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Foot-and-mouth disease (FMD) has not been reported in the U.S. since 1929.
Recent outbreaks in previously FMD-free countries raise concerns about potential FMD
introductions in the U.S. Mathematical modeling is the only tool for simulating infectious
disease outbreaks in non-endemic territories. In the majority of prior studies, FMD
virus (FMDyv) transmission on-farm was modeled assuming homogenous animal mixing.
This assumption is implausible for U.S. beef feedlots which are divided into multiple
home-pens without contact between home-pens except fence line with contiguous
home-pens and limited mixing in hospital pens. To project FMDv transmission and clinical
manifestation in a feedlot, we developed a meta-population stochastic model reflecting
the contact structure. Within a home-pen, the dynamics were represented assuming
homogenous animal mixing by a modified SLIR (susceptible-latent-infectious-recovered)
model with four additional compartments tracing cattle with subclinical or clinical
FMD and infectious status. Virus transmission among home-pens occurred via
cattle mixing in hospital-pen(s), cowboy pen rider movements between home-pens,
airborne, and for contiguous home-pens fence-line and via shared water-troughs.
We modeled feedlots with a one-time capacity of 4,000 (small), 12,000 (medium),
and 24,000 (large) cattle. Common cattle demographics, feedlot layout, endemic
infectious and non-infectious disease occurrence, and production management were
reflected. Projected FMD-outbreak duration on a feedlot ranged from 49 to 82
days. Outbreak peak day (with maximum number of FMD clinical cattle) ranged
from 24 (small) to 49 (large feedlot). Detection day was 4-12 post-FMD-introduction
with projected 28, 9, or 4% of cattle already infected in a small, medium, or
large feedlot, respectively. Depletion of susceptible cattle in a feedlot occurred
by day 23-51 post-FMD-introduction. Parameter-value sensitivity analyses were
performed for model outputs. Detection occurred sooner if there was a higher
initial proportion of latent animals in the index home-pen. Shorter outbreaks were
associated with a shorter latent period and higher bovine respiratory disease
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Cabezas et al. FMD Transmission in Beef Feedlots

FIGURE 5 | The fractional contributions of select target parameters to the variance in each the outbreak peak day with highest number of clinical cattle and the total
outbreak duration in the feedlot since the foot-and-mouth disease introduction, estimated based on n = 2,000 simulated outbreaks in each of the feedlot size and
layout cases modeled. Multivariable linear regression models were developed for each of the outcome variables of the projected outbreak peak day and outbreak
duration and the target parameters as the predictor variables. For each outcome, the final regression model adjusted R? statistic was partitioned to obtain the
fractional contributions of the target parameters to the projected outcome variance. Outcomes: Peak—outbreak peak day, Duration—duration of the outbreak. Target
parameters: beta transmission parameter for FMD virus transmission via direct cattle contact [Beta transmission parameter]; morbidity rate of bovine respiratory
disease (BRD) during the first 30 days since cattle placement in the feedlot [BRD morbidity rate]; initial proportion of FMD latent cattle in the index home-pen
[Proportion of latent cattle in index pen]; fraction of the daily saliva volume produced by an animal that is deposited into the home-pen environment [Fraction of saliva
into environment]; and the durations of the FMD latent period [Duration of latent period], infectious period [Duration of infectious period], and subclinical period
[Duration of subclinical period] in individual cattle. Feedlot size and layout cases modeled: FS1 is a 4,000 cattle feedlot with one hospital-pen; FM1 is a 12,000 cattle
feedlot with one hospital-pen; FM2 is a 12,000 cattle feedlot with two hospital-pens; FL1 is a 24,000 feedlot with two hospital-pens; and FL2 is a 24,000 cattle feedlot
with four hospital-pens (in all the layouts n = 200 cattle per home-pen).

—4.5, and —5; a higher value of o represents a higher intensity of  strains, e.g., depending on the strain virulence (40). Other strain
the airborne transmission. There was no significant difference in  characteristics can also vary, e.g., transmissibility via direct
the median outbreak duration (p > 0.05 for the post-hoc multiple ~ animal contact (reflected by the B transmission parameter value)
comparisons test) in FS1, FM1, or FM2 with a change in the value  or airborne (reflected by the a parameter value in the airborne
of « (Figure 7). In each FL1 and FL2, the outbreak duration was  transmission Kernel function). We analyzed sensitivity of the
shorter with a higher value of «. In FL1, the median outbreak  projected outbreak duration and peak day to potential differences
duration was 68 days with the highest & of —3 and 82 days  inthe FMD strain characteristics associated with different disease
with the lowest « of —5 (Figure 7). Similarly, in FL2 the median  period durations. A longer FMD latent period in individual cattle
outbreak duration was 77 days with o of —3 and 92 with o« of —5  was associated with a later outbreak peak day and longer outbreak

(Figure 7). duration in all the feedlot size and layout cases modeled (Table 4).
The transmission can be delayed since it takes longer for the
DISCUSSION animals to become infectious. A longer infectious period was also

moderately correlated with outbreak duration and showed a weak
The initial parameter values were assigned based on available = negative correlation with days to peak infection in FM1, FS1, and
data (Table 1). The available data are often for the serotype  FS2. A paper published after development of this model used
O that is the most prevalent serotype world-wide (2, 41) and  experimental data and application of an Accelerated Failure Time
responsible for recent epidemics in non-endemic countries with ~ model to estimate FMD disease periods and 95% confidence
large livestock populations, such as the UK, France, Netherlands,  intervals but not fitted distributions (48). Their estimates are
South Korea, and Japan (42-47). However, the durations of the  contained within the bounds of our model parameters for disease
infection and disease stages in cattle can vary among FMDv  periods derived from Mardones et al. (32). Notably their point
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FIGURE 6 | Boxplot of the projected duration of a foot-and-mouth disease outbreak on a U.S. beef cattle feedlot for n = 2,000 simulated outbreaks in the feedlot of
that size and layout sampling the values of the target parameters, when the full model incorporating all the routes of FMD virus transmission among the home-pens or
a model with one of the transmission routes excluded was simulated. a—all the routes of FMD virus transmission among home-pens incorporated, b—transmission
via direct contact of cattle in the hospital-pens excluded; c—fence-line transmission between cattle in neighboring home-pens excluded; d—transmission of virus
contaminated material between home-pens by the pen-riders excluded; e—transmission via contaminated water-troughs excluded; and f—airborne transmission
excluded. Feedlot size and layout cases modeled: FS1 is a 4,000 cattle feedlot with one hospital-pen; FM1 is a 12,000 cattle feedlot with one hospital-pen; FM2 is a
12,000 cattle feedlot with two hospital-pens; FL1 is a 24,000 feedlot with two hospital-pens; and FL2 is a 24,000 cattle feedlot with four hospital-pens (in all the
layouts n = 200 cattle per home-pen).

estimate of the latent period is shorter and of the infectious  due to costs of the associated restrictions on international trade,
period is longer than our point estimates. In each case our  animal depopulation or other control measures, and production
distribution includes the estimates from Yadav et al. (48). Our  losses (49).

sensitivity analysis suggests that both the latent period and the The routes of direct and indirect FMDv transmission between
infectious period may be influential in outbreak dynamics. A home-pens in the feedlot were explicitly reflected in the model.
shorter latent period may decrease the time to peak outbreak  The virus transmission from cattle with clinical and subclinical
and increase the duration of the outbreak and a longer infectious ~ FMD via direct contact with susceptible cattle from other
period my increase the duration of the outbreak. Overall, these =~ home-pens occurred in the hospital-pen(s) and fence-line for
results suggest that characteristics of the FMDv strain will  contiguous home-pens, along with the indirect waterborne,
likely impact the transmission dynamics within the feedlot and  environmental, and airborne transmission. Of all the direct
outbreak characteristics. Given that the last documented FMD  and indirect between-home-pen transmission routes, the direct
outbreak in the U.S. was in 1929 (4), an introduction of any  transmission in the hospital-pen(s) had the largest impact on
FMDv strain would severely impact the U.S. livestock sector  the outbreak duration in the median and large size feedlots that
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FIGURE 7 | Boxplot of the projected duration of a foot-and-mouth disease outbreak on a U.S. beef cattle feedlot for n = 2,000 simulated outbreaks in the feedlot of
that size and layout sampling the values of the target parameters, depending on the power (o) of the function of an exponential decay in the probability of airborne
FMD virus transmission with increasing distance between home-pens. “Baseline value used to simulate the models for the other analyses. Feedlot size and layout
cases modeled: FS1 is a 4,000 cattle feedlot with one hospital-pen; FM1 is a 12,000 cattle feedlot with one hospital-pen; FM2 is a 12,000 cattle feedlot with two
hospital-pens; FL1 is a 24,000 feedlot with two hospital-pens; and FL2 is a 24,000 cattle feedlot with four hospital-pens (in all the layouts n = 200 cattle per

operated one hospital-pen per home-pen section (FM1 and FL1)
(Figure 6). In the medium and large feedlots that operated two
hospital-pens per section (FM2 and FL2), the fence-line direct
transmission had the largest impact on the outbreak duration
(Figure 6). Note that while the FMDv transmissibility via direct
contact with infectious subclinical and clinical cattle and the
effective contact rates were assumed to be equal in the home-
pens and hospital-pens (Byp = By), a simplified assumption
was made that the fence-line contact rate was % of the within
home/hospital-pen rate (Bpy = PBup x 0.25). The detailed
role of the fence-line transmission can be explored in future
models. We assumed equal FMDv transmissibility via direct
contact from infectious subclinical and clinical cattle, because
experimental studies show the virus shedding to the environment

starts before the clinical signs (50-55). Such parameterization
could lead to an overestimation of the within-herd FMD
transmission rate as suggested by Kinsley et al. (31). To avoid
the overestimation, the subclinical infectiousness and clinical
infectiousness durations in our model were limited to the total
infectious period reported by experimental and field studies
(Table 1). The explicit specification of the subclinical and clinical
infectious stages can be used in the future to investigate the
contribution of animals in each of the stages to the transmission
dynamics, if data on the FMDv shedding in excretions and
secretions in subclinical and clinical animals become available.
Moreover, the developed model structure with the explicit
infection/infectiousness vs. clinical disease progression timelines
(Figure 2) enables investigating the impact of the strain
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characteristics (e.g., the sensitivity analysis reported in Table 4
and Figure 5) as well as of specific vaccine formulations and
vaccination strategies on the outbreak dynamics.

For the routes of indirect FMDv transmission—waterborne,
environmental by pen-riders, and airborne—we only considered
the contribution of cattle at the clinical high-infectious stage,
because these are known to shed the virus in all the relevant
excretions and secretions (55-57). The amount of virus shed
by cattle with clinical FMD has been previously reviewed
(35, 58-60). Data are extremely scarce on the shedding and
other parameters relevant for FMDv indirect transmission in a
feedlot; this is also relevant for the risk of transmission to other
farms. We made a number of simplifying assumptions to model
the indirect transmission in a feedlot. For the environmental
transmission, we only considered the transmission of FMDv
contaminated home-pen floor materials by pen-riders. We made
a simplifying assumption that the FMDv containing animal
secretions and excretions were evenly distributed across the
home-pen floor, though this is unlikely. We assumed a floor
material volume carried by a pen-rider between the home-
pens, and the infectivity of the contaminated materials for cattle
based on an infectious dose via per oral exposure (Table 1).
To model FMDv transmission via drinking water in the water-
troughs shared by contiguous home-pens, we made a simplifying
assumption of an equal water volume consumed per visit to
the trough by a healthy animal and an animal with FMD, and
assumed the infectivity of the contaminated water for cattle
based on an infectious dose via per oral exposure (Table 1). We
did not model a specific drinking behavior, which is variable
among cattle (61), season-dependent, and may change depending
on the FMD stage. The drinking and feeding behavior changes
during the FMD progression in cattle have not been sufficiently
described in literature to enable inclusion in the model; future
models could incorporate such data. Within limits of the current
model structure and parameterization, the sensitivity analysis
showed that neither the environmental FMDv transmission by
pen-riders nor the transmission via contaminated drinking water
substantially contributed to the projected outbreak duration
(Figure 6). Other routes of indirect FMDv transmission, e.g.,
via contaminated fomites or personnel movement other than
the pen-riding, may contribute to the transmission dynamics in
feedlots but were not reflected in the model due to the lack of data
for the parameterization.

The airborne FMDv transmission was influential on the
outbreak duration (Figure 6). In the small FS1 feedlot, without
the airborne transmission the projected outbreak duration
varied significantly (Figure 6). This suggests the airborne
transmission may contribute to a rapid and short outbreak in
such feedlots with close spatial proximity of the home-pens. In
the feedlots with multiple sections of home-pens (FM2, FLI,
and FL2) in which 1-2 hospital-pens were operated for each
home-pen sections, the airborne transmission was the only
route of FMDv transmission responsible for the virus spread
between the sections of home-pens. Without such transmission,
only the index home-pen section was affected producing a
shorter outbreak while the other home-pens sections remained
uninfected. Hagerman et al. (62) showed that weather conditions

are permissive of airborne FMDv spread in parts of the U.S.
with significant beef cattle populations. However, no data is
available on the expected intensity of the spread. To model
a decreasing probability of airborne FMDv transmission with
an increasing distance between home-pens in a feedlot, we
adopted a Kernel function and its parameter values fitted
by Boender et al. (24) to data from the UK 2001 FMD
epidemic. This was an approximation since the parameter values
were for the total probability of FMD spread via all routes
among the cattle herds in the UK. To evaluate significance
of this approximation, we investigated the impact of varying
the key parameter of the function (the power o of the
exponential decay in the airborne transmission probability with
an increasing distance between home-pens) on the projected
outbreak duration. The average outbreak duration was not
significantly affected (Figure 7). However, in the large feedlots
(FL1 and FL2) the outbreak duration was more variable when
there was a lower probability of the airborne FMDv transmission
via a given distance (a lower a value) (Figure 7). This suggests
the airborne transmission can contribute to more predictable,
shorter outbreaks even in larger feedlots. A simulation study
by Donaldson and Alexandersen (63) showed a 100 infected
cattle at a source would be enough for the virus to travel up
to 1km and infect a susceptible host which might suggest that
within a medium to large beef feedlot, airborne transmission
by itself can be responsible to the FMDv spread to the
entire population. The airborne transmission might play a
large role also for FMD spread between U.S. beef feedlots,
because of the concentration of cattle farms within defined
geographical areas, such as the Central United States where
the majority of cattle is concentrated (62, 64). Environmental
conditions however severely impact the airborne FMDv survival
and transmission, and in turn depend on factors, such as
seasonality and geographical location of the feedlot within the
country (62).

The initial proportion of latent cattle in the index home-
pen varied between a 0.5 and 10% and the BRD morbidity
rate were not influential on the outbreak duration or peak day
(Table 4 and Figure 5). We considered the cattle pulled to the
hospital-pen(s) due to BRD as the main risk factor for contact
of cattle from different home-pens during the first 30 days of
the FMD outbreak. In our model, FMD was introduced with
cattle arriving on the feedlot; the first 30 days post-arrival is on
average the highest risk period to develop BRD in beef feedlots
(65-68). Although, that risk period can be affected by several
other factors (69-72) that were not further reflected in our model.
Beyond designating at the start of the simulations some of the
home-pens as just placed and the remainder as placed >30
days prior—to model the post-arrival BRD morbidity—we did
not explicitly model the endemic disease incidence dependent
on days on feed. Cattle in all the home-pens experienced an
equal incidence of common production diseases other than BRD
throughout the simulated outbreak. Realistically, cattle arrive
on and leave the feedlot on a continuous basis, as a home-pen
in/home-pen out.

The feedlot layout and number of hospital-pens operated
impacted on the FMD outbreak characteristics. The projected
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FMD outbreak duration was shortest for feedlots with one
hospital-pen serving one section of home-pens (Figure 8),
because cattle from the whole feedlot mixed in a single hospital-
pen. For medium or large feedlots (12,000 and 24,000 cattle,
respectively), operating a lower number of hospital-pens resulted
in a shorter outbreak (Figure 8). The outbreak peak day occurred
earlier in feedlots with one hospital-pen and there was a large
burden of the FMD clinical cattle earlier in the outbreak and
on the outbreak peak day (FS1 and FM1) (Figures 4, 8). The
epidemic curves were bi-modal in feedlots with more than one

hospital-pens (FM2, FL1, and FL2); limiting differences in the
number of cattle in the clinical stage during the outbreak. Overall,
for a feedlot of a given size, the number of clinical cattle at
the outbreak peak day(s) was lower with more hospital-pens
operated (FM2 vs. FM1, FL2 vs. FL1) (Figure 4), which can
be a result of the delayed outbreak progression due to the
segregation of the hospital-pen catchment sub-populations of
cattle. However, all the home-pens were infected during the
outbreak in all the feedlots modeled, despite the differences in
the cattle population size, number of home-pens sections per
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hospital-pen, or number of hospital-pens. These results suggest
that a reduction of cattle contact within the feedlot by operating
multiple hospital-pens, each with a defined catchment home-pen
sub-population, might slow down the outbreak progression. This
would provide time for implementing outbreak control strategies
and reduce the FMD clinical cattle burden on individual days.
On the other hand, operating a lower number of hospital-pens
might lead to a faster and shorter outbreak. If no intervention
strategies are implemented, a rapid outbreak progression might
be the best scenario, with a lower risk of FMD transmission to
other farms.

The outbreak was detected on day 4-12 since introduction
of FMD latent cattle on the feedlot, if it was detected at 3%
of clinical FMD cattle in the index home-pen (Table 2). The
time to FMD detection in cattle herds was estimated to be 21
days during the UK 2001 epidemic (42) and 13 days during
the 2010/2011 Korean epidemic (73). McLaws and Ribble (74)
reviewed the time to detection for FMD outbreaks in livestock in
non-endemic areas during 1992 to 2003; it varied from 7 to 24
days and reasons for a delayed detection included misdiagnosis
of the disease, mild clinical signs (in small ruminants), delayed
laboratory confirmation, and deliberate underreporting by the
affected farmers. Prior modeling studies of FMD dynamics in
livestock herds suggested the mean time to detection to be
10-11 days (17), 6-7 days (13), and 10-13.5 days (29) since
FMD introduction. We modeled the day of detection based on
identification of FMD clinical signs by the pen-riders during
the routine observational surveillance. Pen-riders represent the
first line of surveillance as they monitor cattle for clinical
signs of endemic diseases within the feedlots, and are generally
experienced in identifying diseased cattle (75). However, it is
important to consider the differential diagnosis as there are cattle
diseases with similar symptomatology as mentioned by Coetzer
and Tustin (56); misdiagnosis can delay the time to detection in
the field. The clinical disease severity also depends on the FMDv
strain virulence (35, 56). To account for potential delays in the
detection, we also considered the detection thresholds of 5 and
10% of FMD clinical cattle in the index home-pen. The outbreak
detection was delayed by only 1-2 days for detection at 5 or
10% compared to 3% of FMD clinical cattle (Table 2). Nelson
et al. (55) suggests the possibility to use qPCR to identify FMDv
in cattle during the pre-clinical stage. The use of a surveillance
test detecting pre-clinical FMD could potentially decrease the
time to detection, however, no such pen-side (practical) test for
cattle is currently available. The model simulations suggest that
proportion of latent cattle in the feedlot can substantially increase
from day 4 to 12 of the outbreak (Figure 8 and Table 3). This
had a larger impact in small-size feedlots which in the worst-
case scenario of detection on day 12 had up to 28% of the cattle
already infected (data not shown). Carpenter et al. (29) modeled
FMD transmission within a 1,000-cattle dairy farm; the results
suggested 65-97% of the cattle would be infected by the day of
detection at a 1 and 5% clinical FMD prevalence, respectively.
However, the animal contact structure in dairy farms differs
from that in beef feedlots. Studies modeling within-farm FMD
dynamics have shown that early detection has a large impact

on the scale of the outbreak and the success of intervention
strategies (15, 16, 23).

We modeled feedlots as a closed system in which incoming
and outgoing animals during the simulations were not
considered. While U.S. feedlots generally have continuous
turnover of cattle, once FMD was diagnosed quarantine would
result in quarantine of the infected feedlot.

To our knowledge, this is the first model of transmission
dynamics of FMD in beef feedlots. Kinsley et al. (31) modeled
FMD transmission dynamics in swine farms. They estimated
an earlier outbreak peak day—with highest number of clinical
animals—on a swine farm compared to our estimate for a
feedlot. This may be due that swine shed FMDv in larger
quantities to the environment compared to cattle (35, 51,
56); this can contribute to the rapid infection transmission
across the farm. The within-farm animal contact structure
differs between swine farms and beef feedlots, and it can
be expected that the FMDv transmissibility via different
routes varies due to the different animal contact structure,
virus shedding, and potentially virus survival in the farm
environment. However, the estimated average time to FMD
detection on a swine farm based on observation of the
clinical signs was 3-12 days post-introduction (31), which
is similar to day 4-12 in our model for beef feedlots
(Table 2).

CONCLUSIONS

This is the first model projecting FMD transmission, infection,
and clinical manifestation dynamics on contemporary U.S.
beef cattle feedlots. The model is consistent with data
available to date but can be improved with better data
on FMDv survival in within-feedlot environments (e.g., in
cattle manure and drinking water); FMDv infectious dose
depending on the exposure route for cattle that are healthy or
experience common production diseases; clinical presentation
of FMD in beef feedlot cattle depending on the strain
virulence; potential for the virus airborne transmission in
areas where the U.S. beef industry is concentrated; and
sensitivity of the routine observational surveillance of large
cattle populations to detect FMD introduction. Also, the
modeling results highlight the importance of understanding
the complex contact structure in the cattle meta-populations
within feedlots for projecting possible dynamics of FMD and
other infectious diseases. The lack of such understanding limits
the realism and granularity of current models of within-
farm dynamics of foreign animal diseases if (re)introduced
to the U.S. The developed model will be used to project
and compare impacts of FMD control strategies, such as
cattle depopulation, within-feedlot movement restrictions, and
vaccination on the outbreak progression. Finally, we emphasize
that although mathematical models are powerful tools to
understand complex systems, they are simplified representations
of real life.
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