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Considerable effort has been devoted to improving the existing diagnostic tests for bovine tuberculosis (single intradermal comparative tuberculin test [SICTT] and γ-interferon assay [γ-IFN]) and to develop new tests. Previously, the diagnostic characteristics (sensitivity, specificity) have been estimated in populations with defined infection status.

However, these approaches can be problematic as there may be few herds in Ireland where freedom from infection is guaranteed. We used latent class models to estimate the diagnostic characteristics of existing (SICTT and γ-IFN) and new (multiplex immunoassay [Enferplex-TB]) diagnostic tests under Irish field conditions where true disease status was unknown. The study population consisted of herds recruited in areas with no known TB problems (2,197 animals) and herds experiencing a confirmed TB breakdown (2,740 animals). A Bayesian model was developed, allowing for dependence between SICTT and γ-IFN, while assuming independence from the Enferplex-TB test. Different test interpretations were used for the analysis: SICTT (standard and severe interpretation), γ-IFN (a single interpretation), and a range of interpretations for the Enferplex-TB (level-1 [high sensitivity interpretation] to level-5 [high specificity interpretation]). The sensitivity and specificity (95% posterior credibility intervals; 95% PCI) of SICTT[standard] relative to Enferplex-TB[level-1] and γ-IFN were 52.9-60.8% and 99.2-99.8%, respectively. Equivalent estimates for γ-IFN relative to Enferplex-TB[level-1] and SICTT were 63.1-70.1% and 86.8-89.4%, respectively. Sensitivity of Enferplex-TB[level-1] (95% PCI: 64.8-71.9%) was superior to the SICTT[standard], and A c c e p t e d M a n u s c r i p t specificity of the Enferplex-TB[level-5] was superior to γ-IFN (95% PCI: 99.6-100.0%).

These results provide robust measures of sensitivity and specificity under field conditions in Ireland and suggest that the Enferplex-TB test has the potential to improve on current diagnostics for TB infection in cattle.

Introduction

Diagnostic tests play a key role in both surveillance (to detect new cases) and control (to clear infection following case detection) activities as part of national programmes to control and eradicate bovine tuberculosis (TB; caused by infection with Mycobacterium bovis). Although limitations in the performance of the diagnostic tests have been identified as an important constraint to effective control and eradication (de la Rua-Domenech et al. 2006), these were not sufficient to prevent successful eradication of infection from a number of countries, including Australia (More, 2009). A range of diagnostic tests for TB are available, as reviewed by [START_REF] Monaghan | The tuberculin test[END_REF] and de la Rua-Domenech et al. (2006), and considerable efforts have been made, over many years, towards the development of new, and the improvement of existing, tests. There are a number of challenges to developing improved TB diagnostics (de la Rua-Domenech et al., 2006), relating both to sensitivity and specificity (often resulting from cross-reaction with non-pathogenic mycobacteria and Mycobacterium avium subsp. paratuberculosis, A c c e p t e d M a n u s c r i p t Álvarez et al., 2009). Notable advances in TB diagnostics include the development of the γ-interferon assay (γ-IFN) in Australia in the early 1990s (Wood et al., 1990) and the identification of specific antigens (including for use in cellularbased assays (Pollock et al., 2006). Although antibody-based diagnostics have generally proved disappointing (de la Rua-Domenech et al., 2006), Whelan et al. (2008) reported promising results with a novel multiplex immunoassay that simultaneously measures antibody recognition of up to 25 antigens in a single well of a 96-well plate array format.

Detailed information on the operating characteristics of key diagnostic tests for TB has recently been reviewed (de la Rua-Domenech et al., 2006). Under Irish conditions, the single intradermal comparative tuberculin test (SICTT) has an estimated sensitivity of 90.9% (89.6-91.2) (Costello et al., 1997) and specificity of 99.8-99.9% (O'Reilly, 1992).

Field experience indicates that the actual percentage of false positive reactors to the SICTT on a national basis is only a fraction of 1% (O'Reilly and Mac Clancy, 1978). In a study conducted by Monaghan et al. (1997), the sensitivity and specificity of the γ-IFN under Irish conditions were estimated at 56.2-87.7% and 88.1-96.6%, respectively, depending on the cut-off selected. In a later Irish study, [START_REF] Gormley | Diagnosis of Mycobacterium bovis infection in cattle by use of the gamma-interferon (Bovigam®) assay[END_REF] estimated a sensitivity of 88%, based on the assessment of cattle diagnosed with TB at post-mortem, and a specificity of around 95%, based on a study of 21 herds that had been free from TB for the previous five years and were assumed to be non-infected. Recently, preliminary work has been reported by Whelan et al. (2008) on development and validation of a new multiplex immunoassay (Enferplex TB). The results indicated that this test had a sensitivity of 93.1% and specificity of 98.4% (Whelan et al 2008). The multiplex assay A c c e p t e d M a n u s c r i p t allows for the detection of the host antibody response to multiple single antigens that are specific to M. bovis, and the data on sensitivity suggest it may assist in the detection of early infection in animals.

Classically, operating characteristics of diagnostic tests have been estimated in populations with defined infection status (sensitivity estimates in infected populations and specificity estimates in non-infected populations). However, many of the epidemiological issues associated with the validation of diagnostic tests [START_REF] Greiner | Epidemiological issues with the validation of veterinary diagnostic tests[END_REF] are particularly problematic with TB diagnostics, including the choice of a reference test (gold standard) and reference population, and the methods used to sample from this population. In countries where infection is endemic, such as Ireland, it is not possible to accurately estimate test specificity as there are likely to be few herds where freedom from infection with M. bovis can be guaranteed. Recently, a number of studies have described the use of latent class models, using either frequentist (maximum likelihood estimation, MLE) or predominantly Bayesian modelling strategies, to estimate the operating characteristics of two or more diagnostic tests where true disease status is not known [START_REF] Hui | Estimating the error rates of diagnostic tests[END_REF]Branscum et al., 2005;Toft et al., 2007). Using these methods, none of the tests are considered a reference test (or 'gold standard'), and therefore the disease status of the study subjects is designated 'latent' (existing but not presently evident or realised). The assumptions underpinning the original latent class analyses are [START_REF] Hui | Estimating the error rates of diagnostic tests[END_REF]: two or more tests are applied in two or more populations with differing prevalence; the test characteristics are constant across all populations; and the tests are conditionally independent. The latter assumption can be A c c e p t e d M a n u s c r i p t relaxed, either by Bayesian methods through incorporating prior information (Branscum et al. 2005) or by using at least three candidate tests, with one of them being conditionally independent of the others, for the test evaluation (Toft et al. 2007).

The objective of this study was to estimate the test characteristics (sensitivity, specificity) of three diagnostic tests (the SICTT, γ-IFN and Enferplex TB) for bovine tuberculosis under Irish field conditions using latent class analysis.

Materials and methods

The diagnostic tests

Single intradermal comparative tuberculin test

The SICTT was conducted using standard methods, as described previously [START_REF] Monaghan | The tuberculin test[END_REF]de la Rua-Domenech et al., 2006). Briefly, the test is conducted by separately injecting avian and bovine purified protein derivative (PPD) tuberculin intradermally into defined sites on the neck of cattle. The test is read 72 hours later, by comparing the relative millimetre increase in skin fold thickness (an in-vivo cell mediated response to each tuberculin) at each injection site. Two interpretations of the skin test were used in this study: 'standard interpretation' (SICTT[standard]) if the bovine reaction was both positive (≥4mm) and exceeded the avian reaction by more than 4 mm, and 'severe A c c e p t e d M a n u s c r i p t interpretation' (SICTT[severe]) if the bovine reaction was either positive (≥4mm) or inconclusive (>2mm) and exceeded the avian reaction.

The γ-interferon assay

The γ-IFN (Bovigam® γ-IFN; Prionics AG, Schlieren-Zurich, Switzerland) was conducted using standard methods, as recommended by the manufacturer. Briefly, heparinised whole blood samples were incubated for 16-24 h in the presence of test antigens (typically bovine PPD tuberculin and avian PPD tuberculin, Lelystadt) and a nilantigen (negative) control. The level of γ-IFN in the plasma was then measured using a sandwich enzyme-linked immunosorbent assay (ELISA) [START_REF] Gormley | Diagnosis of Mycobacterium bovis infection in cattle by use of the gamma-interferon (Bovigam®) assay[END_REF]. The interpretation level was chosen on the basis of results from an Irish field study by Monaghan et al. (1997) where the assay was carried out on known reactor cattle (sensitivity) and clear herds (specificity). The interpretation level used in this study was the one that maximised the sensitivity of the test with respect to the lesion and M. bovis culture status of the animals. This interpretation is currently used in the Irish bovine TB control program. As with the SICTT, this assay acts as a measure of the cell mediated immune (CMI) response of the host to M. bovis infection. In Ireland, the γ-IFN is mainly used in heavily infected herds, predominantly to identify animals that have shown a negative response to the SICTT test but which may be infected with M. bovis [START_REF] Gormley | Diagnosis of Mycobacterium bovis infection in cattle by use of the gamma-interferon (Bovigam®) assay[END_REF]. The multiple immunoassay (Enferplex TB; Enfer Scientific Ltd, Naas, Co. Kildare, Ireland) was conducted using methods described previously (Whelan et al., 2008). Briefly, a multiplex chemiluminescent immunoassay was developed to simultaneously detect antibody recognition of up to 25 antigens in a single well in a 96-well plate array format.

The multiplex immunoassay

In this assay, the chemiluminescent signal is captured with a digital imaging system and analyzed with bespoke software that tracks each serum for its pattern of antibody recognition for M. bovis antigens. Five different cut-off levels were used in the current study (Enferplex TB[level 1 to 5]), the 5 interpretation levels of this test were in order of increasing specificity (from 1 to 5).

Study herds and animals

Animals from herds where the infection risk is very low ('low risk areas')

Methods to identify areas with low infection risk (so-called 'Greenfield sites') have been described previously (More and Collins, 2007). Briefly, using ArcView 9.1 (ESRI, Redlands, CA, USA), Ireland was divided into equal sized 1 km hexagons. The TB status of and animal numbers within each hexagon (TB history, farm size etc) was determined based on the status of all underlying farms. Hexagons were sequentially removed according to the following criteria: those with an historic TB problem (a herd was permitted a single TB breakdown with no more than 2 reactors during the 5 years between 2002 and 2006, any herds failing to meet this criteria were flagged and all A c c e p t e d M a n u s c r i p t hexagons touching flagged herds were removed); those not touching farms stocked with a minimum of 17 animals and maximum of 80 animals (2 nd and 3 rd quartiles of the population, respectively); those within 1 km of areas treated under the Government's reactive badger culling strategy; those touching any previously excluded hexagon; and those overlaying common grazing land. The internal hexagon boundaries were then dissolved creating 'Greenfield' areas which were checked to ensure it was on or close to agricultural land. Using 2007 data, we identified 189 farms with cattle herds, in total 4,831 cattle, within 1,250m of these 'Greenfield' areas.

A full-herd SICTT is conducted annually on all cattle herds in Ireland, as part of the TB eradication programme (More and Good, 2006). For this study, the SICTT was conducted, and all samples collected, by a DAFF veterinary practitioner (veterinary inspector, VI; whole-time temporary veterinary inspector, WTVI) from all animals in each study herd greater than 6 months of age at day one (the day of tuberculin injection) of the annual herd test during 2008. The VI/WTVI collected several samples from each eligible animal, including serum and blood in lithium heparin and recorded the herd and animal identification, and the date of sampling.

Animals from herds where the infection risk is high ('high risk areas')

For a defined period during 2008, and as feasible, samples were collected at the direction of a VI from herds with evidence of active infection (those with more than one standard SICTT test positive at the initial breakdown test). The SICTT test had been conducted by A c c e p t e d M a n u s c r i p t either a VI/WTVI or a private veterinary practitioner (PVP). In each of these herds, samples (as above) were collected, where feasible, from all reactors and in-contact cohort animals greater than 6 months of age at day 1 or no less than 10 days following day one of the breakdown test. The latter time interval was chosen in order to minimise any potential anamnestic response to the injection of tuberculin. This was evaluated in a study by Gormley et al. (2004) and Doherty et al. (1995) who showed that there was no group anamnestic response after 10 or 7 days, respectively, post-injection when immune responses were measured in the γ-IFN assay. Similarly for the Enferplex TB test there was no detectable anamnestic effect in response to the tuberculin injection when blood samples were taken 10 days after injection (unpublished results). The VI recorded the herd and animal identification, and the date of sampling.

Calculating test characteristics

A latent class analysis was adopted using a Bayesian model implemented in WinBUGS (Speigelhalter et al., 2004), which incorporated the three tests: the γ-IFN, the SICTT (standard and severe interpretations separately) and the Enferplex TB test (separately at each cut off level). The SICTT and γ-IFN were not considered independent; therefore, a model allowing for the covariance between the 2 tests, while assuming independence from Enferplex TB was used as the primary model. This model is essentially the same as the one used in Toft et al. (2007) and we refer to this study for further description of the model. In order to ensure that the model was identifiable, i.e. all parameters could be estimated based on data alone, a three test and two population model was used, with the A c c e p t e d M a n u s c r i p t populations being defined as the animals from low risk and high risk areas, respectively.

It was assumed that the prevalence in the samples from those two populations would differ and that the test characteristics could be considered constant across the populations.

We shall address the latter assumption as well as the conditional independence issue further in the discussion. The model was run for each combination of SICTT interpretation: severe/standard and for each combination of the Enferplex TB test (5 levels), therefore in total 10 (2 by 5) different analyses were carried out.

In all analyses, we used uninformative priors in the shape of a uniform distribution on the interval between 0 and 1, modelled using the Beta (1,1) distribution. The priors for the covariances were modelled using uniform distributions with ranges given by the limits described in Toft et al. (2007). The first 10,000 Monte Carlo (MC) samples were used as a burn-in to allow convergence, and the next 100,000 samples were used for posterior inference. Posterior inference was estimated by calculating posterior means along with 95% posterior credibility intervals. Convergence after the initial burn-in was assessed by visual inspection of the time-series plots of selected variables as well as Gelman-Rubin diagnostic plots using three sample chains with different initial values. Two models with and without covariance were compared using the deviance information criterion (DIC).

Using the limits for the conditional covariance described by Toft et al. (2007), the posterior mean covariance of Se/Sp (γ Se/Sp ) was expressed as a percentage of the maximum possible (positive) covariance. The Bayesian posterior probabilities (POPR) were used to compare the test parameters in a manner more comparable to traditional frequentist statistical methods. The POPR were used to decide in favour or against A c c e p t e d M a n u s c r i p t several hypotheses such as Se γ-IFN < Se SICTT. The POPR was calculated as the proportion of MC samples for which the hypothesis was true (Toft et al., 2007).

Results

Descriptive information

Study enrolment a. Animals from herds in low risk areas

Sampling was conducted in 153 of the 189 herds of the larger Greenfield sites suitable for inclusion in this study. Following exclusion of herds that did not match qualifying criteria for analysis (e.g., test already completed, no stock present, etc), the SICTT and Enferplex TB results were available for 2,285 animals in 140 herds. γ-IFN results were available for 2,197 animals from 136 herds; 88 animals (including all sampled animals from 4 herds) were not γ-IFN tested. The average herd size of the 140 study herds was 23 animals, each with an average of 16 animals tested. The primary enterprise type in these herds was either dairy (18 herds), suckler (92), beef (29) or other (1).

b. Animals from herds in high risk areas

A c c e p t e d M a n u s c r i p t Samples were collected from 126 herds (2,740 animals). SICTT, Enferplex TB and γ-IFN results were available for all of these animals. These 126 herds held on average 91 animals, with an average 22 animals tested. The primary enterprise type in these herds was either dairy (36 herds), suckler (73), beef (16) and other (1). In 9 of these herds, samples were collected from in-contact cohort animals, but not from the positive SICTT animals.

Test characteristics

Bayesian models

The number of positive animals for varying test combinations of Enferplex TB, γ-IFN and SICTT[standard, severe], by area and differing cut-off interpretations for Enferplex TB and SICTT, is presented in Table 1. The estimated operating characteristics of each test are presented in Table 2 andTable 3 based The importance of the covariance between γ-IFN and SICTT[standard, severe] was tested by comparing the DIC of a model with and without the covariance term. In all of the models presented in Table 2 and Table 3 the DIC was higher in the model that did not include the covariance between the tests, indicating that the covariance term is necessary.

Furthermore in all analyses the 95% PCI for the covariance parameters did not include 0, suggesting a non-negligible effect of the covariance parameter.

The SICTT (both standard and severe) and the Enferplex TB levels 2 to 5 had the highest specificities while the Enferplex TB[level-1], SICTT(severe) and γ-IFN had the highest sensitivities (Figure 1). Based on the Bayesian POPR, the estimated sensitivity of Enferplex TB[level-1] was the same as the sensitivity for γ-IFN (POPR = 0.22) and both of these test sensitivities were higher than the SICTT[standard] sensitivity (POPR<0.01).

Similarly, Enferplex TB[level-5] had the highest level of specificity (99.8%, 95% PCI: 99.6; 100.0) and based on the Bayesian POPR, the specificity of Enferplex TB [level-5] was higher than both γ-IFN (POPR <0.01) and SICTT[standard] (POPR = 0.05).

The estimated posterior mean prevalence for the low risk area varied from 0.1% to 0.4% and for the high risk area the prevalence varied from 40.4% to 51.7%.

There was little change in the sensitivity and specificity estimates after excluding 9 herds from the high risk area where a standard reactor was not sampled and a further 2 herds from the low risk area that were thought to be infected. In these calculations, the revised A c c e p t e d M a n u s c r i p t sensitivities of Enferplex TB[level-1], γ-IFN and SICTT[standard] were 68.6%, 66.9% and 58.1%, respectively. The specificities were 91.9%, 87.9 and 99.7%, respectively.

Discussion

Latent class analysis (LCA) offers considerable promise for assisting the validation of diagnostic tests and this is the first report of this analysis applied to bovine TB. Unlike classical validation methods (which form the basis of all previous validation studies), LCA can be conducted in populations where true infection status is unknown. This study presents sensitivity and specificity estimates using LCA for three diagnostic tests (SICTT, γ-IFN, Enferplex TB), based on the application of these tests in two distinct populations of cattle selected for low and high risk of M. bovis infection. From the analysis of the results presented here, the Enferplex TB appears to be equivalent to or better than the SICTT and γ-IFN, and as a result, may have the potential to improve on the current diagnostics for TB infection in cattle.

The latent class models are underpinned by a number of critical assumptions. Tests are generally assumed to be conditionally independent (given that an animal is infected [or not], the probability of a positive [or negative] outcome for test 1 is the same regardless of the outcome for test 2). In the current study, the biological principles of Enferplex TB are different to those of SICTT and γ-IFN. Although the biological principles underpinning SICTT and γ-IFN are similar (each is based on a cell-mediated reaction), the models were constructed, when appropriate, to account for the covariance between A c c e p t e d M a n u s c r i p t tests. These models also assume that test accuracy (sensitivity, specificity) remains constant over different populations. [START_REF] Johnson | On the interpretation of test sensitivity in the two-test two-population problem: Assumptions matter[END_REF] states that, in general terms, high prevalence areas might have a greater burden of clinically affected animals and more animals shedding greater numbers of the pathogen of interest. Therefore, a diagnostic test could have increased sensitivity when applied in a high prevalence population.

Conversely, there might be problems with constant specificity across populations for other reasons, both related to the distribution of the disease and/or potential geographic differences in cross-reactions to other mycobacteria. [START_REF] Johnson | On the interpretation of test sensitivity in the two-test two-population problem: Assumptions matter[END_REF] recommends that a biological rationale for the assumption of constant test accuracy in the two populations should be given along with an analysis of the test accuracy carried out separately in the two populations. Firstly to address the biological rationale we need to look at the prevalence of TB infection within Ireland. In Ireland the TB eradication programme was first established in 1954 and all herds are tested annually for TB. Any test positive animals and others considered infected are then culled. As a result of this programme, advanced/clinical cases of TB in cattle are rarely encountered. Since the mid 1960s, the TB animal incidence has remained relatively stable, at approximately 0.4% annually (Good, 2006;More and Good, 2006). This incidence estimate is a measure of reactors to the SICTT and not of clinical disease. In addition, cattle-to-cattle transmission in Ireland is relatively uncommon (Griffin and Dolan, 1995;Costello et. al. 1998).

Therefore, although we have created two populations of cattle with differing infection prevalence, it is likely that the clinical stage of disease and associated test sensitivities in both populations will be similar. Secondly, examining test estimates in the two populations separately, the estimated test accuracies can be interpreted as estimates of the 2009) showed that the lack of constant sensitivity across populations resulted in estimates that were biased towards the population with the highest disease prevalence.Furthermore, the prevalence in the low risk area is so low that the sensitivity estimates are virtually unsupported by data from that population, hence the population estimate is similar to the one applicable in the high risk population [START_REF] Johnson | On the interpretation of test sensitivity in the two-test two-population problem: Assumptions matter[END_REF]).

The assumption of differing prevalence between populations is central to latent class models, noting that it is preferable to have as large a difference as possible (Toft et al., 2005). In the current study, there was a very large difference in the animal prevalence estimates in the low risk (0.1-0.4%) and high risk (40.4-51.7%) populations.

In this study, the specificity of SICTT[standard] was similar, but the sensitivity was lower than previously reported. Estimates of sensitivity for SICTT [standard] varied between 56.8% (95% PCI: 52.9-60.8, when compared to γ-IFN and Enferplex TB[level-1]) and 67.5% (62.9-72.0, when compared to Enferplex TB[level-5]) (Table 2). As expected, the sensitivity of SICTT[severe] was higher than SICTT[standard], varying between 65.9% between 52% and 100%. Although there is a discrepancy in these results, it is important to note that the current study reports estimates of the relative performance of each test. It is likely that the classical validation methods are prone to overestimation of test sensitivity, given the bias towards late stage infection when culture is used as the 'gold standard'. There may also be biases in the current study due to the assumption of constant sensitivity and specificity across the two populations. In the current study, the estimated specificity of SICTT[standard] was 99.5% (99.2-99.8, when compared to either Enferplex TB [level-1] or Enferplex TB [level-5]). The estimated specificity of SICTT[severe] was slightly lower, varying between 99.2% (98.7-99.6, when compared to Enferplex TB[level-5]) and 99.3% (98.9-99.7, when compared to Enferplex TB[level-1]).

These estimates are similar to previous reports for SICTT [standard]: O'Reilly reported 99.8-99.9% and de la Rua-Domenech et al. ( 2006) a median value of 99.5% (range:78.8-100%).

In this study, the sensitivity and specificity estimates for γ-IFN were generally comparable to previously published reports. The estimate of relative sensitivity varied between 66.6% (95% PCI: 63.1-70.1, when compared to Enferplex TB[level-1]) and 76.2% (72.8-79.3, when compared to Enferplex TB[level-5]), and of specificity between 88.1% (86.8-89.4, when compared to Enferplex TB[level-1]) and 87.9% (86.4-89.3, when compared to Enferplex TB [level-5]). These estimates are similar to those reported by Monaghan et al. (1997). However, the sensitivity estimates are lower than those reported by both [START_REF] Gormley | Diagnosis of Mycobacterium bovis infection in cattle by use of the gamma-interferon (Bovigam®) assay[END_REF] and de la Rua-Domenech et al. (2006). As before, this difference may reflect inherent difficulties associated with the use of culture as a 'gold A c c e p t e d M a n u s c r i p t standard' when classical validation methods are used and the contributory effects of the assumptions of constant test accuracy using the LCA. The current results highlight the value of, but also the recognised problems associated with the γ-IFN test, which puts restrictions on its widespread usage. The γ-IFN assay has higher test sensitivity but lower specificity than SICTT [standard]. As a consequence, and particularly due to the potential for disclosing false-positive results, the γ-IFN test is generally applied to known infected herds in Ireland, to identify infected animals that are missed by the SICTT, and where residual infection is suspected [START_REF] Gormley | Diagnosis of Mycobacterium bovis infection in cattle by use of the gamma-interferon (Bovigam®) assay[END_REF].

The results obtained with the Enferplex TB test are encouraging in the context of development of a novel diagnostic test. Using LCA, the operating characteristics of Enferplex TB were found to be equivalent or better than both the SICTT and γ-IFN, depending on the cut-off points used. The relative test sensitivity varied between 37.1% (95% PCI: 33.7-40.6) for Enferplex [level-5] (the cut-off for maximum specificity) and 68.4% (64.8-71.9) for Enferplex[level-1] (maximum sensitivity), noting that the latter estimate is higher than the estimated sensitivity of SICTT[standard] (93.1%;Whelan et al., 2008). However, this is unsurprising as these earlier estimates were based on data generated from animals likely to have advanced infection. The estimated relative specificity varied between 92.1% (91.0-93.2) for Enferplex [level-1] and 99.8% (99.6-100.0) for Enferplex [level-5]. The latter estimate is higher than the The Enferplex TB potentially offers a number of advantages as a herd-based screening test. The existing assays are logistically complex, either because cattle need to be examined on two occasions (with the SICTT) or because samples need to be rapidly transported to a specialist laboratory (γ-IFN). Further, a serology based assay would remove some current concerns relating to the SICTT, including difficulties associated with test standardisation (including objective test interpretation) and the potential for false-positive results due to fraudulent interference. Blood tests do not require a mandatory inter-test interval and thus retests may be performed at short intervals. This would be particularly beneficial in the detection of animals with early-stage infection.

With any TB screening test, specificity is of particular importance, noting that herd status is determined by the presence of one (or more) test-positive animal [START_REF] Martin | Evaluating the health status of herds based on tests applied to individuals[END_REF].

The sensitivity and specificity of the SICTT is a function not just of the test itself but also of the potency of the tuberculin and the environment in which it is used. Therefore, to be a realistic alternative to the SICTT, the Enferplex TB (or an alternative) must have comparable specificity while maintaining at least an equivalent level of herd sensitivity.

The results of this trial indicate that, in the Irish environment, the specificity of Enferplex TB [level-4] is very close to that of SICTT[standard] specificity, albeit with lower sensitivity. In common with the SICTT, the interpretation of Enferplex TB can be modified to take account of the level of TB infection within a herd, allowing for an increase in sensitivity (at the expense of specificity) when required. Thus, Enferplex A c c e p t e d M a n u s c r i p t TB[level-3, level-2 or level-1] may be applied as the situation demands. If the Enferplex TB was found to be useful as a herd screening test, the SICTT and/or γ-IFN could also be used in parallel in an infected herd to detect infected animals that might not have responded to the Enferplex TB test. Based on current estimates, Enferplex TB[level-5],

with high specificity and reasonable levels of sensitivity, may also be of assistance in countries that currently rely on post-mortem surveillance to detect TB infection.

Although the sensitivity of post-mortem surveillance is comparatively poor (Corner et al., 1990;Collins, 1997;Frankena et al 2007), it can be increased by provision of motivational incentives [START_REF] Kaneene | Abattoir surveillance: The US experience[END_REF]. Post-mortem surveillance is labourintensive and relatively expensive. A blood sample taken immediately before slaughter, with traceback of positive animals to the herd of origin, would be an alternative possibility. Alternatively, test results could be obtained from animals destined for slaughter, limiting post-mortem examination to Enferplex TB[level-5] positive animals only. Additional studies will be carried out to validate the Enferplex TB under a variety of scenarios.

Test validation has proved particularly problematic for bovine TB. Classical validation methods rely on test application in known infected and non-infected populations for sensitivity and specificity estimates, respectively [START_REF] Greiner | Epidemiological issues with the validation of veterinary diagnostic tests[END_REF]. In sensitivity studies, microbiological culture is routinely used as the reference test ('gold standard'), and test sensitivity estimates have been based on the percentage of culture positive animals that test positive to the test in question. However, a positive culture result is more likely in animals with advanced, compared to early stage, infection.

A c c e p t e d M a n u s c r i p t

Sensitivity also varies (and generally increases) with the stage of infection [START_REF] Greiner | Epidemiological issues with the validation of veterinary diagnostic tests[END_REF]. Therefore, sensitivity estimates based on culture positive results will invariably lead to an overestimate of test sensitivity in the field. In contrast, specificity studies rely on test application in non-infected populations. In countries where TB is problematic, however, it is often difficult to substantiate freedom from infection (More et al., 2009), in part because residual infection is a key feature of TB in cattle (Olea-Popelka et al., 2008). In Ireland, for example, there are no herds where freedom from infection can be guaranteed. Extrapolation of specificity data is frequently unsatisfactory, noting that specificity may vary between populations [START_REF] Greiner | Epidemiological issues with the validation of veterinary diagnostic tests[END_REF] due to differences in the prevalence or distribution of cross-reacting organisms. As a consequence of these constraints, published data on the operating characteristics of diagnostic tests for bovine TB generally need to be interpreted with care.

The sensitivity and specificity estimates are robust to potential concerns with herd misclassification. In 9 herds in the high risk areas, samples were collected from cohortbut not reactor -animals. During the course of the study, infection was confirmed in 2 herds located in the low risk areas. In each case, concern was raised about the potential impact of herd misclassification on model outputs. For this reason, the models were run with and without these 11 herds, with very little difference to model estimates of test sensitivity and specificity.

It was not possible to comment on the ability of the tests at herd-level since only part of the herd was sampled in most cases. Further studies are currently underway to examine 

Conclusion

The use of latent class analysis (LCA) has provided robust estimates of the relative test characteristics of two currently used diagnostic tests (γ-IFN, SICTT) and a novel multiplex immunoassay (Enferplex TB) for TB under field conditions in Ireland. The new Enferplex TB test had displayed equivalent or better relative sensitivity/specificity estimates compared to the currently used tests. These results suggest that the Enferplex TB has the potential to improve on the current diagnostics for TB infection in cattle, the extent of that potential will be assessed in further studies.
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Tables:

Table 1. The number of animals positive to Enferplex TB, γ-IFN and SICTT[standard and severe], by area and differing cut-offs for Enferplex TB and SICTT. 

  on a Bayesian estimation and after separately comparing Enferplex TB[levels 1 to 5] to γ-IFN and SICTT[standard, severe], along with the proportion of maximum covariance explained by the Se and Sp covariance terms.

  s c r i p t average sensitivity/specificity across populations (Branscum et al., 2005). Toft et al. (2005) and Johnson et al. (

(

  62.1-69.8, when compared to Enferplex TB[level-1]) and 77.3% (73.1-81.4, compared to Enferplex TB[level-5]). Costello et al. (1997) previously reported that the sensitivity of SICTT[severe] under Irish conditions was 90.9%. In a recent review, de la Rua-Domenech et al. (2006) suggested a median sensitivity of 80% for SICTT[standard] and 93.5% for SICTT[severe], based on a meta-analysis of several studies with a range of A c c e p t e d M a n u s c r i p t

  and within the estimated sensitivity range for γ-IFN and SICTT[severe]. The γ-IFN and SICTT[severe] are currently the most-sensitive diagnostic tests for routine field use. These relative sensitivity estimates are substantially less than previously reported for Enferplex TB

  s c r i p t estimated specificity of SICTT[standard], currently the most-specific test used for routine annual surveillance of herds in Ireland.

  s c r i p t the comparative utility of SICTT[standard] and Enferplex TB as herd-based screening tests under Irish conditions.
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  Figure 1: A plot of the bayesian estimates of sensitivity versus 1-specificity of Enferplex TB (at different cut-off levels), γ-IFN and SICTT[standard and severe], using no prior information and estimating the covariance between γ-IFN and SICTT[severe]
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 2 Bayesian estimates of the operating characteristics of Enferplex TB (at different cut-off levels), γ-IFN and SICTT[standard], using no prior information and estimating the covariance between γ-IFN and SICTT[standard] 
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 3 Bayesian estimates of the operating characteristics of Enferplex TB (at different cut-off levels), γ-IFN and SICTT[severe], using no prior information and estimating the covariance between γ-IFN and SICTT[severe]
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