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A B S T R A C T   

Bovine tuberculosis (bovine TB) is a chronic wasting disease of cattle caused primarily by Mycobacterium bovis. 
Controlling bovine TB requires highly sensitive, specific, quick, and reliable diagnostic methods. This systematic 
review and meta-analysis evaluated molecular diagnostic tests for M. bovis detection to inform the selection of 
the most viable assay. On a per-test basis, loop-mediated isothermal amplification (LAMP) showed the highest 
overall sensitivity of 99.0% [95% CI: 86.2%-99.9%] and specificity of 99.8% [95% CI: 96.2%-100.00%]. 
Quantitative real-time polymerase chain reaction (qPCR) outperformed conventional PCR and nested PCR 
(nPCR) with a diagnostic specificity of 96.6% [95% CI: 88.9%-99.0%], while the diagnostic sensitivity of 70.8% 
[95% CI: 58.6–80.5%] was comparable to that of nPCR at 71.4% [95% CI: 60.7–80.2%]. Test sensitivity was 
higher with the input of milk samples (90.9% [95% CI: 56.0%-98.7%]), while specificity improved with tests 
based on major M. bovis antigens (97.8% [95% CI: 92.3%-99.4%]), the IS6110 insertion sequence (95.4% [95% 
CI: 87.6%-98.4%]), and the RD4 gene (90.7% [95% CI: 52.2%-98.9%]). The design of the currently available 
molecular diagnostic assays, while mostly based on nonspecific gene targets, prevents them from being accurate 
enough to diagnose M. bovis infections in cattle, despite their promise. Future assay development should focus on 
the RD4 region since it is the only target identified by genome sequence data as being distinctive for detecting 
M. bovis. The availability of a sufficiently accurate diagnostic test combined with the routine screening of milk 
samples can decrease the risk of zoonotic transmissions of M. bovis.   

1. Introduction 

Bovine tuberculosis (bovine TB) is a chronic granulomatous disease 
caused by bacteria of the Mycobacterium tuberculosis complex (MTC), in 
particular Mycobacterium bovis (Li et al., 2022). Although M. bovis is 
mainly a pathogen of cattle, a range of other domestic and wild animal 
hosts are also affected (Sichewo et al., 2020; 2019). Due to the global 
distribution of this pathogen, significant economic losses are reported 
from livestock production systems across the world, while conservation 
efforts are negatively impacted where wildlife is concerned (Clarke 
et al., 2021; Elsohaby et al., 2020). More importantly, human cases of 
tuberculosis stemming from infection with M. bovis are becoming 
increasingly common and are of great concern globally (Hlokwe et al., 

2016). Veterinary officials, farmers, and abattoir workers, who 
encounter M. bovis as an occupational hazard, are often at risk of 
infection (Devi et al., 2021). Even though other routes of infection are 
possible, the main route of transmission in humans is the consumption of 
contaminated undercooked meat and unpasteurized milk and milk 
products (Silva et al., 2018). 

Programs for the control and eradication of bovine tuberculosis in 
most countries, including South Africa, are based on the test and 
slaughter of positive reactors to the World Organization for Animal 
Health’s (WOAH) recommended intradermal tuberculin skin test (TST) 
(Garbaccio et al., 2019). As an ancillary test to the TST, field-based 
detection is also achieved by the interferon gamma release (IFN-γ) 
assay, which detects the level of interferon gamma released by sensitized 
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lymphocytes in infected animals (Sidhu et al., 2020). However, the 
sensitivity of both the TST and IFN-γ assays can be compromised during 
early infection and in animals with a poor immune response (Algammal 
et al., 2019). 

Routine laboratory-based diagnosis of bovine tuberculosis is based 
on the conventional culture and biochemical characterization of the 
causative agent, which is considered the gold standard test for bovine 
tuberculosis (Araújo et al., 2014). Although highly specific, with wide 
application as the gold standard test, the culture of slow-growing bac
teria such as M. bovis is time consuming, with a turnaround time of 
anywhere between six to eight weeks (Wards, 1995), while biochemical 
tests are not sufficiently sensitive, particularly in the case of interme
diate strains that react differently to biochemical tests (Sales et al., 
2014). 

Considering that symptomatically, tuberculosis caused by 
M. tuberculosis is practically indistinguishable from disease caused by 
M. bovis (Kanipe and Palmer, 2020), timely differentiation of the two 
organisms is crucial for the administration of suitable treatment since 
M. bovis is resistant to pyrazinamide, the main treatment option for 
tuberculosis (Kapalamula et al., 2021). For this reason, the control and 
management of bovine tuberculosis in animals have a direct beneficial 
effect on their control in humans. Timely diagnosis and treatment of 
infectious diseases requires a robust approach to diagnostics using 
reliable tools that are rapid and accurate (Shah et al., 2002). Molecular 
assays offer considerable benefits as alternative forms of diagnosis, 
being relatively more rapid and sensitive (Zahran et al., 2014). 

However, to the best of our knowledge, there is currently a scarcity of 
molecular-based assays for the specific detection of M. bovis infections, 
and those available have extensive application in research and epide
miological studies but are not well established as diagnostic tools (Tao 
et al., 2020; Taylor et al., 2007). Moreover, M. bovis shares >99.95% 
sequence identity with M. tuberculosis, which makes the development of 
diagnostic tests that are specific for M. bovis a challenge (Garnier et al., 
2003; Guimaraes and Zimpel, 2020). Advances in the diagnosis of 
M. bovis in cattle and its differentiation from the closely related 
M. tuberculosis may have significant benefits for the development of 
suitable approaches for the control and management of bovine tuber
culosis. Several reviews and meta-analyses report on available post
mortem and antemortem TB diagnostic tests (Bezos et al., 2014; de la 
Rua-Domenech et al., 2006; Downs et al., 2018a, 2018b; Farnham et al., 
2012; Nuñez-Garcia et al., 2018; Roy et al., 2020; Schiller et al., 2010); 
however, none focus specifically on the accuracy of molecular diag
nostic methods targeting large ruminants. Therefore, this systematic 
review seeks to determine the diagnostic accuracy of molecular assays 
designed for the diagnosis of M. bovis in cattle. These assays may also be 
useful for the diagnosis of M. bovis infections in humans and other 
animals. 

2. Materials and Methods 

2.1. Reporting procedure 

The systematic review was performed by two independent reviewers 
following guidelines provided in the Cochrane Handbook for Systematic 
Reviews of Diagnostic Test Accuracy (Bossuyt et al., 2013). Reporting 
was based on the Preferred Reporting Items for Systematic Reviews and 
Meta-analyses (PRISMA) guidelines as outlined in Page et al., (2021). 

2.1.1. Study period and location 
The systematic review took place between March 2020 and October 

2022. It was carried out at the Council for Scientific and Industrial 
Research, Veterinary Molecular Diagnostics and Vaccines group in 
Pretoria, South Africa. 

2.1.2. Population, index test and target condition 
This systematic review and meta-analysis forms part of the doctoral 

degree project of the first author (LM) with an objective of developing 
molecular diagnostic assays for the detection of bovine tuberculosis in 
cattle. Since the scope of the PhD only extends as far as cattle, the target 
population for this study was limited to cattle suspected of having 
bovine tuberculosis, regardless of age or sex. The index test was any 
molecular diagnostic assay that has been developed or used for the 
detection of M. bovis-related infections in cattle. A positive diagnosis for 
the target condition, bovine tuberculosis, was defined as positive bac
terial isolation and identification of the causal agent as M. bovis by 
culture and/or a positive reaction to the TST test and/or a positive IFN-γ 
assays as gold standard tests for bovine tuberculosis. 

2.1.3. Search strategy and selection 
Online databases, namely, PubMed, ScienceDirect, and Spring

erLink, were searched for eligible studies. The searches were restricted 
to research articles published between January 1990 and January 2022. 
Only articles published in English were eligible for further investigation. 
A combination of the search terms was used to search the databases: 
“Mycobacterium bovis”, “Bovine Tuberculosis”, “Molecular Diagnosis”, 
“Molecular Detection”, “PCR”, “Polymerase Chain Reaction”, “Real-time 
PCR”, “quantitative PCR”, “nested PCR”, “nPCR”, “Multiplex PCR”, 
“RPA”, “Recombinase Polymerase Amplification”, “LAMP”, and “Loop- 
mediated Isothermal Amplification”. These key terms were used either 
individually or in combination with “AND” and/or “OR” operators. 
Articles were screened for relevance and downloaded after assessment of 
their titles and abstracts. A thorough search of the reference lists of each 
of the downloaded articles was conducted to identify additional studies 
of relevance. 

2.1.4. Study inclusion/exclusion criteria 
The titles of all the search results were screened for eligibility. Once 

all the articles that did not match the review question were eliminated 
based on titles, each of the remaining articles’ abstracts was thoroughly 
investigated. Then, the contents of each research article that was 
considered eligible after abstract screening were thoroughly scrutinized 
to determine final eligibility for inclusion in the systematic review and 
meta-analysis. The following inclusion criteria were applied to each full- 
text article: (i) study employs the use of molecular diagnostic techniques 
for the detection of bovine tuberculosis, (ii) study detailing specific 
detection of M. bovis or the distinction of M. bovis from the BCG vaccine 
strain or other species of the MTC, (iii) study involving the comparison 
of molecular techniques with either of the gold standard tests as per the 
definition of the gold standard provided herein, (vi) full-text article 
available in English, (vi) assays validated on clinical samples collected 
from cattle (and buffaloes where cattle and buffalo samples could not be 
separated), and (vii) articles from which diagnostic test accuracy (DTA) 
data could be extracted (true positive (TP), true negative (TN), false 
positive (FP), false negative (FN)). Any other study that did not meet the 
inclusion criteria specified above was excluded from our study. Study 
inclusion was independently conducted by two of the authors (LM and 
MM); where decisive action could not be taken; a third independent 
reviewer was approached (ES) for a final decision. 

2.1.5. Data extraction 
Data extracted from the included studies were organized into an 

Excel spreadsheet. Data on the study characteristics were collected as 
follows: (i) author, (ii) publication year, (iii) index test, (iv) targeted 
gene, (v) clinical sample, (vi) gold standard test and (vii) diagnostic test 
accuracy data (TP, TN, FP, and FN). All studies from which sensitivity or 
specificity could not be calculated using the extracted DTA data were 
excluded from the meta-analysis. In some cases, the use or evaluation of 
two different index tests was reported in the same article, and data on 
both index tests were extracted such that a single article could 
contribute multiple studies to the meta-analysis. 

L. Mabe et al.                                                                                                                                                                                                                                    



Preventive Veterinary Medicine 226 (2024) 106190

3

2.1.6. Quality assessment of included studies 
Quality assessment of the included studies was performed in accor

dance with a version of the Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS-2) tool (Whiting, 2011) that has been adapted for 
veterinary use and is known as VETQUADAS (VQ) (Downs et al., 2018a, 
2018b). Quality assessment of studies was performed independently by 
two of the authors (LM and MM) in accordance with the questions 
outlined in supplementary material 3 published by Roy et al., (2020). 
Agreement between authors to items 1–14 of the VQ tool was calculated 
using a 3×3 contingency table as described in Downs et al., (2018a), 
(2018b). 

2.1.7. Data analysis and synthesis 
Sensitivity and specificity estimates together with their 95% confi

dence intervals were computed using the random effects model on Open 
MetaAnalyst (Wallace et al., 2012) and plotted on forest plots. As a 
measure of between-study heterogeneity, the Higgins Statistic (I2), 
which quantifies the percentage variation between studies, was 
employed (Higgins and Thompson, 2002). According to Deeks et al., 
(2019), the I2 statistic can be classified as minor (0–40%), moderate 
(30–60%), significant (50–75%), and substantial (75–100%). Subgroup 
analyses were performed based on pooled accuracy estimates to deter
mine diagnostic accuracy based on the following factors: (i) index test, 
(ii) clinical sample and (iii) target gene. 

3. Results 

In this study, searches of the different databases yielded a total of 
6245 articles. After the removal of duplicates, 6173 articles remained. 
The titles of these articles were screened, leaving 134 articles eligible for 
further screening. The abstracts of these 134 articles were screened, and 
85 articles were removed, leaving 49 eligible for full-text screening; 
thereafter, only 15 articles fulfilled the eligibility criteria for inclusion in 
the systematic review and meta-analysis (Fig. 1). Thirty-four articles 
were excluded for the following reasons: cannot compute a 2×2 

contingency table (n=5), optimization of deoxyribonucleic acid (DNA) 
extraction methods (n=1), gold standard comparison not completed 
(n=4), use of nonbovine samples (n=16), assays targeting the 
M. tuberculosis complex (n=6), could not calculate a specificity value 
(n=1) and used for reasons other than diagnostic purposes (n=1). 

3.1. Study characteristics 

Study characteristics data from a total of 23 studies emanating from 
15 eligible articles were recorded (Table 1). Different studies reported 
the use of index tests such as nested PCR (n = 4), conventional and 
multiplex PCR (n = 14), real-time PCR (n = 3), LAMP (n = 1), and a 
microsphere-based multiplex assay (n = 1). The target condition was 
detected in a variety of clinical samples (Table 1), including various 
tissues (n = 5), blood (n = 4), milk (n = 2), nasal mucus and nasal swabs 
(n = 4), oral, conjunctival and sputum swabs (n = 2), and lymph nodes 
and lymph node aspirates (n = 6). Regions of the M. bovis genome that 
are said to be specific for the identification and differentiation of 
M. bovis from other MTC members, including the M. bovis Bacillus 
Calmette-Guérin (BCG) vaccine strain, were targeted in these studies. 
They include the IS6110 insertion sequence (n = 5), the RD4 sequence 
that flanks a 12.7 kb deletion in M. bovis (n = 5), the major M. bovis 
antigens MPT83 (n = 2) and MPB70 (n = 3), the hupB gene (n = 4), the 
TbD1 gene (n = 1), and the RvD1-Rv2031c gene (n = 1) (Table 1). The 
reference standard was defined as positive bacterial isolation and 
identification of the causal agent as M. bovis by culture and/or a positive 
reaction to the TST and/or a positive IFN-γ assay. 

3.2. Quality of methodological studies 

All the studies considered eligible for inclusion in the meta-analysis 
were subjected to the VQ assessment tool, which assessed clarity in 
reporting, as well as internal and external validity of the eligible studies 
(Fig. 2). Clarity in reporting was fair, ranging between 50.0% and 
81.3%. Internal validity was generally considered good except for items 

Fig. 1. PRISMA flow diagram.  
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4 (time period between the reference standard and the index test short 
enough), 10 (index test interpreted without knowledge of reference 
standard results) and 11 (reference standard interpreted without 
knowledge of index test results), which scored 12.5%, 15.6% and 9.4%, 
respectively. Of the items measuring external validity (items 1 and 12), 
item 12 (same clinical data available when the test is used in practice) 
was excluded from the analysis because the index tests reported herein 
are semiautomated, with the results requiring little or no interpretation 
and no need for clinical data. Based on item 1 (representativeness of the 
spectrum of animals who will receive the test in practice) for measuring 
external validity, validity was generally poor at 15.6%. In relation to 
item 15 (source of funding for the study), six studies (40.0%) were 
reportedly funded by the public sector, one (6.7%) was funded by both 
the public and the private sector, seven (46.7%) omitted information, 
and in one study (6.7%), it was not clear whether the funding came from 
the public sector, the private sector, or both. Finally, all but one of the 

articles (93.3%) complied with item 16 (answers to items 1–14 are 
representative of all tests analyzed within the paper). 

In Table 2, the percentage agreement between reviewers’ responses 
to VQ items 1 through 14 (apart from 12) for all eligible studies is 
presented. The responses were dispersed unevenly, with "Yes" being the 
most typical response. As a result of the small number of responses, it 
was not possible to determine the percentage agreement between "No" 
and "Unclear" responses for some items. The total degree of agreement 
was highest for the "Yes" response (83.4%) when all items were 
considered and lower for the "No" and "Unclear" responses (56.0% and 
67.2%, respectively). 

3.3. Meta-analysis assessing the diagnostic accuracy of molecular assays 
for the detection of bovine tuberculosis 

A summary of the accuracy estimates for each of the studies included 

Table 1 
Summary of study characteristics.  

Study Year Index test Target gene Clinical Sample Reference Standard 

Algammal et al. 2019 PCR hupB Tissue Culture 
Araujo et al. 2014 nPCR TbD1 Tissue Culture 
Cedene et al. 2005 PCR Unspecified Nasal mucus TST 
Chen et al. 2010 MMA RD4 Tissue Culture 
Costa et al. 2013 qPCR IS6110 insertion Tissue Culture 
de Souza Figueiredo et al. 2010 mPCR RvD1-Rv2031c Nasal swabs TST 
Elsohaby et al. 2020a PCR M. bovis antigen (MPB70 gene) Blood Culture 
Elsohaby et al. 2020b PCR M. bovis antigen (MPB70 gene) Blood IFN-γ 
Elsohaby et al. 2020c PCR M. bovis antigen (MPB70 gene) Milk Culture 
Filia et al. 2016 PCR Unspecified Blood IFN-γ 
Mishra et al. 2005a nPCR hupB Milk Culture 
Mishra et al. 2005b nPCR hupB Blood Culture 
Mishra et al. 2005c nPCR hupB Lymph node aspirate Culture 
Quan et al. 2016a PCR RD4 Nasal swabs TST 
Quan et al. 2016b PCR RD4 Nasal swabs IFN-γ 
Taylor et al. 2001a PCR IS6110 insertion Lymph nodes Culture 
Taylor et al. 2001b qPCR IS6110 insertion Lymph nodes Culture 
Taylor et al. 2007a PCR RD4 Lymph nodes Culture 
Taylor et al. 2007b PCR RD4 Lymph nodes Culture 
Thacker et al. 2011 qPCR IS6110 insertion Lymph nodes Culture 
Zahran et al. 2014 PCR IS6110 insertion Tissue Culture 
Zhang et al. 2011a LAMP M. bovis antigen (MPT83 gene) Oral, conjunctival and sputum swabs TST 
Zhang et al. 2011b PCR M. bovis antigen (MPT83 gene) Oral, conjunctival and sputum swabs TST 

PCR = Polymerase Chain Reaction, nPCR = nested PCR, mPCR = multiplex PCR, qPCR = quantitative real-time PCR, MMA = microsphere-based multiplex assay, 
LAMP = Loop-mediated Isothermal Amplification, TST = Intradermal Tuberculin Skin Test, IFN-γ = Interferon Gamma assay. The small letters a, b and c after the 
publication date indicate different sets of data from the same article. These data sets may differ in the clinical sample or gold standard test used. 

Fig. 2. Mean values of reviewers’ responses to VETQUADAS items.  
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in the meta-analysis is displayed in Table 3 below. Summary estimates of 
the diagnostic accuracy of molecular diagnostic methods for the detec
tion of bovine tuberculosis are represented in forest plots in Fig. 3 and  
Fig. 4. The pooled sensitivity (Fig. 3) and specificity (Fig. 4) estimates of 
all the included studies were 64.4% [95% CI, 60.9%-67.8%] and 90.0% 
[95% CI, 88.6%-91.3%], respectively. LAMP had a higher sensitivity of 
99.0% [95% CI: 86.2%-99.9%] and specificity of 99.8% [95% CI: 96.2%- 
100.0%] for the detection of M. bovis (Table 3). 

3.4. Subgroup analyses 

3.4.1. Accuracy among diagnostic tests based on the choice of index test 
The diagnostic accuracy of the three categories of molecular diag

nostic tests was analyzed, and the results are presented in Table 4. The 
pooled sensitivity and specificity for each of the index tests were in the 
range of 60.2%-71.4% [95% CI, 39.6%-80.5%] and 61.6%-96.6% [95% 
CI, 48.5%-99.0%], respectively. Of the 23 studies that were included in 
the meta-analysis, 14 reported the use of PCR and multiplex PCR with 
recorded sensitivity of 60.2% and specificity of 92.6%. Four studies 
reported on the diagnosis of bovine tuberculosis using nested PCR, and 
the pooled sensitivity and specificity were 71.4% and 61.6%, respec
tively. Furthermore, the performance of real-time PCR was also evalu
ated in 3 studies, and these yielded pooled sensitivity and specificity 
estimates of 70.8% and 96.6%, respectively. Due to the limited number 
of studies available, other assay types could not be included in the 
subgroup analysis and therefore were excluded from the meta-analysis. 
In this category, the pooled sensitivity and specificity were 98.5% and 
94.0%, respectively. 

3.4.2. Accuracy among diagnostic tests based on sample choice 
The accuracy of molecular diagnostic assays was further evaluated 

based on the input clinical sample to determine whether sample choice 
influenced assay performance. The studies were divided into six groups 
based on the type and origin of the clinical samples used for diagnosis. 
The groups were blood, tissue, milk, nasal mucus/swabs, lymph nodes/ 
aspirates and oral, conjunctival and sputum swabs. The sensitivity and 
specificity estimates in the six categories ranged between 19.4% and 
90.9% and 71.9% and 96.5%, respectively (Table 4). Based on the data 
presented, higher diagnostic sensitivity was achieved with the use of 
milk samples at 90.9% [95% CI: 56.0%-98.7%], followed by tissues 
88.7% [95% CI: 62.1%-97.4%]. 

3.4.3. Accuracy among diagnostic tests based on target gene selection 
The choice of target gene was also taken into consideration to 

determine if it affected assay performance. The target genes chosen and 
employed for the precise identification of M. bovis were used to further 
separate the 23 studies that made up the meta-analysis into four groups. 
The pooled sensitivities for the different gene regions ranged between 
48.8% and 92.1%, while pooled specificities were in the range of 51.6% 
and 97.8%. Among the four gene target groups, the assays designed 
based on the use of major M. bovis antigens (MPB70 and MPT83) had 
higher sensitivity at 84.3% [95% CI: 62.1%-95.4%] and specificity at 
97.8% [95% CI: 92.3%-99.4%], followed closely by studies utilizing 
IS6110 at a sensitivity of 75.4% [95% CI: 59.1%-87.6%] and specificity 
of 95.4% [95% CI: 87.6%-98.4%]. The RD4 region had lower sensitivity 
at 49.0% [95% CI: 0.25.0%-73.2%], but the specificity was high at 
90.7% [95% CI: 52.2%-98.9%], and the hupB gene displayed high 
sensitivity at 92.1% [95% CI: 73.7%-98.1%], while the specificity was 
low at 51.6% [95% CI: 42.8%-60.2%] (Table 4). Again, due to the un
availability of adequate reports, some studies could not be included in 
any of the subgroups and were therefore excluded from the meta- 

Table 2 
Percentage agreement in possible responses to applicable VETQUADAS items 
studies with two reviewers.  

VETQUADAS Evaluation Percent agreement between reviewers (%) 

Item Category Yes No Unclear Overall 

2 R  50.0 0.0 40.0  43.8 
8 R  84.6 0.0 0.0  68.8 
9 R  75.0 44.4 28.6  56.3 
3 I  91.7 66.7 40.0  81.3 
4 I  50.0 nd 85.7  81.3 
5 I  83.3 50.0 nd  75.0 
6 I  93.3 0.0 0.0  87.5 
7 I  81.5 0.0 0.0  68.8 
10 I  40.0 0.0 88.0  75.0 
11 I  66.7 0.0 84.6  75.0 
13 I  100.0 nd nd  100.0 
14 I  100.0 nd nd  100.0 
1 E  25.0 85.7 66.7  68.8 
All   83.4 56.0 67.2  75.5 

Partial compliance was coded to “Yes” for the analysis of item 1. R = clarity in 
reporting, I = internal validity, E = external validity. nd = not possible to 
determine due to the low number of responses. 

Table 3 
Summary of accuracy estimates for each study included in the meta-analysis.  

Study Year TP FN FP TN Sensitivity 
[95% CI] 

Specificity 
[95% CI] 

Algammal 
et al. 

2019  30  0  10  7 0.98 
[0.79–1.00] 

0.43 
[0.22–0.65] 

Araujo et al. 2014  51  22  36  120 0.70 
[0.58–0.79] 

0.77 
[0.70–0.83] 

Cedene et al. 2005  1  2  39  18 0.33 
[0.04–0.85] 

0.32 
[0.21–0.45] 

Chen et al. 2010  21  0  13  15 0.98 
[0.72–1.00] 

0.53 
[0.36–0.70] 

Costa et al. 2013  26  0  1  42 0.98 
[0.76–1.00] 

0.99 
[0.84–1.00] 

de Souza 
Figueiredo 
et al. 

2010  2  32  0  16 0.07 
[0.02–0.22] 

0.97 
[0.66–1.00] 

Elsohaby 
et al. 

2020a  13  0  31  201 0.96 
[0.62–1.00] 

0.87 
[0.82–0.90] 

Elsohaby 
et al. 

2020b  41  24  3  177 0.63 
[0.51–0.74] 

0.98 
[0.95–1.00] 

Elsohaby 
et al. 

2020c  5  0  7  233 0.92 
[0.38–1.00] 

0.97 
[0.94–0.99] 

Filia et al. 2016  1  0  3  117 0.75 
[0.11–0.99] 

0.97 
[0.92–0.99] 

Mishra et al. 2005a  4  0  22  22 0.90 
[0.33–0.99] 

0.50 
[0.36–0.64] 

Mishra et al. 2005b  2  0  11  17 0.83 
[0.19–0.99] 

0.60 
[0.42–0.76] 

Mishra et al. 2005c  2  0  16  17 0.83 
[0.19–0.99] 

0.52 
[0.35–0.68] 

Quan et al. 2016a  7  47  0  152 0.14 
[0.07–0.25] 

1.00 
[0.95–1.00] 

Quan et al. 2016b  7  10  0  189 0.42 
[0.22–0.65] 

1.00 
[0.96–1.00] 

Taylor et al. 2001a  26  2  0  10 0.91 
[0.74–0.98] 

0.96 
[0.55–1.00] 

Taylor et al. 2001b  20  8  0  10 0.71 
[0.52–0.84] 

0.96 
[0.55–1.00] 

Taylor et al. 2007a  49  49  3  8 0.50 
[0.40–0.60] 

0.73 
[0.41–0.91] 

Taylor et al. 2007b  51  35  4  5 0.59 
[0.49–0.69] 

0.56 
[0.25–0.82] 

Thacker 
et al. 

2011  20  10  0  18 0.66 
[0.48–0.80] 

0.97 
[0.69–1.00] 

Zahran et al. 2014  4  4  0  1 0.50 
[0.21–0.79] 

0.75 
[0.11–0.99] 

Zhang et al. 2011a  50  0  0  200 0.99 
[0.86–1.00] 

1.00 
[0.96–1.00] 

Zhang et al. 2011b  36  14  0  200 0.72 
[0.58–0.82] 

1.00 
[0.96–1.00] 

TP = true positive, FN = false negative, FP = false negative, TN = true negative. 
The small letters a, b and c after the publication date indicate different sets of 
data from the same article. These data sets may differ in the clinical sample or 
gold standard test used. 
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Fig. 3. Forest plots representing the sensitivity of molecular diagnostic methods (PRC, nPCR and qPCR) for the detection of M. bovis infections in cattle. The small 
letters a and b after the publication date indicate different sets of data from the same publication. These data sets may differ in the clinical sample or gold standard 
test used. 
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analysis. 

4. Discussion 

The findings of the first systematic review and meta-analysis 

evaluating the accuracy of molecular diagnostic assays intended for the 
identification of bovine TB resulting from M. bovis infections in cattle are 
presented herein. A total of 23 different studies emanating from 15 
eligible published articles (where more than one index test was evalu
ated in some articles) provided the data reported in this systematic 

Fig. 4. Forest plots representing the specificity of molecular diagnostic methods (PRC, nPCR and qPCR) for the detection of M. bovis infections in cattle. The small 
letters a, b and c after the publication date indicate different sets of data from the same article. These data sets may differ in the clinical sample or gold standard 
test used. 
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review and meta-analysis. Utilizing the VQ assessment tool, the meth
odological qualities of these studies were evaluated. Clarity in reporting 
could be improved for items 2 (selection criteria of the animals clearly 
described) and 9 (execution of the index test described in sufficient 
detail) to allow replication of the test in the target population. If not 
appropriately addressed, these limitations have the potential to nega
tively impact the diagnostic process. In addition, the internal and 
external validity of the included studies were found to have certain 
limitations based on the VQ assessment. Measures of internal validity 
are key indicators of bias in the results of a study. Bias has been known to 
become a source of overestimation of diagnostic test accuracy (Downs 
et al., 2018a). In this study, it was frequently difficult to establish 
whether the results of the index test and reference standard were read 
without prejudice and thus interpreted objectively. Lack of blinding was 
identified as a frequently occurring limitation in a recent report by Roy 
et al., (2020). According to Westwood et al., (2005) insufficient blinding 
is highly and favorably correlated with estimated test performance, 
which in this case constitutes test sensitivity and/or specificity. Addi
tionally, preferential testing of diseased animals or those that are highly 
likely to have a target condition will likely introduce selection bias, thus 
influencing the results of the index test (Downs et al., 2018a). Because 
many studies in this review selected their samples based on a positive 
reaction to the TST, they did not comply with item 1 of the assessment 
tool (animals in the study representative of animals who will receive the 
test), which potentially interfered with test accuracy estimates. To 
improve the diagnostic performance of molecular tests for the detection 
of bovine TB, it is crucial to design studies that eliminate these biases, 
which are verified in the target population and conducted and inter
preted objectively. 

The results of this research demonstrate substantial shortcomings in 
the molecular diagnostic methods currently in use for the detection of 
M. bovis in cattle. According to the literature studies, the genomes of 
M. bovis and M. tuberculosis share more than 99.95% sequence identity 
(Garnier et al., 2003; Guimaraes and Zimpel, 2020), which significantly 
reduces the number of reliable targets available for the development of 
specific M. bovis diagnostic assays. Comparative analyses of complete 
genome sequences of M. tuberculosis and M. bovis revealed that the 
genome sequence of M. bovis is interrupted at position 197 by a 12.7 kb 
deletion involving 11 genes (Rv1506c–1516c), which is unique to 
M. bovis (including M. bovis BCG) and thus allows for the differentiation 
of M. bovis from M. tuberculosis (Bakshi et al., 2005; Garnier et al., 2003; 
Guimaraes and Zimpel, 2020; Ru et al., 2017).Currently, this seems to be 
the only reliable target for the specific detection and differentiation of 
M. bovis from M. tuberculosis. In accordance with this logic, Table 1 
demonstrates that only 20% (n=3) of the 15 research articles that were 
included in this study truly satisfy the criteria for M. bovis-specific 

assays, which has a substantial impact on how the subgroup analysis 
should be interpreted. 

The analysis suggests that assays designed to target genes encoding 
the major M. bovis antigens, such as MBP70 and MPT83, as well as the 
IS6110 insertion sequence, display superior diagnostic performance 
compared to assays designed to target other gene regions (see Table 3 for 
the pooled sensitivities and specificities). Regrettably, these results 
cannot be accepted as true for M. bovis diagnosis, given the limitations 
mentioned above. IS6110 is a repetitive mobile element found exclu
sively in the genome sequence of members of the MTC (Comín et al., 
2022; Thierry et al., 1990). While most members of the MTC have be
tween 10 and 20 copies of the element, only a single copy is present in 
M. bovis (van Soolingen et al., 1993). Due to the display of a high degree 
of polymorphism with respect to copy number and insertion sites, the 
IS6110 element has been used extensively for diagnostic and typing 
purposes (Reyes et al., 2012). While it is highly diagnostic of MTC 
members, it is not specific for the identification of M. bovis. Similarly, the 
MBP70 gene present in M. bovis is identical to that found in 
M. tuberculosis, with only higher expression levels in M. bovis than in 
M. tuberculosis. From the analysis, it is evident that target gene choice 
influences diagnostic test performance, as suggested by Mugasa et al., 
(2012) and Mabe et al., (2022). However, utilizing assays designed on 
nonspecific target regions opens avenues for the overestimation of ac
curacy estimates, which might explain the high diagnostic sensitivity 
and specificity recorded for the IS6110 insertion sequence and major 
M. bovis antigens (MBP70 and MPT83) in this study. The assumption 
could be that detecting Mycobacterium in cattle correlates with diag
nosing M. bovis infection, as M. bovis is the primary causative agent of 
tuberculosis in cattle. Given that there is evidence showing the presence 
of M. tuberculosis (Ibrahim et al., 2016; Lesslie, 1960; Lombard et al., 
2021; Srivastava et al., 2008) and other nontuberculous mycobacteria in 
cattle tissue (Woolford et al., 2006), this assumption would be erro
neous. However, this would explain why numerous assays in use today 
have been designed using targets that are only genus specific. 

Since its discovery, several studies have investigated the potential of 
RD4, which encompasses Rv1506c-Rv1516c of M. tuberculosis H37Rv 
and is absent from M. bovis and M. bovis BCG (Ru et al., 2017), as a 
specific tool for identifying M. bovis infections in cattle samples (Bakshi 
et al., 2005; Chen et al., 2010; Kapalamula et al., 2021; Quan et al., 
2016; Taylor et al., 2007; Thakur et al., 2012). Differentiation of M. bovis 
from M. tuberculosis is achieved by amplifying a sequence of the M. bovis 
genome that flanks the 12.7 kb deletion known as the RD4 region. This 
229 bp sequence is present in both M. bovis and M. tuberculosis, but in 
M. tuberculosis it is interrupted at position 197 by a unique 12.7-kb 
fragment and thus generates a smaller amplification product in 
M. bovis and a larger product in M. tuberculosis (Ru et al., 2017). While 

Table 4 
Diagnostic accuracy estimates for subgroup analysis.  

Group Subgroup Number of 
Studies 

Sensitivity [95% 
CI] 

Heterogeneity I2 (p- 
value) 

Specificity [95% 
CI] 

Heterogeneity I2 (p- 
value) 

Index Test nPCR  4 0.71 [0.61–0.80] 00.0% (0.747) 0.62 [0.49–0.73] 70.8% (< 0.001) 
PCR  14 0.60 [0.40–0.78] 91.7% (< 0.001) 0.93 [0.80–0.98] 93.6% (< 0.001) 
qPCR  3 0.71 [0.59–0.81] 00.0% (0.082) 0.97 [0.89–0.99] 00.0% (0.962)  

Clinical 
Sample 

Blood  4 0.66 [0.54–0.76] 00.0% (0.258) 0.92 [0.73–0.98] 92.6% (< 0.001) 
Tissue  5 0.89 [0.62–0.97] 83.4% (0.010) 0.72 [0.47–0.88] 95.0% (< 0.001) 
Milk  2 0.91 [0.56–0.99] 00.0% (0.924) 0.85 [0.34–0.98] 96.2% (< 0.001) 
Nasal swabs  4 0.19 [0.08–0.41] 58.3% (0.021) 0.97 [0.61–1.00] 87.0% (< 0.001) 
Lymph nodes  6 0.66 [0.54–0.76] 64.4% (0.010) 0.76 [0.54–0.90] 56.5% (0.022)  

Target Gene IS6110 insertion  7 0.75 [0.59–0.87] 53.1% (0.020) 0.95 [0.88–0.98] 00.0% (0.790) 
M. bovis antigens (MPT83 and 
MPB70)  

5 0.84 [0.62–0.95] 79.1% (0.014) 0.98 [0.92–0.99] 87.1% (< 0.001) 

RD4  5 0.49 [0.25–0.73] 91.5% (< 0.001) 0.91 [0.52–0.99] 91.1% (< 0.001) 
hupB  4 0.92 [0.73–0.98] 00.0% (0.578) 0.52 [0.43–0.60] 00.0% (0.653) 

PCR = Polymerase Chain Reaction, nPCR = nested PCR, qPCR = quantitative real-time PCR 
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there is considerable potential for enhancing M. bovis diagnostics 
through focusing on the RD4 region, the meta-analysis highlighted a 
notable level of variability in the pooled sensitivity and specificity of 
these assays, as evidenced by the high heterogeneity (I2) index. How
ever, it’s important to note that only three articles (comprising 5 studies) 
featuring this target gene met the inclusion criteria for this study. 
Consequently, the elevated I2 index may partly stem from the limited 
number of datasets analyzed and the significant variation among them, 
with some datasets acting as outliers and leading to an overestimation of 
the I2 index. Nevertheless, the RD4 region remains a promising candi
date for future M. bovis-specific diagnostic assays, warranting thorough 
evaluation for subsequent applications. 

At the level of individual test performance, the LAMP assay pub
lished by Zhang et al., (2011) offered the highest diagnostic sensitivity 
and specificity, at 99.0% and 99.8%, respectively. These results are 
consistent with a recent comprehensive study (Mabe et al., 2022), where 
LAMP displayed 100% sensitivity and specificity in the detection of 
Brucella abortus infections in cattle, thus outperforming other nucleic 
acid–based tests. However, the heightened likelihood of crossover 
contamination leading to false-positive results restricts the widespread 
use of LAMP as a diagnostic test (Suleman et al., 2016). Furthermore, the 
reported LAMP assay also suffers a lack of specificity by virtue of its 
design, which was based on the MPT83 gene target. Without a signifi
cant number of studies to support its efficiency and reliability in the 
detection of M. bovis infections, its diagnostic accuracy could not be 
conclusively and reliably determined. 

At the subgroup level, the sensitivity of the evaluated index test 
categories ranged between 60.2% and 70.1%, while the specificity was 
higher (61.6%-91.6%). The overall accuracy was higher for qPCR than 
for PCR and nested PCR, with a sensitivity value of 70.8% and a speci
ficity value of 96.9%. However, there were limitations in the further 
identification of a qPCR assay from within the subgroup for recom
mendation in the specific detection of M. bovis infections, as one hun
dred percent of the included qPCR assays were designed based on the 
IS6110 insertion sequence, which, as discussed earlier, is present in all 
members of the MTB complex. Although the assay described by Costa 
et al., (2013) offers 98.1% sensitivity and 96.6% specificity, its devel
opment based on the IS6110 insertion element precludes its identifica
tion and recommendation as an accurate M. bovis diagnostic assay. 

While the choice of index test and target gene are critical for test 
performance, sample choice is equally important. The development of 
lesions in lymph nodes makes them the preferred examination location 
for bovine TB infections, according to the 2016 publication on tuber
culosis from the South African Department of Agriculture, Forestry, and 
Fisheries (DAFF, 2016). Our findings suggest that lymph nodes and 
lymph node aspirates are only moderately suitable (pooled sensitivity of 
65.8%) for the diagnosis of bovine TB using molecular methods. Based 
on the meta-analysis, milk (pooled sensitivity of 90.9%) and tissue 
samples (pooled sensitivity of 88.7%) offer better alternatives for 
improving diagnostic accuracy (sensitivity). Each of these sample types, 
however, poses unique diagnostic challenges. Milk that is intended for 
human consumption is frequently combined from many sources. Ac
cording to Hoffman et al., (2016), this method tends to dilute the 
pathogen and may reduce the sensitivity of nucleic acid–based ampli
fication. Additionally, DNA extracted from milk may contain residual 
milk proteins or calcium ions that act as DNA amplification inhibitors. 
Thakur et al., (2012) suggested that bacilli may be shed intermittently in 
milk, presenting yet another challenge for the use of milk for diagnostic 
purposes. As a result, a culture of routine and continuous screening is 
required before questionable cattle can be sent for slaughter. Addition
ally, given that these conclusions are based on only two readily available 
studies, additional research is required to corroborate these findings. 
Nevertheless, milk is a latent medium for zoonotic tuberculosis, and in 
areas where milk is poorly pasteurized or not at all, humans may become 
infected with M. bovis (Tao et al., 2020). Thus, screening of milk samples 
is essential for food safety and managing zoonotic infections and is 

recommended for antemortem tests, as it is also a minimally invasive 
sample to obtain. On the other hand, although very useful for diagnostic 
purposes, tissue samples (including those from the kidneys, diaphragm, 
liver, and spleen) become impractical substitutes for testing live 
animals. 

Both the veterinary and public health sectors will benefit from the 
complete eradication of bovine TB. However, this depends, among other 
things, on the prompt and correct identification of the pathogen 
responsible for the infection as well as the prompt evacuation of 
diseased cattle from a herd. This is where current diagnostic techniques 
fall short. The conclusive diagnosis of M. bovis is based on culture, which 
is time-consuming, insensitive, and impractical for field-based testing. 
Numerous countries have achieved eradication based on the WOAH- 
recommended TST, which has proven to be a reliable field-based diag
nostic technique at the herd level (Bezos et al., 2014). The late onset of 
an immune response to TB, however, has a substantial impact on test 
sensitivity. Although novel tests with enhanced sensitivity and speci
ficity must still be developed and validated for accurate detection of 
M. bovis, assays based on nucleic acid amplification may have high 
promise for the detection of bovine TB. Efforts toward their develop
ment will greatly benefit from paying attention to index test selection, 
target gene selection and clinical sample selection throughout the design 
and validation process. 

5. Conclusion 

Since biases in research design may produce unduly optimistic esti
mates of accuracy, it is necessary to rigorously assess published studies 
for diagnostic accuracy. Failing to do so could have a substantial impact 
on both the development and ensuing success of disease control pro
grammes. Molecular diagnostic tests such as LAMP and qPCR have great 
potential in the diagnosis of bovine tuberculosis but lack specificity for 
the identification and distinction of M. bovis from M. tuberculosis due to 
the application of nonspecific gene targets during the design process. 
Consequently, we are currently unable to identify a diagnostic test that 
is reliable enough to diagnose M. bovis infections in cattle. Although 
needing further evaluation due to the high heterogeneity expressed in 
both sensitivity and specificity, the RD4 region is currently the only 
target identified by the literature and recent genome sequence data as 
specific for M. bovis identification and is thus a recommended target for 
future assay development in the ongoing search for specific M. bovis 
diagnostic tests. With a sufficiently accurate diagnostic test, the routine 
screening of milk samples will allow the prompt removal of diseased 
cattle from a herd and thus reduce the risk of zoonotic transmission of 
M. bovis. 
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