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Abstract

Background Bovine tuberculosis (bTB) is a chronic disease that results from infection with any member of the Myco-
bacterium tuberculosis complex. Infected animals are typically diagnosed with tuberculin-based intradermal skin tests
according to World Organization of Animal Health which are presently in use. However, tuberculin is not suitable

for use in BCG-vaccinated animals due to a high rate of false-positive reactions. Peptide-based defined skin test (DST)
antigens have been identified using antigens (ESAT-6, CFP-10 and Rv3615¢) which are absent from BCG, but their per-
formance in buffaloes remains unknown. To assess the comparative performance of DST with the tuberculin-based
single intradermal test (SIT) and the single intradermal comparative cervical test (SICCT), we screened 543 female
buffaloes from 49 organized dairy farms in two districts of Haryana state in India.

Results We found that 37 (7%), 4 (1%) and 18 (3%) buffaloes were reactors with the SIT, SICCT and DST tests, respec-
tively. Of the 37 SIT reactors, four were positive with SICCT and 12 were positive with the DST. The results show

that none of the animals tested positive with all three tests, and 6 DST positive animals were SIT negative. Together,

a total of 43 animals were reactors with SIT, DST, or both, and the two assays showed moderate agreement (Cohen'’s
Kappa 0.41; 95% Confidence Interval (Cl): 0.23, 0.59). In contrast, only slight agreement (Cohen’s Kappa 0.18; 95% Cl:
0.02, 0.34) was observed between SIT and SICCT. Using a Bayesian latent class model, we estimated test specificities
of 96.5% (95% Cl, 92-99%), 99.7% (95% Cl: 98-100%) and 99.0% (95% Cl: 97-100%) for SIT, SICCT and DST, respectively,
but considerably lower sensitivities of 58% (95% Cl: 35-87%), 9% (95% Cl: 3—21%), and 34% (95% Cl: 18-55%) albeit
with broad and overlapping credible intervals.

Conclusion Taken together, our investigation suggests that DST has a test specificity comparable with SICCT,

and sensitivity intermediate between SIT and SICCT for the identification of buffaloes suspected of tuberculosis. Our
study highlights an urgent need for future well-powered trials with detailed necropsy, with immunological and micro-
biological profiling of reactor and non-reactor animals to better define the underlying factors for the large observed
discrepancies in assay performance, particularly between SIT and SICCT.
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Introduction

Bovine tuberculosis (bTB) is a chronic disease of cattle
caused by members of the Mycobacterium tuberculosis
complex (MTBC). It is a multi-host disease that infects
a diverse group of domesticated and wild animals. In cat-
tle, bTB negatively affects milk production and fertility,
thus leading to economic losses [1-3]. Importantly, bTB
is a neglected zoonotic disease that crosses the species
barrier and can infect humans, with the major routes of
transmission being consumption of unpasteurized milk
or undercooked meat [4].

Tuberculin-based intradermal skin test, recommended
by the World Organization for Animal Health (WOAH),
is currently used for screening of animals for bTB [5].
Tuberculin skin testing is based on a delayed type hyper-
sensitivity to purified protein derivatives (PPDs) from
standard cultures of Mycobacterium avium (PPD-A)
and Mycobacterium bovis (PPD-B). The single intrader-
mal test (SIT) involves PPD-B alone, while the single
intradermal comparative cervical test (SICCT) utilizes
with both PPD-B and PPD-A [5]. Importantly, the pres-
ence of cross-reactive antigens between field and vaccine
strains leads to unacceptably high rates of false-positive
reactions from tuberculin-based diagnostics in Bacille
Calmette-Guérin (BCG)—vaccinated animals and neces-
sitates new diagnostics to provide the ability to differen-
tiate infected from vaccinated animals (DIVA) [6]. This
limits opportunities for the development and implemen-
tation of BCG vaccination-based control programs to
help accelerate the control of bTB.

We tested female buffaloes in organized dairy farms
in two districts of Haryana, India. The WOAH-recom-
mended interpretations of the standard tuberculin-based
tests were used alongside peptide-based defined skin test
(DST) antigens. The DST antigens comprise of ESAT-6,
CFP-10 and Rv3615c, that have been recently shown to
have DIVA potential [6-8].

Systematic evaluation of performance of diagnostic
tests for bovine tuberculosis is hampered by the lack of
a proper gold standard for identification of infected ani-
mals [5]. The Walter-Hui latent class model provides a
theoretical framework to address this problem, allowing
the sensitivity and specificity of a set of competing diag-
nostic tests to be estimated when samples are available
from at least two populations with differing prevalence [9,
10]. In recent years this approach has been used to evalu-
ate the relative performance of bTB diagnostics in dairy
cattle using field data from Ireland, Spain, France, North-
ern Ireland, Brazil, and Egypt [11-19]. This approach

has also been used for evaluation of serological test for
diagnosis of brucellosis in buffaloes in Pakistan [20]. No
systematic performance of bTB diagnostics in buffalo has
been carried out in India. The aim of this study was to
evaluate DST with WOAH recommended tuberculin test
in buffaloes. We use the foundational Walter-Hui latent
class model to provide first estimates of the relative sen-
sitivity and specificity of the SIT, SICCT and DST tests
in buffaloes with a view to assessing the performance of
the novel DST test with respect to the two international
standards.

Materials and methods

Study population

Haryana, a state in Northern India, is located between
27° 37" to 30° 35" latitude and 74° 28" to 77° 36  longi-
tude. Based on agro-climatic zones in India, Haryana is
in Zone-VI (Trans-Gangetic Plains Region). Geographi-
cally, the state is further subdivided into two zones i.e.,
Eastern and Western. To account for this, a total of 49
farms were identified in two districts within the State:
District A from the western zone and district B from the
eastern zone for a prospective study to compare perfor-
mance of PPDs and DST to detect bTB infection in buf-
faloes. A total of 543 female buffaloes (326 in district A
and 217 in district B) from these organized dairy farms
were included in this study, based on an assumed preva-
lence of 15% in female buffaloes at 20% precision (95%
confidence interval). The animals were stratified into
three age groups: calves (6 months—1 year of age), heif-
ers (1-3 years of age) and adults (more than 3 years of
age). Calves less than 6 months of age and adult buffaloes
in an advanced stage of pregnancy or who had recently
calved were excluded from this study. Written consent
was obtained from the dairy owners before their inclu-
sion in the study. They were apprised about bovine tuber-
culosis, its clinical findings, importance, zoonotic nature,
testing and its benefits, and possible risks. The animals
were tested and the dairy owners were advised to keep
reactor animals in isolation and seek the advice of their
veterinarians for specific guidance.

Skin testing

The intradermal skin test was performed on both sides
of the neck. On the left side of the neck, 0.1 ml each
of bovine PPD (strain AN5; PPD-B; 3000 IU) and avian
PPD (strain D4ER; PPD-A; 2500 IU) (Prionics, Switzer-
land) were administered intradermally using McLintock
syringes (Bar Knight McLintock Limited, Scotland). On
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the right side of the neck, the peptide-based DST was
injected. The DST contained chemically synthesized
peptides representing ESAT6, CFP10 and Rv3615c
prepared at>98% purity with a final concentration
of 20 pg/peptide [21]. The ready-to-use DST cocktail
(synthesized by GenScript, USA and USV Private Lim-
ited, India) was reconstituted to achieve a final concen-
tration of 20 pg for each individual peptide in a total
volume of 0.1 ml at the time of administration. Before
administration, skin thickness was measured in millim-
eters (0-h value) using a vernier caliper. Skin thickness
was measured again at 72 + 4 h by the same operator.
The difference in skin thickness (72 h—0 h) was deter-
mined, and animals with an increase in skin thickness
of 4 mm or more due to bovine PPD (Single intrader-
mal test; SIT) or PPD-B minus PPD-A (Single intra-
dermal comparative cervical tuberculin test; SICCT)
were classified as reactors. For the DST, animals with
increase in skin thickness by 2 mm were considered as
reactors. The cross-classified results of the 3 tests in the
19 study herds are presented in Supplementary Table 1.

Statistical analyses

The agreement between SIT, SICCT and DST was esti-
mated using Cohen’s Kappa [22]. The Walter-Hui latent
class model was implemented in stan, estimated by
Hamiltonian Markov Chain Monte Carlo (MCMC) and
analyzed in R using the rstan package [23, 24]. Con-
vergence was assessed through visual inspection of the
chains and standard diagnostic statistics (R = 1 for all
parameters after 2,000 iterations for 8 chains). Esti-
mated parameters are presented as median posterior
values with 95% Bayesian credible intervals (CrI).

The key assumption of the Walter-Hui (WH) model
is conditional independence between tests, i.e., the
probability of a test k being positive for individual (i),
P(T;x =1) only depends on the latent (in this case
true) disease status of the individual (D € {0,1}) and
not the response of the other tests. Under this assump-
tion the (conditional) probability of a positive test result
given that an animal is infected (D = 1) or disease free
(D = 0) can then be modelled by a single parameter for
each test:

P(Ty=1D=1) =ay
P(Tyx =1D=0) = by

and the sensitivity of test k will then simply be a; and the
specificity will be 1 — by.

Following (1, 30), and to allow for an extension to
model any conditional dependence between tests, we
parameterised the model using a probit (®) link function:
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P(Tyx=1D=1) = ®(a,
P(Tiy =1|D =0) = d(az,

To ensure numerical stability we restrict the sensitivity
parameters (on the probit scale) ay ; to the range [—8, 8].
A common issue with this class of models is that the like-
lihood can be symmetric under relabeling of the latent
variable. This leads to a multi-modal posterior distribu-
tion where two modes can provide an equivalent fit to the
data corresponding to the situation where the true posi-
tive rate is greater than the false positive rate (TPR > FPR,
®(ay,1) > ®(axo) and the inverse where the FPR>TPR
(® (ﬂk,o) > dD(ak,l)). Given the performance of the SIT
and SICCT tests in other contexts we consider the situ-
ation where the FPR > TPR to be biologically implausible.

To force identifiability of the model (and avoid a label
switching problem during estimation) we place a prior
restriction on the range of parameters such that no
tests can have a specificity of < 84% which corresponds
to restricting ay ¢ to the half-range [—8, —1]. We other-
wise use uninformative normal (mean=0, sd=1) priors
for ay g and ay ; and a beta (1,1) prior for the true preva-
lence within each herd (the latent variable).

The SIT and SICTT test results have an implicit
dependence on each other in the sense that they are both
calculated based on the magnitude of the observed reac-
tion to bovine tuberculin. The comparison to avian tuber-
culin in the SICCT test is intended to raise specificity and
reduce sensitivity. A biological dependence between the
tests — implies - but does not guarantee that there will
be a statistical association between the results of the two
tests strong enough to violate the assumption of condi-
tional independence. If the correlation between (true)
infection status and the results of each test result is large
compared to the correlation between the test results
themselves then the conditional dependence will not
affect the parameter estimates and the test results can
effectively be treated as (statistically) independent.

Dendukuri et al. [25] showed how the the pairwise
probability of agreement between each pair of diagnos-
tic tests (k, k'):

Zg\il TixTipr — (1 —
N

Tix) (1= Tip)

Ok =

can be used to assess model fit and test the assumption
of conditional independence. Any systematic differ-
ences between the observed (a4 ) and expected values
from the estimated model (oe;(‘, ) would imply a violation
of the assumption of conditional independence. We can
use draws from the posterior predictive distribution of
af o for our fitted model to form a posterior predictive
p-value [26]:
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P(a,f’k/ > Olk,kr)

If the model fits well, the value of P(a,f,k, > Olk,k') is

expected to be close to 0.5, with extreme values close to 0
or 1 indicating a lack of fit (i.e., < 0.05 or > 0.95).

To further explore the potential for conditional
dependence between the SIT and SICCT tests we sug-
gest an alternative model that models this dependence
through assuming that that the sensitivity and specific-
ity of these tests can be interpreted as points on shared
receiver-operator characteristic (ROC) curve. This is
equivalent to reparametrizing the WH model to intro-
duce an assumed functional form that links the param-
eters for these two tests.

For the functional form we used the normal model of a
ROC curve [27] which arises from assuming that the false
and true positive rates for each tests have equal variance
og. The parameter o, determines the shape of the ROC
curve and the relationship between the sensitivity and
specificity for a group of tests g. Using this functional
form, we can write the conditional probabilities of a posi-
tive result as:

P(Tiyx = 1D = 0) = ®(ay)
P(Tiyx =1|D = 0) = ®(®(ay) + igoy)

In this case we have two groups g = 1,2 with a shared
parameter o7 constraining the parameters for the SIT and
SICCT tests to lie on a shared ROC curve and a separate
parameter oy for the DST. For brevity, we will thus refer
to this as the WHROC model.

For the WHROC model we restricted the range of
og to [0,8] and used an indicator variable i; to choose
between the default (TPR>FPR, i; = 1) and alternative
(FPR>TPR, iy = 1) prior assumptions. As well as allow-
ing us to explicitly model dependence between the SIT
and SICCT tests, this formulation allows us to illustrate
how parameter estimates change for the alternative prior
assumption (which as above we consider to be biologi-
cally unfeasible).

Thus, we fitted a total of three models correspond-
ing to the baseline WH model and the WHROC model
with both the default (WHROC) and alternative prior
(WHROC?2) assumptions. To compare the estimated
models, we used leave-one-out (LOO) cross-validation
[28]. The expected log pointwise predictive density: elpd,
which measures the predictive accuracy of the model
when a single observation is dropped out, was estimated
by Pareto smoothed importance sampling (PSIS-LOO).
The difference Aelpd between elpd for alternative models
fitted to the same data provides a measure of their rela-
tive predictive accuracy. The standard error on the dif-
ference gives a measure of uncertainty. Standard errors
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(sd) comparable to the magnitude of the difference A/_el;i
suggest that the relative predictive accuracy of the two
models is indistinguishable.

Results

Out of 543 female buffaloes screened for bIB in 49
organized dairy farms, 37 (6.8%) animals in both districts
were found to be reactors by SIT (Fig. 1). Only 4 (<1%)
animals were found reactors with the SICCT test; three
of which did not show any response to PPD-A. By DST,
18 (3%) buffaloes were found to be reactors as per the
cut-off of > 2 mm (Fig. 1). Swelling at the site of admin-
istration of PPDs or DST in positive cases was observed.
Considering SIT alone, 30 and 7 buffaloes were reactors
in district A and B, respectively. Of the 30 reactor ani-
mals identified in district A, 21 were adult animals while
eight were heifers and one was a calf. In district B, all
seven reactors identified by SIT were adults. Of the 37
reactors identified by SIT, 23 (62%) were milch animals.
Of the DST positive animals, 16 (12 adults, 2 heifers, and
2 calves) were in district A while two (both adults) were
in district B. Of the SICCT positive animals, three were
adults and one was heifer and all were from district A. Of
the DST reactors, it was observed that six animals were
negative by SIT. Out of the 49 dairy farms whose animals
were tested, reactor animals by at least one of the tests
used were identified in only 18 dairy farms. None of the
tested animals in the remaining 31 dairy farms showed
reactivity to tuberculin or DST.

The result showed that 4 of the 37 SIT responders did
not show a measurable response to PPD-A, while 3 of
the 4 SICCT positive animals were non-responders to
PPD-A. Of the 37 SIT responders, 14 animals had higher
PPD-A response than PPD-B. Forty-five animals had a
skin thickness difference of 2—-3 mm by SIT; these ani-
mals were categorized as inconclusive reactors. The data
were also analyzed with respect to the magnitude of skin
thickness seen at 72 h post-administration of antigens.
With bovine PPD alone, 27 animals had differences in
skin thickness between 4—6 mm while in the remaining
10 animals the difference was more than 7 mm. Using
SICCT, all four reactors had 4-6 mm difference in skin
thickness. With DST, 10 buffaloes were in the range of
2-3 mm and 8 buffaloes showed 4—6 mm increase in skin
thickness.

The study identified several discrepancies in reactor
status based on the test (Fig. 2). Twenty-five animals clas-
sified as reactors by SIT were negative by DST (Fig. 2).
None of the animals tested was classified as a reactor
by both SICCT and DST. A total of 6 animals that were
DST positive but SIT negative. Considering both SIT and
DST, 43 animals were found to be reactors. Correlation
analyses revealed that SIT and DST showed moderate
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Fig. 1 Distribution of skin thickness amongst the 43 buffaloes identified as reactors by different skin tests. SIT, Single intradermal test; SICCT, Single

intradermal comparative cervical test; DST, Defined skin test

agreement with a Cohen’s Kappa of 0.41 (95% CI: 0.23,
0.59) for test positive cases (Table 1); whereas, there was
a low Kappa agreement of 0.18 (95% CI: 0.02, 0.34 was
found between SIT and SICCT.

The three fitted latent class models all demonstrate
an agreement with the apparent reactor status across all
infected and uninfected herds (Supplementary Table 1).
The entire observed values lie within the 95% posterior
predictive intervals of the estimated model (Fig. 3) and
are indistinguishable in terms of their fit as measured
by LOO cross validation (Table 2). Posterior predictive
p-values - based on the pairwise probability of agree-
ment between each pair of diagnostic tests - are all within
a 95% interval with no evidence for conditional depend-
ence between the tests for all three models (Table 3).
Thus, based on this data we have no evidence to suggest
there is a statistical dependence between any of the tests
and focus on reporting estimates from the baseline WH
model. Estimates from the WHROC model have almost
completely overlapping posteriors, with equivalent point
estimates for the sensitivity and specificity of the SICCT
test, but slightly lower point estimates for the DST and

SIT respectively (Table 4). Using the alternative prior
assumption for the WHROC2 model (FPR > TPR), which
we consider biologically unfeasible, estimates of the true
prevalence are reflected — with the WHROC2 model
estimating a much higher prevalence of infection over-
all compared to WHROC. For this alternative model all
three tests have an estimated sensitivity close to zero and
the observed apparent prevalence is explained entirely by
variation in the estimated specificity. Given the lack of
statistical support for conditional dependence between
the three tests we would argue that the only benefit of the
WHROC model in this case is providing a more elegant
way to specify a prior distribution to avoid the unfeasible
posterior mode selected by the WHROC2 model.

The WH BLCM estimates distinct differences in per-
formance between the three diagnostic tests — albeit with
relatively large overlaps in the posterior distributions
(Fig. 3). The results show that the DST test has lower
diagnostic sensitivity (34%, 18-55 95% Crl) compared
to SIT (58%, 35—-87 95% Crl) but comparable specificity
(99%, 97-100 95% Crl) to the SICCT test (99.7, 98—100
95% Crl) (Table 4). Taken together, the DST has an
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SICCT SIT

DST
Fig. 2 Number of adult buffaloes showing reaction to bovine
and avian tuberculins and defined antigen skin test. SIT, Single
intradermal test; SICCT, Single intradermal comparative cervical test;
DST, Defined skin test

Table 1 Agreement of SIT with SICCT and DST

Test SICCT DST
Negative Positive Negative Positive
SIT negative 506 0 500 06
SIT positive 33 04 25 12
Total 539 04 525 18
Cohen’s Kappa (95% Cl) 0.18 (0.02, 0.34), 041(0.23,0.59),
p=0.001 p=0.001

SIT Single intradermal test, SICCT Single intradermal comparative cervical test,
DST Defined skin test

intermediate sensitivity to SIT and SICCT but with broad
and overlapping predictive / credible intervals.

Discussion
The present study was undertaken to assess the compara-
tive performance of tuberculin skin tests with defined
skin antigen for the detection of bTB in buffaloes. With a
national herd estimated to be nearly 100 million animals,
buffaloes are a major contributor to milk production in
India, and an understanding of test performance in this
major livestock species is essential in order to identify
infected animals so as to develop effective control strate-
gies for bTB in buffaloes.

We tested female buffaloes in organized dairy
farms in two districts of Haryana, India using the
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WOAH-recommended standard SIT and SICCT skin
tests. These tests have distinct features affecting result
interpretation. The SIT, while highly sensitive, can yield
decreased specificity due to PPD-B induced inflamma-
tory reactions in animals sensitized with non-tubercu-
lous mycobacteria (NTM) due to cross-reactive antigens.
The SICCT, employing simultaneous bovine and avian
tuberculin injections, enhances specificity, but sacrifices
sensitivity. This is because of cross-reactive immune
responses in animals arising from exposure to M. bovis
antigen shared with NTMs, which can result in reduced
specificity of commonly used diagnostic tests [29]. Coin-
fection of tuberculous animals with NTMs or infection
with M. bovis and exposure to NTM may also contribute
to lower sensitivity of SICCT. Moreover, these tuberculin
antigens are unable to differentiate infection from BCG
vaccination due to cross-reactive antigens.

Recent studies highlighted antigens such as ESAT-6,
CFP-10, and Rv3615c, present in field strains of M. bovis
but absent or non-immunogenic in BCG vaccine strain,
may enable the detection of infected amongst BCG-
vaccinated animals [6, 30—32]. For instance, Srinivasan
et al. [30] demonstrated the effectiveness of DST and
recombinant fusion protein incorporating these antigens
in distinguishing infected from uninfected animals and
underscored DSTs DIVA capability that is absent in tradi-
tional tuberculin, and the ability to chemically synthesize
DSTs provides an ease of manufacture and enables rigor
in quality control. This test has previously been assessed
in both experimental and field trials in cross-bred cat-
tle [30, 31]. A proof-of-concept study to evaluate DIVA
capability of DST was performed in cross-bred cattle in
India [6]. Recently, a pilot DST dose optimization trial
was also conducted in domestic water buffaloes [21].

In this study, we skin tested 543 female buffaloes using
both tuberculins and DST. Findings revealed 37 and
4 reactors in two districts by SIT and SICCT, respec-
tively. Intriguingly, DST identified six additional reactors
negative by SIT and SICCT and 25 SIT reactors as non-
reactors. These discrepancies highlight the variability in
diagnostic performance, potentially influenced by tuber-
culin quality and environmental mycobacteria prevalence
and raise important questions on performance of these
tests and the underlying reasons behind these discrepan-
cies. PPDs enable early detection of bovine tuberculosis,
facilitating swift intervention to safeguard animal health,
and support international trade by meeting certification
standards. Their key role in preemptive disease manage-
ment underscores their significance in maintaining both
economic viability and global health standards in the
livestock industry. The use of PPDs stands as a corner-
stone in the comprehensive approach to controlling and
eradicating bovine tuberculosis. However, tuberculins are
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Fig. 3 (Left) Posterior estimates of the true within-herd prevalence (Black points with lines indicate 95% Crl), plotted against observed reactor status
as measured by the DST (red), SICCT (green) and SIT (blue) tests. (Right) Posterior distributions for the sensitivity and specificity of the SIT, SICCT

and DST diagnostic tests from the baseline WH model

Table 2 Model comparison through leave-one-out (loo) cross

crude reagents that are derived from culture supernatant
of M. bovis ANS5 strain (PPD-B) quality of the antigen can
vary considerably, due to lack of proper standardization
[33]. However, since a single batch of PPDs from a rep-
utable manufacturer was used to test all animals in our

validation
study, this is unlikely to play a major role in the observed
Model Aelpd sd  differences in test results with the DST. Another source
of variation long recognized is exposure to environmen-
WH 0.0 . .
WHROC 05 - tal mycobacteria that may confound the accurate inter-
e ' pretation of tuberculin-based skin test results [3, 34, 35].
WHROC -1.7 2.0

WH Walter-Hui, WHROC Walter-Hui receiver-operator characteristic

Since the prevalence of environmental mycobacteria is



Kumar et al. BMC Veterinary Research (2024) 20:65

Table 3 Posterior predictive p-values for pairwise probability of
agreement between tests

Model Interaction Posterior
predictive
p-value

WH SIT-SICCT 0.73

SIT-DST 0.74
SICCT-DST 0.83
WHROC SIT-SICCT 0.62
SIT-DST 0.65
SICCT-DST 0.7
WHROC2 SIT-SICCT 0.66
SIT-DST 0.69
SICCT-DST 0.72

WH Walter-Hui, WHROC Walter-Hui receiver-operator characteristic, SIT Single
intradermal test, SICCT Single intradermal comparative cervical test, DST Defined
skin test

Table 4 Estimated sensitivity and specificity of bTB diagnostics
from latent class analysis with 95% Bayesian credible intervals (Cl)

Model Test Sensitivity (95% Cl) Specificity (95% Cl)
WH SIT 58.2 (35.3-86.8) 96.5 (92.1-99.5)
SICCT 899 (2.78-21.2) 99.7 (98.3-100)
DST 33.8(184-54.9) 99.3 (96.6-100)
WHROC SIT 1(26.2-66.1) 1(91.0-98.0)
SICCT 7.53(2.53-17.6) 998(99.1—100)
DST 25.6 (13.8-44.6) 98.9 (96.3-99.9)
WHROC2 SIT 3(0.3-7) 96.4 (92.1-99.5)
SICCT 0.04 (0-0.4) 929 (83.5-97.6)
DST 0.5 (0.01-3) 73.0 (54.9-854)

All estimates quoted to 3 significant figures (apart from sensitivity for WHROC
(Alt) quoted to 1 significant figure)

SIT Single intradermal test, SICCT Single intradermal comparative cervical test,
DST Defined skin test, WH Walter-Hui, WHROC Walter-Hui receiver-operator
characteristic

particularly high in tropical regions [34]; the study area
being a tropical area, this may play a role in the observed
discrepant test results.

Few animals in this study exhibited higher response to
both bovine and avian PPDs and in some animals, PPD-A
response was higher than PPD-B. It may be possible to
get such a response from environmental mycobacteria.
Proano-Perez et al. [36] also reported that few animals
exhibited higher PPD-A response and this response
decreased significantly with age. These authors suggested
that Mycobacterium avium complex (MAC) is more
prevalent in the environment than M. bovis, and animals
are in contact with these environmental mycobacteria
early in life. However, the role of such exposures in the
animals screened in our studies is unknown.
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Recent studies report the presence of M. orygis rather
than M. bovis in cattle and/or African buffalo [37-41].
M. orygis has been isolated from cattle and primates in
Bangladesh [41] and in India, M. orygis has been reported
from dairy cattle and humans [40]. Since the efficacy of
the DST in diagnosing infection other than M. bovis has
yet not been established, additional studies are required
to assess the performance of the DST in animals micro-
biologically confirmed to be infected with M. orygis or
other members of the MTBC including M. tuberculosis
sensu stricto associated with bTB in relevant hosts and
context.

The Bayesian latent class model estimates suggest that
the DST has a sensitivity that is intermediate between
the SICCT and SIT test and specificity comparable to the
SICCT test. The uncertainty in these estimates, due to
the relatively small sample and group sizes, is reflected in
overlapping posterior distributions for diagnostic param-
eters and wide credible intervals for the bTB infection
within each herd. The sample size may also contribute to
the lack of evidence for conditional dependence between
the diagnostic tests, with no measurable improvement in
model fit of our alternative model which explicitly mod-
els a relationship between the SIT and SICCT responses.
Studies have been conducted in cattle to assess and com-
pare the sensitivity and specificity of diagnostic tests
using Bayesian approach from different geographic and
epidemiological contexts [42, 43]. Based on study under-
taken in 25 bTB infected cattle herds in Thailand, Sing-
hla et al. [42] reported 95% posterior probability interval
(PPI) of SIT test sensitivity and specificity ranging from
75.3 to 95.2% and 74.2 to 92.8%, respectively while the
95% PPI of IGRA assay sensitivity and specificity was
38.6 to 74.4% and 87.0 to 98.1%, respectively. In another
study in cattle, Alvarez et al. [43] reported 95% PPI of SIT
test sensitivity of 40.1 to 92.2%, while the specificity was
high>99% and 95% PPI of IFN-y assay showed a high
sensitivity of 89-90% and specificity of 85.7%.

As reflected in the poor Kappa agreement reported
in Table 1, each of the three diagnostic tests identify
slightly different populations of animals implying they
are assessing distinct facets of the animal’s immune
reaction to M. bovis, rather than detecting the pres-
ence or absence of the organism itself. Indeed, the SIT
and SICCT tests are designed to be dependent on each
other in the sense that the avian response is used to
increase the specificity of SICCT at the expense of sen-
sitivity. The extent to which the sensitivity and speci-
ficity of the SIT and SICCT tests trade off against each
other within this particular population is difficult to
assess in the absence of microbiological or pathological
confirmation of infection. The triangulation we carry
out here against the DST test provides some insight
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into this trade-off, but validation of these estimates
requires further studies including necropsies of reac-
tor animals and culture of causative pathogens to both
directly address this issue and begin to understand the
other discrepancies in response between these alterna-
tive diagnostic tests.

In conclusion, our study underlines the urgent need
for standardized, reliable skin tests for monitoring bTB
in buffaloes, given the limitations of current diagnos-
tics. The peptide-based DST, with its high specificity
and DIVA capability together with intermediate sensi-
tivity between SIT and SICCT, holds promise for the
future implementation of vaccine-based intervention
strategies in LMICs, addressing a critical gap in bTB
management.
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