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Epidemiology and economics 
of foot‑and‑mouth disease: current 
understanding and knowledge gaps
John M. Humphreys1   , Carolina Stenfeldt1,2,3   , Donald P. King4, Theodore Knight‑Jones5, 
Andres M. Perez6, Kimberly VanderWaal6, Michael W. Sanderson7, Antonello Di Nardo4, Wudu T. Jemberu5, 
Nakarin Pamornchainavakul6 and Jonathan Arzt1,2*    

Abstract 

Foot-and-mouth disease virus (FMDV) is one of the few veterinary pathogens that defines policy and global trade in animal 
products. Its prominence necessitates approaches to control that integrate the multiple factors contributing to the disease’s 
biology and transmission characteristics. Central to this concept is the epidemiological FMD status (endemic or FMD-free, 
with or without vaccination) of a territory, which defines access to export markets. FMD epidemiology is complex, insuf‑
ficiently understood, and intertwined with the biology of the virus (multiple serotypes and subtypes), global distribution 
(distinct regional virus pools), pathogenesis (subclinical infections and species differences), and host range (broad range 
of susceptible domestic and wild animals). Despite steady advances, critical knowledge gaps persist in FMD epidemiology 
that undermine the optimal control of FMD. This review summarizes the distinct thematic compartments of FMD epidemiol‑
ogy and presents the critical knowledge gaps that continue to limit the effectiveness of global, regional, and national initia‑
tives to control and eradicate FMD. 
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1  Introduction
Foot-and-mouth disease (FMD) is a multispecies viral 
disease that affects cloven-hooved livestock, including 
cattle, sheep, goats, pigs, and water buffalo [1]. Beyond 
these domesticated animals, FMD can infect a range of 
wildlife species, with African buffalo (Syncerus caffer) 
serving as the primary reservoir for the Southern Africa 
Territories (SAT) serotypes in sub-Saharan Africa [2]. 
The disease remains one of the most significant trans-
boundary animal health challenges, restricting trade 
in animals and animal-derived products and leading to 
substantial socioeconomic disruptions. The complex epi-
demiology of FMD, driven by diverse hosts, rapid virus 
evolution, high transmissibility, and subclinical mainte-
nance, shapes international trade policies and presents 
continued obstacles to effective control and eradication 
efforts.

Recognizing these challenges and the need for coor-
dinated solutions, the Global Foot-and-Mouth Disease 
Research Alliance (GFRA) convened an FMD Gap Analy-
sis Workshop in Buenos Aires, Argentina, on December 
5–6, 2022. This cohort of international FMD research-
ers reviewed recent advances, identified critical knowl-
edge gaps, and set priorities for future work to enhance 
global control and eradication strategies. The workshop 
defined distinct yet interrelated compartments of FMD 
research, including virology, pathogenesis, vaccinology, 
epidemiology, and immunology. Within FMD epidemiol-
ogy, key domains of progress and associated knowledge 
gaps included global trends, molecular epidemiology, dis-
ease modeling, pathoepidemiology, wildlife interactions, 
and economic considerations. Each domain contributes 

complementary insights that, when integrated, inform 
FMD understanding, prioritize research needs, and high-
light opportunities for interdisciplinary collaboration.

This paper synthesizes the workshop’s findings, pre-
senting a comprehensive review of FMD epidemiology 
and an integrated gap analysis across the focal areas. 
Beginning with global trends in FMD epidemiology, the 
paper then considers how pathogenesis affects epidemi-
ology, detailing the implications of subclinical infections, 
transmission pathways, and host-specific susceptibili-
ties. Subsequent sections address advances and gaps in 
molecular epidemiology, emphasizing the need for robust 
genomic studies and analytical methodologies to track 
viral evolution and transboundary movements. Recog-
nizing that wildlife hosts serve as reservoirs and bridges 
for species, the next section examines the wildlife-live-
stock interface and the ecological drivers of FMD spread 
and persistence across landscapes. The role of computa-
tional and mathematical modeling in predicting outbreak 
dynamics and optimizing control strategies is critically 
examined, with particular attention to parameterization 
challenges and contextual differences between FMD-
endemic and FMD-free regions. Finally, the economic 
impacts of FMD and the cost-effectiveness of current 
and potential control strategies are explored, underscor-
ing the necessity for standardized economic models that 
integrate epidemiological insights. 

By integrating evidence from multiple domains, this 
interdisciplinary review aims to guide future research 
and inform policy development, addressing immediate 
and long-term challenges in FMD control. It identifies 
critical gaps and priority topics for investigation, as well 
as opportunities for synergistic, cross-disciplinary col-
laboration to enhance our collective capacity to prevent 
and mitigate the global impacts of FMD.

2 � Global trends
2.1 � Regional endemic pools and transboundary spread
Global movements of foot-and-mouth disease virus 
(FMDV, family: Picornaviridae, species: Aphthovirus 
vesiculae) over the last decade have continued to reflect 
the historic trends that the virus is typically transported 
within infected animals and through anthropogenic 
actions, for example, fomites, illegal import/export, and 
the feeding of contaminated food products. FMD exists 
in seven distinct endemic pools [3] in areas of Asia, 
Africa, and South America, each pool maintaining a 
spectrum of different viral lineages within the six circu-
lating serotypes (O, A, Asia 1, SAT 1–3; Figure  1). The 
seventh serotype, serotype C, has not been reported any-
where globally since the last field cases occurred in 2004 
and appears now to be extinct [4]. The pool concept is a 
useful model that helps to understand the risks posed by 

5 � Wildlife
5.1 � Wildlife‑livestock interface dynamics
5.2 � Wildlife surveillance and diagnostic challenges
5.3 � Management, modeling, and policy
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specific FMD viruses, known as topotypes, which repre-
sent genetically and geographically distinct variants that 
circulate and evolve within endemic regions. The geo-
graphical borders of these seven pools are not strictly 
defined and are thought to be determined by the prevail-
ing trade patterns in livestock and livestock products that 
underpin regional source-sink metapopulation dynam-
ics. Viral sequence data can be used to document cycles 
of infection originating from different endemic lineages 
[5] as well as to reconstruct the common virus transmis-
sion pathways (viral conveyors) within these pools [6]. 
Particular attention is often given to trans-pool move-
ments because introducing new FMDV lineages can dra-
matically impact a region’s risk profile and the suitability 
of vaccines for controlling outbreaks, especially if there 
is no pre-existing immunity from previous infection or 
vaccination.

Since 2015, global FMD epidemiology has been domi-
nated by the spread of Ind-2001 lineages of serotype O 
(O/ME-SA/Ind-2001a-e lineages) from South Asian 
countries (Pool 2) to cause outbreaks in the Gulf States of 
the Middle East and Pakistan (Pool 3) [7, 8]. This lineage 

has also spread to Southeast Asia (Pool 1, [9]), where it 
is now more frequently reported than the other serotype 
O lineages that were previously dominant in the region, 
such as O/SEA/Mya-98 and O/ME-SA/PanAsia. The 
upsurge of FMD cases in Southeast Asia has preempted 
the onward spread of viruses beyond Pool 1 to cause 
outbreaks in new locations such as in South Korea [10], 
Russia and Mongolia [11], and countries and zones that 
were previously FMD-free without vaccination, including 
Indonesia [12] and Kazakhstan [13].

Over the past two years, events in the European vicin-
ity have been dominated by the emergence of the SAT2/
XIV topotype in Western Asia, with reports in Iraq, Jor-
dan, Türkiye, Bahrain, and Oman. Phylogenetic analysis 
demonstrated that multiple introductions of SAT2/XIV 
viruses originating from East Africa have occurred in the 
affected countries [14]. The unexpected detection of the 
SAT1/I topotype in Qatar (during 2023) further demon-
strates the current epidemiological connections between 
East Africa and the Middle East via livestock trade 
routes. In North Africa, outbreaks in Algeria, detected in 
December 2023, represent the first reports of the SAT 2 

Figure 1  Geographical distribution of FMDV sequence data that are available for the six circulating serotypes. Data shown represent 
sequences available at www.​FMDba​se.​org. NB: data for serotype C are not shown since this serotype has not been detected anywhere globally 
since 2004.

http://www.FMDbase.org
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serotype in the Maghreb. The emergence of SAT 2 in the 
region is not entirely unexpected, given that the SAT2/
VII topotype widely circulates in West Africa [15] and 
has been identified as a risk for spreading into North 
Africa following similar pathways to serotypes O and A 
[16, 17]. However, identifying SAT2/V as the causative 
virus was surprising because this topotype had not been 
detected anywhere since 1991. Furthermore, there have 
been reports of FMD cases in Egypt (2022) associated 
with viruses from the O/EURO-SA [18] and A/EURO-
SA [19] topotypes that are usually restricted to South 
America.

For Southern Africa (Pool 6), detecting the O/EA-2 
topotype represents the first time in 20 years that sero-
type O has been found in this region, where serotype O 
vaccines are not widely used [20]. South Africa has also 
lost its official WOAH FMD-free (without vaccination) 
status due to outbreaks of the SAT 1, SAT 2, and SAT 3 
serotypes. Taken together, these events highlight the ease 
with which new FMDV lineages can emerge and cross 
international boundaries and the importance of the work 
to continuously monitor global FMD epidemiology.

2.2 � Surveillance challenges and underreporting
Global FMD surveillance remains fragmented and is 
often shaped by political willingness to report cases, 
as well as the availability of local veterinary capacity to 
detect outbreaks and collect diagnostic samples. It is 
well known that the clinical presentation of FMD varies 
across different susceptible species, as FMD is less appar-
ent in small ruminants and certain local livestock breeds 
[21]. Furthermore, FMD vaccination may result in neo-
teric subclinical cases where animals are infectious but 
lack clinical signs, thereby making it more challenging to 
identify infections and trace transmission routes. There-
fore, understanding FMD epidemiology requires assem-
bling sparse and uneven data that are inherently biased 
and complicated by the unequal geographic distribution 
of FMDV serotypes and variation across different host 
species. Disclosure of information relating to FMD out-
breaks plays a crucial role in a more detailed understand-
ing of transboundary risk pathways for FMD. To this 
end, initiatives such as the WOAH/FAO FMD Reference 
Laboratory Network, which aim to build trust and pro-
mote open data sharing, are valuable in providing near 
real-time snapshots of strain migrations. Despite those 
efforts, sampling and testing only catch a minority of out-
breaks, with most FMD clinical cases remaining unde-
tected and unsampled.

It is widely recognized that in endemic regions, out-
breaks represent only the “tip of the iceberg” of the true 
FMDV burden, with viruses predominantly maintained 
through distinct forms of subclinical infection, known as 

neoteric and persistent infections [22]. Neoteric infec-
tions refer to recently acquired subclinical infections that 
occur during the “acute phase” or early stages of viral rep-
lication and shedding. In contrast, persistent subclinical 
infections occur when animals lack signs but are FMDV 
carriers beyond the acute phase, harboring the virus for 
extended periods, thereby contributing to long-term viral 
maintenance and transmission. Thus, the passive surveil-
lance process of sampling from clinically observable cases 
fails to capture the diversity in subclinically infected ani-
mals. Active surveillance continues to provide valuable 
insights into the emergence and subclinical circulation of 
FMDV strains in Asia and Africa; however, active surveil-
lance is labor-intensive and impractical to apply consist-
ently in all endemic regions. Furthermore, the contagion 
potential from subclinically infected animals remains 
controversial.

2.3 � Serological and molecular tools
Serological surveys can be adopted to estimate the 
prevalence of FMD in endemic regions. Antibody test-
ing targeting non-structural proteins (NSPs) is the most 
commonly used approach, as these assays are pan-sero-
typic and widely available from numerous commercial 
providers. Studies have demonstrated that some NSP-
specific ELISA kits yield comparable results and can be 
used interchangeably for testing field sera. These tests are 
beneficial for uncovering evidence of FMDV infection in 
locations where active surveillance is difficult or where 
transmission is suspected in small ruminants, from which 
clinical signs may be difficult to recognize [23]. The sys-
tematic design of these surveys plays a critical role in the 
qualitative value of the surveillance data. Where the his-
tory of animals is uncertain, sampling often focuses on 
young stock (< 6  months of age) because older animals 
may have NSP-specific antibodies arising from previous 
infections, as a by-product of unpurified vaccines, or as 
a result of having been administered multiple doses of 
purified vaccines. The specificity of these tests is < 100%, 
therefore, false positives can be expected, and associ-
ated studies require that testing results be carefully ana-
lyzed to reveal spatial or temporal clustering. Although 
widely employed, these serological studies are often geo-
graphically limited, typically confined to targeted surveil-
lance areas, and are rarely integrated or coordinated at a 
broader regional scale. A weakness of NSP testing is that 
it is not possible to disentangle the component antibody 
responses that arise from infection with more than one 
FMDV serotype. Structural protein (SP) ELISAs have 
high diagnostic sensitivity for FMDV-specific antibod-
ies; however, their ability to accurately identify the cor-
rect FMDV serotype is limited, even when a monovalent 
serotype of known provenance is tested [24]. For these 
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reasons, the virus neutralization test (VNT) remains a 
standard method for assessing immune responses follow-
ing infection or vaccination, although it too has notable 
limitations.

The global circulation of different FMDV serotypes and 
lineages is characterized by a complex interplay between 
factors, such as viral evolution that generates antigenic 
novelty and the trade patterns that underpin the move-
ment of animals. The apparent disappearance of serotype 
C raises important questions about the relative fitness 
of different FMD viruses across susceptible hosts, the 
regional connectivity between the seven endemic pools, 
and the population sizes required to maintain FMDV. 
These concerns have motivated work by the FAO/
WOAH Serotype C Task Force to prevent the inadvert-
ent re-emergence of this serotype, particularly through 
potential risks such as the use of improperly inactivated 
FMD vaccines. While population-level FMD dynamics 
represent the broadest scale of epidemiological strata, 
patterns at this level are underpinned by the micro-epi-
demiology of pathoepidemiology, including transmission 
biology and virus-host interactions. More specifically, 
the infectiousness and contagiousness of FMDV strains 
within distinct hosts determine fitness, emergence, and, 
ultimately, global relevance.

3 � Pathoepidemiology
3.1 � Pathogenesis and clinical syndrome
Pathogenesis in susceptible hosts plays a central role in 
shaping FMDV epidemiology. Factors such as the route 
of exposure, tissue-specific viral loads, and the magni-
tude and duration of viral shedding directly influence 
FMD transmission dynamics. These processes are fur-
ther complicated by the virus’s broad host range, with 
species-specific differences giving rise to distinct pat-
terns of infection and transmission. In particular, vari-
ation in the frequency and characteristics of subclinical 
and persistent infections among host species introduces 
critical epidemiological considerations. This intersec-
tion of pathogenesis and epidemiology is referred to as 
pathoepidemiology.

Classical clinical FMD is characterized by fever and 
vesicular lesions (blisters) in the mouth and on teats, 
coronary bands, and inter-digital clefts of the hoofs. The 
lesions are painful and cause varying degrees of hyper-
salivation and lameness, from which the disease gets its 
name [25, 26]. During early infection, animals are gen-
erally highly contagious due to large quantities of virus 
in secretions, blood, and tissues. In particular, vesicu-
lar epithelium and vesicular fluid have extremely high 
viral loads that serve as sources of transmission, either 
through direct contact, environmental or fomite contam-
ination, or by resuspension into infectious aerosols.

Although the clinical condition can be debilitating, the 
severity of FMD varies across species. These contrasts are 
highlighted by FMDV circulation in the African buffalo 
(Syncerus caffer), which is known to be a wildlife reser-
voir for the SAT serotypes in Africa [27], but are typically 
unaffected by the clinical syndrome, even though the 
virus can spread rapidly within groups of naïve animals 
[28]. A similar phenomenon occurs in some indigenous 
cattle breeds in areas of endemic FMD, which are typi-
cally less affected by clinical FMD compared to imported 
breeds [29]. Clinical FMD in small ruminants is notori-
ously difficult to detect and recognize [30], even though 
these animals are highly susceptible to infection [31–35]. 
However, subclinical or mild clinical infection can be epi-
demiologically relevant, as was observed during the sero-
type O epidemic in Europe during 2001 [36].

3.2 � Subclinical FMD (neoteric and persistent infections)
The epidemiology of FMDV is complicated by two dis-
tinct forms of subclinical infection, which have important 
distinctions in pathogenesis and transmissibility. Early 
(acute) phase FMDV infection without clinical signs of 
disease is referred to as neoteric subclinical infection 
[22, 37]. Neoteric subclinical FMD typically involves the 
shedding of infectious virus in oronasal secretions, which 
makes the virus highly transmissible and differentiates 
neotericism from the FMDV carrier state. Neoteric infec-
tion may be due to pre-existing immunity from vaccina-
tion, previous exposures, or natural resistance to clinical 
FMD [37, 38]. Epidemiologically, the noteworthy point 
is that under appropriate neoteric conditions, a substan-
tial spread of FMDV may occur, particularly through the 
movement of animals, without detection of clinical cases.

Persistent subclinical FMDV infection, commonly 
referred to as the FMDV carrier state, occurs at a high 
prevalence within ruminant hosts but not suids, fol-
lowing either clinical or subclinical primary infection, 
regardless of vaccination [38–41]. Various studies have 
updated the conventional wisdom that 50% of animals 
become carriers, demonstrating that > 85% of infected 
cattle may become carriers when modern detection tech-
niques are applied [38, 41–44]. Depending on the host 
species, the FMDV carrier state involves low-level viral 
replication in the epithelial tissues of the upper respira-
tory (nasopharynx) or gastrointestinal (palatine tonsil) 
tract. In cattle, persistent FMDV has been localized to 
specific segments of lymphoid-associated epithelium 
of the nasopharyngeal mucosa [38, 42], whereas FMDV 
persistence in sheep has been demonstrated to occur in 
similar epithelium found within crypts of the oropharyn-
geal tonsils [32]. During persistent FMDV infection, the 
infectious virus can be recovered by scraping the mucosal 
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surface with a specially designed probang cup [40, 45]. 
However, the virus is typically not present in oronasal- or 
other secretions [38, 46], and the contagion associated 
with FMDV carriers is therefore believed to be minimal. 
A handful of studies have failed to detect transmission of 
FMD from carriers [47–50]. However, a definitive deter-
mination of the plausibility of transmission from carriers 
remains elusive and controversial.

Recent experimental studies have demonstrated that 
recombination of FMDVs frequently occurs in the naso-
pharynx of carrier cattle that are super-infected with het-
erologous strains; thus, such animals are simultaneously 
carriers and neoterically infected [51]. It is, therefore, 
speculated that carrier cattle may contribute to FMDV 
diversity as these recombinant viruses are present in tis-
sues and secretions from the upper respiratory tract dur-
ing the neoteric subclinical phase of infection, where 
virus shedding may occur. However, this phenomenon 
has not yet been demonstrated under natural conditions.

3.3 � Transmission of FMDV
The efficiency of FMDV transmission varies across spe-
cies and is, in part, determined by the exposure dose and 
route. The site of primary infection differs between spe-
cies, and the risk associated with various exposure path-
ways depends on the specific tissues the virus must reach 
to initiate infection. Cattle and sheep are highly suscep-
tible to aerogenous FMDV exposure [52, 53], consistent 
with their initial site of infection being  localized to the 
nasopharynx, in the upper respiratory tract [32, 42, 54, 
55]. By contrast, pigs are highly resistant to FMDV infec-
tion via inhalation but are more efficiently infected by the 
oral route [56]. Experimental studies have shown that the 
initial site of FMDV infection in pigs is localized to epi-
thelial crypts of the oropharyngeal tonsils [57, 58], which 
is more consistent with ingestion of the virus or another 
oral exposure route. Although swill-feeding of pigs has 
been implicated as the initiating factor in major FMD 
epidemics, experimental studies have also shown that 
the viral dose required to cause FMD in pigs by feeding 
is surprisingly high [59]. Although pigs require a rela-
tively high viral dose to become infected, this is offset by 
their ability to shed exceptionally large quantities of virus 
once infected [58], resulting in rapid transmission among 
group-housed individuals [60–63].

Interestingly, pigs efficiently clear FMDV from all tis-
sues within approximately two weeks after infection, and 
there is no FMDV carrier state in pigs [39].

Because host susceptibility varies by species and route 
of exposure, it is essential to account for these differences 
during model parameterization to ensure an accurate 
representation of transmission risk. While ruminants 

such as cattle and sheep may become infected by breath-
ing in the virus from some distance, pigs need to be in 
direct physical contact with each other for transmission 
to occur [64, 65]. By contrast, once pigs are infected, 
excessive quantities of FMDV can be isolated from their 
breath, and it is thus believed that pigs may function as a 
source of aerogenous FMDV transmission to other sus-
ceptible hosts [66–68].

Gaps exist in how aspects of pathogenesis inform 
FMDV epidemiology. Most FMD field surveys are 
focused on detecting and characterizing FMDV from 
clinical cases (outbreaks). It is clear from numerous 
sources that subclinical neoteric and persistent infec-
tions are common [37, 69–72] and that clinical FMD 
represents the “tip of the iceberg” of the FMDV pre-
sent in endemic regions. However, there is a scant basis 
for quantifying or characterizing the risk of contagion 
associated with the movement of subclinically infected 
animals. As a result, this transmission compartment 
is generally excluded from modeling FMD outbreaks. 
Although the FMDV carrier state has been a known fea-
ture for multiple decades [40, 45], neoteric subclinical 
FMDV infections have received less attention. The occur-
rence of subclinical neoteric infections, during which 
infected animals may shed the virus without exhibiting 
clinical signs, increases the likelihood of unknowingly 
transporting infected animals and introducing the virus 
to new herds and regions before the disease is detected. 
Similarly, small ruminants are largely neglected in FMDV 
surveillance and modeling. Even though transmission 
from small ruminants is believed to be less efficient com-
pared to other hosts [73, 74], it is clearly not a zero-risk 
condition, and excluding these animals from surveillance 
efforts creates a widespread deficit in understanding 
FMDV molecular epidemiology.

4 � Molecular epidemiology
FMDV’s rapid evolution, contagiousness, and diverse 
host range make it an ideal subject for molecular epide-
miologic studies. Advances in molecular epidemiology 
have enhanced our understanding of the virus, includ-
ing the interplay of susceptible hosts and environmental 
factors, which is essential for FMD control and eradica-
tion. Based on 92 studies from 2015 to 2024, this section 
of the review highlights four key perspectives: method-
ologies, genomic regions studied, spatial/temporal scales, 
and new findings, along with research gaps from the past 
decade.

More than half of the studies included in the analysis, 
averaging four to five published studies per year, focused 
on characterizing FMDV topotypes. Phylogenetic tree 
reconstruction and genetic comparisons with reference 
sequences have been used to identify and classify known 
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and novel topotypes [23, 75–77]. These studies often 
compare the genetic relatedness of field viruses to local 
vaccine strains [78–81] and may conclude if an epidemic 
is linked to previously reported strains [82, 83], nearby 
circulating viruses [84, 85], or exotic topotypes [15, 
86–88].

Many conclusions were drawn from phylogenet-
ics, supplemented by serological tests and evolutionary 
insights, including amino acid profiles and analysis of 
selection pressure. Amino acid comparisons help cap-
ture protein mutations, while selection pressure analysis 
quantifies rates of site-specific changes through time [89, 
90]. Most findings indicated that the P1 region is evolv-
ing under purifying selection, whereas specific surface 
antigenic sites are under diversifying selection [91–94], 
highlighting FMDV adaptation to infection dynamics 
and mitigation efforts like vaccination. Some studies 
examined variation in selection pressure across hosts, 
infection stages, temporally clustered sample sets, and 
individual animals [94–96].

Phylodynamic methods for quantifying viral spread 
are increasingly popular, with an average of two to three 
studies per year within the analyzed set. Sequences, sam-
pling location, and date are key for inferring viral gene 
flow through phylogeography [97]. Large-scale analyses 
use countries or regions as discrete units to reveal trans-
boundary spread [4, 7, 16, 98]. FMDV transmission can 
also be estimated between other traits, such as host spe-
cies or clinical status [72, 95, 99–101], with trait-related 
data integrated as predictors in generalized linear models 
(GLMs) to assess their association with viral spread [6, 
102, 103]. At a finer scale, the geographic coordinates of 
samples enable the estimation of viral dispersion veloc-
ity and link it to environmental factors [103–107], help-
ing to identify risk factors for FMDV spread. Estimates 
of dispersal velocity of serotype O (approximately 10–71 
km/month) in East Africa based on sequence-based phy-
logeographic approaches resulted in similar estimates as 
those produced by intensive fine-scale outbreak moni-
toring, demonstrating the utility of Bayesian phylogeo-
graphic approaches to infer viral dispersal patterns even 
in sparsely sampled endemic areas [5, 106].

Method development for transmission pathway infer-
ence between individual hosts, identifying “who infected 
whom”, frequently used FMDV outbreaks as a model 
host–pathogen system. Transmission tree models devel-
oped between 2015 and 2017 [108–111] were tested on 
the UK’s 2001 and 2007 FMDV outbreaks [112, 113], but 
practical use in recent outbreaks was limited [77, 94, 114, 
115]. This gap between model development and appli-
cation likely results from strict model assumptions that 
do not align with scenarios where host-level data is lim-
ited. However, as research on within- and between-host 

evolution and transmission dynamics grows, the use of 
transmission network analysis is expected to increase.

4.1 � Viral genomic regions used for analysis
In molecular epidemiology, the FMDV genetic 
sequence is the fundamental analytic input, and the 
genomic regions utilized vary across studies. Most 
studies (75%) use the VP1 coding region, with 85% of 
these relying solely on it, as it contains key antigenic 
domains for neutralization, aligning well with serotyp-
ing despite representing only 8% of the genome [116–
120]. However, other regions are also important. VP2 
and VP3 contribute to antigenicity [121], Lpro inhibits 
the antiviral responses [122], NSPs support replica-
tion and immune modulation [123], and the 5’ UTR’s 
S-fragment is essential for genome stability [124]. 
However, analysis of any individual segment may fail 
to capture the full evolutionary history of a virus since 
distinct genomic elements may have evolved separately 
and were then joined through recombination.

Using longer genomic segments like the P1 region or 
whole-genome sequences (WGS) in phylogenetic anal-
yses offers broader insights but can lead to misinter-
pretations. Failure to account for recombination within 
regions that have different evolutionary histories may 
bias substitution rate estimates and phylogenetic accu-
racy [7, 125, 126]. A previous review found no signifi-
cant difference in substitution rates between WGS and 
VP1, though rates varied [127]. Pedersen et  al. under-
scored how sampling strategies affect inferred substitu-
tion rates [96], stressing caution when comparing rates 
across studies with differing sampling ranges.

To address recombination, a tree can be constructed 
from full-length sequences with recombinants removed 
or by splitting sequences into recombination-free 
fragments to build multiple trees [128]. The former 
approach is more suitable when there are few recombi-
nant samples, while the latter provides higher accuracy 
[129]. Like other picornaviruses [130], analyses of large 
datasets reveal non-random recombination patterns in 
FMDV, with low recombination in structural genes (P1) 
but high levels in NSPs [51, 128, 131], possibly linked 
to genetic shifts via capsid switching. Thus, P1 or par-
tial P1 [7] phylogenetic analysis may offer more precise 
evolutionary insights than VP1 alone, avoiding con-
founders from recombination present in other parts of 
the genome.

Studies on different genomic regions continue to refine 
the understanding of FMDV dynamics. Phylogenies of 
seven different genomic fragments from Africa revealed 
novel SAT genotypes, likely representing ancient viruses 
that were lost during the rinderpest pandemic [132]. 
Near-complete genome analysis in Southeast Asia linked 
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two early endemic viral lineages despite differences in 
their capsid protein phylogeny [128], and a pandemic 
study highlighted phylogenetic inconsistencies between 
VP1 and WGS due to recombination [7]. These find-
ings show the need for genomic studies beyond tracking 
transmission based on only VP1 variability [114].

Third-generation sequencing, like ONT’s MinION and 
PacBio’s SMRT, can support this with long-read capabili-
ties, improved error rate, and rapid processing [133, 134].

However, Sanger and next-generation sequencing 
remain more widely used as long-read sequencing awaits 
established protocols in reference laboratories.

4.2 � Spatial and temporal scales of study
Molecular FMDV epidemiologic studies vary widely in 
scope. About half focus on local scales, targeting out-
breaks in small regions within countries or border areas, 
with an average observation period of 1.3 years. Notably, 
24% of local studies were in East Africa (Pool 4), mainly 
to characterize topotypes, followed by lesser proportions 
in West/Central Africa (Pool 5, 13%) and the Middle East 
(Pool 3, 13%). Frequent reports of FMDV emergence in 
East Africa likely stem from high levels of FMDV vari-
ability (five serotypes and over 40 topotypes), large live-
stock populations and trade, wild hosts, poor biosecurity, 
and porous borders [135, 136].

National-level studies comprised 30% of the total, with 
an average data collection period of 11 years. These were 
primarily from East Asia (Pool 1, 30%), South Asia (Pool 
2, 30%), and East Africa (Pool 4, 26%). Over half included 
selection pressure analysis and phylogeography. These 
studies present a broader perspective on FMDV dynam-
ics, for instance, the spread patterns and hotspots of O/
PanAsia in Vietnam [95], distinct pathways of three sero-
types in Ethiopia [105], and the drivers of serotype A evo-
lution in Pakistan [137].

Regional-scale studies (16%) cover multiple countries 
within or across connected pools, using an average of 36 
years of data, while global studies (3%) encompass mul-
tiple regions with data spanning 55 years. Half of the 
regional studies focused on a single pool, while the others 
investigated inter-pool interactions, addressing the long-
distance or trans-pool spread of significant strains like 
the pandemic O/ME-SA/Ind-2001 [7] and the O/EA-3 in 
pools 4 and 5 [16]. Global studies explored FMDV’s long 
evolutionary history, including estimates of its ancient 
origins [131] and a complete tracing of the extinct sero-
type C [4].

4.3 � Novel findings from the past decade
Recent phylodynamic analyses have unveiled key FMDV 
transmission risk factors, such as cattle movements, high 
livestock density, and proximity to livestock markets in 

East Africa [103, 106, 107], while in Western and South-
ern Asia, shared borders and livestock trade are major 
drivers [6]. While critical for FMD control in these 
regions, these insights are not broadly applicable else-
where, underscoring the need for comprehensive meta-
data collection and targeted research in other areas.

In East Africa, phylodynamic studies have yielded 
insights into region-specific drivers of FMDV transmis-
sion. Analyses incorporating viral genetic sequences with 
spatiotemporal metadata have shown that FMDV sero-
type O tends to persist and spread in areas characterized 
by high cattle density, proximity to livestock markets, 
and high human population density [106]. Further mod-
eling efforts, utilizing step selection and resource gradi-
ent functions, identified low-rainfall regions as viral sinks 
that are frequently subject to reintroductions rather than 
sustained circulation. In contrast, high-density livestock 
regions near markets serve as consistent sources of viral 
dissemination [107]. These findings highlight the impor-
tance of both ecological and anthropogenic factors in 
influencing FMDV transmission in endemic systems.

The dominant role of livestock trade and market infra-
structure in East Africa contrasts with patterns observed 
in Western and Southern Asia, where shared borders, 
transboundary livestock trade, and large, interconnected 
production systems are major drivers of virus spread [6, 
103]. Recent phylodynamic analyses in this region have 
further demonstrated that Southern Asia functions as a 
key source region for viral emergence and westward dis-
semination, facilitated by livestock movements through 
ecological corridors and trade networks [6]. These 
regionally distinct dynamics underscore the importance 
of geographically tailored surveillance and control strat-
egies and reinforce the need for context-specific risk 
assessments.

Challenges in FMD molecular epidemiologic stud-
ies include but are not limited to sampling and selection 
bias, phylogenetic confounding due to recombination, 
and unequal access to resources and data across regions. 
While the VP1 region remains the primary target for clas-
sification, other genomic areas are becoming increasingly 
valuable. The rise of WGS may soon necessitate standard-
ized guidelines for other commonly used regions, such as 
P1 or Lpro. Although factors such as selection pressure 
and recombination have been documented, their impacts 
on persistence, transmission, and spread require further 
study. Advanced tools like genome-wide association 
studies (GWAS) and machine learning, combined with 
larger datasets, can potentially reveal FMDV’s key suc-
cess factors. Although picornaviruses are known to nat-
urally exist as a swarm of closely related variant viruses, 
molecular epidemiological analyses routinely treat viral 
isolates as individual static consensus sequences. An 
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FMDV-infected animal is actually infected by a popula-
tion of variants, containing sub-consensus sub-popula-
tions with distinct genomic and phenotypic properties 
[42]. Similarly, when FMDV transmits between animals 
or translocates across global pools, the virus moves as a 
swarm with the fitness defined at this subconsensus level. 
Affordable NGS has made subconsensus viral data read-
ily available, yet including such viral characteristics in 
molecular epidemiological analyses is rarely achieved.

5 � Wildlife
5.1 � Wildlife‑livestock interface dynamics
Wildlife populations influence FMD epidemiology in 
both endemic and non-endemic regions by acting as 
viral reservoirs, amplifiers, and transmission bridges that 
link domestic and wild hosts [2, 138, 139]. The interplay 
of ecology, animal behavior, and human activity at the 
wildlife-livestock interface shapes disease dynamics and 
underscores the need for comprehensive and integrative 
research approaches [140]. Such efforts can guide surveil-
lance strategies, inform control strategies, and prioritize 
targeted research questions, ultimately contributing to 
more effective disease management [141–144]. A broad 
range of wildlife species have been identified as FMDV-
susceptible under natural and experimental conditions 
[2]. Yet, the epidemiological relevance of these findings 
has been largely unexplored, with few exceptions.

Wildlife species can serve as long-term maintenance 
hosts for FMDV within endemic regions, particularly 
in sub-Saharan Africa. African buffalo (Syncerus caffer) 
remains the most thoroughly studied example, harbor-
ing SAT serotypes for extended periods and acting as pri-
mary wildlife reservoirs [2, 72, 145]. Buffalo can maintain 
infections in the absence of clinical signs, contaminat-
ing shared resources, such as watering holes and graz-
ing areas [28, 146, 147] and creating persistent sources of 
infection for both wildlife and livestock [26, 143]. Inter-
estingly, analysis of buffalo-collected FMDV sequences 
shows that fine-scale geographic features, such as rivers, 
appear to influence virus circulation and that social seg-
regation among sympatric herds may limit between-herd 
transmission [136], highlighting the role of host behavio-
ral ecology in determining epidemiological dynamics at 
the landscape scale. In addition to African buffalo, other 
wild ungulates, such as impalas.

(Aepyceros melampus) and kudus (Tragelaphus strep-
siceros) play intermediary roles, bridging host com-
munities and demonstrating the interconnectedness of 
FMD multi-host transmission networks [2]. Phylogeo-
graphic analyses linking wildlife infections to livestock 
outbreaks highlight the complexity of these systems, 
revealing regional variation driven by the distinctive 
agricultural practices and land-use patterns across 

Africa that shape wildlife–livestock interfaces [136]. 
This emphasizes the importance of expanded research 
efforts to characterize transmission pathways and the 
role of wildlife reservoirs more fully [72, 143]. Outside 
of endemic regions, Wildlife also complicates FMD 
control in FMD-free territories. Wild boars and feral 
domestic pigs, for instance, can accumulate FMDV 
loads comparable to those of domestic swine and shed 
FMDV before clinical signs become evident [138, 148–
151]. The presence of Wild suids near livestock pro-
duction zones, in combination with their capacity for 
undetected transmission, pose major surveillance chal-
lenges and increase the potential for rapid and unde-
tected geographic spread following incursion events 
[138, 152]. Similar risks arise from various cervid spe-
cies, including mule deer, white-tailed deer, roe deer, 
sika deer, and muntjac, which have demonstrated the 
capacity to sustain and spread FMDV. Several cervid 
species shed virus at levels similar to those of domestic 
livestock, suggesting that their ecological role in main-
taining and dispersing FMDV may be more prominent 
than previously appreciated [143, 145, 153–155].

5.2 � Wildlife surveillance and diagnostic challenges
Detecting FMD in wildlife remains challenging because 
clinical presentations may differ substantially from 
those observed in livestock. Vesicular lesions, if pre-
sent, may be subtle or atypical, hindering early recog-
nition and enabling undetected viral spread [139, 149, 
151]. Enhanced surveillance systems that utilize elec-
tronic tools, such as unmanned aircraft systems, cam-
era traps coupled with machine-learning algorithms, 
and GPS tracking collars, could improve early detection 
and reveal cryptic infection hotspots [156]. Molecular 
and genetic technologies, including next-generation 
sequencing and environmental DNA (eDNA) sampling, 
provide sensitive approaches to help identify subclini-
cal infections and guide targeted response measures 
[139, 157].

Environmental factors and human-mediated land 
use further shape wildlife-livestock disease dynamics. 
Habitat fragmentation, agricultural intensification, and 
diminished access to natural resources concentrate wild 
and domestic animals into shared foraging or watering 
points, creating “hotspots” of elevated contact and trans-
mission risk [146, 147, 158]. In parts of South America, 
deforestation and altered land use patterns bring wild-
life such as capybaras (Hydrochoerus hydrochaeris) into 
closer contact with cattle, increasing the likelihood of 
pathogen exchange [150].

Beyond direct animal-to-animal interactions, FMDV 
persistence in soils, organic matter, and wildlife carcasses 
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has the potential to transform the landscape into an envi-
ronmental reservoir [6, 22, 142, 159, 160]. Such non-
direct transmission points complicate control efforts, 
as the inclusion of environmental decontamination and 
wildlife carcass disposal may be required as part of an 
effective operational response.

5.3 � Management, modeling, and policy
Livestock management practices likewise influence the 
type and frequency of wildlife-livestock interactions. 
Traditional pastoral systems in sub-Saharan Africa, 
characterized by communal grazing and routine move-
ment of livestock, overlap extensively with wildlife habi-
tats, thereby increasing contact opportunities [135, 
136, 161]. Modern European operations rely on bios-
ecurity measures; however, relatively smaller, periph-
eral farms near wildlife areas may serve as conduits or 
refugia between operations, creating vulnerable points 
in production landscapes [140, 162, 163]. Differences in 
management practices underscore the need to develop 
regionally tailored interventions that consider local eco-
logical conditions, production methods, and prevailing 
socioeconomic realities. Epidemiological and ecologi-
cal modeling remains a critical but underdeveloped tool 
for understanding FMD at the wildlife-livestock inter-
face [154, 164]. Many current models struggle to incor-
porate wildlife-specific movements, ecological nuances, 
and seasonal resource availability, limiting their ability 
to accurately predict outbreak dynamics [72, 165–167]. 
Incorporating molecular and phylogeographic data with 
telemetry studies, remote sensing, and socioeconomic 
information could improve model parameterization 
and outbreak forecasting [147, 152]. For instance, high-
resolution movement data from wildlife-tracking collars 
combined with satellite imagery of habitat changes may 
help identify potential corridors for virus transport, ena-
bling more precise intervention targeting [164].

Management approaches to mitigate wildlife-related 
FMD risks must balance disease control, ecological integ-
rity, and human livelihoods. Measures like fencing or 
grazing restrictions can limit direct interactions but may 
disrupt wildlife migrations, alter ecosystem function, and 
affect local livelihoods [146, 150]. Inspired by success-
ful rabies control efforts, wildlife vaccination programs 
for FMDV may represent another potentially valuable 
strategy. However, practical challenges such as vaccine 
delivery, dosage, and species-specific immune responses, 
combined with the perceived relatively low contribution 
of wildlife to disease circulation in domesticated species, 
often diminish interest in vaccinating wildlife [28, 157]. 
Identifying effective and cost-efficient wildlife vaccina-
tion protocols that minimize environmental impacts and 

respect conservation goals remains an active research 
topic.

Current surveillance approaches, particularly those 
reliant on passive detection, often fail to identify wildlife 
infections before FMDV spills over into livestock [140, 
143, 168]. Emerging technologies that move beyond pas-
sive detection, such as eDNA sampling, advanced wildlife 
tracking, and next-generation sequencing, can improve 
early detection and produce richer data on pathogen 
movements [138, 151, 156, 169, 170]. Adopting these 
tools could also facilitate more informed decisions about 
operational resource allocation, enabling targeted sur-
veillance in high-risk areas.

Socioeconomic factors, local farming practices, and 
conservation policy profoundly affect wildlife-livestock 
interfaces [171]. East African pastoral communities, 
for example, share grazing lands with wildlife and may 
require culturally sensitive measures that preserve tra-
ditional livelihoods while concurrently reducing disease 
risks [5, 146]. South American farms bordering protected 
conservation areas and expanding wild boar populations 
in Europe present other distinct scenarios, each neces-
sitating tailored interventions that account for ecologi-
cal, social, and regulatory contexts [147, 160, 161, 172]. 
Although the United States is currently FMD-free, feral 
pigs would present a major challenge if the FMDV were 
introduced [144, 152]. These highly adaptable animals 
frequently forage in agricultural fields and share water 
sources with livestock, increasing opportunities for dis-
ease transmission. Human-mediated translocations, such 
as the intentional release of feral pigs for recreational 
hunting purposes, exacerbate the issue by introducing 
populations into new areas, often without regulatory 
oversight [144, 173, 174]. The anthropogenic movement 
of wild and feral animals disrupts existing management 
efforts, facilitates the expansion of feral pig ranges, and 
creates new hotspots for interaction with livestock. The 
economic burden of feral pig management in the United 
States is substantial, encompassing damages to agricul-
ture and significant control costs [144, 152, 175].

Addressing these diverse challenges and knowledge 
gaps will depend on the improved integration of ecologi-
cal and behavioral data into epidemiological models, as 
well as the continuous refinement of surveillance and 
control methods. Future advances may involve harness-
ing climate models to predict seasonal shifts in wildlife 
distributions, employing machine-learning approaches to 
analyze complex host–pathogen data, and incorporating 
participatory research methods to engage local commu-
nities in surveillance and control strategies. Combining 
advanced diagnostics, ecological management, and com-
munity outreach has the potential to improve outbreak 
forecasting, prioritize targeted interventions, and strike 
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a balance between effective disease control, biodiversity 
conservation, and the protection of livelihoods [140, 143, 
150, 169, 176].

Ultimately, wildlife’s role in FMD epidemiology var-
ies across ecological and geographical contexts, and no 
single strategy will be universally applicable. However, 
reducing wildlife’s contribution to the global FMD bur-
den may be possible by refining theoretical frameworks, 
incorporating emerging technologies, and strengthening 
local capacity. The insights derived from wildlife research 
are thus indispensable for developing more resilient, 
adaptive approaches to control this transboundary path-
ogen and safeguard animal health, human livelihoods, 
and ecosystem integrity in ever-changing environmental 
and socioeconomic landscapes.

6 � Computational modeling
6.1 � Application of computational models
Computational models of disease transmission are 
increasingly used to estimate the behavior and impacts 
of FMD. This is true for both endemic and free coun-
tries, and the results have provided much information 
regarding the biological behavior of outbreaks and the 
options for control. Several national models have been 
built to estimate impacts and control options to sup-
port decision-making and policy in FMD-free countries 
[177–184].

These models are commonly used to estimate the effect 
of alternate control strategies and may track both out-
break metrics and economic factors as outputs. A recent 
model implemented for Denmark estimated the effects 
of index herd region and production type, detection 
time, and resource allocation as factors influencing the 
outcome. However, additional control strategies beyond 
baseline movement controls, tracing, and depopulation 
of disease positive premises did not change outcomes 
[185]. Tsao et  al. [186] developed a model for herd-to-
herd transmission in cattle only and simulated outbreaks 
from index herds in all 3049 counties in the contiguous 
United States. In most scenarios, fewer than ten herds 
were infected, and demographic variables related to the 
seed herd size, county incoming shipments, and herd 
clustering were influential in the final outbreak size. 
Evaluating a UK farm density-based culling strategy sug-
gested the strategy was more effective than total ring 
culling when comparing total culled animals, total culled 
farms, and outbreak duration [187]. Analysis of imple-
menting trading zones in Australia in the face of an FMD 
outbreak indicated substantial economic benefits [188]. 
Hafi et  al. [188] demonstrated a positive effect of vac-
cine allocation and additional surveillance resources on 
outbreak size in Australia, and Sanson et al. [189] dem-
onstrated decreased outbreak size and duration in New 

Zealand in response to increased numbers of veterinari-
ans available for control efforts. While most modeling for 
FMD has been focused on between-herd models, some 
within-herd models of feedlots in the United States have 
been developed recently to describe disease dynamics 
and the potential impact of interventions. Beck-Johnson 
et  al. [190] examined alternate parameterizations of the 
temporal relation between individual animal infectious-
ness and clinical signs. They found little difference in the 
total length of time a feedlot was infectious but notable 
differences in how long it was infectious before detection, 
highlighting the need for clarity regarding this parame-
ter. Models of feedlots in the United States found within 
herd duration of infection of 49–82 days [191, 192]. Two 
models examined the effect of depopulation and or vac-
cination intervention strategies within an infected feed-
lot [193, 194], but none of the interventions successfully 
prevented infection of most cattle pens within the feed-
lot. The risk of airborne transmission has not been stud-
ied extensively; however, a recent review [144] and two 
papers have evaluated the temporal and geographic risks 
of transmission [195] and the risk from US feedlots [196].

National models produced for use in FMD-free coun-
tries are generally not well-suited for use in endemic 
countries due to the inability to incorporate multiple 
circulating FMDV strains, routine prophylactic vaccina-
tion, and within-herd population dynamics, as well as 
fundamental differences in livestock production systems 
[165]. Models implemented for application in endemic 
countries generally focus on available funding associated 
with a particular question. They have, however, provided 
useful assessments of FMD national or regional behavior 
and potential control options. Recent individual models 
applied in endemic countries have assessed the impact 
of depopulation, ring vaccination, animal movement 
restrictions, and farm isolation on outbreak control in 
Thailand [197], cross-border trading quarantine strate-
gies between Thailand and Myanmar [198], mass vacci-
nation programs in India [199], and the impact of human 
and animal networks on final epidemic size in Cameroon 
[200, 201]. A spatial kernel model in Vietnam based on 
previous outbreak data estimated relatively long-distance 
transmission compared to published estimates [202].

6.2 � FMD Risk estimates
Other recent studies have attempted to predict the risk 
of FMD in endemic countries. Methods used include 
GIS-based multi-criteria decision analysis in Thailand 
based on expert-evaluated spatial risks from 2014 to 
2015, resulting in moderate agreement with outbreaks in 
2016 [203]. Machine learning based on 15 binary predic-
tor variables from a previous case and control herds in an 
outbreak in Thailand reported accuracy greater than 70% 
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in predicting positive farms, with relatively high speci-
ficity (> 80%) but low sensitivity (< 35%) [204]. Machine 
learning based on low-resolution national data and local 
serosurvey data in two regions in Myanmar resulted in 
the incorrect classification of 40% of villages, suggest-
ing that low-resolution national data alone was not suf-
ficient for prediction [205]. Gonzalez Gordon et al. [163] 
reviewed spatial and spatial–temporal studies to summa-
rize risks associated with endemic outbreaks, identifying 
animal demographics, transport infrastructure, trade, 
environment, and socioeconomic factors as important. 
Serotype O genetic sequence data and phylogenetic tech-
niques applied to field data from Uganda suggest that 
areas of high cattle density and those areas surrounding 
livestock markets may serve as FMDV sources, and areas 
with low rainfall may serve as sinks, resulting in frequent 
outbreaks [107]. Combining specific geographical data 
with biological epidemic data may further identify geo-
graphical barriers and promoters of disease transmission 
[167].

Several recent models have evaluated the risk of FMD 
introduction across borders or within an individual herd. 
Brusa et al. [206] estimated the risk of FMDV introduc-
tion from Argentina, an FMD-free with vaccination 
nation, to an importing nation through bone-in beef and 
offal as negligible. McKee et al. [207] estimated the high-
est risk areas for FMD introduction into the United States 
through contaminated meat products, and Meyer et  al. 
estimated the risk of FMD introduction to the United 
States through imports of semen from Israel [208] and 
released from the United States bull studs under FMD 
testing protocols [209]. A decision tree risk analysis for 
Egyptian feedlots identified the physical examination of 
new introductions and vaccination on arrival as impor-
tant protective factors [210].

6.3 � Parameter impacts
A common problem for all models, and one that becomes 
increasingly acute as model complexity increases, is the 
lack of specific and quantitative parameters. Data limita-
tions regarding circulating strains, the evolution of new 
lineages, strain-specific infectious behavior, livestock 
demography, livestock-human movement networks, and 
management system behaviors limit computational mod-
els’ reliable application and interpretation [6, 211].

Substantial work has been accomplished in parameter 
estimates of FMD disease durations, phases, and infec-
tion dynamics. However, the available data is limited in 
strain variability, with serotype O predominantly repre-
sented in data [212–215].

Recent studies have described livestock movement net-
works in free countries [193, 216]; however, substantial 
uncertainty still surrounds livestock movement networks 

in countries without mandated collection of movement 
data, limiting models’ ability to assess network impacts 
or effective interventions with incomplete or outdated 
movement data [217].

More robust movement network data in the United 
States is available for swine and suggests variability in 
movement patterns across production systems, illustrat-
ing the need for comprehensive data [218]. Counties with 
mandatory livestock movement data collection have a 
more robust understanding of the movement network 
to assess impacts. Social network analysis is an effective 
method to analyze outbreak metrics when data is avail-
able. Iriarte et  al. [219] used records of livestock move-
ments in Uruguay during 2022 to estimate network 
impacts on transmission and between farm R-value, 
showing that livestock markets and highly connected 
farms were responsible for early, long-distance FMD 
spread.

Recent work on network analysis has explicitly incor-
porated the temporal sequence of movements to iden-
tify farms with high infection potential [218]. Analysis 
of agent-based model-generated infection networks sup-
ports combinations of node and global level metrics in 
complex interactions as better predictors of disease risk 
than individual network metrics [220]. Statistical pro-
cesses may also generate networks to represent contacts 
when data is not available. The best method to represent 
a particular production system is difficult to assess; dif-
ferent methods may impact results [200] and differ from 
results produced by empirical networks [201, 221]. While 
indirect contacts may also transmit infection, the authors 
are unaware of any published network estimates of indi-
rect contacts or resultant infection risk between farms.

Models have also been used to assess the impact of 
uncertain or variable model parameters on outbreak 
impact. Gilbertson et  al. [222] evaluated the impact of 
changing assumptions regarding premises transmission 
behavior within and between herds through livestock 
shipments. They concluded that modeled transmis-
sion behaviors were important but less influential than 
livestock demographics. Similarly, Kinsley et  al. [223] 
demonstrated that altering assumptions about farm 
demography and barn/farm structure impacted epi-
demiological predictions; however, the importance of 
incorporating these within-farm complexities depended 
on the outcome of interest (i.e., time to detection, time 
to peak infection, and long-term persistence on the 
farm). Meadows et  al. [224] evaluated the impact of 
livestock and farm density on epidemic size, suggesting 
that livestock density was the more critical factor. Data 
on farm locations and herd sizes are necessary to cor-
rectly represent farm and livestock density. For spatially 
explicit models, explicit farm locations are required but 
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not always available. In the United States, farm locations 
are only available at the county level, and individual loca-
tions must be simulated for spatially explicit models. The 
random placement of farms at the county level does not 
capture local clustering of livestock or farm density, and 
methods to allow clustering in premises locations are 
important to improve predictive outcomes [225]. Some 
models have examined the impact of vaccine effective-
ness on outbreak metrics. Han et al. [226] simulated the 
impact of a mismatched novel FMDV strain introduction 
to vaccinated swine in South Korea, resulting in an out-
break. The best fit models for the daily clinical data indi-
cated decreased viral shedding but no decrease in clinical 
signs. Modeling quarantine station risk of FMD release 
at the Thailand-Myanmar border indicated that vaccine 
effectiveness is influential [198]. The ability of vaccine 
strains to produce immunity to the locally circulating 
strains is important but not explicitly captured in avail-
able models.

While computational modeling methods have 
advanced, the parameterization of available models 
remains a challenge. Underlying population demograph-
ics, geographic locations, and interactions are often 
unavailable in sufficient detail, yet they are influential in 
predicting outcomes. Additionally, variability in strain 
virulence and infectivity are largely unknown, and the 
relation between individual animal infection and shed-
ding dynamics, within farm transmission and infectivity, 
and between farm transmission has not been addressed.

7 � Economics
Economics concerns rational decisions about allocating 
scarce resources to achieve competing goals. Research 
is key in providing the evidence and conceptual under-
standing necessary to inform decisions. Here, recent 
accomplishments and current research gaps in FMD eco-
nomics are considered.

FMD is usually listed as the priority livestock disease 
for countries with developed commercial livestock sec-
tors, where the presence of FMDV would block access to 
valuable export markets, and regular outbreaks under-
mine livestock productivity and profitability. FMD is 
a top-three priority disease for many low and middle-
income country (LMIC) governments. However, because 
of FMD’s generally low mortality in LMIC regions, the 
disease’s economic impact can be overlooked, with the 
burden arising from the regular, high-incidence out-
breaks of short-term acute illness, but with long-term 
production loss, particularly in more productive, inten-
sive systems.

Understanding the true economic impact of FMD is 
particularly important in light of its divergent prioritiza-
tion across settings. While high-income countries often 

respond to single incursions with costly eradication 
efforts, the more chronic and underappreciated burden 
in endemic LMICs points to the need for models that can 
quantify both visible and hidden losses across a range of 
production systems.

Despite notable limitations, economic models offer 
valuable insights into the magnitude of economic losses 
incurred during FMD outbreaks. For instance, estimated 
annual losses in FMD-endemic regions range broadly 
from $6.5 to $21 billion, primarily reflecting production 
losses and vaccination costs [141, 227]. Major epidemic 
outbreaks in historically FMD-free countries illustrate 
even greater potential impacts; notably, the 2001 out-
break in the United Kingdom resulted in economic losses 
estimated at approximately $9.2 billion, encompassing 
direct agricultural costs, control measures, and substan-
tial losses in tourism and related sectors [228]. Outbreaks 
in Taiwan (1997) and South Korea (2010–2011) resulted 
in economic damages of roughly $6.6 billion and $2.8 bil-
lion, respectively, highlighting the economic vulnerability 
of export-oriented nations [227]. Control measures alone 
represent significant expenditures, as demonstrated by 
the UK’s public sector costs, which approached nearly 
$4 billion for compensation and operational expenses 
during the 2001 outbreak [228]. These cases clearly illus-
trate the significant economic threat posed by FMD and 
reinforce the importance of developing more accurate 
economic models to better inform decision-making and 
resource allocations.

7.1 � Economic drivers of control
Before investing in a control strategy, policymakers and 
livestock keepers need to know the disease burden and 
consider the benefits of control. They can then compare 
the return on investing in FMD control with other availa-
ble investment options and, if funds are available, choose 
the best investment. For countries with developed live-
stock systems and appreciable export of livestock com-
modities, typically middle- or high-income countries 
with veterinary services capable of controlling FMD, the 
benefits of eradication and maintenance of free status 
have historically been taken as a given. A key element is 
maintaining FMD-free status to access lucrative export 
markets. This contrasts with most LMICs, where wide-
spread control programs are rarely implemented because 
of the need for long-term investment to build strong gov-
ernment services that can implement nationwide effec-
tive control programs for fast-moving diseases like FMD. 
This is compounded by the relatively high cost of effec-
tive FMD vaccines compared to vaccines for other prior-
ity diseases. Furthermore, in extensive livestock systems 
based on indigenous breeds that are less susceptible to 
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FMD, the direct impact of FMD is lower; however, with a 
high incidence, the loss can still be considerable.

There are a limited number of studies examining the 
national impact of FMD, and even fewer that assess the 
return on potential control policies. However, widespread 
effective control is beyond the reach of most LMICs, or 
they have other priorities that would deliver a better and 
more reliable return on investment. The focus should be 
on transitioning economies where agricultural intensifi-
cation is accelerating and public services are increasingly 
effective, as these are the countries that will benefit the 
most from FMD control and are able to achieve it.

7.2 � Frameworks for assessing FMD impact
Long ago, livestock production and animal health eco-
nomics seemed like a relatively simple affair, considering 
the costs of inputs, how disease affects the quantity of 
outputs, assigning a financial cost to these components, 
and then comparing different scenarios. However, global 
needs increasingly go beyond food and finance. The neg-
ative impacts of livestock production are increasingly 
recognized by society, particularly in terms of animal 
welfare and the effects of livestock production on ecosys-
tems, such as slurry pollution and climate change, with 
livestock accounting for approximately 9% of anthropo-
genic Greenhouse Gas (GHG) emissions [229]. Animal 
health is important for the latter as the intensity of GHG 

emissions (e.g., units of GHG emissions per unit of out-
put, such as per liter of milk) greatly reduces if animals 
are more productive. An unproductive cow, for example, 
still emits GHGs simply by being alive, without gain-
ing weight or producing milk. Improving animal health, 
along with other production inputs such as nutrition, 
will increase an animal’s production and production effi-
ciency while reducing GHG emission intensity. Livestock 
farming also has spillover impacts on the wider environ-
ment through contamination, biodiversity reduction, and 
habitat loss. With more efficient production, the same 
quantity of food can be produced with a smaller ecologi-
cal footprint. Another indirect impact of FMD and other 
diseases is that they result in increased medicine usage 
and incremental contribution to human and animal anti-
microbial resistance.

These broader impacts are included in the framework 
below (Figure 2).

7.3 � Knowledge of impacts and benefits of control
Studies on FMD impacts, promoted by the Progressive 
Control Pathway for FMD [230], continue to be pub-
lished for countries where governments or individual 
researchers are interested in FMD control [231]. How-
ever, although overarching approaches are standard-
ized, each study usually uses its own ad hoc methods 
within these frameworks. Most available FMD economic 

Livestock Disease Impact

Direct Indirect

Visible 
Losses

Revenue 
Foregone

Addi�onal 
Costs

Invisible 
Losses

•Loss of milk 
produc�on
•Loss of draught 
power
•Reduce weight 
gain
•Dead animals

•Reduced fer�lity
•Inefficient herd 
structure
•Delay in sale of 
animals and/or 
products

•Vaccines
•Vaccine delivery
•Movement 
controls
•Diagnos�c tests
•Treatments
• Disinfec�on
• Culled animals
•Impacts outside 
livestock sector 
(tourism,etc.)
•Impacts on other 
value chain actors

•Use of less 
produc�ve breeds
•Denied access to 
local and 
interna�onal 
markets
•Impacts outside 
the livestock 
sector 
(tourism,etc.)
•Impacts on other 
value chain actors

Societal 
impacts

Societal 
impacts

•Animal welfare •Ecological/GHG/ 
pollu�on impact
•Wildlife/conserv
a�on impact 
•Access to 
educa�on
•Food insecurity
•Mental health
•An�microbial 
resistance
•Food drug 
residues

Figure 2  The impacts of FMD. Impacts on other value chain actors includes those on butchers, livestock markets, middlemen, providers of inputs 
etc. Impacts outside the livestock sector include those on industries such as tourism and crop production. GHG: Green House Gas. Adapted 
from Knight-Jones and Rushton 2013; and Rushton 2009.
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studies are not grounded in established practices of ani-
mal health economics and are unlikely to provide robust 
evidence on the use of FMD control resources [232]. As 
an economic model needs to consider both FMD epide-
miology and its economic consequences, there are many 
opportunities for errors and inappropriate parameter 
estimates to be incorporated. Often, this is compounded 
by the lack of good livestock production data. As a result, 
many FMD economic studies are not robust, and some 
have significant flaws. An error in a single parameter out 
of a hundred can propagate through the model, resulting 
in an estimate that is several multiples of the likely true 
value.

Unfortunately, it is usually almost impossible for read-
ers to detect these issues as the models are complex and 
somewhat black-box, and predictions cannot usually be 
verified. As with all models, one must consider if they fit 
the purpose and if the estimate is useful. Better standard-
ization of approaches will improve matters.

However, adapting methods to the available data will 
always require compromises.

Standardized, validated FMD epidemiological mod-
els are widely used, particularly to model outbreaks in 
FMD-free countries [181]. However, an extension of 
these model platforms to assess economic outcomes is 
yet to be done. This would be of use for both FMD-free 
and endemic settings. At the other end of the complexity 
spectrum, simple cost calculators would also be useful in 
informing farm-level management decisions about FMD 
vaccination strategies.

Inspired somewhat by the human Global Burden of 
Disease work [233], and looking to fill the relative knowl-
edge void for animal health, the Global Burden of Animal 
Diseases (GBADs) program has developed innovative 
approaches for estimating the total financial burden of 
animal diseases by comparing the current situation to a 
perfect world scenario with no animal disease, with no 
disease induced reduction in productivity and no pre-
mature death or culling [234]. These losses are colossal, 
accounting for a halving of the value of livestock outputs 
due to poor health [235]. Although striking, this parallels 
changes in productivity levels that occurred as Western 
livestock systems as they intensified over the course of 
the twentieth century, during which most measures of 
productivity more than doubled [236]. The burden from 
all diseases described by the Animal Health Loss Enve-
lope can be attributed to different diseases [237]. This 
provides an innovative approach; however, there is still a 
need to collect more accurate routine data so that empir-
ical evidence can inform parameters currently estimated 
by expert opinion. The economics of control in different 
settings.

7.4 � The economics of control in different settings
The Global FMD Control Strategy aims to reduce the 
global burden of FMD. As mentioned, the world is highly 
divided regarding incentives and the capacity to control 
FMD. Endemic countries are guided in their progress 
toward FMD control through the PCP-FMD. However, 
in many endemic countries, whilst the veterinary services 
may be interested in controlling FMD and often develop 
the necessary plans and strategies, lacking the necessary 
resources and capacity, and with complex livestock sys-
tems with communal and migratory grazing, many strug-
gle to implement effective FMD control on the ground, 
even within a subset of the population.

Countries have been supported in doing FMD impact 
assessments, which are used to justify and advocate for 
funding for FMD control. For example, EuFMD and FAO 
have provided training courses in animal health econom-
ics, which capacitate countries to do these assessments, 
with guidelines on economic analysis for FMD control. 
However, countries must go beyond impact assessments 
and consider the benefits and costs of a control program. 
Different control options need to be compared to see 
which is most promising. If this is done well, untested 
and ineffective controls, such as those using vaccines 
with low or unproven quality, are less likely to be per-
formed, further emphasizing the need for quality and 
cost-effective approaches.

Endemic countries with no or poor FMD control pose a 
threat to neighboring countries where FMD is controlled. 
However, economic analyses or control policies rarely 
capture this externality, where the neighbor experiences 
some of the benefits of vaccinating. Economic studies are 
needed to capture this and determine the appropriate 
level of external funding required to control reservoirs of 
poor FMD control, thereby reducing the burden on the 
regional livestock sector. At a local level, the economics 
of Commodity Based Trade should be better demon-
strated to allow sector growth in areas where zonal FMD 
freedom is difficult because of communal and mobile 
livestock systems and endemic wildlife.

To inform outbreak strategies in FMD-free countries, 
the economic rationale for vaccinate-to-live approaches 
(where freedom is achieved with vaccination, but vacci-
nated stock are not subsequently culled) must be better 
understood compared to vaccinate-to-kill approaches, 
where vaccinated animals are later culled as they pose a 
greater risk of harboring subclinical infection, which is 
likely to go undetected.

7.5 � Behavioral economics
Behavioral economics combines psychology and eco-
nomics to understand how and why people behave in 
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certain ways. It is critical for animal disease control, 
where all value chain actors, particularly the livestock 
keepers, influence what happens and the choices made 
regarding livestock disease control. This field is seldom 
considered in FMD control, even in FMD-free countries 
with advanced FMD research agendas, maybe because 
the established strategies predate the field of behavioral 
economics.

In free countries, livestock keepers are compensated for 
livestock culled during an eradication campaign. This is 
critical; if compensation is inadequate, cases are hidden, 
and they cannot be controlled if they are not detected. 
Compensation also accounts for a huge proportion of the 
costs of an eradication campaign, with, for example, over 
six million animals culled in the UK 2001 FMD outbreak. 
Despite this, there is little understanding of how compen-
sation can be utilized to maximize the cost-effectiveness 
of a control campaign. Funding research in this area will 
be a sound investment for veterinary services, with find-
ings relevant to all diseases. In endemic countries, there 
is a need to better understand the drivers of livestock 
keepers’ participation and payment for FMD vaccines 
and healthcare for their animals in different systems.

Global donors have stated there is a void of informa-
tion regarding the burden of livestock diseases and the 
economics of animal disease control. GBADs has looked 
to address this. National and global estimates are impor-
tant and indicate priority areas, but decisions about FMD 
control need to address specific questions and assess spe-
cific strategies in specific settings. Assessments should 
focus on settings where control is feasible and funding is 
available if control is predicted to be rational. For FMD, 
this applies to countries with emerging livestock sectors 
and export potential that want to invest in FMD control 
but require additional guidance and evidence to direct 
their control strategy. The assessment of FMD impact 
and control cost efficiency needs to be based on robust, 
standardized, and transparent approaches in both the 
epidemiological and economic aspects to generate useful 
evidence for the best use of resources in its control.

8 � Conclusions
Due to its complex epidemiology, diverse host range, and 
wide-ranging socioeconomic impacts, FMD is a para-
digmatic challenge in the management of transbound-
ary animal diseases. This review has explored multiple 
dimensions of FMD epidemiology, from global patterns 
and molecular characteristics to pathogenesis, wildlife 
interactions, computational modeling, and economic fac-
tors, revealing interlinked knowledge gaps that limit the 
effectiveness of current control and mitigation strategies. 
A comprehensive and detailed breakdown of these gaps 

is provided in Table 1, which offers a more granular view 
of the discussed challenges.

Analysis of global epidemiological trends high-
lights dynamic shifts in serotype prevalence, notably 
the expansion of serotype O Ind2001 viruses and the 
emergence of SAT serotypes in new territories. These 
changes indicate a knowledge gap in understanding 
how intrinsic viral properties interact with the host 
and environment to determine the ultimate fitness of a 
virus and its ability to endure when introduced to new 
regions. Further, there are gaps in adaptable surveil-
lance systems, with a need for improved early detection 
in FMD-free regions and deeper insights into disease 
maintenance mechanisms within endemic settings. 
The gaps table (see “Global Epidemiological Trends” 
in Table  1) identifies specific deficits, such as limited 
understanding of serotype geographic shifts and insuf-
ficient integration of passive and active surveillance, 
offering concrete targets for future research.

The complexity of FMD pathogenesis, including neo-
teric subclinical infections, persistently infected carri-
ers, and species-specific susceptibilities, adds another 
layer of difficulty in elucidating FMDV epidemiology 
mechanisms, ultimately compromising detection and 
control. Similarly, advances in molecular epidemiology 
underscore the importance of robust genomic tools for 
tracing transboundary movements and informing vac-
cine strain selection. Yet, a significant underrepresen-
tation of specific regions and serotypes persists. The 
gaps related to “Pathogenesis” and “Molecular Epidemi-
ology” (Table  1) illustrate these issues in detail, high-
lighting the need for improved immunoassays, more 
comprehensive genomic data collection, and standard-
ized methods for analyzing NGS-derived information. 
Improved tools are needed to analyze ever-increasing 
pools of FMDV “big data” genomics, including full-
length sequence analysis and the relevance of deep 
sequence quasispecies variation in population-level 
viral fitness.

Computational modeling has emerged as a powerful 
yet underutilized tool, hindered by challenges in param-
eterization, limited data availability, and difficulties in 
integrating wildlife and ecological factors. Several identi-
fied modeling gaps, such as insufficient livestock demo-
graphic data and the limited application of advanced, 
integrated models, are listed in the “Computational 
Modeling” section of (Table  1). These gaps suggest that 
real-time decision-support tools capable of evaluating 
epidemiological and economic outcomes could bridge 
the divide between theoretical modeling and on-the-
ground disease management.

The role of wildlife in maintaining and spreading FMD 
remains insufficiently understood, and more robust 
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Table 1  FMD knowledge gaps 

Global epidemiological trends
• Limited understanding of the drivers behind serotype translocations, including the factors influencing the emergence and spread of SAT serotypes 
into new territories
• Limited understanding of the drivers behind intra-serotypic shifts, including the factors influencing the interplay of O topotypes MESA-PanAsia, MESA-
Ind2001, and Mya-98
• Limited understanding of how climate change and extreme weather events influence the global and regional distribution of FMD risks, includ‑
ing the spread of serotypes under novel environmental conditions
• Insufficient global surveillance networks capable of providing near real-time situational awareness, particularly concerning animal movements, prod‑
uct trade patterns, and molecular epidemiology
• Need for improved approaches to estimate the true burden of FMD, reducing reliance on biased “outbreak” data and resource-limited sampling
• Lack of effective integration between passive and active surveillance systems, especially in endemic regions, resulting in delayed detection of new 
strains and hidden transmission pathways
• Insufficient analysis of evolving international trade policies and undocumented animal movement dynamics in shaping FMD dissemination pathways
• Limited understanding of the factors that led to the presumptive extinction of serotype C and how this might be exploited to control and eradicate 
other FMDV strains and serotypes

Pathoepidemiology
• Incomplete understanding of the influence of subclinical (neoteric) infections on FMDV epidemiology, including the risk posed by the movement 
of subclinically infected animals.
• Incomplete understanding of the contribution of small ruminants to FMDV epidemiology.
• Limited knowledge of differences in clinical FMD, viral shedding dynamics, and associated transmission potential of indigenous cattle breeds.
• Uncertain role of carrier animals in FMDV transmission and evolution, specifically in relation to heterologous superinfection of persistently infected 
carriers giving rise to recombinant FMDVs.
• Need for improved immunoassays with low cross-serotype reactivity to accurately differentiate vaccinated from infected animals, especially in multi-
serotype settings.
• Poorly defined relationships between individual animal infection dynamics (e.g., viral shedding profiles) and farm-level or between-farm transmission 
patterns.
• Unclear mechanisms driving the within-host evolution of FMDV during persistent infections, particularly under varying immunological and therapeu‑
tic pressures.
• Limited research into the impacts of concurrent infections, such as peste des petits ruminants virus, on FMD pathogenesis and host immunity.
• Poorly defined thresholds of viral shedding necessary to initiate secondary infections, particularly during preclinical stages when overt signs are 
absent but transmission risk remains high.
• Limited data on how viral load dynamics affect the duration of incubation periods and the progression to clinical or subclinical infections, particularly 
in diverse host species.
• Limited understanding of how host-specific immune responses, including innate and adaptive immunity variations, modulate viral replication, shed‑
ding dynamics, and subsequent transmission potential in multispecies contexts.
• Poorly defined impact of viral quasispecies diversity within individual hosts on transmission potential, adaptation to new hosts, and persistence in vari‑
able ecological and epidemiological conditions.

Molecular Epidemiology
• Insufficient genomic data from underrepresented regions and serotypes constrain understanding of global viral diversity
• Limited application of integrated genomic-epidemiological analyses to trace outbreak origins, transmission routes, and vaccine effectiveness
• Absence of standardized tools for leveraging next-generation sequencing (NGS) sub-consensus data to improve viral lineage tracing
• Lack of hybrid frameworks integrating phylogenetic and epidemiological data to trace the dynamics of cross-species viral transmission and emer‑
gence
• Poor understanding of the evolutionary pressures shaping serotype shifts within ecological and epidemiological constraints
• Need for more cost-effective and widely accessible methods to collect, process, and analyze viral sequences from diverse FMD contexts

Wildlife interactions

• Poor understanding of the roles played by lesser-studied wildlife species in maintaining and transmitting FMD
• Limited incorporation of wildlife-specific behaviors, ecology, and seasonal resource variability into epidemiological and modeling frameworks
• Poor understanding of the roles played by marginal species or wildlife species considered secondary reservoirs but may intermittently contribute 
to disease dynamics in specific ecological contexts
• Limited exploration of how habitat fragmentation, resource competition, and human encroachment modify wildlife-livestock interfaces, particularly 
in endemic regions
• Underdeveloped surveillance systems for wildlife in FMD-free regions, hindering early detection of potential incursions via migratory species or bridge 
hosts
• Insufficient knowledge of the risks posed by migratory species in acting as mechanical carriers or vectors for FMD introduction across borders, espe‑
cially in areas with limited veterinary infrastructure
• Lack of predictive modeling to assess how shifts in wildlife population densities or migratory patterns influence FMD risk under changing climatic 
or land-use conditions
• Underdeveloped wildlife surveillance systems, including inadequate use of non-invasive methods such as environmental DNA (eDNA) sampling

Computational modeling
• Significant parameterization challenges due to limited data on livestock demographics, movement networks, management practices, and strain-
specific viral characteristics
• Inability of current models to evaluate real-time cost-effectiveness of control, surveillance, and sampling strategies during outbreaks
• Underutilization of advanced, integrated models incorporating social, economic, and ecological parameters to predict disease dynamics and interven‑
tion outcomes
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wildlife surveillance systems, ecological data integra-
tion, and non-invasive diagnostic approaches are needed. 
Gaps highlighted under “Wildlife Interactions” detail 
the lack of tailored models for wildlife-specific behav-
iors, limited understanding of lesser-studied species, and 
inadequate methods to leverage emerging techniques 
such as environmental DNA sampling. Addressing these 
wildlife-related gaps can support strategies that balance 
disease control with biodiversity conservation.

The economic aspects of FMD control underscore per-
sistent inequities in resource allocation and highlight the 
complexity of translating epidemiological insights into 
cost-effective interventions. Limited evidence exists on 
the cost-effectiveness of different strategies, the influence 
of behavioral economics, and the integration of socioec-
onomic data. The “Economic Impacts” and “Cross-Cut-
ting Gaps” entries in Table 1 highlight the importance of 
standardized frameworks that connect epidemiological 
data with economic analyses, guiding rational decision-
making for diverse stakeholders and production systems.

Among the identified research gaps, three stand out as 
particularly critical due to their cross-cutting relevance 
and direct implications for surveillance, modeling, and 
control strategies. First, the role of subclinical, particu-
larly neoteric, infections remains poorly understood yet 
central to FMDV epidemiology. These often undetected 
infections can silently drive transmission across herds, 
populations, and regions, especially in endemic settings 
where passive surveillance of clinical cases may miss 
early signs or mild cases. Addressing this gap will require 
a combination of field-based studies and controlled ani-
mal experiments designed to characterize the duration, 
shedding dynamics, and transmission potential of neo-
teric infections.

Experimental studies across species, viral strains, and 
exposure routes would enable a more precise delineation 

of early infection stages and improve detection tools for 
preclinical or subclinical carriers.

Second, the lack of genomic data from underrepre-
sented regions and serotypes hinders the understanding 
of FMDV evolution and global spread. This gap limits the 
resolution of phylogeographic analyses, impedes real-
time outbreak tracing, and restricts vaccine matching 
efforts in highly diverse or antigenically shifting contexts. 
Expanding sequencing capacity would not only improve 
outbreak response but also deepen the understanding of 
FMDV biogeography as it relates to international link-
ages between disease reservoirs, livestock movement 
networks, and regional viral persistence. Comprehen-
sive genome collection and data integration are crucial 
for mapping transmission corridors, identifying priority 
areas for surveillance, and assessing the risk of introduc-
tion into FMD-free regions.

Third, parameterization challenges continue to con-
strain the realism and utility of epidemiological models, 
particularly due to limited data on livestock demograph-
ics, transportation patterns, production systems, and 
strain-specific viral characteristics. In addition to con-
trolled animal experiments that can provide empirically 
verified transmission parameters, this priority also calls 
for more direct engagement with farmers, producers, 
and veterinary networks. Surveys, interviews, and par-
ticipatory workshops can help researchers understand 
real-world behaviors, decision-making processes, and 
existing biosecurity infrastructure. This type of stake-
holder-informed data is critical for building realistic 
models that incorporate plausible intervention scenarios, 
behavioral responses, and even game-theoretic consid-
erations. Improved communication between scientists 
and stakeholders leads to more credible models and more 
effective, locally relevant disease control strategies.

Addressing the knowledge gaps identified herein will 
require sustained, equitable, and inclusive efforts that 

Table 1  (continued)

Economics
• Absence of standardized frameworks to integrate epidemiological data with economic analyses, hindering the evaluation of control measure cost-
effectiveness
• Limited consideration of behavioral economic factors, such as livestock keeper decision-making and the impact of compensation schemes on report‑
ing and compliance

Diagnostics and surveillance
• Lack of validated, field-ready diagnostic tools (e.g., rapid, pen-side assays) for timely FMD detection and outbreak response
• Challenges differentiating vaccinated from infected animals using current serological methods complicate surveillance and movement controls

Cross-cutting gaps
• Need for robust epidemiological models incorporating economic outcomes applicable to endemic and FMD-free settings
• Need for data-driven shedding and transmission parameters spanning distinct species, breeds, and viral genotypes to improve downstream simula‑
tion modeling
• Limited application of advanced analytical tools, such as genome-wide association studies and machine learning, to identify key viral maintenance 
and spread drivers
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reflect the differing needs and realities of endemic and 
FMD-free regions. Cross-referencing the tabulated gaps 
with the high-level priorities can support interdiscipli-
nary collaboration and ensure that research investments 
are both strategic and context-specific. Coordinated 
approaches that integrate advanced diagnostics, ecologi-
cal and molecular surveillance, behavioral economics, 
and participatory engagement with affected communi-
ties are essential for mitigating transmission risks and 
enhancing global FMD preparedness. By aligning broad 
strategic priorities with specific research needs, which 
range from experimental studies and genomic map-
ping to stakeholder-informed modeling, policymak-
ers and scientists can more effectively prioritize efforts, 
allocate resources, and implement policies that support 
long-term, sustainable FMD control and, ultimately, 
eradication. 
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