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ABSTRACT 9 

In the French bovine tuberculosis (bTB) surveillance program, tracing-on and back investigations have 10 

a major importance as, in 2016, they represented about 21% of the detected outbreaks. Building on 11 

our previous work on the other surveillance system components (Poirier et al., 2019), we evaluated 12 

for the first time the sensitivity and the cost of the two existing protocols of bTB’s tracing-on 13 

investigations trough scenario tree modelling with a stochastic approach. We used French databases 14 

(national database for bovine identification and database recording all bTB surveillance and control 15 

results) and direct and indirect costs collected in a previous study. These assessments allowed us to 16 

calculate the cost-effectiveness index (cost/sensitivity) of each tracing-on protocol. In the first 17 

protocol (trace-and-cull protocol), the animal(s) linking the farm to an outbreak are systematically 18 

culled for bacteriology, PCR and histology testing. In the second protocol (trace-and-test protocol), 19 

the traced animal is culled only if it had non-negative result to an intradermal cervical comparative 20 

tuberculin test (ICCT). We estimated herd sensitivity of the two tracing-on protocols for 12 herd 21 

types defined by their production type, size and herd turnover. For the trace-and-cull protocol, mean 22 

herd sensitivity was estimated between 67.3% [66.8-67.7]CI95% and 89.2% [88.7 – 89.7]CI95% and 23 

between 51.2% [50.8-51.5]CI95% and 73.1% [72.6 – 73.6]CI95% for the trace-and-test protocol, 24 
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depending on herd type. The trace-and-cull protocol was between 278 €/herd and 717 €/herd more 25 

expensive than the trace-and-test protocol, depending on herd type. Regardless of herd type, the 26 

trace-and-cull protocol had the smaller cost/sensitivity ratio and was therefore the most cost-27 

effective protocol. That work showed that systematically culling traced animals to perform 28 

bacteriology and PCR on them (trace-and-cull protocol) is associated with a better herd sensitivity 29 

and is more cost-effective for all herd types. That is consistent with French veterinary authorities’ 30 

recommendations but does not account for sociological aspects such as the bond between the 31 

farmer and his animals. Yet, cost-effectiveness difference was minor in small dairy and beef herds 32 

with a low turnover, suggesting the protocol could be chosen depending on the epidemiological 33 

context in those herds. 34 

Keywords: scenario tree, bovine tuberculosis, surveillance, sensitivity, cost, cost-effectiveness. 35 

INTRODUCTION 36 

The French bovine tuberculosis (bTB) ante mortem surveillance program is a complex system of three 37 

components: periodic bTB screening with intradermal cervical tuberculin test (ICT) on farms, 38 

individual ICT test on animals moving between farms and tracing-on and tracing-back investigations 39 

from detected outbreaks (farms with at least one animal with confirmed Mycobacterium bovis 40 

infection). To monitor a contagious animal disease like bTB, performing tracing-on and tracing-back 41 

investigations from the detected outbreaks is an important step (Radunz, 2006). Indeed, in 2016, 42 

21% of the 91 French bTB outbreaks were detected thanks to those investigations. That is why, in line 43 

with our previous work on the other components (Poirier et al., 2019), we evaluated for the first time 44 

the cost and the sensitivity of two existing protocols of tracing-on investigations trough scenario tree 45 

modelling with a stochastic approach. Tracing-back investigations aim at finding out the potential 46 

origin of the outbreak. Veterinary authorities look for any herd that sold animals to the reported 47 

outbreak within the epidemiological time-window in which it was likely to have been infected. 48 

Further investigations are performed in those herds following protocols similar to the ones used in 49 



3 
 

periodic screening surveillance. Tracing-on investigations are meant to detect any herd infected by 50 

the reported outbreak through the selling of an animal (called hereunder the “traced animal”). All 51 

farms that had received an animal from the outbreak herd within the 3 to 9 previous years, 52 

depending on the estimated date of infection of the outbreak herd (most often 5 years, personal 53 

communication from the French national coordinator of bTB surveillance and control F. Chevalier), 54 

are identified as a potentially infected herds (also called linked herd). Linked herds undergo further 55 

investigations that can follow two different protocols. Despite the importance of tracing-on 56 

investigations in bTB surveillance program, no quantitative evaluation has ever been carried out in 57 

France on these two protocols. In this study, we evaluated their herd sensitivity and cost and 58 

calculated their cost-effectiveness index (cost/sensitivity). This allowed a comparison of the two 59 

protocols in terms of their cost-effectiveness, to provide quantitative data for decision-makers who 60 

have to choose between them. 61 

MATERIALS AND METHODS  62 

In the two regulatory protocols of tracing-on investigations, the first step depends on the presence of 63 

the traced animal on the linked farm (memo DGAL N2016-1001 and 2017-333 of the French Ministry 64 

of Agriculture). When it is absent, a sample of cattle in the linked herd is tested with intradermal 65 

cervical comparative tuberculin test (ICCT). When at least one animal has non-negative results to 66 

ICCT, the herd is considered as suspect of bTB and all sales are banned until the end of investigations. 67 

These investigations follow the same steps as the strict protocol used in periodic screening and 68 

previously evaluated (Poirier et al., 2019). Non-negative animals are culled to perform laboratory 69 

analyses (PCR, histology on bTB-like lesions and bacteriology). If those tests confirm the infection of 70 

at least one animal, the herd is considered infected with bTB and control measures are enforced 71 

(total or partial slaughter of the herd, cleaning and disinfection of the farm…). If laboratory analyses 72 

do not detect bTB, the herd must be tested a second time with ICCT at least 42 days after the first 73 

one to regain its bTB free status.  74 
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When the traced animal is present on the farm, it is tested with ICCT. If it yields a non-negative 75 

(positive or doubtful) result, the herd is considered suspect of bTB (and therefore sales are banned) 76 

and the animal is culled to perform laboratory analyses. Positive results of those analyses lead to bTB 77 

detection and to a “bTB infected” status for the herd whereas negative results require further 78 

investigations following the same steps than the strict protocol used in periodic screening to 79 

conclude on the herd bTB status. Otherwise, if the traced animal has negative ICCT result, there is 80 

two possible paths. In the trace-and-cull protocol, the traced bovine is culled to perform the 81 

laboratory analyses. In the trace-and-test protocol, the farm is considered as bTB free but is 82 

registered as a bTB risky farm and will therefore be annually tested within periodic screening 83 

programs for three years. Veterinary authorities usually encourage farmers to choose the trace-and-84 

cull protocol but it is the farmer who eventually decides which protocol to use. 85 

To evaluate those protocols of tracing-on investigations, we used scenario tree modelling (Martin et 86 

al. in 2007) with a stochastic approach that accounted for uncertainty and variability of the input 87 

variables and allowed therefore a more realistic evaluation. We developed one scenario tree for each 88 

protocol at the herd level. They are illustrated in figure 1. The aim was to estimate herd-level 89 

sensitivity and cost for the twelve herd types that we used and described for the evaluation of 90 

periodic screening (Poirier et al., 2019). Those herd types were defined by their production type 91 

(beef, dairy and mixed (with dairy and beef cattle)), their size (big/small) and the herd turnover –i.e. 92 

the number of cattle introduced into the herd (excluding birth) within the year, divided by the mean 93 

number of cattle during the year- (upper or lower than 40%). 94 

For the tracing-on investigations, the probability of the traced animal being present on the linked 95 

farm was modelled according to French data. We randomly sampled in the French database of 96 

bovine identification (BDNI- database recording all bovine movements) 2,000 herds of each 97 

production type. For each of those herds, we estimated their size on the first of January 2016, their 98 

turnover at the same date, the number of animals that were sold from that farm to another farm 99 
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within 5 years (from 01/01/2011 to 01/01/2016) and among those animals, how many were still alive 100 

the first January 2016. Those data allowed us to have for each herd type (production type, herd size 101 

and herd turnover) the probability for an animal sold within the 5 years to still be alive in a farm. The 102 

normal distributions used to model, for each herd type, the probability that the traced animals is 103 

absent of the linked farm were set to fit those data (means between 0.47 and 0.54 depending on 104 

herd type). 105 

Herd-level sensitivity of the path following the same steps as the strict protocol used in periodic 106 

screening was estimated in a previous study as the sensitivity estimation of this strict protocol 107 

(Poirier et al., 2019). When the traced animal is no longer on the linked farm, this path is used, 108 

usually on a sample of the herd to limit the risk of obtaining false positive results due to the 109 

imperfect specificity of the screening test. That sampling is done for the same reason and in similar 110 

ways as sampling for the second ICCT (ICCT2) testing in the strict protocol of investigation for a 111 

suspicion after a non-negative result to periodic screening (personal communication, F. Chevalier). 112 

The sample size depends on the herd size. Samples made for this purpose in 2016 contained on 113 

average 53 animals. Therefore, we used the scenario tree previously developed in which we 114 

modelled the proportion of animals tested by the first ICCT in the same way ICCT2 was in strict 115 

protocol of periodic screening (Poirier et al., 2019). It was therefore modelled by the following Pert 116 

distribution laws: PERT (min = 1/herd size, mode = 1, max = 1) for small herds and PERT (min = 1/herd 117 

size, mode = 53/herd size, max = 1) for big herds.  118 

The test sensitivity and specificity we used for the ICCT (respectively 74% [43-95%]CI95% and 99% [80-119 

100%]CI95%) were the same as in Poirier et al., 2019. It was also the case for the sensitivity of the serial 120 

use of laboratory analyses performed after the culling of an animal (diagnostic culling), modelled 121 

with a mean of 0.986 and a standard deviation of 0.00514. Its specificity was assumed perfect (100%) 122 

(Personal communication, head of the French national laboratory of bTB). 123 
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Costs of those protocols can be direct and paid by the State (screening tests, laboratory analyses, 124 

etc.) or indirect and sustained by the farmer (losses due to the sales ban on animals and 125 

unpasteurised milk sales). We used the prices and costs of the ICCT, laboratory analyses, culling 126 

compensations and indirect losses due to the ban on animals, which were collected and estimated in 127 

our previous study (Poirier et al. 2019). The uncertainty about some costs was accounting for 128 

through stochastic modelling. 129 

Through the use of the scenario trees, herd-level sensitivity (probability to detect the infection with 130 

the protocol in a farm infected by the traced animal) and mean total cost were estimated by herd 131 

type for trace-and-cull and trace-and-test protocols of tracing-on investigations. To assess herd level 132 

sensitivity, the traced animal was assumed infected with bTB and the linked herd was assumed 133 

infected (bTB prevalence at herd level set to 100%). First, the model calculated the probability of 134 

occurrence of each path by multiplying the probabilities of occurrence of the limbs constituting it. 135 

Then, for each protocol, it estimated the sensitivity in each herd type by adding the probability of 136 

occurrence of every path beginning with the nodes of the corresponding herd type and with a 137 

positive outcome.  138 

A cost was associated with each limb of the trees. To evaluate cost of each path, we added its costs 139 

weighted by the probability of occurrence of its corresponding limbs. The linked animal and the herd 140 

was successively assumed infected - to assess by herd type the total cost for infected herds - and 141 

uninfected –to assess these costs for uninfected herds. These costs were assessed by adding the total 142 

cost of the paths corresponding to the considered herd type. Then, a mean total cost was estimated 143 

by herd type by adding the total cost for infected and for uninfected herds of the considered herd 144 

type weighted by the probability for a herd to be infected. That probability was set to 0.08 145 

corresponding to the 8% apparent prevalence among traced-on linked farms in France in 2016 (SIGAL 146 

database). 147 
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Finally, a cost-sensitivity index was calculated for each model iteration and each type of herd by 148 

dividing the estimated mean total cost by the estimated mean sensitivity. We therefore obtained, by 149 

herd type, the mean cost-sensitivity index and its 95% CI for each protocol from 10,000 iterations. 150 

All analyses were performed using R (version 3.4.2). The means were compared using Student’s t 151 

test, corrected for multiple comparisons by the Bonferroni correction method with an accepted error 152 

risk α of 5%. We performed a sensitivity analysis with the McKay method (McKay, 1995), with 20 153 

replications of Latin hypercube samples, using the R package “sensitivity dependent” (Jacques, 2014), 154 

an INRA researcher. 155 

RESULTS 156 

Mean range sensitivity and mean total cost were estimated for each herd type for both protocols and 157 

are presented in table 1. Mean herd-level sensitivity differences between the two protocols were 158 

significant for every herd type. Regardless of the protocol, the mean herd-level sensitivity was higher 159 

in herds with a turnover inferior to 40% than in higher turnover herds, except in small beef herds for 160 

the trace-and-cull protocol and for big mixed herds. That difference was particularly high in big beef 161 

herds. Regardless of the herd type, the trace-and-cull protocol was always more sensitive and 162 

significantly more expensive than the trace-and-test protocol. That cost difference was less 163 

important for beef herds. Regardless of the protocol, the investigation was always more expensive in 164 

big herds compared to similar (in production type and turnover) small herds and in herds with a high 165 

turnover compared to those with a low turnover. 166 

A cost-effectiveness index was calculated by herd type for each protocol to compare their efficiency. 167 

The mean indexes and their 95% confidence interval are presented in figure 2. A high index 168 

corresponds to a low efficiency (in terms of cost-sensitivity). Regardless of herd type, the trace-and-169 

cull protocol was always the most efficient protocol. In small beef and dairy herds with a low 170 

turnover the difference between the two protocols was smaller (yet statistically significant). 171 
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For both scenario trees, the probability of the traced animal not being present in the linked herd was 172 

the  most influential input on herd sensitivity variability and uncertainty. Herd sensitivity of the ICCT 173 

screening of the herd was also an influential input. In the trace-and-test protocol, ICCT sensitivity has 174 

also a strong influence. In both trees, the most influential inputs on total cost were the probability 175 

for the traced animal to be absent of the herd and the cost of the ICCT screening of the herd 176 

performed in that context (traced animal missing). 177 

DISCUSSION 178 

The sampling method used in BDNI data to estimate the probability for a traced animal to be on the 179 

linked farm at the time of the investigation led to small samples of farms for the rarer herd types (like 180 

herds with a high turnover) causing the use of less informative distributions which introduce 181 

therefore more uncertainty. That surplus of uncertainty on the probability for a traced animal to be 182 

absent of the linked herd is visible on the sensitivity analyses results. 183 

By that approach, we made the hypothesis that the investigation took place on the last farm on 184 

which the traced animal stayed. However, in the five-year period considered, an animal could have 185 

lived in several herds. Nevertheless, that case is quite rare in French farms and French veterinary 186 

authorities begin investigation in the last herd in which the animal stayed. If they do not detect any 187 

infection in that herd, they will not look further and therefore there will be no investigation in the 188 

intermediate herd(s). Therefore, we had estimated the cost-effectiveness of that first wave of 189 

investigations. 190 

When the traced animal is no longer in the linked herd, a sample of animals in the herd are subjected 191 

to ICCT screening. Vetrinary authorities usually select animals that were in close contact with the 192 

traced animal to optimise the sensitivity of the screening. Therefore, the animals sampled for ICCT 193 

screening could have a higher probability to be infected than modelled (modelled probability: PERT 194 

(min=0.008, mode=0.0094, max=0.031)). That was not accounted for in our scenario trees because 195 

we had no information about that higher probability and because that sampling of the animals in 196 
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contact cannot always be done (e.g. when traced animals were mixed with all the herd) and in that 197 

case a usual random sampling is done. Thus, the herd sensitivity of the branch when the traced 198 

animal is no longer in the herd might have be slightly underestimated, leading to an underestimation 199 

of the protocols’ sensitivity. 200 

We assumed that ICCT practice recommendations were followed and ICCT non-negative results were 201 

all notified by veterinarians to veterinary authorities. That assumption seemed reasonable according 202 

to the French national coordinator of bTB surveillance. Indeed, more non-negative results are 203 

notified in tracing-on investigations than in a periodic screening context. That may be explained by 204 

the particular context, as veterinary authorities usually keep a close eye on the linked herds during 205 

investigations, which induces veterinarians to follow prescribed practices. In addition, veterinarians 206 

may have more confidence in non-negative results (as the farm is linked to an outbreak) than they 207 

have when a non-negative result occurs in periodic screening of a presumed bTB free herd. 208 

Therefore, their personal “risk analysis” of the context may push them to notify non-negative results 209 

contrary to what occurs in a periodic screening context (Guillon et al., 2018; Crozet et al., 2019). 210 

Herd sensitivity estimations were higher in low turnover herds than in similar (in production type and 211 

size) high turnover herds. That difference can be explained by a higher number of animals older than 212 

24 months in low turnover herds, which induces a higher sensitivity of the herd screening by ICCT 213 

(because only animals older than 24 months are screened) (Poirier et al., 2019). That difference was 214 

greater in big beef herds because there is a greater difference in the proportion of 24 months old 215 

animals in those herds. Nevertheless, in small beef herds and in big mixed herds, that difference 216 

reversed. Indeed, in that type of herd, the difference of sensitivity of the herd screening by ICCT 217 

between low and high turnover was smaller and high turnover herds had a higher probability of 218 

following the most sensitive path (the one in which the traced animal is still present on the linked 219 

farm at the moment of the tracing on investigation). In those herds, the higher sensitivity of 220 
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screening by ICCT for low turnover herds was therefore not enough to compensate the higher 221 

probability of high turnover herds to follow the most sensitive path of the scenario tree. 222 

The mean total cost was far more expensive for big mixed herds with high turnover than for other 223 

herd types because of higher indirect costs due to animal sale ban. Indeed, these herds sell on 224 

average 60 more animals each years than the second bigger animal seller herd type (big beef herds 225 

with a high turnover). Therefore, when big mixed herds with a high turnover cannot sale animals 226 

(because they are suspected to be infected with bTB), they sustained far more indirect losses than 227 

other herd types, which lead to higher total costs. 228 

Regardless of herd type, there was little difference between the mean total costs of the two studied 229 

protocols. The few hundreds of euros difference can be explained by the cost of the culling and of 230 

laboratory analyses for the traced animal. That difference was of about 600 euros for dairy farms, 231 

from 600 to 700 euros for mixed farms and about 300 euros for beef farms. It was smaller in beef 232 

herds because their animals have better meat value; therefore, compensation costs for the 233 

compulsory slaughter of those animals are smaller than for dairy or mixed herds’ animals because 234 

the meat value of the animal is deducted from this compensation (Poirier et al., 2019). 235 

This study does not take into account medium-long term consequences of the imperfect sensitivity of 236 

the protocols (fewer detected outbreaks and therefore higher risk of bTB spreading). Hence, the full 237 

economic cost of the protocols has not been captured. Nevertheless, these costs are more difficult to 238 

obtain and their assessment will be detrimental to the trace-and-test protocol (which has the lowest 239 

sensitivity); accounting for them will therefore not change the ranking of protocols, only the 240 

magnitude of the cost-effectiveness difference between protocols.  241 

The large diminution of herd sensitivity of the trace-and-test protocol compared with the trace-and-242 

cull protocol is not compensated with a sufficient reduction of expenses. Therefore, the cost-243 

effectiveness index is better for the trace-and-cull protocol regardless of the herd type. The herd 244 
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types for which the cost-effectiveness difference between the protocols was minor (most of the low 245 

turnover herds) are the ones for which the protocol’s sensitivities were the closest. 246 

Sensitivity analyses results highlighted the major role of the probability for the traced animal to be in 247 

the investigated herd. That major influence is consistent with the central role of this probability in 248 

the path that will be followed (the less expensive and the less sensitive one -without the culling of 249 

the traced animal-, or the more expensive and the more sensitive one in which the traced animal is 250 

culled). It is also consistent with the variability and uncertainty that we had about that probability. 251 

CONCLUSION 252 

This work showed that systematic culling of traced animals (trace-and-cull protocol) provides a much 253 

better herd sensitivity and is more cost-effective for all herd types. Therefore, veterinary authorities’ 254 

recommendations to use preferentially that protocol seems highly relevant. That evaluation can 255 

reinforce the veterinary authorities’ ability to convince farmers to use the trace-and-cull protocol by 256 

providing them with a quantitative argument. Nevertheless, the cost-effectiveness difference is less 257 

obvious in most of the low turnover herds. In those herds, the choice of one protocol over another 258 

could be made according to other factors like the epidemiological context. For example, in low 259 

prevalence areas one may want to reduce costs and accept a lower sensitivity and therefore choose 260 

the trace-and-test protocol. 261 

ACKNOWLEDGEMENTS 262 

The authors want to thank the French Ministry of Agriculture and the French Agency for Food, 263 

Environmental, and Occupational Health and Safety for providing access to the SIGAL and BDNI data. 264 

We also thank the regional and national bTB coordinators for their help, especially F. Chevalier for his 265 

validation of some of the parameters. 266 

FUNDING 267 

The French Ministry of Agriculture and the French Agency for Food, Environmental, and Occupational 268 

Health and Safety supported that work. 269 



12 
 

References 270 

Crozet, G., Rivière, J., Dufour, B., 2019. Investigation of field intradermal tuberculosis test practices 271 

performed by veterinarians in France and factors influencing testing. Research in Veterinary 272 

Science. 124, 406-416. 273 

Guillon V., Gully S., Hamelin E., Jeandaux M.L., Khelifa L., Rabault A., Tadiello C., Veyer E., 2018. Lutte 274 

contre la tuberculose bovine : construction d’une pratique de la prophylaxie par le vétérinaire 275 

sanitaire. ENSV. 276 

Jacques, J., 2014. package R “sensitivity dependent.” INRA. 277 

Martin, P.A.J., Cameron, A.R., Greiner, M., 2007. Demonstrating freedom from disease using multiple 278 

complex data sources. Preventive Veterinary Medicine. 79, 71-97.  279 

Poirier, V., Rivière, J., Gardon, S., Dufour, B., 2019. Cost-effectiveness assessment of three 280 

components of the bovine tuberculosis surveillance system by intradermal tuberculin testing in 281 

French cattle farms by a scenario tree approach. Prev. vet. med. 166, 93-109. 282 

Radunz, B., 2006. Surveillance and risk management during the latter stages of eradication: 283 
Experiences from Australia. Veterinary Microbiology 112, 283-290.  284 

 285 

Figure 1. Scenario tree used to model the trace-and-test and the trace-and-cull protocols, used for tracing-on investigations 286 

of an outbreak in the linked herd  287 

 288 
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Table 1. Herd sensitivity (in %) and total cost (in euro per herd) estimated through the scenario trees by herd type for 289 

tracing-on investigations by the trace-and-cull or the trace-and-test protocol in a farm linked with a bTB outbreak. 290 

Herd type 

(production, size, turnover) 

Herd sensitivity (in %) Total cost (in euros per herd) 

Trace-and-cull Trace-and-test Trace-and-cull Trace-and-test 

Mean CI95% Mean CI95% Mean CI95% Mean CI95% 

Dairy 

small(1) 
< 40% 83.9 83.5-84.2 69.9 69.5-70.3 3,577 3,539-3,616 2,947 2,910-2,985 

≥ 40% 80.1 79.7-80.5 64.2 63.8-64.6 4,385 4,350-4,420 3,668 3,633-3,704 

big(1) 

< 40% 82.8 82.4-83.2 67.9 67.5-68.3 5,164 5,110-5,219 4,493 4,439-4,548 

≥ 40% 81.5 81.0-81.9 65.8 65.4-66.3 7,577 7,513-7,641 6,873 6,808-6,938 

Beef 

small(1) 

< 40% 79.3 78.9-79.7 65.4 65.1-65.8 1,941 1,920-1,961 1,663 1,644-1,682 

≥ 40% 80.4 80.0-80.8 64.7 64.4-65.1 4,151 4,113-4,189 3,837 3,798-3,875 

big(1) 

< 40% 79.7 79.3-80.2 64.9 64.5-65.3 3,623 3,588-3,659 3,327 3,292-3,362 

≥ 40% 67.3 66.8-67.7 51.2 50.8-51.5 8,980 8,891-9,069 8655 8,565-8,745 

Mixed 

small(1) 
< 40% 82.2 81.8-82.6 67.2 66.8-67.6 4,549 4,500-4,599 3,960 3,912-4,008 

≥ 40% 79.9 79.5-80.3 64.9 64.5-65.3 7,480 7,415-7,545 6,888 6,823-6,953 

big(1) 
< 40% 87.8 87.4-88.3 72.8 72.3-73.3 6,905 6,831-6,979 6,314 6,241-6,387 

≥ 40% 89.2 88.7-89.7 73.1 72.6-73.6 16,347 16,203-16,491 15,717 15,571-15,862 

(1) The limit defining the two categories were different in each production type. Indeed, we used the mean number of female older than 24 291 

months in each production type as a limit. That mean number was estimated by production type thanks to the French national database of 292 

bovine identifications (BDNI). It was 74 females for dairy herds, 66 for beef herds and 124 females for mixed herds. 293 

Figure 2. Mean cost-effectiveness index of the trace-and-cull protocol and the trace-and-test protocol by herd type  294 

 295 




