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A B S T R A C T   

Zoonotic animal tuberculosis (TB) is a One Health paradigm infectious disease, caused by Mycobacterium tu-
berculosis complex bacteria, that affects different host species with varying levels of management. In most de-
veloped countries, official surveillance and control strategies support the longitudinal reporting of herd and/or 
animal prevalence. However, for under resourced countries without surveillance plans, this information may be 
obtained from cross-sectional studies only. The objective of this meta-analysis was to perform a worldwide 
estimate of the overall prevalence of animal TB in different livestock species whose importance in production 
systems varies according to the region of the world. The ISI's Web of Science and Google Scholar were searched 
combining keywords and related database-specific subject terms to identify relevant cohort or cross-sectional 
work published in this topic. A total of 443 articles were retrieved, screened, and a final set of 182 references 
included. Potential sources of variation were investigated using subgroup analyses and meta-regression. 
Prevalence estimates in five mammalian host groups were stratified according to host species, host character-
istics, anatomical localization of lesions, sample size, geographical location, and diagnostic tests. The multi-
variable meta-regression analysis accounted for a range between 0% (farmed wild boar) and 68.71% (camelids) 
of the overall observed heterogeneity, indicating that the pondered predictors partially explain the observed 
variability. Differences in the overall prevalence of TB across hosts were small, with most groups showing values 
around 10%, except farmed wild boar (41%). The sample size emerged as an important moderator, with small 
size studies leading to the overestimation of prevalence. TB prevalence rates were very heterogeneous across 
continents and depended on the host, with lower values (below 10%) in Africa and Asia, while North America 
(33.6%, cattle), Europe (51%, goats), and South America (85.7%, pigs) exhibited higher rates, possibly related to 
greater densities of specific host groups managed on more intensive production systems. Stratification by di-
agnostic tests evidenced heterogeneous prevalence rates depending on the host group, possibly reflecting dif-
ferences in test performance across different hosts. Results from this study highlight different TB burden sce-
narios, pinpointing host groups and diagnostics that should be prioritized in surveillance systems in different 
regions, thus providing policy-relevant information to catalyse TB control in settings with lower installed ca-
pacity and better resource allocation at the human-animal-environment interface.   

1. Introduction 

Animal tuberculosis (TB) is a zoonotic chronic disease that impacts 
the productivity of livestock systems, limits animal movement and 
trade, and threatens animal and public health. Among the ecotypes 
grouped within the Mycobacterium tuberculosis complex (MTC), M. bovis 
and M. caprae are recognized as the most relevant TB-causing agents in 
livestock [1,2]. The disease is characterized by the formation of gran-
ulomatous lesions, localized in lymph nodes, and/or several internal 
organs, mainly affecting the respiratory, digestive and excretory 

systems. The anatomic localization of lesions is commonly associated 
with infection transmission routes [3–5]. 

This disease affects several hosts, namely humans, farmed animals and 
free-ranging wildlife hosts across all continents, with the exception of 
Antarctica [7–10]. Many other species besides cattle are managed in more 
or less intensive production systems and these are seldom under the focus of 
official surveillance and control plans. So, TB data in livestock species re-
garded as non-prototypical hosts, such as goats, sheep, or pigs, or animals 
regarded as wildlife but which are highly managed and maintained in 
confined or highly humanized environments for economical purposes, such 
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as tourist activities (e.g. dromedaries), transportation of humans and goods 
(e.g. llamas), game farms, zoological parks, and others, is heterogeneously 
available and reported on a regional, national or global level. 

Animal TB surveillance systems implemented in developed coun-
tries have supported disease eradication in the cattle population or 
contributed to lower individual and herd prevalence. However, the 
inherent high costs and technical demands for the implementation and 
maintenance at different levels are obstacles to the systematic appli-
cation of eradication programs in developing countries [11]. Generally, 
these programs are based on test and slaughter schemes, with the de-
tection of reactors and abattoir surveillance [12]. Therefore, the de-
tection of infected animals is crucial for the effectiveness of control 
actions. Testing of live animals is performed by the intradermal tu-
berculin skin test, in single or comparative versions, and the interferon- 
gamma (IFN-γ) assay that is most commonly used as a complementary 
blood test [12,13]. The performance of both tests can be influenced by 
host intrinsic factors. Standard application conditions and result inter-
pretation are normally described for cattle, requiring optimization 
when transposed to other species [14,15]. The post mortem evaluation 
by gross pathology, histopathology and bacteriological techniques are 
the reference diagnostic methods for animal TB [13]. 

Animal TB is included in the list of mandatory notifiable diseases of 
the World Organization of Animal Health (OIE). While the application 
of systematic surveillance and control programs enables notification 
and reporting of official prevalence values [12,17,18], countries 
without an official surveillance strategy have non-systematic, irregular, 
and geographically heterogeneous disease information (if any) pro-
vided by a few cross-sectional studies with ad-hoc diagnostic strategies 
[19]. 

To suppress knowledge limitations on the prevalence of animal TB 
in cattle and other affected host species worldwide and to generate a 
robust evidence basis for decision-making on community control and 
resource allocation, a systematic literature search and meta-analysis 
was performed in this work. The objective was to estimate, on a 
worldwide scale, the overall prevalence of animal TB in different live-
stock host species whose importance in production systems varies ac-
cording to the region of the world. For this purpose, relevant in-
formation from cohort or cross-sectional works published in this topic 
for the last decades were dissected by means of a meta-analysis ap-
proach. The potential sources of prevalence variation were investigated 
using subgroup analyses and meta-regression. Prevalence figures were 
stratified according to host species, host characteristics, anatomical 
localization of lesions, sample size, geographical location, and diag-
nostic tests. Systematization of this knowledge may inform policy de-
cisions and hierarchize field priorities to control this long-lasting dis-
ease at the animal-human-environment interface. 

2. Methodology 

2.1. Search strategy 

A meta-analysis was conducted following the procedures provided 
by the PRISMA guidelines (Supplementary Fig. 1) [20]. Search for peer- 
reviewed literature was conducted through the ISI's Web of Science 
online interface (http://www.isiknowledge.com) and Google Scholar, 
and was last updated on 15th February 2020. 

A complex search strategy was implemented using the interception of 
terms in three groups (#1 AND #2 AND #3), being group #1 “tubercu-
losis”; group #2 “epidemiology” OR “transmission”; and group #3 
“Livestock” OR “Farmed” OR “Cattle” OR “Sheep” OR “Ovine” OR “Goat” 
OR “Pig” OR “Equine” OR “Camel” OR “Dromedary” OR “Alpaca” OR 
“Llama”. Related database-specific subject terms to identify relevant cohort 
or cross-sectional studies including species maintained in confined en-
vironments with human intervention, such as farmed game species, zoo 
animals, and animals used for tourist activities, were also used in the search 
scheme under the expression “farmed”. 

No time or geographical location restrictions were placed on these 
searches, only those published in English and Portuguese were re-
trieved, and the reports performed by national or international autho-
rities concerning official data submitted by each country were not 
considered. 

2.2. Data extraction and selection criteria 

All articles retrieved from the global search (n = 1443) were 
screened, based on title and abstract, and the manuscripts that did not 
contain information concerning animal TB epidemiology in livestock 
were eliminated (Supplementary Fig. 1). A group with a total of 443 
articles remained based on inclusion criteria, and a systematic biblio-
metric review considering temporal and spatial disease evolution, host, 
infectious agent, and progress in research fields in animal TB has been 
published elsewhere [21]. After a thorough screening, a group of 182 
articles followed to meta-analysis (Supplementary Table 1). The in-
clusion criteria were related with the explicit or implicit indication of 
animal TB prevalence figures associated with a given host, obtained by 
any diagnostic test, and with a sample size equal or superior to 30 in-
dividuals. Data was extracted considering author, publication year, 
study design (geographic location by continent, mammalian host), 
sample size, and diagnostic test used. Diagnostic tests included in the 
study were the delayed hypersensitivity test (namely, the tuberculin 
test), blood-based laboratory tests (namely, the IFN-γ assay and the 
Enzyme-Linked Immunosorbent Assay [ELISA]), histopathological ex-
amination (considering both macroscopic and microscopic lesions), 
culture, nucleic acid-based methods, and biochemical-based methods 
(biochemical characterization of isolates). The selected works were 
published between 1993 and 2020 (27 years) and encompassed eight 
host groups, namely cattle (number of articles = 151), goat (n = 12), 
pig (n = 12), buffalo (n = 11), camelids (n = 9; camel [n = 5], dro-
medary [n = 3], alpaca [n = 1]), sheep (n = 7), farmed cervids (n = 5; 
red deer [n = 3], fallow deer [n = 1], elk [n = 1]) and farmed wild 
boar (n = 4). 

The discriminated animal TB prevalence values considered were 
grouped as follows: 1) at the whole host population level, summing the 
values obtained by different diagnostic tests; 2) clustered by sex, age 
class (cubs, sub-adults and adults), body condition, and/or breed; or 3) 
anatomical location of lesions according to infected tract (respiratory 
tract, digestive tract, or generalized lesions present in at least two dif-
ferent tracts) (Supplementary Table 2). 

2.3. Statistical analyses 

The “meta” and “metafor” libraries in R statistical package were 
used to estimate models for different hosts [22–24]. All analyses were 
performed using RStudio [25]. 

The estimated prevalence values from each study were logit trans-
formed and the pooled prevalence was estimated using a random-ef-
fects model. Two model statistics were obtained, the Cochran's Q sta-
tistic [26] to test for heterogeneity and Higgin's statistic (I2  >  50% 
represents at least moderate heterogeneity) [27] to quantify the pro-
portion of true variation due to heterogeneity between studies. 

A univariable meta-regression model, with random-effects, was 
applied to select a group of moderator factors for multivariate analyses 
and to determine which percentage of heterogeneity is accounted for by 
each moderator. The accounted moderators were: geographic location 
by continent, publication period, sample size, diagnostic test, age class, 
sex, breed, body condition and anatomical location of lesions. 
Depending on the mammalian host group, some moderators were not 
included in the model due to the lack of available information. To ex-
amine the effects of geographic location, the study areas of articles were 
grouped by continents and potential sources of variation were in-
vestigated using subgroup analyses; and to evaluate the effect of time, 
three time periods were considered: 1990–1999, 2000–2010, and 
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2011–2020 (Supplementary Table 2). Multivariate meta-regression was 
performed to evaluate the percentage of heterogeneity accounted for by 
the full set of moderators. Analysis of data normality with the Q-Q plot 
was performed after meta-regression. 

The potential evidence of publication bias was assessed by visual 
inspection of a funnel plot asymmetry, and Begg's rank correlation [28] 
and the Egger's weighted regression [29] methods were used to assess 
the significance level of the underlying bias (p-value < 0.05). 

The moderator significance within the full model was obtained with 
an analysis of variance (ANOVA), and variables with p-value < 0.25, as 
previously set in other similar reviews and meta-analyses [19,30,31], 
were retained for inclusion in the final model. 

3. Results and discussion 

A total of 443 articles covering the last four decades was screened 
and 182 were included in this meta-analysis (Supplementary Table 1). 
All models were assessed for publication bias regarding sample size, 
occurrence and quantification of true heterogeneity, and data normality 
after logit transformation. Publication bias was not calculated in both 
farmed cervids and wild boar, due to the low amount of available data 
(n  <  10 articles). From the remaining host groups, publication bias 
was only found in sheep data (p-value < 0.05) and cattle data (p- 
value < 0.001), towards lower and higher sample size studies, respec-
tively (Fig. 1A; Supplementary Figs. 2–8). All models registered the 
existence of heterogeneity (Q value with p-value < 0.001), with the 
proportion of true variation due to heterogeneity between studies (I2) 
ranging from 85.4% (farmed cervids) to 99.9% (cattle). Thus, all 
models show higher proportions of heterogeneity due to true differ-
ences in effect between studies and not by sampling errors. Data did not 
present a cleat fit to normality in the Q-Q plot for pig, goat, and sheep 
data, but presented a good fit to the Q-Q plot for the remaining host 
groups (Fig. 1B; Supplementary Figs. 2–8). 

3.1. Bovinae 

Using a random-effects model, the pooled prevalence of worldwide 
animal TB in cattle was estimated as 13.12% (95% Cl: 11.24% - 
15.26%) (Supplementary Fig. 9). Galbraith plot enabled graphical as-
sessment of heterogeneity across studies in cattle as most data fits 
outside the confidence bounds, indicating a higher contribution to 
heterogeneity (Fig. 1C). 

Univariable meta-regression analysis of the nine moderators pon-
dered as indicated in methods was performed. The proportion of each 
predictor variable's effect on heterogeneity (R2) ranged from 0% to 
29.81% (Table 1; Supplementary Table 3). Further, the highest values 
of R2 were observed for sample size (29.81%), diagnostic test (6.69%), 
geographic location at the continental scale (4.71%), and anatomical 
localization of lesions (infected tract; 4.62%); the lowest values were 
observed for breed (1.67%), sex (1.46%), publication period (1.26%), 
and age class (0.84%) variables, while body condition exhibited no 
effect on heterogeneity (R2 = 0%) (Table 1; Supplementary Table 3). 

All nine moderators were also included in multivariable meta-re-
gression analysis, accounting for 34.65% of the observed heterogeneity, 
meaning that these explain only a third of the variability observed. 
Analysis of variance (ANOVA) test indicated that five of the nine 
moderators were significant (p-value < 0.25) (Table 1; Supplementary 
Table 3): geographic location by continent, diagnostic test, sample size, 
anatomical localization of lesions and gender. 

The estimated stratified disease prevalence using significant mod-
erators was then calculated. Assessing geographical location by con-
tinent, North America (33.6%) showed a significantly higher animal TB 
prevalence than Africa (10.3%) and Asia (13.8%) (Table 2). Cattle are 
widespread across continents, with the highest densities being regis-
tered in Asia (particularly, India), East Africa (particularly, Ethiopia), 
Northern Europe, North America (particularly, Mexico) and South 

America [32,33]. The differences in the disease prevalence estimates 
between North America (developed countries) and Asia and Africa 
(higher proportion of developing countries) might be influenced by the 
differential survey efforts and the lack of animal tuberculosis control 
programs in developing countries. Regarding diagnostic tests, the pre-
valence of animal TB estimated through biochemical- (39.1%), IFN-γ - 
(34.4%), and culture-based methods (26.6%) registered significantly 
higher values than histopathology (11.2%), tuberculin- (9.2%) or 
ELISA-based methods (6.8%) (Table 2). Moreover, studies reporting TB 
prevalence based on ELISA showed significantly lower rates compared 
to studies using any other diagnostic methods, except for tuberculin- 
based. These results can be explained by the different number of studies 
reporting prevalence rates using each test and because the sensitivity 
and specificity of each test are highly variable, with tuberculin-based 
tests usually reporting high sensitivity and moderate specificity, IFN-γ 
assays reporting moderate sensitivity and high specificity, and ELISA- 
based tests reporting low sensitivity and higher specificity [34,35]. 
Furthermore, studies with less than 100 sampled individuals (39.5%) 
showed significantly higher prevalence rates, followed by studies that 
sample between 100 and 200 individuals (25.3%), with all the re-
maining sample size categories showing lower prevalence results 
(Table 2). The bias in disease prevalence estimates can arise from dif-
ferent sample size studies, with lower sampling studies showing a bias 
towards higher disease prevalence. Respiratory tract lesions (47.8%) 
tend to be present at a higher prevalence, followed by digestive tract 
lesions (32.5%), and finally by generalized lesions (16.7%) (Table 2). 
These results were expected since aerial transmission is the most fre-
quent infection route in cattle, leading to lesions in the respiratory tract 
and associated lymph nodes, followed by oral transmission through the 
ingestion of bacilli, leading to lesions in the digestive tract and asso-
ciated lymph nodes; generalized, systemic infection is associated with 
terminal disease, a rare situation due to the periodical testing of cattle 
in vivo that diminishes disseminated TB cases [6,36]. The prevalence 
rates tend to be higher in female (8.7%) than male cattle (4.8%), which 
might be related with differences in the production systems (Table 2). 
Females are more associated with milk farms and males with beef 
farms. Some works associate milk farms with more intensive regimes 
and longer animal lifetime history, factors that could contribute to 
higher TB prevalence. 

The pooled prevalence in buffalos was 9.88% (95% Cl: 7.13% - 
13.54%) (Supplementary Fig. 10). Individual R2 ranged from 0% to 
61.32%, with the highest values of R2 being observed for sample size 
(61.32%) and geographic location by continent (37.17%), followed by 
diagnostic test (4.63%), while the publication period exhibited no effect 
on heterogeneity (R2 = 0%) (Table 1; Supplementary Table 3). Simi-
larly, to the cattle model, multivariate regression analysis showed 
34.92% of overall heterogeneity. ANOVA test indicated that none of the 
four moderators were significant (Table 1; Supplementary Table 3). The 
lack of statistically significant moderators can result from the low 
number of articles and data from this species validated to incorporate 
this meta-analysis (n = 13 articles). 

3.2. Farmed cervids 

Concerning farmed cervids, the pooled animal TB prevalence was 
estimated as 9.13% (95% Cl: 6.19% - 13.27%) (Supplementary Fig. 11), 
with an individual R2 ranging from 0% to 15.67%. Three moderators 
exhibited no effect on heterogeneity (R2 = 0%), with the exception of 
sample size (15.67%) (Table 1; Supplementary Table 3). The multi-
variate regression analysis indicated an overall heterogeneity of 
18.97% and the ANOVA test indicated three out of four moderators as 
significant (geographical location by continent, diagnostic test, and 
sample size; p-value < 0.25) (Table 1; Supplementary Table 3). How-
ever, no specific parameter showed significantly different effect on 
prevalence values, with Europe (10.3%) showing a tendency for higher 
prevalence than North America (7.9%) and histopathology-based 
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diagnostics (9.3%) tending to report higher prevalence values than 
culture-based methods (7.4%) (Table 2). The differences across con-
tinents can be the result of host-specific susceptibilities to animal TB, 
since in Europe red deer is the most studied deer species, contrarily to 
North America that mainly focuses on elk. Histopathology-based 
methods have lower specificity than culture-based ones, due to several 
other infectious agents that can lead to granuloma-like lesions, such as 
M. avium subsp. paratuberculosis and Corynebacterium spp. [37]. 

3.3. Camelids 

The pooled prevalence of animal TB in camelids worldwide was 
14.89% (95% Cl: 9.58% - 22.42%) (Fig. 2). The univariable meta-re-
gression analysis integrating different variables yielded the highest 
values of R2 for sample size (61.59%) and diagnostic test (13.69%), 
while all other six moderators did not exert an effect on heterogeneity 
(R2 = 0) (Table 1; Supplementary Table 3). A total of 68.71% overall 

Fig. 1. Animal tuberculosis prevalence in cattle: parameters of asymmetry and heterogeneity. A – Funnel plot of logit transformed prevalence and standard error; B - 
Q-Q norm plot for normality assessment; C –Galbraith plot: assessment of heterogeneity in the retrieved studies focusing the epidemiology of animal tuberculosis in 
cattle (scatter plot of standardized effect estimates against inverse standard error). 
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observed heterogeneity was reported by the multivariable meta-re-
gression analysis, meaning that the moderators included in the model 
explain more than two-thirds of the observed variability. ANOVA test 
indicated that two (sample size and diagnostic test) out of eight mod-
erators were significant (p-value < 0.25) when all variables were con-
sidered (Table 1; Supplementary Table 3). 

The estimated disease prevalence rate, according to sample size and 
diagnostic test, was thereafter compared. Culture-based (46.6%) 
yielded significantly higher prevalence values than tuberculin-based 
(3.4%) and nucleic acid-based methods (6.5%), which could be related 
with herd culling after a positive in vivo test (that avoids doing tu-
berculin-testing for all the animals in the herd) and subsequent labor-
atorial confirmation for the subset of slaughtered suspect animals 
within the group (Table 2). Nevertheless, tuberculin and nucleic acid- 
based methods are used in higher sampling studies due to their high- 
throughput nature, representing a more reliable prevalence estimation 
strategy. 

Studies with more than 1000 sampled individuals (0.11%) showed 
significantly lower prevalence values than all the remaining sample size 
categories (< 1000 sampled individuals), which then again reinforces 
the notion that different sample-size studies may introduce bias, with 
studies with higher sampling number showing more reliable prevalence 
rates (Table 2). 

3.4. Small ruminants 

The category small ruminants includes works on two hosts: goats 
and sheep. First, focusing on goat works, the pooled prevalence for 
animal TB was estimated as 7.17% (95% Cl: 3.05% -15.96%) (Fig. 3, 
with Q value of 1276.95 (p-value < 0.0001) and I2 of 98.2%, revealing 
high levels of heterogeneity. A total of eight moderators were used in 
the univariable meta-regression and R2 values obtained ranged between 
0% to 47.50%, in decreasing order: sample size (47.50%), geographical 
location per continent (23.99%), anatomical localization of lesions 

Table 1 
Heterogeneity accounted by each moderator and overall heterogeneity calculated by host or host groups.              

Continent Publication period Diagnostic test Sample size Breed Infected tract Age class Sex Body condition Overall  

Cattle 4.71* 1.26 6.69* 29.81* 1.67 4.62* 0.84 1.46* 0.00 34.65 
Buffalo 37.17 0.00 4.63 61.32 NA NA NA NA NA 34.92 
Farmed cervids 0.00* 0.00 0.00* 15.67* NA NA NA NA NA 18.97 
Camelids 0.00 0.00 13.69* 61.59* NA 0.00 0.00 0.00 0.00 68.71 
Goat 23.99* 6.52* 0.00 47.5* 12.07 17.48* 0.00* 0.00* NA 48.86 
Sheep 4.31 21.18 0.00 42.57* NA NA NA NA NA 20.36 
Pig 36.42* 14.24* 4.25 50.09* NA 0.00* NA NA NA 53.53 
Farmed wild boar 0.00 0.00 0.00 0.00 NA NA NA NA NA 0.00 

⁎ - ANOVA p-values < 0.25; NA – non-applicable.  

Table 2 
Discriminated prevalence of animal TB by host and moderator. Values in brackets represent CI 95%.          

Moderators Cattle Farmed cervids Camelids Goats Sheep Pigs  

Continent Africa 10.3% [8.8–25.9%] NA NS 1.1% [0.3–3.6%] NS 0.9% [0.1–9.6%] 
Asia 13.8% [8.5–11.9%] NA NS 1.9% [1.5–2.5%] NS 1.3% [0.8–2.0%] 
Europe 17.8% [11.8–25.9%] 10.3% 

[5.4–18.9%] 
NS 51.0% [16.5–84.6%] NS 24.1% [12.4–41.6%] 

North America 33.6% [25.2–43.2%] 7.9% [4.4–14.0%] NS NA NS NA 
South America 20.5% [6.6–48.4%] NA NS NA NS 85.7% [73.8–92.7%] 

Publication period 1990–1999 NS NS NS 99.6% [93.8–100.0%] NS NA 
2000–2010 NS NS NS 7.0% [0.7–46.6%] NS 1.1% [0.1–19.1%] 
2011–2020 NS NS NS 5.3% [2.1–12.7%] NS 20.9% [10.2–38.3%] 

Diagnostic test Tuberculin 9.2% [7.6–11.0%] NS 3.4% [1.8–6.6%] NS NS NS 
IFN-γ 34.4% [18.0–55.4%] NS NA NS NS NS 
ELISA 6.8% [5.4–8.4%] NS NA NS NS NS 
Histopathology 11.2% [8.6–14.6%] 9.3% [6.2–13.9%] 16.1% [9.9–25.0%] NS NS NS 
Culture 26.6% [21.0–33.0%] 7.4% [2.8–18.1%] 46.6% [22.7–72.2%] NS NS NS 
Nucleic acid 24.7% [14.2–39.4%] NS 6.5% [1.6–22.4%] NS NS NS 
Biochemical 39.1% [29.9–49.1%] NS NA NS NS NS 

Sample size (Cattle)  < 100 39.5% [34.0–45.2%] NA NA NA NA NA 
100–250 25.3% [20.7–30.5%] NA NA NA NA NA 
250–500 13.6% [10.4–17.5%] NA NA NA NA NA 
500–1000 6.1% [4.7–7.8%] NA NA NA NA NA 
1000–1500 7.8% [5.7–10.6%] NA NA NA NA NA  
> 1500 3.9% [2.7–5.7%] NA NA NA NA NA 

Sample size (Others)  < 100 NA 14.2% 
[4.3–38.0%] 

26.7% [18.1–37.6%] 41.6% [21.3–65.2%] 50.0% [18.5–81.5%] 50.3% [27.6–72.8%] 

100–250 NA NA 14.3% [9.2–21.5%] 64.6% [5.3–98.3%] 29.3% [21.9–37.9%] 58.6% [3.6–98.1%] 
250–1000 NA 8.0% [5.3–11.9%] 9.3% [6.7–12.8%] 1.5% [0.8–2.9%] 20.0% [7.4–43.7%] 25.1% [3.2–77.2%]  
> 1000 NA NA 0.1% [0.07–0.2%] 0.1% [0.0–0.6%] 0.1% [0.0–2.9%] 0.7% [0.2–2.6%] 

Infected tract Respiratory 47.8% [33.5–62.4%] NA NS 98.3% [90.6–99.7%] NA 12.5% [5.3–26.7%] 
Digestive 32.5% [16.8–53.4%] NA NS 3.0% [1.0–8.9%] NA 40.0% [26.2–55.7%] 
Generalized 16.7% [6.0–38.7%] NA NS NA NA 47.5% [32.7–62.7%] 

Age class Cub NS NA NS 1.7% [1.0–3.1%] NA NA 
Sub-adult NS NA NS 2.6% [1.5–4.3%] NA NA 
Adult NS NA NS NA NA NA 

Sex Female 8.7% [4.4–16.4%] NA NS 8.0% [4.9–12.9%] NA NA 
Male 4.8% [2.0–10.7%] NA NS 1.4% [0.2–9.1%] NA NA 

NS - non-significant; NA - non-applicable; hosts without statistically significant moderators not included.  
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(17.48%), breed (12.07%), and publication period (6.52%); diagnostic 
test, sex and age class exhibited no effect on heterogeneity (R2 = 0) 
(Table 1; Supplementary Table 3). The multivariable meta-regression 
analysis accounted for 48.86% of the overall observed heterogeneity, 
indicating that significant predictors explained almost half of the ob-
served variability. Continent, publication period, sample size, and in-
fected tract were considered significant (p-value < 0.25) by ANOVA 
(Table 1; Supplementary Table 3). 

When focusing on geographic location, Europe has an estimated 
prevalence of animal TB of 51%, a marked higher value than Africa or 
Asia, with estimated values close to 1% (1.0% and 1.9%, respectively) 
(Table 2). This discrepancy could be related with differences in pro-
duction systems within the different continents and with differences in 
the resources allocated to monitor TB in the livestock population. On 
the one hand, these results show that the epidemiological scenario in 
Europe is well-characterized and that the TB burden is significant, while 
on the other they highlight that the scarcity of data in underdeveloped 
countries may favour the artificial notion that TB prevalence is low. 
Goat breeds raised in Europe could be more susceptible to MTC agents 
and, in fact, M. caprae, the goat-adapted ecotype, is almost exclusively 
reported in Europe and mainly from goats [38–40]. Similar to models 
performed for other hosts, larger sample sizes (> 250) were associated 
with lower prevalence numbers, corroborating that a higher sampling 
effort is more accurate to estimate prevalence values; but may also be 

influenced by production systems and management conditions, with 
intensive or extensive regimes impacting differently on disease pre-
valence (Table 2). The articles published between 1990 and 1999 re-
ported higher prevalence rates than the studies from the most recent 
periods (Table 2). This might be related to the number of works in-
cluded in each time interval and the diagnostic test privileged over 
time, which could impact the sensitivity and specificity of methodolo-
gies underlying the reports of prevalence figures. Moreover, the pre-
valence values obtained for 2000–2010 (7.02%) and 2011–2020 
(5.34%) are similar to the pooled prevalence estimate for goats 
(Table 2). Respiratory lesions were more prevalent (98%) than lesions 
in the digestive tract (3%), suggesting that MTC transmission in goats 
might mainly occur through aerosols (Table 2). 

Considering sheep, the pooled prevalence was estimated as 4.61% 
(95% Cl: 1.87% - 10.93%) (Fig. 4). Geographic location by continent, 
publication period, diagnostic test, and sample size were the mod-
erators included in the univariable meta-regression, with R2 values 
ranging between 0 and 42.57% (Table 1; Supplementary Table 3). The 
highest value was sample size (42.57%), followed by publication period 
(21.18%), geographic location (4.31%), and finally diagnostic test 
(0%). The multivariable meta-regression accounted for 20.36% of het-
erogeneity, and according to the ANOVA test, only sample size was a 
significant predictor (p-value < 0.25) (Table 1; Supplementary 
Table 3). Similar to the goats' dataset, in the sheep-related works the 

Fig. 2. Forest plot visualization of animal tuberculosis prevalence in Camelidae. “Total” refers to the sample size in each publication; “Events” refers to the number of 
TB-positive animals; “Prevalence” refers to TB prevalence in each publication. 
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Fig. 3. Forest plot visualization of animal tuberculosis prevalence in goat. “Total” refers to the sample size in each publication; “Events” refers to the number of TB- 
positive animals; “Prevalence” refers to TB prevalence in each publication. 

Fig. 4. Forest plot visualization of animal tuberculosis prevalence in sheep. “Total” refers to the sample size in each publication; “Events” refers to the number of TB- 
positive animals; “Prevalence” refers to TB prevalence in each publication. 
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larger sample sizes (> 250) were associated with lower prevalence 
numbers (Table 2). 

3.5. Suidae 

The pooled prevalence of animal TB in pigs was estimated as 
11.57% (95% CI: 4.73% - 25.62%) (Fig. 5). Five moderators were 
considered in the univariate meta-regression: geographic location by 
continent, publication period, diagnostic test, sample size, and anato-
mical location of lesions. R2 varied between 0% and 50.09%, with the 
higher values registered for sample size (50.09%) and geographic lo-
cation (36.42%); and the lower values for publication period (14.24%), 
diagnostic test (4.25%), and anatomical localization of lesions (0.00%). 
(Table 1; Supplementary Table 3). Multi-regression including all the 
cited moderators accounted for 53.53% of heterogeneity. The ANOVA 
tests indicated that geographical location by continent, publication 
period, and sample size were significant predictors (p-value < 0.25) 
(Table 1; Supplementary Table 3). Those moderators were found to 
have different effects on the prevalence of TB in pigs. According to the 
model, the prevalence was significantly different in Africa (0.91%), 
South America (85.7%), and Europe (24.1%) (Table 2). When com-
paring Africa and Europe, the prevalence estimates may be influenced 
by the fact that the population density of pigs in Europe is much higher 
than in Africa [32], therefore Europe could be investing more resources 
in monitoring TB or in other trade-relevant disease in this species that 
enables TB suspicion and confirmation. However, South America, 
which shows on most of the sub-continent values of pig population 
density similar to those found in Africa [32], has an estimate which 
clearly weights data from two studies [41,42], both from Argentina. A 
single occurrence in Asia was retrieved in which the prevalence is 
1.26%. This lack of data for Asia suggests knowledge gaps in a con-
tinent with countries with high population densities of pigs such as 
China [32]. The prevalence could also be stratified by the publication 
periods: from 2000 to 2010, the estimated prevalence was 1%, while 
between 2011 and 2020 the estimated prevalence was 20.9% (Table 2). 
Those differences in estimations may be biased by the low number of 

occurrences found in the first time interval. When comparing estimated 
prevalence rates across sample sizes, there is a wider range of values, 
beginning at 0.67% in the larger samples (> 1000) and established at 
50.2% in the smaller samples (Table 2). As so, only the ranges at the 
higher and lower extremes of the spectrum are found to have sig-
nificantly different prevalence estimates, and similarly to other hosts, 
larger samples appear to represent smaller prevalence. 

Concerning farmed wild boar, a smaller set of data was retrieved, 
once most reports refer to free-ranging populations and not so fre-
quently to farmed animals. As so, the dataset was comprised of seven 
occurrences. The pooled prevalence of animal TB in farmed wild boar 
was estimated as 40.51% (95% CI: 29.1%, 53.04%) (Supplementary 
Fig. 12). Univariate meta-regression was conducted to evaluate the 
amount of heterogeneity accounted for each moderator under study, 
namely publication period, diagnostic test, and sample size. R2 was 
found to be 0% for every moderator evaluated, meaning that none of 
the variables under study was responsible for the heterogeneity com-
prised in the model (Table 1; Supplementary Table 3). We thus con-
clude that the retrieved dataset, including occurrences for Europe only, 
is not robust enough to indicate the sources of heterogeneity nor to 
provide an estimated prevalence. 

3.6. Overview 

From all the eight mammalian host groups under study, farmed wild 
boar was the only one with insufficient data to attain any conclusion. 

The majority of models did not show sample size bias across studies, 
except for cattle (higher sample size) and sheep (lower sample size) 
models. The overall heterogeneity found in the meta-analysis models 
ranged from 85.4% (farmed cervids) to 99.9% (cattle). However, the 
multivariable regression analysis calculated an overall heterogeneity, 
provided by the conjugation of the analysed moderators, that ranged 
between 0% (farmed wild boar) and 68.71% (camelids). Those results 
indicate that all moderators included in the regression models explain 
only part of the observed variability. The remaining variability can 
result from several other variables not considered in the models, but 

Fig. 5. Forest plot visualization of animal tuberculosis prevalence in pig. “Total” refers to the sample size in each publication; “Events” refers to the number of TB- 
positive animals; “Prevalence” refers to TB prevalence in each publication. 
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acknowledged to date to impact TB prevalence, such as management 
measures (e.g. biosecurity procedures, herd features, population den-
sity, and mixed host farming), animal movements, livestock-wildlife 
interactions, livestock-human interactions, among others, that were not 
represented or reported with adequate frequency in this dataset and 
thus were not adequate for robust and rigorous meta-analyses. 

The differences between the overall prevalence of animal TB across 
each host group are low, with all host groups showing prevalence va-
lues around 10%, except farmed wild boar (41%) (Fig. 6). The re-
maining host groups showed disease prevalence rates between 5% 
(sheep) and 15% (camelids). The higher disease prevalence rate in 
farmed wild boar may result from the low number of articles included 
in the model, together with the low sample size and restricted geo-
graphical location of those studies. 

Of the different moderators included in the several models, geo-
graphical location by continent (four out of eight models) and sample 
size (six out of eight) were the most statistically relevant ones. The 
sample size proved to be important as a possible bias factor in small 
sample size studies, overestimating TB prevalence. Regarding TB pre-
valence per continent, it was markedly heterogeneous depending on the 
host group, with Africa and Asia being the continents where disease 
prevalence was generally low (between 1% and 10%) independently of 
the host. In contrast, North America (33.6%, associated to cattle), 
Europe (51%, associated to goats), and South America (85.7%, asso-
ciated to pigs) showed higher disease prevalence. In all these con-
tinents, the specific host groups occur in high densities in livestock 
production systems [32,33]. The differences in disease prevalence es-
timates might be influenced by the differential survey efforts across 
countries, with lack of reported data particularly from low−/middle- 
income countries, but also due to the lack of control programs for 
specific hosts, even in high-income countries, which altogether obscure 
the animal TB scenario drawn here. In agreement, in a recent systematic 
review, Asia was identified as a region where research efforts in this 
field should be reinforced [21]. The stratified figures calculated in this 
work regarding the prevalence of animal tuberculosis in the world 
prefigure a situation that requires further confirmation and more in-
sightful studies to clarify uncertainties pointed out above. 

Besides those moderators, the anatomical location of lesions 
(namely, the infected tract) and the diagnostic test used were relatively 
important predictors for the analysed models. The respiratory tract is 
the predominant local with visible lesions, followed by the digestive 
tract, and finally by generalized infection signs, in both cattle and goats. 

Concerning disease prevalence estimates by diagnostic tests, the out-
puts were very heterogeneous depending on the host: in cattle, higher 
prevalence was attained when biochemical identification (39.1%) or 
interferon-gamma (34.4%) are used and lower prevalence when histo-
pathology (11.2%) or tuberculin-based (9.2%) approaches are per-
formed; in contrast, camelids showed a higher disease prevalence when 
culture-based methods (46.6%) are used and lower prevalence when 
tuberculin-based methods (3.4%) are implemented. These differences 
may result from the high range of sensitivities and specificities of the 
different diagnostic tests that give highly heterogeneous responses de-
pending on the host. 

4. Conclusion 

In this meta-analysis, the worldwide overall animal tuberculosis 
prevalence of the different host groups was estimated, showing that the 
host groups considered hold high importance in the maintenance of 
animal TB. The encountered geographical differences are mainly asso-
ciated with higher animal densities in higher disease prevalence loca-
tions. Additionally, a higher diversity of diagnostic tests leads to a 
higher diversity of estimated prevalence values due to differential 
sensitivity and specificity between tests and hosts, which can influence 
disease perception on a specific geographical and temporal scenario. 

This work highlights the scarcity of studies focusing on the quan-
tification of management measures, animal movements, livestock- 
wildlife interactions, and livestock-human interactions, which led to the 
lack of heterogeneity explained by the overall moderators used in the 
meta-regression. The lack of studies in these fields is a worldwide la-
cuna that calls for guided financial and human resources allocation in 
order to gain a more holistic discernment of animal tuberculosis epi-
demiology predictors in all possible livestock reservoirs. 

This study highlights the requirement of integrated approaches to 
animal TB and the need to consider socio-economic and environmental 
contexts, informing decision-makers from different geographical re-
gions on the required concrete measures to be applied in the surveil-
lance of specific mammalian hosts, production systems, also high-
lighting which combination of diagnostic tests suits best the 
surveillance of each disease panorama. In particular, surveillance of 
cattle in North America could benefit from the increased use of INF-γ 
diagnostics, followed by post-mortem examination of animal respiratory 
and digestive tracts at slaughterhouses, together with a strict restriction 
on livestock-wildlife contacts, especially due to the role of white-tailed 

Fig. 6. Comparison of animal tuberculosis prevalence across hosts.  
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deer as reservoir. Moreover, in Europe, goats should become a focus of 
concern and augmented surveillance, with particular emphasis to in-
fections caused by M. caprae. The inclusion of this host species in na-
tional control and eradication programs of animal TB in countries 
where it is managed under high densities and under the extensive re-
gimen, e.g. Spain, Portugal and Austria, is thus to be commended based 
on our computed data. Results from this meta-analysis also point out to 
the reinforcement of abattoir surveillance of goat at the respiratory 
tract level. Furthermore, in South America, the need to increase sur-
veillance in pigs, with the incorporation of in vivo diagnostic assays in 
the national control and eradication programs of animal TB, also stands 
out. 
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