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Editorial on the Research Topic
FMD Research: Bridging the Gaps With Novel Tools

Foot and mouth disease (FMD) remains a major threat for livestock industries, affecting large
numbers of cloven-hoofed animal species worldwide with an estimated annual global economic loss
of between US$6.5 and 21 billion and ~US$ 5 billion related to production losses and vaccination
alone (1). The devastating effects of FMD affects all countries around the world impacting from
smallholders” farms in low-income countries suffering reduced productivity (2), to middle-to-high
income countries affected by the cost of prevention, surveillance, and control measures in domestic
species as well as the severe restrictions imposed on international trade (3).

FMD’s etiological agent is a small non-enveloped positive sense single-stranded RNA virus
(FMDV) belonging to the Picornaviridae family, genus Aphthovirus (4). Considered as one of the
most infectious amongst human or animal disease agents known, the virus is recognized for its high
antigenic variability and efficient transmission among a wide range of susceptible animal species
(5). Although progress in the global control of FMD is ongoing and supported by international
organizations such as the World Organisation for Animal Health (OIE) and United Nations Food
and Agriculture Organisation, the disease is still endemic in many parts of the world, circulating in
over 75% of the global livestock population (2).

Scientists working on FMD research around the world are networking through the Global
Foot and Mouth Disease Research Alliance (GFRA—https://www.ars.usda.gov/gfra/). The GFRA
continually assesses research gaps and priorities, shares the latest scientific advances, and enables
and promotes collaborations and networking among the different laboratories conducting FMD
research worldwide. This Research Topic focuses on recent studies that address FMD knowledge
gaps, comprising 24 original manuscripts covering priority areas such as diagnostics, field
surveillance, evolution, molecular epidemiology, immunopathogenesis, vaccine development,
immunology, and antiviral therapy.

Strategies for FMD control vary between regions depending on their epidemiological situation.
To manage the risk, it is essential that governments, farmers, veterinarians, and industries engage
in significant surveillance, prevention, control, and preparedness programs.

Field surveillance is a critical component of any disease control program. Singanallur et al.
demonstrated circulation of FMDYV in goat populations in Lao, using two serological tests on a set
of samples collected from several provinces and analyze different factors related to seropositivity.
Using a different strategy, Ularamu et al. collected tissue samples from 27 outbreaks of FMD in
different states of Nigeria to gain more knowledge on FMDYV circulation in this country. FMDV
isolates obtained were serotyped and further characterized by VP1 sequencing and phylogenetic
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analysis. Velazquez-Salinas et al. provided a collection of VP
(viral protein) 1 and Pl (complete capsid coding region)
protein sequences from 29 different districts in Uganda, which
combined with geographic information, may be used to perform
phylogenetic analyses and antigenic characterization of the
FMDV variants circulating in this region. Finally, aiming to
improve the serotype-independent FMDV detection, Mishu et
al. analyzed the comparative evolutionary divergence of VP2 and
VP1 nucleotide sequences to determine the level of conservation
in VP2 at different hierarchical levels of three FMDV serotypes
(O, A, and Asial) currently circulating in Asia.

For many years, FMD diagnostic tests have evolved to analyze
different aspects of the disease and vaccination, however many of
them still need to be assessed and validated for both sensitivity
and specificity. Gray et al. analyzed the comparative performance
for FMDV isolation between a highly sensitive primary cell
culture (BTY) and two continuous cell lines derived from goat
(ZZ-R 127) and swine (LFBK-aVP6). Also, new approaches
aim to improve the efficacy of the surveillance programs. A
phage display library was explored by Chitray et al. to identify
antigenic determinants for recombinant vaccines and for the
generation of reagents for improved diagnostic enzyme-linked
immunosorbent assays (ELISA) specific for the FMDYV serotypes
A, Southern-African Territories (SAT) 1 and SAT3. In a different
approach, the article by Armson et al. discussed the use of
pooled milk and rRT-PCR for active large-scale dairy farm
surveillance. With this strategy, the authors provided evidence
of subclinical virus infection in vaccinated herds that could be
important in the epidemiology of FMD in endemic countries
where vaccination is used. Also discussing the implementation
of alternative surveillance strategies, Eschbaumer et al. reviewed
benefits and limitations of empowering veterinarians to perform
rapid diagnostic testing in the field. The need for point-of-care
(pen-side) diagnostic test kits, such as lateral flow devices and
mobile versions of RT-PCR and RT-LAMP, was also highlighted
by Wong et al. in a review that analyzed some of the advances in
FMD diagnostic tools.

Simultaneously, novel FMD vaccines and formulations are
being developed. A new fully DIVA-compatible vaccine platform
is presented, based on highly attenuated virus containing
negative antigenic markers in conserved non-structural proteins
to enable the differentiation of vaccinated from infected animals
(Hardham et al.). Efforts are also moving toward strategies that
eliminate growing live FMDV during the manufacturing process
of vaccines. This topic includes two approaches: Canas-Arranz
et al, studied the antibody neutralizing and cellular immune
responses elicited in swine by synthetic antigens based on
dendrimer peptides harboring the major FMDV antigenic B-
cell site and a T-cell epitope from 3D polymerase protein,
while Mignaqui et al. reported on the optimization of the
production strategies for virus like particle (VLP)-based FMD
vaccine antigens generated by transient gene expression in
mammalian cells. A comparative performance between VLP-
based and conventional FMD vaccines on the humoral response
and ex-vivo activation of dendritic cells in cattle is also presented
by Quattrocchi et al.. Finally, Bidart et al. studied the use of
particle adjuvants as immunostimulants in experimental vaccines

formulated with inactivated whole FMDV antigens in mice
and cattle.

In direct relation with the generation of novel prophylactic
and therapeutic tools, fundamental studies on the immunological
responses to the infection and vaccination can provide scientific
bases for such developments. Marrero Diaz De Villegas et al.
analyzed the feasibility of using computational methods based on
the side chain optimizations to predict neutralizing interactions
between antibodies and FMDV antigenic sites. Also using genetic
and structural data, Maake et al. predicted naturally occurring
amino acid positions that correlate with antigenic changes among
different FMDV SATS3 isolates, previously characterized by their
in vitro cross-neutralizing capacity against a reference serum.
The mechanisms of induction of innate immune responses by
non-coding synthetic RNA mimicking structural domains in
the FMDV genome was also analyzed by Rodriguez-Pulido et
al. using a cell line derived from wild boar lung cells. In the
same way, Medina et al. reviewed the use of interferon-based
biotherapeutics to boost the innate immunity and block FMDV
replication in natural hosts.

In close relation with the immunity induced in natural hosts
after infection, fundamental studies on the FMDV pathogenesis
are paramount to design new intervention strategies and evaluate
actual risks related to managing and trading of animals and
animal-derived products. Muthukrishnan et al. provided novel
information on the FMD pathogenesis and humoral immune
responses elicited in small ruminants after experimental infection
with a serotype O virus strain. Zhu et al. presented new
information on the differential expression in a set of bovine
genes previously identified in transcriptomic studies performed
on nasopharyngeal tissue samples from FMDV carriers and
non-carriers. Viral persistence in cattle and buffalos was also
investigated by Bertram et al. by developing statistical models
to describe the extinction of FMDV persistent infection using
data from primary longitudinal studies of naturally infected
animals. A mathematical model is presented by Cabezas et al. to
estimate the potential FMDV transmission in cattle, according
to the livestock production methods in the US. Dekker et al.
also used mathematical modeling, applied to previous in vivo
experiments, to quantify the effect of vaccination and physical
distancing on the FMDV transmission in pigs. Also working in
swine, Stenfeldt et al. produced experimental data on infection
associated with FMDV-infected pigs, showing results on the in
vivo transmission between infected and naive animals, and the
persistence of FMDYV infectivity in refrigerated carcasses.

This wide collection of original manuscripts undoubtedly
contributes to the understanding of the disease and the
development of suitable tools and methods for FMD control.
However, there are still research gaps that need to be fulfilled
to provide the knowledge and tools required to advance the
progressive global control of FMD. It is noteworthy that no
research papers related to vaccine selection and protection
against heterologous FMDV strains were submitted. This subject,
together with basic immunity, constitute one of the areas where
there is still room for improvement. More work is needed to
expand our understanding of vaccine cross-protection, especially
in heterologous systems, information that is critical to select
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suitable vaccines to respond to FMD outbreaks and in the
designing of antigen and vaccine banks.

The eradication of FMD is complex and must involve the
integration of new approaches as control strategies. Successful
health management policies to contain and eradicate FMD
must combine diverse intervention and outbreak mitigation
approaches. In this context, GFRA will continue promoting
multidisciplinary scientific research among its partners aiming
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INTRODUCTION

Foot and mouth disease (FMD) is one of the most economically devastating animal diseases,
threatening the livestock industry around the world (1). FMD is caused by foot and mouth disease
virus (FMDV), an RNA virus in the Picornaviridae viral family, genus Aphthovirus, from which
seven different serotypes have been described (A, O, C, Asia 1, SAT 1, SAT 2, and SAT 3) (2). The
existence of multiple topotypes and the lack of cross protection between serotypes are just some of
the factors limiting the control and eradication of FMDV (3). Thus, it is imperative to continuously
characterize FDMV genetic diversity in affected countries.

In Uganda, factors like uncontrolled animal movments, the existence of wildlife reservors, and
poor vaccine performance have created conditions for FMDV to maintain endemicity since it was
first reported there in 1953 (4-6). In terms of genetic diversity, recent reports demonstrate the
presence of at least five out of the seven serotypes (A, O, SAT 1, SAT 2, and SAT 3) and multiple
topotypes, affecting livestock across the country (4, 7-10). Historically, FMDV O has been one of
the most prevalent serotypes in Uganda, the most recently report indicates the circulation of at least
five different lineages (11).

In this context, the implementation of quarantines and vaccination programs have failed to
control FMD in this country (12). Reports indicate that FMD clinical cases increased in Uganda
during the 2000’s relative to the 1990 (13). A recently risk analysis study showed the complexity
involving the epidemiology of FMD in Uganda, being the proximity with international borders one
of the most important factors associated with the circulation of FMDYV in this country (14). Based
on the sanitary conditions in east Africa, officially the export and import trade activities of livestock
in Uganda is limited (1.5% all export values), but should be taken into account as a potential factor
to favor the circulation of FMDV in the region, being Burundi, Democratic Republic of Congo,
Kenya, Rwanda, Southern Sudan and Tanzania the major export markets (http://www.fao.org/3/
a-at589e.pdf). The rapid evolution of FMDV in Uganda might be explained by a combination
of evolutionary mechanisms characteristic of RNA viruses (recombination, positive, and negative
selection, and random drift constraints), which all shape the quasispecies dynamics of endemic
populations, thereby increasing the ability of this virus to rapidly adapt to different conditions
in nature (15, 16). In this context, the continuous genetic characterization of circulating FMDV
variants could support the development of more effective control strategies in this country (13).
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Herein, we are reporting the availability of a valuable
collection of a VP1 and P1 (complete capsid coding) protein
coding region sequences in the GenBank database, representing
the genetic diversity of FMDV from 29 districts representing
different geographical regions in Uganda between 2014 and 2017
(Supplementary File 1).

The VP1 protein coding region is the genetic marker typically
used to perform phylogenetic analyses and to group FMDV
into specific genotypes, also referred as topotypes (17). The VP1
protein contains relevant antibody neutralizing sites and T and
B-cell epitopes which have been the subject of multiple studies
aimed at understanding the evolution of FMDYV in response to
immunological pressures (18-22)

METHODS

Esophageal-pharyngeal (“Probang”) sampling was part of a cross
sectional study conducted in cattle herds in Uganda between
2014 and 2017 during a multidisciplinary research project
supported by the Cooperative Biological Engagement Program
of the U.S. Department of Defense Threat Reduction Agency,
Defense Threat Reduction Agency. The research was conducted
by experts from Plum Island Animal Disease Center (PIADC),
University of Minnesota in the United States, University of
Makerere, and the Virus Research Institute in Uganda.

After collection, probang samples were snap-frozen, and
stored at —70°C at University of Makerere, until samples were
sent to PIADC for testing. Sequencing work was conducted at
PIADC in the United States. All viral sequences were obtained

from viral isolations on cell monolayers of LFPKaVB6 (one
passage) (23). Isolates were from oropharyngeal fluid samples
(probang samples) collected from naturally infected FMD cattle
herds in Uganda between 2014 and 2017. (For more details about
the location of each isolate see Supplementary File 1).

Viral RNA was isolated from cell culture supernatants
using the RNeasy MiniKit (QIAGEN) and sequencing work
was performed by the Sanger method following a protocol
previously described, which includes the use of universal FMDV
primers (24). Final consensus VP1 coding region sequences were
obtained using Sequencher v4.8 (Gene codes, Ann Arbor, MI,
USA). Based on the nucleotide homology, different sequences
were classified into specific serotypes using the Blastin algoritm
(25). Based on the nucleotide variability, for some of the viral
isolations, the entire P1 coding region was obtained using a
methodology previously described (26).

The viral sequence collection reported here is currently being
analyzed in combination with sequences previously reported in
East Africa in order to establish the phylogenetic relationships
of recent viral lineages in this region. The aim of our work is to
support the Ugandan authorities for the development of a risk-
based approach to mitigate the impact of FMD in this country.
Interestingly, for more than 25 years, Ugandan authorities have
used a trivalent FMD vaccine containing serotypes O, SAT 1,
and SAT 2, which is manufactured in Kenya (KEVEVAPI) (10).
Information on the quality and potency of the vaccine is not
available. Additionally, the vaccine is manufactured with fairly
historic viral strains (GenBank access: O = K77/78; HM756588,
SAT1 = T155/71; HQ267519, and SAT2 = K52/84; HM623685).

Homology

SAT1

FIGURE 1 | FMDV sequencing dataset from Uganda (2014-2017). (A) phylogenetic analysis conducted by maximum likelihood method, showing the genetic diversity
of the FMDV sequencing dataset reported in this article. Multiple reference sequences from each serotype previously described by Knowles et al. (2) were included for
this analysis. Branches in red represents specific topotypes associated with the sequences reported in this database. (B) Homology from each serotype at nucleotide
and amino acid levels was deduced by pairwise distance analysis. In case of serotypes 0, SAT 1, and SAT 2 pairwise distance was calculated between different
topotypes, thus explaining the disparate amino acid homology displayed between these serotypes. Analysis were conducted on the software MEGA 10.0.5.

| Nuclectide

mAmino Acd

FMDVA FMDV O FMDV SAT 1

FMDV Serotype

FMDV SAT 2
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The serotype O strain included in the vaccine is characterized
as topotype EA-1, however recent reports have demonstrated
inefficacy of the vaccine against FMDV serotype O, topotype East
Africa two (EA-2), one of the most prevalent genetic lineages in
Uganda (13, 27). In this context, our collection of viral sequences
might support the selection of potential vaccine candidate strains
to reformulate the current trivalent vaccine, and ultimately
improve FMD control strategies in Uganda.

Furthermore, since very little is known about the evolutionary
dynamics of different serotypes circulating in Uganda, this
sequence collection is currently being used to identify specific
sites in the capsid protein evolving under positive selection using
a codon-based phylogenetic framework (28).

These results will help to choose appropriate viral lineages to
support further work by next generation sequencing, which will
increase our understanding about the contribution of different
viral proteins in the evolution of different viral lineages in
Uganda. Also, these extensive collection of viral sequences will
represent an important reference for future phylogenetic analyses
conducted in Uganda.

Collectively, the purpose of this report is to announce the
availability of this sequence dataset, which represents the genetic
variability of FMDV in Uganda during 2014-2017, in public
databases. The entire VP1 sequence datset collection from this
project comprises a total of 258 sequences including serotypes
A (n = 4) (topotype G-I), O (n = 148) (topotypes EA-1 and
EA-2), SAT 1 (n = 70) (topotypes I and IV), and SAT 2 (n =
36) (topotypes IV, VII, and X). Information about the genetic
diversity and homology at nucleotide and amino acid levels
among the sequences within each serotipe contained in this data
set is shown in Figures 1A,B, respectively. However, part of the
collection (n = 117) was already used for initial phylogenetic
analysis, and these sequences were reported elsewhere (11).
To avoid possible duplications, here we are reporting the
remaining sequences, comprised of 141 previously unpublished
VP1 sequences representing serotypes O (n = 102) and SAT 1 (n
= 50), as well as a total of 36 P1 sequences including serotypes O
(n=30)and SAT 2 (n = 6).

Genbank accession numbers and corresponding sequences are
available in Supplementary File 1.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the
the Accession Genbank; number information for the sequence
dataset collection is detailed in the Supplementary Material.
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Foot-and-mouth disease (FMD) is one of the most economically important livestock
diseases worldwide. Following the clinical phase of FMD, a large proportion of ruminants
remain persistently infected for extended periods. Although extinction of this carrier state
occurs continuously at the animal and population levels, studies vary widely in their
estimates of the duration of persistent infection. There is a need for robust statistical
models to capture the dynamics of persistent infection for the sake of guiding FMD
control and trade policies. The goal of the current study was to develop and assess
statistical models to describe the extinction of FMD virus (FMDV) persistent infection
using data from primary longitudinal studies of naturally infected cattle and Asian buffalo
in Vietnam and India. Specifically, accelerated failure time (AFT) models and generalized
linear mixed models (GLMM) were developed to predict the probability of persistent
infection in seropositive animals and identified carriers at the individual animal level at
sequential time points after outbreaks. The primary studies were analyzed by country
and combined using an individual-participant data meta-analysis approach. The models
estimated similar trends in the duration of persistent infection for the study/species
groups included in the analyses, however the significance of the trends differed between
the models. The overall probabilities of persistent infection were similar as predicted by
the AFT and GLMM models: 6 months: 99% (AFT) /80% (GLMM), 12 months: 51%
(AFT) /32% (GLMM), 18 months: 6% (AFT) /5% (GLMM), 24 months: 0.8% (AFT) /0.6%
(GLMM). These models utilizing diverse and robust data sets predict higher probabilities
of persistence than previously published, suggesting greater endurance of carriers
subsequent to an outbreak. This study demonstrates the utility of statistical models to
investigate the dynamics of persistent infection and the importance of large datasets,
which can be achieved by combining data from several smaller studies in meta-analyses.
Results of this study enhance current knowledge of the FMDV carrier state and may
inform policy decisions regarding FMDV persistent infection.

Keywords: foot-and-mouth disease, FMDV, persistent infection, extinction dynamics, Vietnam, India,
meta-analysis, carrier
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INTRODUCTION

Foot-and-mouth  disease  virus (FMDV;  Aphthovirus,
Picornaviridae) is the causative agent of foot-and-mouth
disease (FMD), one of the most economically important diseases
of livestock worldwide. Classical FMD is characterized by fever,
loss of appetite, and formation of characteristic vesicles on feet,
udders, and in the oral cavity (1, 2). Although mortality is usually
low, the high morbidity has an important economic impact
due to decreased production, regional quarantine practices,
and trade restrictions (3, 4). The existence of prolonged
asymptomatic persistent infection (carrier state) in ruminants
has practical implications in FMDV-endemic regions that
are distinct from management practices in regions striving
to regain FMD-free status after an outbreak (5). Appropriate
practices for management of carriers have not been established
in either context.

Subsequent to acute infection, a substantial proportion
of infected ruminants become persistently infected, which
has traditionally been defined by detection of FMDV in
oropharyngeal fluid (OPF) 28 days or more after infection
(6, 7). However, more recent studies have indicated that
persistently infected animals can be identified as early as 10
days post-infection (8). Vaccination with a homologous virus
strain protects against clinical disease, but does not prevent
subclinical or persistent infection (8-10). The virus persists in
the epithelium of the nasopharynx (8, 11) or associated lymphoid
tissue (12) of cattle and buffalo. Transmission from persistently
infected cattle to naive animals via direct contact has not been
demonstrated (10, 13, 14), however deposition of oropharyngeal
fluid from persistently infected cattle into the nasopharynx
of naive cattle has been demonstrated to cause disease (15).
Transmission via direct contact in the persistent phase has
only been demonstrated to occur from African Cape buffalo
(Syncerus caffer) (16, 17), and the role of persistently infected
animals in FMDV epidemiology remains unclear. However,
concerns over the potential risk of transmission from persistently
infected animals have prompted authorities to implement trade
restrictions for animals and animal products for extended
periods following FMD outbreaks and from FMD-endemic
regions (18).

FMDV is reported to persist for up to 2 years in cattle
(14, 19, 20), 5-12 months in sheep and goats (21), and up
to 5 years in African buffalo (22). However, the virus is
cleared from carriers at variable times by mechanisms which
have been described (23, 24). The rate of decrease in the
proportion of persistently infected animals has been reported
as 0.03-0.11 per month (13, 14, 19). A meta-analysis of
experimental studies reported that most infected cattle clear the
infection within 6 months (13); however recent field studies
indicated that approximately half of infected cattle remain
persistently infected 12 months after infection (19), and some
cattle maintain persistent infection for more than 24 months
(14). The variability among distinct studies and analytical
approaches impedes development of effective control measures
to account for FMDV persistent infection. Most importantly
there is a need for robust methods to describe and predict

the duration of persistent infection at the individual and
population levels.

Recent longitudinal field studies have utilized survival analysis
to describe the dynamics of extinction of persistent infection in
cattle under natural endemic conditions (14, 19). These studies
demonstrated gradual clearing of the infection over time at the
population level; however, they did not predict the probability
of persistent infection at specific time points in the study
populations. A recent analytical approach proposed defining
extinction of persistent infection based on a probability function
to better reflect the dynamic state of persistent infection (25).
These authors used cross-sectional data to develop a statistical
model to estimate the probability of persistent infection based
on an animal’s age, whether the animal had antibodies against
FMDYV, and the time since the most recent outbreak in the
herd. This approach to predicting the probability of the presence
of persistently infected animals in a herd at a defined time(s)
following an outbreak may be beneficial for developing FMD
control policies. However, the very low probability (0.7%) of
persistent infection across all animals more than 12 months
after an outbreak reported in that study is inconsistent with the
data from recent longitudinal field studies of FMDV-infected
animals (14, 19).

Longitudinal studies offer the advantage of directly observing
the dynamics of persistent infection in individuals over time.
Disadvantages of longitudinal studies are that they are highly
labor-intensive, time-consuming, expensive, and logistically
challenging under field conditions in endemic regions. In
contrast, cross-sectional studies often have larger sample sizes
and can be completed more rapidly and economically than
longitudinal studies. However, it is unclear whether cross-
sectional data is appropriate for modeling the dynamics of
persistent infection. Alternatively, meta-analyses could be used
to mitigate some of the challenges of small sample sizes by
combining data across several longitudinal studies (26). Meta-
analysis approaches incorporating data from multiple studies
have the additional advantage of incorporating diverse field
conditions (viral strain, host factors, husbandry, environmental
factors) into a more holistic output.

The goals of the current study were to assess the utility
of two distinct statistical models for predicting the probability
of persistent FMDV infection post-outbreak at the individual
animal level, and to compare different analytical methods
to assess extinction of the carrier state. The current study
incorporated and analyzed three primary longitudinal studies
of FMDV persistent infection in Vietnam and India using
both generalized linear mixed models and accelerated failure
time models to predict the probability of persistent infection
in cattle and Asian buffalo (Bubalus bubalis) at various times
following an FMD outbreak. Additionally, data from all three
studies were combined using an individual participant data meta-
analysis approach (26) to further assess the dynamics of persistent
infection across the three study populations. Results of this study
will help to inform FMD surveillance and control efforts in
Vietnam, India, and other FMD-endemic countries as well as
FMD-free countries, and will help to inform policy decisions
concerning FMDV persistent infection.
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METHODS

To qualify for inclusion in these analyses, studies had to take place
following a natural outbreak in an FMD-endemic country, OPF
samples had to be collected from the same individual animals at
least twice, and sampling had to occur 28 days or more post-
outbreak. Additionally, raw data had to be available for each
animal. Three studies from our laboratory met the inclusion
criteria—one in Vietnam and two in India. The primary datasets
incorporated in the analyses herein were derived within the scope
oflong-term, longitudinal projects on endemic FMD in India and
Vietnam between 2010 and 2015 (14, 19, 27-29). The included
studies are described below. For the current study, persistent
infection was defined as the detection of FMDV RNA in OPF.

Ethics Approval

The work described herein was performed by federal staff of
the Department of Animal Health, Ministry of Agriculture, and
Rural Development, Government of Vietnam or the Directorate
of Foot and Mouth Disease, Indian Council of Agricultural
Research, Ministry of Agriculture, Government of India. The
work occurred and the animals were maintained within facilities
that were owned, maintained, or overseen by these divisions of
the federal governments; thus, no permits or approvals were
required. All cases described herein occurred spontaneously in
domestic cattle or buffalo with no experimentation, inoculation,
or treatment of live animals.

Vietnam

Study Description

Cattle and Asian buffalo were sampled as part of a targeted
surveillance study in areas with a recent history of FMD
outbreaks in Long An and Son La provinces in Vietnam as
previously described (27, 29). Briefly, serum samples were
collected in March 2012, and subsequently oropharyngeal fluid
(OPF) samples were collected using a probang cup (30) from 323
animals that were seropositive for FMDV anti-NSP antibodies
using a 3ABC ELISA kit (PrioCheckR, Prionics, Netherlands).
OPF samples were collected every 1-2 months between April—
October 2012 for up to 4 samples per animal (Figure 1). OPF
samples were analyzed by real-time reverse transcription PCR
(rRT-PCR) targeting the 3D region of the FMDV genome as
previously described (31). Briefly, RNA was extracted using
the MagMax Viral RNA Isolation Kit (Ambion), and extracted
RNA was subjected to rRT-PCR using a previously described
probe (32) and primers (33). As previously reported, 10.8%
of seropositive animals were carriers, based on FMDV RNA
detection in OPE, and beef cattle were more likely to be carriers
than buffalo or dairy cattle (27). A subset of 155 cattle and
49 buffalo from 93 herds for which the owner reported the
animal’s history of clinical FMD (yes or no) were analyzed in
the current study. Vaccination status was reported for ~70%
of animals, a majority (97%) of which had been previously
vaccinated. However, the date of vaccination was not available
for most animals, and the effect of vaccination on the duration of
persistent infection could not be evaluated in this study.

FMD Outbreak History

For animals for which the owner reported a history of clinical
FMD, the year of infection was reported by the owner. The
date (month and year) of the outbreak which occurred in the
Commune of the herd during the reported year of infection
was retrieved from records of the Department of Animal Health
(DAH), Vietnam. The midpoint of the month was used as the
outbreak date in subsequent analyses. For animals for which
the owner reported no history of clinical FMD, the outbreak
date reported for other animals in the herd was used as the
outbreak date. If no previous FMD infection was reported
in the herd, the date of the most recent outbreak in the
Commune prior to sampling was used as the outbreak date. For
the purposes of this study, it was assumed that animals were
infected during the reported outbreak and no reintroduction or
subclinical circulation of the virus occurred on farms included
in the study. This assumption was based upon documentation
by farm-level questionnaire and by reviewing official records of
the Department of Animal Health that no cases of FMD were
observed or reported in the intervening period. The virus strain
was not identified for all animals; however, all carrier animals
from which sequence data were obtained were infected with
strains from lineage O/ME-SA/PanAsia (27).

India

Study Descriptions

Cattle and Asian buffalo were sampled following two
independent outbreaks in large dairy herds in India as previously
described (19, 28, 34). Despite biosecurity practices in place,
both premises had vulnerabilities to FMDYV incursion, including
unvaccinated cattle in the surrounding areas, and personnel
moving between the farm and their personal livestock. The
source of the virus was not identified in either outbreak.

Briefly, one study (India-1) investigated persistent infection in
cattle and Asian buffalo following an FMD outbreak on a large
dairy farm in India, which occurred in January 2014 (28, 34).
Animals were vaccinated 3-4 times a year with a trivalent (A,
O, Asia-1) vaccine, and had most recently been vaccinated ~50
days prior to the outbreak. A convenience sample of 37 cattle
and 17 buffalo, identified as carriers based on FMDV RNA
detection in OPF, were sampled at 2-3 months intervals from 3-
13 months post-outbreak (Figure 1). FMDV RNA was detected
by rRT-PCR as described for Vietnam samples. The sampling
included animals that were clinically or subclinically infected
during the outbreak. As previously reported, all study animals
were seropositive for FMDV anti-NSP antibodies by r3AB3 I-
ELISA (35). Additionally, all study animals were persistently
infected 3 months post-outbreak, and 7-17% of cattle and
buffalo, respectively, remained persistently infected 13 months
post-outbreak. The duration of persistent infection was not
significantly different between clinically and subclinically affected
animals, nor between cattle and buffalo (34).

The second study (India-2) investigated persistent infection
in dairy cattle on one management unit in India following
an FMD outbreak which occurred in October 2013 (19).
Animals were vaccinated twice yearly with a trivalent (A,
O, Asia-1) vaccine, and had most recently been vaccinated
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India-1 Cattle
g Vietnam Buffalo
c
<
>
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=)
on Vietnam Cattle
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PCR Result — —
B negative
B positive I —
I
S T s T T T 0 T T T s 20 s T
B Months Post-Outbreak
. Study Duration Sampling No. No. No.
Study/S
S (mo. post-outbreak) | Frequency | Animals | Samples | Carriers
' 3-13 months 2-3 months 17 51 17
3-13 months 2-3 months 37 140 36
India-2 Cattle 5-21 months 1 month 87 1268 79
Vietnam Buffalo 14-28 months 1-2 months 49 129 3
14-28 months 1-2 months 155 418 23

FIGURE 1 | FMDV RNA detection in oropharyngeal fluid by rRT-PCR. Data are presented from two studies in India and one in Vietnam, and include samples from

cattle and Asian buffalo. (A) Each row represents one animal and the grouping of rows is colored according to study/species group. Study/species group is labeled on
the right side of the figure and colored corresponding to the study/species in the table in (B). Columns represent sampling times (months post-outbreak), and samples
are represented by red (positive) and blue (negative) bars. (B) A summary of the data is provided in the table.

3-4 days prior to the outbreak. A convenience sample of  As previously reported, all study animals were seropositive for

47 juvenile and 31 adult cattle, identified as carriers based
on FMDV RNA detection in OPF as described for Vietnam
samples, were sampled monthly from 5-21 months post-
outbreak (Figure 1). The sampling included animals that were
clinically or subclinically affected during the recent outbreak.

FMDYV anti-NSP antibodies by r3AB3 I-ELISA (35). The average
duration of persistent infection was 13.1 months, and all animals
cleared the infection by 19 months post-outbreak. There was
no significant difference in the duration of persistent infection
between clinically and subclinically affected animals (19). An
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additional 9 animals that entered the study late were included in
the current analyses.

Analyses of the duration of persistent infection have been
reported previously for each of the India studies (19, 28,
34). Additionally, both outbreaks were caused by the same
strain of FMDV (O/ME-SA/Ind2001d), and the studies had
similar study designs. Therefore, the two India studies were
combined in the current analyses by country as well as in
the meta-analyses of all three studies, and estimates were
produced for each study/species group. For the purposes of
this study, it was assumed that animals were infected during
the reported outbreak and no novel incursion or subclinical
circulation of the virus occurred on the farms included in
the study. This assumption was based upon documentation
by the herd veterinarians that no cases of FMD were
observed or reported during the period of the study and the
finding that all carrier viruses from which sequence data was
acquired were phylogenetically closely related to the outbreak
strains (34).

Statistical Analysis

Accelerated Failure Time Model

For each country separately and for all three studies combined,
the probability of persistent infection was investigated using
interval-censored survival analysis, in which the time to event
is modeled as an interval rather than an exact time. Failure to
detect FMDV RNA in an OPF sample was the event of interest.
The elapsed time between the outbreak date and the date of the
last positive sample (rounded to the nearest month) was used as
the low end of the interval, and the elapsed time between the
outbreak date and the date of the next negative sample (rounded
to the nearest month) was used as the high end of the interval in
which the event occurred. For animals without a positive sample
(i.e., left-censored), the low end of the interval was set to “NA,”
and for animals that remained persistently infected throughout
the study (i.e., right-censored), the high end of the interval was
set to “NA,” as recommended by the software package authors.
For the initial analysis, the Kaplan-Meier estimator was used to
create a survival curve (data not shown). Due to small sample
sizes and violations of the proportional hazards assumption,
accelerated failure time (AFT) analyses were used, since they
perform better than Cox proportional hazard analyses under
these conditions (36, 37). To account for species differences and
other study-site related variability, a combined study and species
variable was created (study/species). Preliminary models were
fit using the Weibull, exponential, log-logistic, and log-normal
distributions, and the distribution which minimized the Akaike
information criterion (AIC) was selected as the appropriate
distribution for the final model. Analyses were implemented in
R v3.5.3 using the survival base package (38). Goodness of fit
of the final models was evaluated by visualization of the qq-
plots of times of survival percentiles, Cox-Snell residuals, and
comparison of predicted survival curves to Kaplan-Meier curves,
as implemented in the AFTtools package (39). The final models
were used to predict the duration of FMDV RNA detection
at percentiles from 0.01 to 0.99 using the predict function in
the survival package, and the results were subsequently used to

estimate the probability of FMDV RNA detection at 6, 12, 18, and
24 months post-outbreak. Figures were created using the ggplot2
package (40).

Generalized Linear Mixed Model

For each country separately and for all three studies combined,
the probability of persistent infection was investigated using
Generalized Linear Mixed Model (GLMM). Detection of FMDV
RNA in OPF (yes/no) was the outcome variable, and the main
independent variable was the elapsed time (rounded to the
nearest month) between the outbreak date and the sample
collection date. The combined study/species variable was also
included as a fixed effect to account for variability among
studies and species. Additionally, individual ID was included
as a random variable to account for repeated measures on the
same animals. GLMMs were built including time post-outbreak
(in months) with and without the combined study and species
variable, and the best fit model was selected considering the
statistical and biological relevance. The model building and
analyses were performed in R v3.5.2 using the Ime4 package (41).
The final model equations were used to predict the probability of
FMDV RNA detection in OPF at 6, 12, 18, and 24 months post-
outbreak in Microsoft Excel 2019. Figures were created using the
ggplot2 package in R v3.5.2 (40).

RESULTS

Observed Extinction Dynamics (All Primary
Studies)

The final dataset used to investigate the dynamics of extinction
of persistent infection consisted of 2,006 samples from 345
seropositive animals or identified carriers, across the 3 studies
(Figures 1, 4A). All farms included in the analyses reported no
FMD cases during the timeframe of the study or within 28
days prior to the start of the study. As a result, animals from
which FMDV RNA was detected in OPF during the study were
considered persistently infected.

In Vietnam, FMDV RNA was detected in ~8% of samples
at the first sampling time, 14 months post-outbreak, which
increased to 22% at 15 months post-outbreak, then gradually
decreased. No FMDV RNA was detected in samples collected
after 25 months post-outbreak (Figure2A). In the India-1
study, FDMV RNA was detected in all cattle samples and
~90% of buffalo samples at the first sampling time 3 months
post-outbreak, and the proportion decreased gradually until 10
months post-outbreak, with a rapid decrease between 10 and 13
months post-outbreak. Approximately 15% of buffalo samples
were persistently infected at the last sample 13 months post-
outbreak, whereas no FMDV RNA was detected in any cattle
samples at that time (Figure 3A). In the India-2 study, FMDV
RNA was detected in ~70% of cattle samples at the first sample
5 months post-outbreak, and the proportion tended to decrease
until 15 months post-outbreak. No FMDV RNA was detected
after 15 months post-outbreak, with the exception of one animal
at 18 months post-outbreak (Figure 3A).
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A Proportion of Positive Samples, Vietham (Observed)
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FIGURE 2 | Probability of persistent infection, Vietnam data only. All study animals were seropositive for FMDV anti-NSP antibodies by 3ABC-ELISA. (A) Observed
proportion of OPF samples positive for FMDV RNA. Mean and standard error are shown. (B) Predicted probability of persistent infection, AFT model. (C) Predicted
probability of persistent infection, GLMM model.

Modeled Dynamics of Persistent Infection
in Vietham

Accelerated Failure Time Model (Vietnam)

Overall, 26/204 (12.7%) animals were persistently infected in
the Vietnam study. Based on AIC, the log-normal distribution
was most appropriate for the final model (AIC = 215.14), and
the model assumptions were appropriate based on evaluation of

goodness of fit. In the final model, the duration of FMDV RNA
detection in OPF for cattle and buffalo did not differ significantly
(p=10.1) (Table 1).

Using the AFT final model, the predicted probability of
persistent infection in seropositive animals in Vietnam 6 months
post-outbreak was 88% for buffalo and 95% for cattle, which
decreased to 25 and 44%, respectively, 12 months post-outbreak,
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A Proportion of Positive Samples, India (Observed)
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FIGURE 3 | Probability of persistent infection, India data only. All study animals were seropositive for FMDV anti-NSP antibodies by r8AB3 I-ELISA. (A) Observed
proportion of OPF samples positive for FMDV RNA. Mean and standard error are shown. (B) Predicted probability of persistent infection, AFT model. (C) Predicted
probability of persistent infection, GLMM model.

and <1% for buffalo and 2% for cattle at 24 months post-
outbreak (Table 2, Figure 2B).

Generalized Linear Mixed Model (Vietham)

Overall, FMDV RNA was detected in 46/547 (8.4%) total samples
from the Vietnam study. The best fit model included time post-
outbreak and the study/species variable. In the final model, the

time post-outbreak was a significant variable (p = 0.04), and the
odds of persistent infection decreased by 12% with each month
post-outbreak (Table 3). Similar to the AFT model, the odds of
persistent infection did not differ significantly between cattle and
buffalo (p = 0.2).

Using the GLMM final model, the predicted probability of
persistent infection in seropositive animals in Vietnam 6 months
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post-outbreak was 23% for buffalo and 34% for cattle, which
decreased to 12 and 19%, respectively, 12 months post-outbreak,
and 3 and 5% at 24 months post-outbreak (Table 2, Figure 2C).

Dynamics of Persistent Infection in India
Accelerated Failure Time Model (India)

Overall, 132/141 (93.6%) animals were persistently infected in
the two India studies. Based on AIC, the Weibull distribution
was most appropriate for the final model (AIC = 470.96), and
the model assumptions were appropriate based on evaluation of
goodness of fit. In the final model, the duration of FMDV RNA
detection in OPF for India-1 buffalo and India-2 cattle did not
differ significantly (p = 0.2) (Table 4). In contrast, the duration
was 0.8 times shorter for India-1 cattle than for India-2 cattle,
and the difference was significant (p < 0.0001).

Using the AFT final model, the predicted probability of
persistent infection in identified carriers in India 6 months
post-outbreak was >99% for India-1 buffalo and India-2 cattle,
and 98% for India-1 cattle. At 12 months post-outbreak, the
probability decreased to 39% for India-1 buffalo and 59% for

TABLE 1 | Accelerated failure time model for the duration of FMDV RNA recovery
from oropharyngeal fluid following an FMD outbreak in Vietnam.

India-2 cattle, whereas the decrease was even greater for India-
1 cattle (11% probability at 12 months post-outbreak). At 18
months post-outbreak, the probability of persistent infection was
<0.05% for all groups (Table 2, Figure 3B).

Generalized Linear Mixed Model (India)

Overall, FMDV RNA was detected in 511/1,459 (35.0%) total
samples from the two studies in India. The best fit model included
time post-outbreak and the study/species variable. The odds of
persistent infection decreased by 31% with each month post-
outbreak (Table5). In contrast to the AFT model, the odds
of persistent infection were 2.6 times higher in India-1 buffalo
compared to India-2 cattle, and the difference was significant (p
= 0.01). Contrastingly, the odds of persistent infection were not
significantly different between India-1 cattle and India-2 cattle
(p=0.4).

Using the GLMM final model, the predicted probability of
persistent infection in identified carriers in India 6 months post-
outbreak was 90% for India-1 buffalo, 74% for India-1 cattle, and
78% for India-2 cattle. The GLMM predicted higher probability
of persistent infection at later timepoints compared to the AFT:

TABLE 3 | Generalized linear mixed model for the probability of FMDV RNA
recovery from oropharyngeal fluid following an FMD outbreak in Vietnam.

Variable Coef* Std.Err** P-value Time ratio 95% ClI Variable Coef* Std. Err** P-value Oddsratio 95% CI

Intercept 2.24 0.16 <0.0001 Intercept —-038  1.21 0.75

Vietnam buffalo (ref) Month post-infection —0.13 0.06 0.04 0.88 0.78, 0.99

Vietnam cattle 0.19 0.12 0.1 1.21 0.96, 1.53 Vietnam buffalo (ref)

log(scale) —0.98 0.20 <0.0001 Vietnam cattle 0.5 0.4 0.21 1.65 0.75, 3.61

*Coef, Model coefficient. *Coef, Model coefficient.

**Std. Err, standard error. **Std. Err, standard error.

The model was fitted using the log-normal distribution. Significant values are indicated in bold.

TABLE 2 | Predicted probability of persistent infection following an FMD outbreak.

Study Species AFT predictions GLMM predictions

Months post-outbreak Months post-outbreak
6 12 18 24 6 12 18 24

Vietnam only Vietnam buffalo 88.18% 25.44% 4.09% 0.61% 23.63% 12.36% 6.04% 2.84%
Vietnam cattle 95.52% 44.15% 11.01% 2.32% 33.78% 18.86% 9.58% 4.60%
Vietnam overall 76.48% 34.81% 9.53% 1.57% 31.30% 17.19% 8.64% 4.13%

India only India-1 buffalo 99.15% 39.28% 0% 0% 89.97% 49.95% 9.99% 1.22%
India-1 cattle 98.01% 11.08% 0% 0% 74.35% 24.38% 3.46% 0.40%
India-2 cattle 99.52% 59.24% 0.08% 0% 77.63% 27.85% 4.12% 0.48%
India overall 98.84% 48.6% 0.08% 0% 77.90% 27.69% 4.00% 0.45%

India and Vietnam India-1 buffalo 99.5% 40.88% 2.47% 0.24% 91.05% 51.75% 10.16% 1.18%
India-1 cattle 98.26% 16.49% 0.72% 0.07% 75.21% 24.23% 3.26% 0.35%
India-2 cattle 99.75% 58.51% 4.9% 0.49% 77.56% 26.70% 3.70% 0.40%
Vietnam buffalo 99.58% 45.61% 2.98% 0.29% 75.77% 24.79% 3.36% 0.36%
Vietnam cattle 99.86% 71.08% 8.25% 0.85% 87.21% 41.82% 7.04% 0.79%
Overall 99.23% 50.75% 5.76% 0.82% 80.38% 32.08% 517% 0.6%

Predictions were made from three longitudinal studies in Vietnam and India using an accelerated failure time model (AFT) and a generalized linear mixed model (GLMM).
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TABLE 4 | Accelerated failure time model for the duration of FMDV RNA recovery
from oropharyngeal fluid following an FMD outbreak in India.

TABLE 5 | Generalized linear mixed model for the probability of FMDV RNA
recovery from oropharyngeal fluid following an FMD outbreak in India.

Variable Coef*  Std. Err** P-value Time ratio 95% CI Variable Coef* Std. Err** P-value Oddsratio 95% CI

Intercept 2.58 0.02 <0.0001 Intercept 3.44 0.20 0.0

India-1 buffalo —0.09 0.07 0.19 0.92 0.81,1.04 Month post-infection —0.37 0.01 0.0 0.69 0.68, 0.71
India-1 cattle —0.21 0.04 <0.0001 0.81 0.75, 0.87 India-1 buffalo 0.95 0.37 0.01 2.59 1.25,5.34
India-2 cattle (ref) India-1 cattle -0.18 0.21 0.41 0.84 0.55, 1.26
log(scale) —-1.91 0.08 <0.0001 India-2 cattle (ref)

*Coef, Model coefficient.

**Std. Err, standard error.

The model was fitted using the Weibull distribution.
Significant values are indicated in bold.

4-10% at 18 months post-outbreak and 0.5-1% at 24 months
post-outbreak (Table 2, Figure 3C).

Dynamics of Persistent Infection Across All
Studies

In order to achieve the most robust estimates possible, the
probability of persistent infection across all primary studies was
modeled in a similar approach, which examined the duration
of persistent infection (AFT) and the effect of time on the
probability of persistent infection (GLMM). The goal of this
combined meta-analysis was to benefit from the breadth of
variability of study design, viral, host, and environmental factors
included across the three primary studies. The study/species
variable was included in all models to account for species
and study-site variability. Estimates were generated for each
study/species group. Estimates are reported for a target
population of seropositive animals, but may be considered biased
upward due to the inclusion of only identified carriers in the
India studies.

Accelerated Failure Time Model (Combined Studies)
In total, 158/345 (45.8%) animals were carriers across the three
studies. For the analysis of all primary studies combined, the log-
logistic distribution was most appropriate for the final model
(AIC = 722.71), and the model assumptions were appropriate
based on evaluation of goodness of fit. In the final model, the
duration of persistent infection was 0.8 times shorter for India-
1 cattle compared to India-2 cattle (p < 0.0001). For all other
groups, the duration of persistent infection was not significantly
different from India-2 cattle (Table 6).

For all groups combined, the overall probability of persistent
infection in seropositive animals predicted using the AFT final
model was 99.23% (range: 98.26-99.86%) at 6 months after
an outbreak, 50.75% (range: 16.49-71.08%) at 12 months post-
outbreak, 5.76% (range: 0.72 - 8.25%) at 18 months post-
outbreak, and at 24 months post-outbreak was 0.82% (range:
0.07-0.85%) (Table 2, Figure 4B).

Generalized Linear Mixed Model (Combined Studies)
For the analysis of all studies combined, the best fit model
included time post-outbreak and the study/species variable. In
the final model, the odds of persistent infection decreased by 31%
with each month post-outbreak (Table 7). In contrast to the AFT

*Coef, Model coefficient.
**Std. Err, standard error.
Significant values are indicated in bold.

TABLE 6 | Accelerated failure time model for the duration of FMDV RNA recovery
from oropharyngeal fluid following an FMD outbreak across three studies.

Variable Coef*  Std. Err**  P-value Time ratio 95% ClI
Intercept 2.53 0.02 <0.0001

India-1 buffalo —0.09 0.08 0.26 0.92 0.79, 1.07
India-1 cattle -0.24 0.05 <0.0001 0.79 0.71,0.87
India-2 cattle (ref)

Vietnam buffalo —0.06 0.08 0.43 0.94 0.80, 1.10
Vietnam cattle 0.07 0.04 0.08 1.07 0.99, 1.15
log(scale) -2.10 0.08 <0.0001

*Coef, Model coefficient.

**Std. Err, standard error.

The model was fitted using the log-logistic distribution.
Significant values are indicated in bold.

model, the odds of persistent infection at any given time were
three times higher in India-1 buffalo and two times higher in
Vietnam cattle compared to India-2 cattle (p = 0.02 and p = 0.01,
respectively). Additionally, the odds of persistent infection were
not significantly different for India-1 cattle compared to India-2
cattle (p = 0.7).

For all groups combined, the overall probability of persistent
infection in seropositive animals predicted using the GLMM
final model was 80.38% (range: 75.21-91.05%) at 6 months
after an outbreak, 32.08% (range: 24.23-51.75%) at 12 months
post-outbreak, 5.17% (range: 3.26-10.16%) at 18 months post-
outbreak, and at 24 months post-outbreak was 0.6% (range:
0.35-1.18%) (Table 2, Figure 4C).

DISCUSSION

Persistent infection with foot-and-mouth disease virus is a
challenge for FMD control and eradication in endemic regions.
Similarly, FMD-free regions must consider the existence of
carriers when responding to incursions. Additionally, neoteric
subclinical infection is indistinguishable from persistence under
field conditions, and may pose a greater threat of transmission
(5, 42). Although the role of persistently infected animals in
FMDYV epidemiology remains controversial, persistently infected
animals are known to carry virus in a form that is directly
infectious to susceptible animals (15). This is consistent with
the demonstrated very low, but non-zero, quantitative risk of
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of persistent infection, AFT model. (C) Predicted probability of persistent infection, GLMM model.
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transmission (13, 14). Because of this, global FMD control
policies must consider persistent as well as acute infection.
Quantitative estimates of the probability of persistent infection
at specified times post-outbreak may provide a tool to more
accurately assess the potential risks posed by persistently infected
animals, which will help to guide control efforts. The current
study compared two statistical modeling approaches, a survival
analysis model (AFT) and generalized linear model (GLMM),

for estimating the probability of persistent infection, while
evaluating the benefits of meta-analytical approaches to leverage
primary datasets that span a wider range of conditions including
study design and duration, virus-specific factors, host-specific
factors, and environmental factors.

In the by-country analyses of the Vietnam primary study,
the AFT and GLMM models generated similar assessment of
the impact of species on the duration of persistent infection. In
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TABLE 7 | Generalized linear mixed model for the probability of FMDV RNA
recovery from oropharyngeal fluid following an FMD outbreak across three studies.

Variable Coef* Std. Err** P-value Oddsratio 95% CI
Intercept 3.49 0.22 0.0

Month post-infection —0.38 0.02 0.0 0.68 0.66, 0.71
India-1 buffalo 1.08 0.47 0.02 2.94 1.17,7.40
India-1 cattle -0.13 0.3 0.66 0.88 0.49, 1.58
India-2 cattle (ref)

Vietnam buffalo -0.10 0.42 0.81 0.90 0.40, 2.06
Vietnam cattle 0.68 0.25 0.007 1.97 1.21,38.22

*Coef, Model coefficient.
**Std. Err, standard error.
Significant values are indicated in bold.

both modeling approaches, the duration of persistent infection
did not differ significantly between cattle and buffalo. Similarly,
a previous study reported that the odds of persistent infection
did not differ significantly between dairy cattle and buffalo,
although the odds were significantly higher for beef cattle being
carriers in that study (27). It is possible that either distinct host
genetics or the different management practices for beef vs. dairy
cattle influence viral extinction. Overall, our results indicate that
species is not a significant factor affecting persistent infection in
cattle and buffalo in Vietnam.

For the Vietnam analyses, the predicted probabilities of
persistent infection among seropositive animals were similar
between the modeling approaches at 18 and 24 months post-
outbreak. Both models predicted <5% probability of persistent
infection at 24 months post-outbreak. In contrast, a previous
study in Vietnam estimated that the mean duration of persistent
infection was 27 months (14). This discrepancy may be partially
explained by the small sample size (n = 10) and large uncertainty
(6 months) in the outbreak dates used in the previous study.
The sample collection period may also influence the estimated
duration of persistent infection. Due to the logistics of field
sampling, we were unable to collect samples earlier than 14
months post-outbreak. Although model predictions were similar
at later timepoints, predictions were widely different at 6
and 12 months post-outbreak, likely due to the lack of data
at these timepoints and differences in assumptions between
models. These results highlight the need for robust datasets to
develop accurate models. Further studies in Vietnam or other
endemic settings should include earlier timepoints to more
accurately describe the dynamics of the extinction of the FMDV
carrier state.

In contrast to the Vietnam study, the models differed in their
estimates of duration and significance for the by-country analyses
of the India studies. In the AFT model, the duration of persistent
infection did not differ for India-1 buffalo compared to India-
2 cattle, whereas the GLMM estimated a significantly longer
duration for India-1 buffalo. Similarly, a previous analysis of
the India-1 primary study reported that a higher proportion of
buffalo were persistently infected compared to cattle; however the
difference was not significant in that study (34). Although both
models herein estimated a shorter duration of persistent infection

for India-1 cattle compared to India-2 cattle, the difference was
only significant in the AFT model. Differences between model
results for India-1 buffalo may be due to the relatively small (n =
17) number of buffalo included in the study. Differences in results
may also be due to differences in data handling between the two
models. The input unit for the AFT was animal, whereas the
input unit for GLMM was sample, and the difference in number
of samples between the India-1 and India-2 studies was much
greater than the difference in number of animals.

Despite the differences between models, the predicted
probabilities of persistent infection among identified carriers
were largely similar between the models at 6 and 12 months post-
infection for the India analyses. The predicted probabilities of
persistent infection at 12 months post-outbreak were consistent
with previous analyses of the India data, which used the Kaplan-
Meier estimator to estimate the duration of persistent infection.
Previously, 14% of cattle were reported to be persistently infected
at 10.5 months post-outbreak in the India-1 study (28), and
the average duration of persistent infection was 13 months
in the India-2 study (19). Similar to the Vietnam analyses,
model predictions were more divergent at timepoints beyond
the sample collection period for the India studies (18 and 24
months post-outbreak).

Although model predictions were similar in the by-country
analyses for the timepoints within the collection period for
the studies, predictions were widely different when the models
extrapolated beyond the range of the data. These differences in
predictions are due to differences in data handling between the
models. AFT utilizes a single data point for each animal—the
interval in which the animal cleared the infection—and assumes
every animal is persistently infected until that interval. The model
assumes the initial proportion of persistently infected animals
is 100% and can only decrease over time (43). Additionally,
AFT models are constrained by the distribution specified when
building the model. In contrast, GLMM utilizes multiple data
points per animal—each individual sample—and animals may
have intermittent negative samples due to imperfect tests for
detection of FMDV in OPF (32). The model does not assume
an initial proportion of persistently infected animals, and the
proportion is allowed to vary over time (43). These differences in
the models result in more divergent predictions outside the data
range, particularly when a limited range of timepoints is used to
build the models. To overcome the limited ranges of timepoints
in the individual studies in our analyses, we combined all three
studies in an additional analysis to further assess the dynamics of
FMDYV persistent infection.

In the combined meta-analyses of all three studies, the
AFT and GLMM models had the same direction of change
compared to India-2 cattle for all groups except India-1
buffalo; however the significance of the change was different
for all groups except Vietnam buffalo. These results suggest
the trends of the associations between study/species group and
duration of persistence are reliable; however the significance
of the associations should be interpreted cautiously and in
consideration of the model used in the analysis. As expected,
model predictions were more similar for the combined analyses
than for the analyses by country, highlighting the benefits of
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increased sample size and range of collection times in the
combined analyses. However, based on data availability, the
current analyses were limited to studies in Asia and included
mostly vaccinated animals as well as relatively low diversity of
FMDV strains. Vaccination does not protect against persistent
infection, and previous studies have shown no difference in the
proportion of carriers among vaccinated and naive animals (8,
44, 45). Therefore, vaccination likely does not affect the duration
of persistent infection, however this should be investigated in
future studies. Due to the potential variability across viral strains,
environmental conditions, and host genetic backgrounds, future
studies should assess FMDV persistent infection across a wider
geographical area and virus diversity.

Additionally, both models assume no reintroductions or
incursions of novel FMDVs during the primary studies. This
assumption was based upon official records from DAH, Vietnam
and herd health records for the India studies that indicated no
new outbreaks of FMD occurred in the herds contributing to the
primary studies (19, 28). Additionally, viral sequences obtained
from consecutive samples from a subset of the animals indicated
these animals were not re-infected with a different FMDV strain
(27, 34). Neoteric subclinical infection (5) was largely ruled out
by lack of detection of sequences of novel strains within the
geotemporal space of the primary studies (27, 34), but cannot be
completely excluded since sequence data could not be obtained
from every sample from which FMDV RNA was detected.

In the meta-analyses, the AFT and GLMM models predicted
>98% and 75-91% probability of persistent infection in
seropositive animals at 6 months post-outbreak, respectively.
In contrast, a previous meta-analysis of four experimental
studies reported only 52% of animals were persistently infected
at 6 months post-outbreak (13). The longer duration of
persistent infection in the current study may reflect differences
in infection dynamics between natural and experimental
conditions, including controlled exposure and small sample
sizes in experimental studies. Model predictions at 12 months
post-outbreak were consistent with a previous field study which
reported 20% of animals were persistently infected 12 months
post-outbreak (46). In contrast, a previous probability analysis
reported substantially lower (0.7%) probability of persistent
infection at 12 months post-outbreak (25). The wide discrepancy
between this previous analysis and the current analyses may
be due in part to differences in study design. For example, the
three primary studies in the current analyses were longitudinal
studies, specifically intended to monitor viral extinction in
carriers, and included only animals with previous exposure to
FMDV (Vietnam) or identified carriers (India). By contrast,
the Bronsvoort et al. (25) study used a cross-sectional study
design and included unexposed animals as well as animals
previously exposed to FMDV. Furthermore, the previous analysis
was also limited to a single study setting, with accompanying
limitations on sampling times post-outbreak and host, viral, and
environmental factors. The current study used detection of viral
RNA in OPF to determine carrier status. RNA detection by
rRT-PCR may be more sensitive than virus isolation (VI) under
some circumstances (47, 48), which would result in a higher
apparent prevalence of carriers in these analyses. However, in

a previous analysis of the India-1 study herein, the duration of
persistent infection was not different as determined by rRT-PCR
or VI (34). Similarly, other experimental studies have reported
comparable sensitivities for rRT-PCR and VI (8), suggesting
that viral RNA detection similarly reflects the true carrier status
of an animal. The current study attempted to improve upon
previous analyses of the extinction of the FMDV carrier state by
combining data from three distinct primary studies to develop
mathematical models that represent the dynamics of persistent
infection, and then use the models to predict the probability
of persistent infection at specified times post-outbreak. These
analyses provide a more tailored approach to the development
of control measures to minimize the risk posed by persistently
infected animals.

Overall, the two models produced similar predictions in
the combined analyses, suggesting that either model may be
satisfactory for describing the dynamics of FMDV carrier state
extinction. Researchers should consider which model is more
appropriate for a particular study based on the study design,
data structure, and whether model assumptions are biologically
appropriate. Additionally, results should be interpreted in
consideration of the model used for analyses. Our results
suggest that when only cross-sectional data are available, a
GLMM approach may be suitable to model the probability
of FMDV persistent infection in the study population. Cross-
sectional studies are less expensive and can be completed
faster than longitudinal studies, offering advantages in risk
assessment relating to persistently infected animals in an endemic
population. However, detection of virus in OPF is inconsistent
(6, 14, 19, 49), and cross-sectional studies may, therefore,
underestimate the proportion of persistently infected animals
at any given time post-outbreak. Additionally, a wide range
of times post-outbreak is needed to more accurately model
persistent infection dynamics, and repeated cross-sections may
be needed to achieve this. As demonstrated in the current study,
meta-analysis of several longitudinal studies can overcome some
limitations of individual studies, such as small sample size and
limited sampling frequency, while providing a more robust view
of viral dynamics within animals over time. Furthermore, this
approach can help researchers and disease control experts better
understand how persistent infection varies across populations.

CONCLUSION

FMDYV persistent infection causes a substantial economic burden
on endemic countries due to trade restrictions, which have
traditionally treated persistent infection as a binary state
(present/absent) with a fixed duration. However, persistent
infection is a dynamic process, and statistical models can be
useful to assess the decreasing probability of persistent infection
at increasing times post-outbreak. Additionally, meta-analysis
reduces the impact of limitations in individual studies. In
the current study, the AFT and GLMM models predicted
similar probabilities of persistent infection at 18 and 24 months
post-outbreak, while the probability of detection of persistent
infection was higher using the AFT model at 6 and 12 months
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post-outbreak. Because it may over-estimate probabilities at
earlier timepoints, the AFT model is the more cautious approach
for designing policies to reduce or eliminate the potential
risk presented by persistently infected animals following an
FMD outbreak. Additional studies with larger sample sizes and
expanded meta-analyses, including more primary studies, are
likely to provide more nuance and depth to our understanding
of this dynamic process, leading to an improved understanding
of FMDV persistent infection after outbreaks and how to predict
and manage this disease state.
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Pooled milk is used for the surveillance of several diseases of livestock. Previous studies
demonstrated the detection of foot-and-mouth disease virus (FMDV) in the milk of
infected animals at high dilutions, and consequently, the collection of pooled milk samples
could be used to enhance FMD surveillance. This study evaluated pooled milk for FMDV
surveillance on a large-scale dairy farm that experienced two FMD outbreaks caused
by the A/ASIA/G-VII and O/ME-SA/Ind-2001d lineages, despite regular vaccination
and strict biosecurity practices. FMDV RNA was detected in 42 (5.7%) of the 732
pooled milk samples, and typing information was concordant with diagnostic reports
of clinical disease. The FMDV positive milk samples were temporally clustered around
reports of new clinical cases, but with a wider distribution. For further investigation, a
model was established to predict real-time RT-PCR (rRT-PCR) C+ values using individual
cattle movement data, clinical disease records and virus excretion data from previous
experimental studies. The model explained some of the instances where there were
positive results by rRT-PCR, but no new clinical cases and suggested that subclinical
infection occurred during the study period. Further studies are required to investigate
the effect of vaccination on FMDV excretion in milk, and to evaluate more representative
sampling methods. However, the results from this pilot study indicate that testing pooled
milk by rRT-PCR may be valuable for FMD surveillance and has provided evidence of
subclinical virus infection in vaccinated herds that could be important in the epidemiology
of FMD in endemic countries where vaccination is used.

Keywords: foot-and-mouth disease, surveillance, pooled milk, subclinical infection, vaccination, real-time RT-PCR

INTRODUCTION

Milk has been exploited for the surveillance of several pathogens of livestock including bovine viral
diarrhea virus (1, 2), Schmallenburg virus (3), Coxiella burnetti (4), bovine respiratory syncytial
virus (5), and Neospora caninum (6). The use of pooled milk samples has also been validated as
a rapid, cost-effective approach for the routine surveillance of diseases such as brucellosis (7) and
mastitis caused by Mycoplasma spp. (8).
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Previous experiments have shown that the mammary gland
is an organ that is highly susceptible to foot-and-mouth disease
virus (FMDV) replication, and FMDV can be detected in milk
from experimentally infected animals before, during and after
the appearance of clinical signs (9-13). Additionally, it has been
demonstrated that FMDV can be detected and typed by real-
time reverse transcription polymerase chain reaction (rRT-PCR)
assays in milk from naturally infected cattle in endemic scenarios
and during an outbreak in a normally FMD-free country (9, 14).
Previous studies (9, 13) have suggested that it could be possible
to identify one acutely-infected milking cow in a typical-sized
dairy herd (100-1,000 individuals) using milk from bulk tanks or
milk tankers. This theory was based on the detection of FMDV
RNA in milk samples, collected from infected cattle, that had
been highly diluted over 10,000-fold in negative milk. Simulation
modeling using these data (13, 15, 16) support the requirement
for further research to assess the use of pooled milk as a useful
tool to enhance FMD surveillance.

Collection of pooled milk at the herd level could offer a
representative sampling framework for FMD surveillance on
large-scale dairy farms in endemic countries. Milk is routinely
collected and has several advantages over vesicular material or
serum by being non-invasive and potentially less susceptible to
selection bias in targeted (risk-based) surveillance. For example,
the use of milk does not rely on disease reporting by farmers
or veterinary professionals, and sub-clinically may be confirmed
using milk which would otherwise go undetected (14).

Results from the studies mentioned above have motivated
further investigations using pooled milk from different
production systems in endemic settings. Saudi Arabia is an
FMD endemic country in which a range of production systems
exist, including nomadic and small-scale herds containing small
ruminants and cattle, and large-scale dairy production systems
(17). Large-scale dairy farms can house in excess of 20,000
cattle, and often keep detailed records of individual cattle health,
movements, milk yields and vaccination status (18-20). In
recent years, Saudi Arabia has experienced outbreaks due to viral
lineages that are not normally present in this region, including
the A/ASIA/G-VII and O/ME-SA/Ind-2001 lineages (21, 22).
These FMD outbreaks also affected large-scale dairy farms,
despite regular vaccination and strict biosecurity practices,
where milk was being routinely collected as part of a herd health
monitoring program (18, 20).

The aim of this study was to validate the use of pooled
milk for the surveillance of FMD in large-scale dairy production
systems in Saudi Arabia which would also inform potential
targeted/risk-based surveillance in FMD-free countries in the
event of an outbreak. The specific objectives were to (i) validate
the use of pooled milk collected from a large scale dairy
farm in Saudi Arabia for the detection and characterization of
FMDYV by real-time rRT-PCR; (ii) compare the results obtained
by FMDV rRT-PCR with clinical incidence; (iii) model the
predicted Ct values of pooled milk samples based on detailed
epidemiological data available from the farm; (iv) estimate the
sensitivity and specificity of this surveillance approach to assess
the usefulness of pooled milk as a cost-effective, non-invasive
surveillance tool.

MATERIALS AND METHODS
Study Area and Population

The study area was a large-scale dairy farm located in central
Saudi Arabia. The farm housed approximately 4,000 Holstein
Friesian cattle and was organized into management houses (H).
Lactating groups (n = 17) were milked four times a day. The
farm had a fenced outer perimeter and there were no other
FMD susceptible livestock or wildlife present on the farm. The
study population was all cattle on the farm that were in lactating
groups during the study period (10/09/2015 to 25/02/2016). The
farm had electronic recording systems for monitoring individual
animal health and movements. Lactating cattle were regularly
vaccinated every 105 days with a killed, aqueous adjuvanted
(aluminum hydroxide and saponin), NSP purified FMD vaccine
(containing O Manisa, 0-3039, O-PanAsia2, A Iran-05, A
Saudi-95, Asia-1 Shamir, and SAT-2 virus strains) (Aftovaxpur,
Boehringer Ingelheim Vetmedica GmbH, Ingelheim am Rhein,
Germany) (20).

In September 2015, the farm had clinical cases of FMD due to
the then emerging A/ASIA/G-VIl viral lineage (21), confirmed by
the OIE/FAO World Reference Laboratory for foot-and-mouth
disease (WRLFMD) at The Pirbright Institute, UK. In February
2016, 3 months after the last clinical case (on 12/11/2015), new
clinical cases were observed and confirmed as serotype O (ME-
SA/Ind-2001d lineage), with the last recorded clinical case on
07/03/2016. All recording of clinical cases was done by farm
staff supervised by veterinary surgeons employed by the farms
and entered into an electronic farm recording system. The FMD
case definition was any individual bovine seen with increased
salivation and any of the following additional clinical signs:
mouth lesions, feet lesions, teat lesions, fever, reduced feed intake,
and lameness. The farm policy was to isolate new cases of FMD
in a dedicated isolation facility. If the isolation facility was full, or
the number of observed cases in the group exceeded ~5%, cases
remained within groups. Milk from clinical cases continued to be
collected along with that of the other cows in the house. Animals
were moved from isolation back to the main herd either after
complete recovery, or when sufficiently recovered, depending on
available space in the isolation facility.

Pooled Milk Sampling

As part of routine herd health surveillance, milk samples were
collected using a proportional in-line milk sampler, designed to
pull a representative sample from each house, and delivered to
the farm laboratory. Throughout the study period (10/09/2015
to 25/02/2016), milk samples (n = 732) were collected twice
weekly (between 10/09/2015 and 03/12/2015), and then weekly
or on an ad-hoc basis (between 10/12/2015 and 25/02/2016) due
to the infrequency of clinical cases, until the presumed end of
the outbreak. Milk samples were collected from 17 management
houses that contained lactating cows and on an ad-hoc basis from
two houses containing cows separated due to various diseases
including FMD (the “sick-cow pen”). All milk samples were
labeled with the date and house identification number and were
stored in a freezer at —20°C until they were shipped to The
Pirbright Institute (TPI, UK) for FMDV detection.
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Laboratory Testing of Pooled Milk Samples
Viral Isolates

FMDV cell culture isolates were obtained from archival
stocks held in the WRLFMD repository. Cell culture isolate
O/SAU/1/2016 was diluted in unpasteurized whole milk, and
used as a positive control for the pan-serotypic rRT-PCR assay
and the serotype specific O (ME-SA/Ind-2001d lineage) rRT-
PCR assay. For the serotype specific A (ASIA/G-VII lineage)
rRT-PCR assay, cell culture isolate A/SAU/6/2015 was diluted in
unpasteurized whole milk and used as a positive control.

FMDYV Detection Assays

RNA extraction and the pan-serotypic rRT-PCR were carried
out as previously described using an optimized method (9).
Briefly, RNA extractions were carried out using the MagMAX™
Pathogen RNA/DNA Kit (Applied Biosystems®) using a sample
input of 200 pL on a MagMAX™ Express 96 Extraction Robot
(Applied Biosystems®) according to manufacturer’s instructions.
VetMAX™ Xeno™ Internal Positive Control RNA (Applied
Biosystems®) was added prior to extraction. Negative extraction
controls consisted of unpasteurized whole milk added to
lysis buffer.

The pan-serotypic rRT-PCR assay was performed using the
reagents, parameters and thermal cycling conditions previously
reported (23) with primers and probes described by Callahan
et al. (24). One microliter per reaction of VetMAX™ Xeno™
Internal Positive Control LIZ™ Assay (Applied Biosystems®)
was also included in the reaction mix. All rRT-PCR assays were
performed in duplicate using an Applied Biosystems® 7500 Fast
Real-time PCR System. Any milk sample with a Ct value of
<50 was considered positive, and was also tested in duplicate on
both lineage-specific rRT-PCR assays for A/ASIA/G-VII (25) and
O/ME-SA/Ind-2001d (22) using the reagents, parameters and
thermal cycling conditions previously reported. Additionally,
samples with amplification below the 0.2 fluorescence threshold
(which therefore were not considered positive) by the pan-
serotypic rRT-PCR assay (termed “inconclusive” for this study),
were also tested on the lineage specific rRT-PCR assays, as lower
Cr values have previously been observed for the A/ASIA/G-VII
rRT-PCR assay when compared with the pan-serotypic rRT-PCR
assay (25).

Development of a Model to Predict FMD
Virus Concentrations (Ct Values) in Pooled
Milk

To assess the limitations of the milk sampling approach, the Cr
values of pooled milk samples were predicted using information
supplied by the farm, and from the literature. These “predicted”
Cr values were then compared with the “observed” Cr values
obtained by the pan-serotypic rRT-PCR assays described in
the previous section. The values used for each parameter are
described below.

a) Equating Ct Value With the Number of Virus “Units”

The limit of detection of FMDV RNA in milk using the pan-
serotypic rRT-PCR assay was based on a previous experimental
cattle infection study (9), as this is the only study in the
literature that uses the same rRT-PCR methodology. In the

previous study, 10-fold serial dilutions of a whole milk sample
from an infected animal gave a limit of detection of 1076 (9).
For this study, a viral genome unit value of 1 (subsequently
referred to as a “virus unit”) was assigned to this last dilution
at which FMDV RNA could be detected (i.e., 107°), and
subsequent virus unit values were assigned to each 10-fold
dilution on a log scale (Figure1). Linear regression was
applied so that a Ct value could be predicted from the fit, when
the total virus unit value (V) in the pooled milk was known
(R? =0.9612,y = —4.155x + 48.75).

b) Estimating the Number of Virus Units Excreted per Cow at
Each Stage of Infection (Ui)

Using data from a previous cattle challenge study (9),
FMDV RNA could be detected by the pan-serotypic rRT-PCR
assay in the milk between 3 and 28 days post infection (DPI),
and clinical signs were first observed at 4 DPI. As the day of
infection for each cow on the large-scale farm in Saudi Arabia
was unknown, the model assumed that the day clinical signs
were first recorded was day [D] 0. Consequently, an excretion
profile was created using the mean Cr values based on data
collected from two in-contact animals from the challenge
study (9) between D-1 to D24, subsequently referred to as
the “stage of infection” (i) in the model (Figure 2). Missing
values were interpolated, by retrieving values from the fitted
line between the two nearest values. From these Cr values, the
virus unit value (U) was predicted for each stage of infection
(i) using the linear regression model fitted in Figure 1.

Previous studies have described a reduced level of virus
excretion in nasal fluid, saliva, and esophageal-pharyngeal
fluid sample types in vaccinated vs. non-vaccinated animals
(26-28). As the effect of vaccination on the duration of
excretion or quantity of FMD virus in the milk is unknown,
additional factors were included to account for this possibility,
as milk samples in this study were collected from regularly
vaccinated cattle. Data from previous studies were therefore
used to inform the model (26-29), where significantly lower
levels of viral excretion (by over 10? copies/ml) were observed
in vaccinated animals compared with unvaccinated animals.
Consequently, in the model prediction for this study, three
“levels” of viral excretion were adopted: “1” as described above
(no vaccination), and then 10-fold reductions of “1/10” and
“1/100” (Figure 2). In the model prediction, each (“1,” “1/10,
and “1/100”) virus unit value for each stage of infection (i) was
used separately to determine the effect this change has on the
resulting Cr value in the pooled milk sample. Additionally,
the reduction was assumed to remain constant throughout the
course of infection (D-1 to D24).

c) Determining the Number of Cattle at Each Stage of
Infection (Ni) per Sampling Date (t)

Using records of the onset of clinical signs for each cow
and the movement data of individual cows between houses
available from the farm, the number of cows at each stage of
infection (N;) per sampling date () per house was calculated.

d) Determining the Reduction in Milk Yield for
Infected Cattle

The only milk yield data available from the farm was the
average milk yield per house, per sampling date. To enable
simplification of the model, it was assumed that in each
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house all lactating cows produced equal volumes of milk (M,,)
which was considered a reasonable assumption as cattle were
placed into houses on the basis of stage of lactation and
milk production.

Due to limited studies quantifying the reduction in milk
yield during FMDV infection in highly vaccinated cattle,
original milk yield data from a large-scale Holstein-Friesian
dairy farm in Kenya that reported a FMD outbreak in August
2012 (30, 31), were used to inform this study. For our study,
the mean milk yield from 189 cattle was calculated for each
5 day period during infection (DO to D4, D5 to D9, D10 to
D14, D15 to D19, D20 to D24) as a percentage of the mean
yield before infection (“normal yield”: D-10 to D-1). ANOVA
and Welch two sample T-tests demonstrated a significant
difference between D5 to D9 and normal yield (p = 0.001),
where the value of D5 to D9 was found to be 87% of the
“normal yield.” Therefore, a value of 87% of the normal yield
(M;) was employed for each cow at stage D5-D9 of infection
when determining the final number of virus units in a pooled
milk sample.

e) Determining the Final Number of Virus Units in a Pooled
Milk Sample per Sampling Date [F(t)].

Using the input parameters calculated in a) to d), the
final number of virus units in a pooled milk sample per
sampling date [F(t)], per house, can be calculated using the
following equation:

2 MUNi(t)

i=

F(t) =
O = ST MNG + MoH - X N

Where:
e N; is the number of cows at infection stage i
Ui is the number of virus units excreted per cow at infection
stage i
e M; is the amount of milk produced by a cow in infection
stage i
e My is the amount of milk produced by a healthy cow
e H is the total number of cows contributing to the milk pool
f) Predicting Ct Values for Each Sampling Date (t)
Using the value of F(t) for each house the Ct value was
predicted from the linear regression model fitted in section
Equating Cr value with the number of virus “units.”

Statistical Analyses

All data analyses were performed using R (version 3.5.3) (32)
within the RStudio IDE (33). In order to compare the “observed”
Cr values obtained from pooled milk samples with “predicted”
Cr values, values were plotted for visual comparison. For each
sampling date (t), “predicted” and “observed” Cr values were
assigned a 0 or 1 for a negative (Cr of >50) or positive (Cr of
<50) result, respectively. Additional diagnostic cut-off Ct values
of 45 and 40 were also investigated. Contingency tables were
constructed for each house, and for all houses combined using
each virus unit value level (i.e., “1,” “1/10,” and “1/100”), for which
sensitivity, specificity, the proportion of observed agreement
(Aops) and the Cohen’s Kappa statistic (k) (34) were calculated.
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FIGURE 1 | Linear regression used to predict Cr values from total virus unit
values. Data taken from limit of detection studies performed by Armson et al.
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FIGURE 2 | Virus unit values (U) were assigned to each stage of infection (i)
between days —1 and day 24 post infection, based on mean Cr values of two
animals in studies performed by Armson et al. (9) (closed circles). Open
squares and triangles indicate the Cr values represented by “1/10” virus units,
and “1/100” virus u