fsup24_Dsinf Dairycalf_Bsinf Minf6_Mbsup	1.30 0.66 16.01	1.64 1.42 20.88	2.51 0.71 4.10	0.54 1.95 12.56	1.58 1.04 14.68	0.33 1.44 13.56	1.27 2.51 16.62	1.94 0.64 12.88	0.33 2.26 45.05	1.23 0.00 0.00	0.20 0.00 0.00	1.99 0.00 0.00
	Finf24_Dsinf Fsup24_Bbsup Dairycalf_Mbsup	1.43 10.84 16.71	2.65 11.50 25.60	2.58 20.62 6.48	0.65 3.29 6.93	1.22 11.95 9.00	0.34 11.09 19.31	1.45 32.08 27.77	0.25 37.44 10.53	0.32 12.84 22.60	1.50 22.33 0.00	0.28 0.00 0.00	1.44 0.00 0.00
	Msup6_Dsinf Finf24_Bbsup Fsup24_Mbinf	1.13 11.32 4.54	2.82 19.47 4.81	0.66 20.80 4.56	0.78 4.67 1.22	1.35 9.25 3.43	0.25 12.58 3.60	1.67 26.63 5.40	0.33 11.01 6.23	1.27 13.40 3.71	1.94 29.50 5.47	0.42 0.00 0.28	1.36 0.00 2.70
	Minf6_Dsinf Msup6_Bbsup Finf24_Mbinf	0.94 14.46 4.78	2.41 20.08 4.56	0.69 4.10 5.34	1.59 4.39 1.59	1.58 13.11 2.43	0.33 9.85 3.88		1.23 33.09 6.01	0.34 11.09 3.21	1.45 32.08 3.81	0.00 37.44 5.80	0.16 0.00 0.46	1.65 0.00 2.66
	Dairycalf_Dsinf Minf6_Bbsup Msup6_Mbinf	1.40 12.47 4.34	1.95 26.86 5.70	0.65 3.77 1.54	1.77 11.98 1.92	0.25 9.64 2.68	0.32 12.84 3.29	1.50 22.33 6.17	0.25 12.58 3.60	1.67 26.63 5.40	0.19 0.00 6.23	0.00 0.00 0.78	1.70 0.00 2.28
	Fsup24_Dbsup Dairycalf_Bbsup Minf6_Mbinf	5.01 11.06 3.46	6.50 23.14 4.98	8.36 4.95 1.81	2.84 9.97 2.66	12.17 11.01 3.06	7.25 13.40 3.71	14.30 29.50 5.47	23.38 9.85 3.88	7.61 33.09 6.01	20.12 0.00 0.00	0.00 0.00 0.23	0.00 0.00 2.75

Table B .

 B Standard deviation of the normal distribution law best fitted to the number of each type of animal sold each month of 2016 in France for each type of herd (from BDNI)

	Finf24_Msinf	2.08	2.91	3.17	1.22	1.63	1.41	3.04	1.40	1.27	3.20	0.15	1.60
	Msup6_Msinf	1.78	3.52	1.16	1.14	2.01	1.43	2.95	1.41	2.89	2.85	0.13	1.79
	Minf6_Msinf	1.84	2.86	1.29	1.92	1.96	1.65	3.06	1.41	3.04	0.00	0.08	1.90
	Dairycalf_Msinf	2.03	2.65	0.96	2.41	1.40	1.27	3.20	1.43	2.95	0.00	0.00	1.63
	Fsup24_Mbsup	13.27	18.58	32.32	4.42	3.81	15.38	20.87	21.36	13.26	23.53	0.00	0.00
	Finf24_Mbsup	13.71	18.14	35.23	3.78	6.27	10.45	49.08	11.70	11.02	43.00	0.00	0.00
	Msup6_Mbsup	12.36	22.28	5.03	3.15	6.37	14.62	16.06	15.38	20.87	21.36	0.12	0.00
	Minf6_Mbsup	22.75	14.16	4.93	15.27	6.24	13.26	23.53	10.45	49.08	0.00	0.00	2.87
	Dairycalf_Mbsup Animal and herd type Fsup24_Mbinf	19.38 1 4.44	40.56 2 4.46	2.90 3 5.50	8.09 4 1.45	11.70 5 2.76	11.02 Month 43.00 6 7 3.46 5.69	14.62 8 5.39	16.06 9 3.48	0.00 10 6.09	0.00 11 0.45	0.00 12 2.30
	Fsup24_Dssup Finf24_Mbinf	1.89 4.19	2.71 6.13	4.94 5.47	1.58 1.70	6.02 3.03	2.24 3.71	12.41 5.96	12.27 3.41	3.98 3.02	18.12 5.60	0.00 0.60	0.00 2.33
	Finf24_Dssup Msup6_Mbinf	1.90 3.95	3.78 5.69	6.61 1.58	2.07 1.78	5.03 2.99	3.11 3.86	12.03 5.92	2.20 3.46	2.39 5.69	21.30 5.39	0.00 0.49	0.00 2.76
	Msup6_Dssup Minf6_Mbinf	1.94 4.33	4.03 4.31	1.33 1.89	2.03 3.35	6.28 3.19	3.33 3.48	19.19 6.09	2.24 3.71	12.41 5.96	12.27 0.02	0.00 0.30	0.00 2.69
	Minf6_Dssup Dairycalf_Mbinf	2.21 4.22	4.34 4.76	1.68 1.39	3.80 4.27	7.85 3.41	3.98 3.02	18.12 5.60	3.11 3.86	12.03 5.92	0.00 0.19	0.00 2.32	0.00 2.35
	Dairycalf_Dssup	2.68	5.03	1.64	5.41	2.20	2.39	21.30	3.33	19.19	0.00	0.00	0.00
	Fsup24_Dsinf	1.29	1.43	2.47	0.63	1.31	0.35	1.33	1.16	0.30	1.46	0.27	1.43
	Finf24_Dsinf	1.29	2.36	2.99	0.71	1.23	0.32	1.95	0.27	0.23	1.37	0.32	1.42
	Msup6_Dsinf	1.11	2.71	0.63	0.71	1.51	0.32	1.64	0.35	1.33	1.16	0.32	1.60
	Minf6_Dsinf	1.26	2.27	0.69	1.37	1.64	0.30	1.46	0.32	1.95	0.13	0.20	1.70
	Dairycalf_Dsinf	1.46	2.33	0.56	1.87	0.27	0.23	1.37	0.32	1.64	0.13	1.48	1.41
	Fsup24_Dbsup	5.07	5.85	8.01	2.78	10.97	7.57	15.09	18.65	7.30	18.00	0.00	0.00
	Finf24_Dbsup	4.97	7.82	10.68	3.93	6.88	7.53	23.69	6.00	6.47	20.10	0.00	0.00
	Msup6_Dbsup	4.75	9.12	2.54	3.90	9.89	7.60	26.89	7.57	15.09	18.65	0.00	0.00
	Minf6_Dbsup	4.66	9.22	3.29	5.95	13.07	7.30	18.00	7.53	23.69	0.00	0.00	0.00
	Dairycalf_Dbsup	5.33	8.80	3.22	7.86	6.00	6.47	20.10	7.60	26.89	0.00	0.00	0.00
	Fsup24_Dbinf	2.97	3.07	4.39	0.99	2.60	1.10	3.39	2.91	1.01	3.39	0.77	2.33
	Finf24_Dbinf	2.87	3.94	4.43	1.13	1.69	1.12	3.84	0.92	0.79	3.19	0.86	2.35
	Msup6_Dbinf	2.62	5.57	0.97	1.21	2.41	1.16	3.31	1.10	3.39	2.91	0.85	2.67

We represented the indirect costs due to a sales ban using a French evaluation of the daily-care costs (feeding, veterinary fees, supplementary work for the farmer, etc.) for each type of animal (age, sex, and production type) (Buczinski and Reuillon, 2015)). The values of these estimations were collected to estimate daily-care costs for females younger or older than 24 months, males younger or older than six months, and the total indirect costs of dairy calves of dairy, beef, and mixed farms, as described in
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Appendix 4. We used the estimations from this study to describe the cost of care (Ct,X) by animal (t) and production (X) type (Table 7). The indirect cost of dairy calves is not daily but covers the entire period of the sales ban, because it accounts for the fact that farmer will be forced to keep the animal a certain amount of time before it can be sold as a fat dairy calf. This indirect cost is only incurred for animals which would have been sold but were not because of a sales ban. Thus, we extracted the number of each type of animal sold each month of 2016 for each type of herd from the BDNI database. We estimated the means and standard deviation of the normal distribution law that best fit these data using the "fitdistrib" R function for each type of herd. The resulting means and standard deviations were used as the parameters of the normal distribution laws (restrained between 0 and 200 (the maximum number of animals sold based on the data)) represented by nm,t,X, the number of each type of animal (t) sold each month (m) in each type of herd (X) (Appendix 5). From SIGAL, we determined the proportion of suspicious cases for each month (m) of 2016 (APMSm). From these two sets of values and the number of days in each month (Jm), we calculated, for each model iteration and each herd type, C_totX, the mean indirect cost due to a sales ban for D days, in euros, for the herd type X with formula (2).

(2) C_totX= CX*(∑ ) + CX, dairy calves *D

In formula (2), CX is the indirect cost for a herd type X, without considering dairy calves, calculated with formula (3), and CX,dairy calves is the indirect cost for a herd type X due to dairy calves, calculated with formula (4).

(3) CX=∑ (∑ ( APMSm*(nm,t,X/Jm)*Ct,X) (4) CX, dairy calves =∑ ( APMSm*C dairy calves,X*(nm, dairy calves,X/Jm)) PERT = PERT distribution law; U=uniform distribution law (1) The cost for male dairy calves is in € per animal for the entire sales interdiction period. It corresponds to the impossibility of selling male calves at the required age; the farmers must then sell the calves as fat calves fed whole milk. In addition, if U follows a Bernoulli distribution law of parameter s/(s+t), Xs a normal distribution law N(0,s) and Xt a normal distribution law N(0,t), then X'=U*|Xs|+(1-U)*|Xt| follows a normal symmetric law N(0,s,t) and X=X'+m follows a normal asymmetric law N(m,s,t).

An R function based on this definition was created to simulate a normal asymmetric distribution law as described below:

Calculation of the proportion of animals with detectable lesions by the infectious bTB status of the animal

We used data for a French study [START_REF] Courcoul | Estimation of Sensitivity and Specificity of Bacteriology, Histopathology and PCR for the Confirmatory Diagnosis of Bovine Tuberculosis Using Latent Class Analysis[END_REF] on the results of the diagnostic slaughters realised in an infected French department (Dordogne) between 2008 and 2012. We used these data and the characteristics of the PCR and bacteriology results to calculate the proportion of animals with detectable lesions among infected and uninfected animals to use as parameters in our scenario trees.

First, we estimated the proportion of infected animals in these data, p(I+ | L+) and p(I+|L-):

We had, according to [START_REF] Gardner | Conditional dependence between tests affects the diagnosis and surveillance of animal diseases[END_REF]: