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The quantitative relationship between the exposure dose of foot-and-mouth disease virus

(FMDV) and subsequent infection dynamics has been demonstrated through controlled

inoculation studies in various species. However, similar quantitation of viral doses has

not been achieved during contact exposure experiments due to the intrinsic difficulty of

measuring the virus quantities exchanged between animals. In the current study, novel

modeling techniques were utilized to investigate FMDV infection dynamics in groups of

pigs that had been contact-exposed to FMDV-infected donors shedding varying levels

of virus, as well as in pigs inoculated via the intra-oropharyngeal (IOP) route. Estimated

virus exposure doses were modeled and were found to be statistically significantly

associated with the dynamics of FMDV RNA detection in serum and oropharyngeal fluid

(OPF), and with the time to onset of clinical disease. The minimum estimated shedding

quantity in OPF that defined infectiousness of donor pigs was 6.55 log10 genome copy

numbers (GCN)/ml (95% CI 6.11, 6.98), which delineated the transition from the latent

to infectious phase of disease which occurred during the incubation phase. This quantity

corresponded to a minimum estimated exposure dose of 5.07 log10 GCN/ml (95% CI

4.25, 5.89) in contact-exposed pigs. Thus, we demonstrated that a threshold quantity of

FMDV detection in donor pigs was necessary in order to achieve transmission by direct

contact. The outcomes from this investigation demonstrate that variability of infection

dynamics which occurs during the progression of FMD in naturally exposed pigs can be

partially attributed to variations in exposure dose. Moreover, these modeling approaches

for dose-quantitation may be retrospectively applied to contact-exposure experiments

or field scenarios. Hence, robust information could be incorporated into models used to

evaluate FMD spread and control.
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INTRODUCTION

Early detection and rapid response to a highly contagious
pathogen such as foot-and-mouth disease virus (FMDV) may
determine the difference between a controllable outbreak and
a widespread epidemic (1, 2). The United States has been free
of FMD since 1929 (3). However, approximately two-thirds of
the countries that are members of the World Organization for
Animal Health (OIE) report occurrence of FMD according to
the OIE’sWorld Animal Health Information Database (WAHID)
(4). As part of preparedness for FMD incursions, FMD-free
countries may model simulations of plausible FMD outbreaks
to improve understanding of various temporo-spatial scales
of spread, impact, and control (5, 6). However, outcomes of
modeled approaches to any disease are limited by the extent
to which basic aspects of infection have been appropriately
parameterized.

Control strategies should be based on known mechanisms

of pathogen transmission while also considering species-specific

differences. Susceptibility to infection by distinct routes of virus

exposure varies between host species (7). For example, recent
experimental studies have shown that pigs aremore susceptible to
FMDV infection via the upper gastrointestinal tract (oropharynx)
compared to the upper respiratory tract (nasopharynx) (8, 9),
while cattle and sheep are more susceptible to infection via the
respiratory tract (10–15). This finding is consistent with previous
works demonstrating that pigs are relatively resistant to FMDV
infection via exposure to aerosolized virus (16). Even though
multiple routes (mechanisms) of virus entry are plausible during
direct contact exposure, identification of the oropharyngeal
tonsils as sites of primary and sustained viral replication in pigs
suggests that transmission occurs mainly via the oral route (17).
This understanding of pathogenesis of FMDV in pigs allows
for the design of experimental studies which better replicate
natural exposure. Such controlled experimental studies provide
a foundation for our understanding of disease transmission and
allow modelers to estimate disease spread and evaluate control
options in a population.

Moving from experimental studies to FMD transmission
models requires understanding and quantification of the factors
involved in transmission. For example, the cumulative exposure
dose that a contact animal receives during exposure to an
infectious animal is dependent on both the amount of virus
shedding from the infectious animal as well as the duration of
the contact. The resultant exposure will affect the likelihood
of transmission and may influence the infection dynamics in
the contact animal (18, 19). However, studies estimating the
dose of FMDV required to cause infection in pigs during
direct contact exposure are lacking. To our knowledge, there
is only one published investigation in which the exposure dose
transmitted to contact pigs was estimated by quantification
of FMDV RNA in nasal swabs of donor pigs that had been
artificially (intradermal and subcutaneous heel-pad) inoculated
with FMDV serotype O strain UKG/2001 (19). That study
found that the quantity of virus shed by donors was related
to transmission, and a threshold amount of virus shedding
was required for transmission to occur. However, the study

did not estimate the exposure dose received by contact
pigs. In addition, a previous study investigating the effect of
altered contact time on transmission efficiency demonstrated
substantial differences between different FMDV strains (18).
Hence, additional studies estimating the dose required for
infection during direct contact exposure and exploring other
strains of FMDV are needed.

It has been shown that altering the challenge dose of directly
inoculated pigs may affect the dynamics of FMDV shedding, as
well as the time to onset of viremia and clinical disease, which
are critical parameters to model and predict FMDV (8, 20–22). It
can thus be hypothesized that variations in the effective challenge
dose during contact exposure would similarly result in varying
clinical and virological progression of the disease. In particular,
shedding of lower quantities of FMDV during the early phase of
infection may delay the onset of infectiousness and may thereby
have substantial impact on disease detection (i.e., delay the onset
of clinical signs) and dissemination of infection during the early
phases of an outbreak.

The aim of the current study was to model exposure doses and
dose-dependency of FMD infection dynamics in pigs infected
with FMDV by contact exposure to inoculated donor pigs at
different stages of disease. The compiled data from different
experimental IOP-inoculated and contact-exposed groups of pigs
were categorized based upon similarities in infection dynamics.
The effective exposure dose was estimated and compared
for each of the categories with different infection dynamics.
The output of this investigation may be incorporated into
FMD transmission models to better predict outbreak size and
severity.

MATERIALS AND METHODS

Animal Experiments
The analyses presented herein are based on data derived from
a series of three complementary experimental studies, defined
herein as Study A, B, and C (Table 1) (8, 23, 24). These studies
were originally designed for the purpose of investigating FMDV
pathogenesis and transmission in pigs, with minor variation in
study design across experiments. However, all of the included
experiments utilized the same source virus strain under similar
conditions. The virus used for all experiments was a cattle-
derived strain of FMDV A24 Cruzeiro that had been passed once
in pigs, as previously described (18). All animal experiments were
performed within the BSL-3Ag containment facility at the Plum
Island Animal Disease Center, NY. Experimental protocols were
approved by the Institutional Animal Care and Use Committee
(protocol 231-11-R).

In brief, all experimental studies were comprised of pigs
that were exposed through either intra-oropharyngeal (IOP)
inoculation or, through direct contact exposure via cohabitation
with IOP-inoculated pigs (Table 1). The IOP inoculation system
is a simulated-natural inoculation system that is based on
recent knowledge of FMDV pathogenesis in pigs, and that has
been specifically designed to simulate natural FMDV exposure
conditions (8). Amongst all 11 IOP-inoculated pigs, 9 pigs were
inoculated with a dose of 100 50% pig heel infectious doses (100
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PHID50-from studies A, B, and C) whereas 2 pigs (from study A)
received a lower inoculation dose (10 PHID50; Table 1). The dose
titration system has been previously described (18). Study A was
designed to compare two novel simulated-natural inoculation
methods. Study B (Table 1) was designed to identify early events
in the pathogenesis of FMDV and included four additional
pigs that were infected through direct contact exposure by
cohabitation with two IOP-inoculated pigs. The duration of
contact exposure of this study was 24 h, which corresponded to
the period from 36 to 60 h post inoculation (hpi) of the donor
pigs.

Study C (Table 1) was designed to determine the transition
from latent to infectious phases in IOP inoculated pigs
(23). A previous publication based on this study provided
descriptive analyses of FMDV infection dynamics following
contact-exposure, and demonstrated that transmission of FMDV
occurred prior to the onset of clinical signs. The design of study
C comprised seven groups of five susceptible pigs per group that
were sequentially exposed to one group of five IOP-inoculated
donor pigs through successive 8 h periods of co-habitation. The
first group of contact pigs was introduced to the room with the
IOP-inoculated donors at 8 hpi and removed from the room
with the donors at 16 hpi. Subsequent contact groups were
successively introduced into the room housing the donor pigs
until all seven groups had been exposed, at 64 hpi. Each group
of contact-exposed pigs was housed in a separate isolation room
after the exposure period.

Sample Analysis
All of the studies included monitoring of FMDV infection
dynamics through standardized clinical examinations and
quantitation of FMDV RNA in blood and oropharyngeal (OP)
swabs. Whole blood and OP swabs were collected at pre-
determined time points (Table 1) and were centrifuged to extract
serum and oropharyngeal fluid (OPF). FMDV quantitation
was done by qRT-PCR as previously described (15, 25). qRT-
PCR-generated Cycle Threshold (CT) values were converted
to genome copy numbers (GCN) using the following equation
[log10 GCN/ml = ((54.899− CT value)/ 3.690) + Z], where
Z is 0.4 for OPF and 0.0 for serum samples, generated from
analyses of a dilution series of in-vitro generated FMDV RNA of
known quantities (25). In order to convert directly quantitated
RNA values to infectious dose equivalents (expressed as 50%
tissue culture infectious dose; TCID50), RNA was quantitated
in parallel with virus titration of an FMDV A24 high-titer stock
on LFBKαvβ6 cells as previously described (26, 27). Specifically,
a 10-fold dilution series of this virus stock was subsequently
analyzed by qRT-PCR (25) to generate corresponding CT values
to known TCID50 equivalents. Thus, defining the numerical
relationships between CT values to GCN and CT values to
TCID50 equivalents, enabled the conversion from GCN to
TCID50 equivalents (Table S1).

The progression of clinical FMD was monitored
through clinical examinations during which a standardized
cumulative scoring system was used to assess appearance
and dissemination of characteristic (vesicular) FMD lesions
(23).
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Statistical Analysis
All statistical analyses were performed in R version 3.2.3 (28) in
R Studio (29). Generalized Additive Mixed Models (GAMMs)
using FMDV RNA dynamics in serum and OPF as dependent
variables were fit using the mgcv package (30). Mixed effect
logistic regression models modeling presence of vesicular lesions
(clinical signs of FMD) as a response variable were fit using
Penalized Quasi-Likelihood, implemented with the glmmPQL
function of theMASS package in R.

In order to achieve comparable data sets across studies, the
analyses included herein were restricted to data from≤72 hpi for
IOP-inoculated pigs and≤120 h post exposure (hpe) for contact-
exposed pigs. Overall, the analyses presented herein included a
total sample size of n = 11 IOP-inoculated pigs and n = 39
contact-exposed pigs (Table 1). Merging data from these similar
experiments improved sample size and allowed for more robust
statistical analyses.

Categorizing IOP-Inoculated and Contact-Exposed

Pigs Based on Statistical Models of FMDV Infection

Dynamics
In the analyses that follow, “groups” refer to the original grouping
of the individuals within each experiment (study A, B, or C),
whereas “Categories” are the newly defined clustering based on
the statistical analyses performed in this study. For instance, the
eight contact-exposed groups (7 from study C and 1 from B) were
assigned to either Categories I, II, or III based upon differences of
their infection dynamics.

GAMMs were used to estimate the appropriate categorization
of the groups of pigs based on their infection dynamics. GAMMs
are regression models that allow modeling a response variable
as a function of smooth functions of one or more explanatory
variables. These models offer a flexible approach to assess the
relationships between the dependent variable and one or more
explanatory variables, while accounting for random effects (31).
All GAMM analyses utilized the Gaussian family with identity
link, a thin plate smoothed term for time (hours), and an
automatic selection of the amount of smoothing using cross-
validation.

Data from IOP-inoculated pigs from the three studies were
evaluated based on FMDV RNA dynamics in serum and OPF.
Two distinct Generalized Additive Mixed Models (GAMMs)
were fitted to the data. The levels of FMDV RNA in serum or
OPF were the dependent variables, whereas time (hours) and
an indicator variable for the challenge dose (low 10 PHID50 vs.
high 100 PHID50) were the explanatory variables for each model.
Individual animal identification was used as a random effect to
account for repeated measurements on the same animal. If the
groups did not differ significantly (significant differences were
determined using p< 0.05 for between group comparisons), they
were combined into a single category for further analysis.

Once the data from IOP-inoculated pigs were appropriately
combined based on the levels of FMDV RNA in serum or OPF,
the fitted curves and 95% confidence intervals (CI) of the GAMM
analyses and the analytical lower limit of detection (LOD) for
FMDV RNA as determined for the qRT-PCR detection system
were used to estimate the time to FMDV RNA detection in OPF

and serum for each category of animals. The analytical lower limit
of detection was calculated to be 2.68 log10 GCN/mL for serum
and 3.08 log10 GCN/mL for OPF due to different dilution steps
during sample processing. Specifically, the time to the earliest
detection of FMDV RNA for serum and OPF samples was the
time at which the fitted curve reached the respective LOD.

A similar process was then used to evaluate how to categorize
the IOP-inoculated pigs based on the presence of vesicular
lesions (clinical signs of FMD), using a 0.05 level of significance
for between-group comparisons using a mixed effect logistic
regression model. For this model, the dependent variable was
the presence or absence of vesicular lesions, the explanatory
variables were hours post inoculation and an indicator variable
for challenge dose, and the individual animal identification was
used as a random effect. Once the data from IOP-inoculated pigs
were appropriately combined, the likelihood of the presence of
vesicular lesions was estimated.

Similar to IOP-inoculated pigs, data from contact-exposed
pigs from studies B and C (Study A did not contain data from
contact pigs) were evaluated based on FMDV RNA dynamics in
serum and OPF. The only fundamental difference between the
GAMMs for the IOP-inoculated and contact-exposed was that
we accounted for heteroskedasticity by weighting by the inverse
variance within each of the pig groups in order to meet with the
model assumption of constant variance. Data from Study C was
evaluated first to determine differences between the 7 contact-
exposed groups that were sequentially exposed to IOP-inoculated
pigs through 8 h time slots from 8 to 56 hpi (23). The data from
Study B containing 4 contact-exposed pigs that had been exposed
to donor pigs from 36 to 60 hpi was then added to the Study
C dataset. The exposure period of the contact-exposed pigs of
Study B data matched the time of exposure of groups 4 through
7 from study C (32–56 hpi), but contributed unique data point
measurements at 2, 4, 12, 15, and 18 hpi, allowing for better
understanding of earlier dynamics (Table 1). The levels of FMDV
RNA in serum or OPF were the dependent variables, while time
(hours) and indicator variables based on exposure interval (in
hpi) were the explanatory variables, and the individual animal
identification was used as a random effect.

Using the combined datasets and final categories for contact-
exposed pigs, two distinct GAMMs were fitted to the data. The
levels of FMDV RNA in serum or OPF were the dependent
variables, and (a smooth function of) time (hours) and category
were the fixed explanatory variables, with individual animal
identification used as a random effect to account for repeated
measurements on the same animals.

Estimation of time to FMDV RNA detection in serum and
OPF, as well as categorization based on the presence of vesicular
lesions was performed using the same approach as described
for the IOP-inoculated exposed pigs. However, for contact
pigs, the explanatory variables were hours post exposure and
category.

Estimating Exposure Dose in Defined Categories of

IOP-Inoculated and Contact-Exposed Pigs
In order to investigate whether pigs with different infection
dynamics had been exposed to different quantities of FMDV, the
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exposure dose of defined categories of contact-exposed and IOP-
inoculated pigs were estimated and compared. Data from the
three studies were included in this analysis as shown in Table 1.
For this study, the estimated exposure dose was defined as the
fitted mean concentration of FMDV RNA, expressed as log10
GCN/ml, detected in OPF samples of contact-exposed pigs at
8 hpe; or in OPF of IOP-inoculated pigs at 8 hpi (23). The
infectious dose equivalents of all GCN values from OPF may be
converted by the equation (Table S1):

TCID50 (OPF) = −3.63+ (1.04 ∗ OPF log10 GCN/ml)

For IOP-inoculated pigs, 8 hpi represented the time at which
residual inoculumwas cleared and subsequently replaced by early
de-novo replication of FMDV at the primary site of infection
within the oropharynx. For the majority of contact-exposed pigs,
8 hpe corresponded to the end of the contact exposure period
and therefore represented a point of cumulative viral exposure
for these animals. This approach for estimating exposure dose,
allowed us to determine the quantity of virus effectively received
by each pig. For IOP-inoculated pigs, the estimated exposure
dose at 8 hpi was distinct from the inoculated dose that was
delivered at 0 hpi. For contact-exposed pigs, the estimated
exposure dose at 8 hpe differed from the estimated virus shedding
by the donor pigs at the corresponding time point. Estimating
the effective exposure dose for both IOP inoculated and contact-
exposed pigs allowed for comparable estimates between these two
cohorts.

The estimation of the exposure dose in IOP-inoculated and
contact-exposed pigs was done by fitting GAMMs as described
above, using indicator variables for categories as explanatory
variables in addition to the thin plate smooth term for time. The
exposure dose for each of the categories of contact-exposed pigs
and IOP-inoculated pigs was the fitted FMDV RNA estimate in
OPF at 8 hpe or hpi, respectively. Model outputs are referred
to as “estimated” or “fitted” values to distinguish from direct
measurements.

The relationship between the amount of virus shed by donor
pigs (FMD RNA in OPF at 8 h increments post-inoculation) and
the amount of virus present in OPF of contact pigs (FMD RNA
in OPF at 8 hpe) was examined using the data from Study C (23).
A GAMM was fitted in which the FMDV RNA in OPF of each
of the contact-exposed pigs measured at 8 hpe was used as the
dependent variable. A thin plate smooth term for the mean of
FMDV RNA in OPF of the donors at the end of each contact
period was used as an explanatory variable. The effective degree
of freedom (edf), F statistic, and a level of significance of <0.001
were used to assess the relationship. If edf = 1, it indicates that
the relation is linear, whereas if edf > 1 it is non-linear.

RESULTS

Categorizing IOP-Inoculated and
Contact-Exposed Pigs Based on FMDV
Infection Dynamics
Based on the GAMM results, there were no significant differences
(p > 0.05) between the infection dynamics of the two IOP-
inoculated dose-exposed groups [low (10 PHID50) and high (100

PHID50)] (data not shown). Therefore, all IOP inoculated pigs
were treated as one category for subsequent analyses.

The eight contact–exposed groups of pigs from studies B
and C were allocated into three categories based upon distinct
infection dynamics, as determined by the GAMM. The categories
were defined as: Category I (no clinical disease-low dose)
included contact-exposed pigs from groups 1 and 2 from study C,
Category II (delayed onset of clinical disease-mid dose) included
contact-exposed pigs from group 3 from study C, and Category
III (rapid onset of clinical disease-high dose) included contact-
exposed pigs from groups 4–7 from study C and 4 contact-
exposed pigs from study B (p > 0.05).

FMDV Infection Dynamics of
IOP-Inoculated Pigs
In IOP-inoculated pigs, quantities of FMDV RNA in OPF
samples exceeded the lower limit of detection (3.08 log10
GCN/ml) throughout the entire study period (Table 2;
Figure 1A). The estimated inoculated quantity of FMDV
RNA (sampled immediately after inoculation) was 9.78 log10
GCN/ml (95% CI 9.23, 10.33; Figure 1). However, residual
inoculum was cleared by 8 hpi as demonstrated by estimated
FMDV RNA detection of 5.77 log10 GCN/ml (95% CI 5.30, 6.24;
Figure 1, Table 2), corresponding to an estimated infectious
dose of 102.36 TCID50 (Table 3). FMDV detection in OPF
increased steadily from this point until the end of the experiment
representing de-novo viral replication. The maximum estimated
de-novo viral replication of FMDV RNA quantity in OPF was
8.95 log10 GCN/ml (95% CI 8.37, 9.54) at 64 hpi (Table 2,
Figure 1A).

Detection of viremia (FMDV RNA in serum) was estimated
to begin at 22 hpi (95% CI 18, 25) based upon a lower
limit of detection of 2.68 log10 GCN/ml (Table 4; Figure 1B).
From the earliest estimated detection in serum, FMDV
RNA quantity continued to increase until the maximum
estimated detection of 9.93 log10 GCN/ml (95% CI 9.05,
10.81) at 64 hpi (Figure 1B; Table 4). The estimated time
of detection of the presence of vesicular lesions had a

TABLE 2 | FMDV RNA detection in oropharyngeal fluid (OPF) of IOP-inoculated

pigs as estimated by Generalized Additive Mixed Models (GAMM) fitted values.

Hours Mean 95% CI

(HPI) (Log10 GCN/ml)

8 5.77 5.30, 6.24

12 5.92 5.45, 6.39

Latent 16 6.47 5.97, 6.96

18 6.56 6.09, 7.02

* 24 6.55 6.11, 6.98

32 7.63 7.06, 8.19

40 8.39 7.83, 8.96

Infectious 48 8.29 7.84, 8.75

56 8.18 7.61, 8.75

64 8.95 8.37, 9.54

*The dashed line represents the transition from latent to Infectious phase, which occurred

between 24 and 32 HPI based upon experimental detection of transmission.
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FIGURE 1 | Comparison of infection dynamics between IOP-inoculated and

Categories II and III of the direct contact-exposed pigs. (A) Estimated FMDV

RNA dynamics in oropharyngeal fluid (OPF) [using Generalized Additive Mixed

Models (GAMM)] are compared between contact categories (Categories II & III)

and IOP-inoculated pigs. The black asterisk indicates the estimated effective

exposure dose at 8 h post inoculation or exposure. The black horizontal line is

the assay detection limit (3.08 log10 GCN/ml) expressed as log10 genome

copy numbers (GCN)/ml. (B) Estimated FMDV RNA dynamics in serum (using

GAMM) are compared between contact categories (Categories II & III) and

IOP-inoculated pigs. The black horizontal line is the assay detection limit (2.68

log10 GCN/ml) expressed as log10 genome copy numbers (GCN)/ml. (C)

Estimated probability of presence of vesicular lesions are compared between

contact categories (Categories II & III) and IOP-inoculated pigs (using a mixed

effect logistic regression model). For (A–C) figures, solid lines represent the

fitted mean, while dashed lines represent 95% confidence intervals.

mean of 48 hpi (95% CI: 43, 54) (Figure 1C; Table 5).
The mixed effects logistic regression model estimated a low
probability (<0.01) of presence of vesicular lesions in an IOP-
inoculated pig as early as 24 hpi with probability increasing

TABLE 3 | Estimated infectious dose threshold, and infective exposure dose

between IOP-inoculated and contact-exposed pigs.

Estimated exposure dose

Animal category FMDV Genome copies# Infectious dose equivalentU

(log10 GCN/ml) (log10 TCID50/ml)

(mean [95% CI: Low, High])

IOP-Inoculated 5.77 [5.30, 6.24] 2.36 [1.88, 2.86]

Category I N/A* N/A*

Category II 5.07 [4.25, 5.89] 1.64 [0.79, 2.50]

Category III 6.67 [6.25, 7.08] 3.31 [2.87, 3.73]

Threshold of infectiousness

Donors 6.55 [6.11, 6.98] 10∧3.18 [2.72, 3.63]

*There was no detection of FMDV in any samples from Category I (low dose) pigs.
#Estimated log10 GCN/ml, output from Generalized Additive Mixed Models.
U Infectious dose equivalent based on linear regression model (Table S1, Supplementary

Material).

TABLE 4 | FMDV RNA detection in serum of IOP-inoculated pigs as estimated by

Generalized Additive Mixed Models (GAMM) fitted values.

Hours Mean$ 95% CI

(HPI) (Log10 GCN/ml)

0 −0.20* −1.10, 0.70

8 0.39* −0.41, 1.18

Pre-viremia 12 0.84* 0.01, 1.67

16 1.47* 0.65, 2.30

# 18 1.87* 1.06, 2.68

24 3.29 2.50, 4.07

32 5.41 4.50, 6.32

Viremia 40 7.27 6.35, 8.20

48 8.58 7.74, 9.42

56 9.37 8.48, 10.26

64 9.93 9.05, 10.81

*FMDV was never experimentally detected in serum of these pigs prior to 24 HPI despite

this modeled output.

#The dashed line represents the transition from pre-viremia to viremia, which occurred at

24 HPI based upon experimental detection.
$FMDV RNA limit of detection in serum is 2.68 GCN mL.

TABLE 5 | Comparison of the estimated time of detection of presence of vesicular

lesions using a mixed effect logistic regression model.

Time of detection (hours)

Categories of

Contact-Exposed Pigs

Category I (low dose) N/A*

Category II (mid dose) 72# (66, 84)

Category III (high dose) 36 (18, 54)

IOP-Inoculated 48 (42, 54)

*Category I (low dose) pigs never had detection of FMDV in OPF or serum despite having

been exposed to donor pigs while they were shedding FMDV.
#Data reported as estimated hours (95% CI: Low, High).

until 54 hpi. Specifically, it was estimated that at 48 hpi
the probability of a pig having vesicular lesions was >0.99
(Figure 1C).
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FMDV Infection Dynamics of
Contact-Exposed Pigs
The Category I pigs were not incorporated into GAMM analyses
as none of the pigs became infected with FMDV despite exposure
to donors with detectable FMDV RNA shedding. Confirmed lack
of transmission to these groups was based upon lack of detection
of FMDV RNA in serum and OPF samples, absence of vesicular
lesions, and lack of seroconversion (23). For contact-exposed pigs
of Categories II and III, early dynamics of FMDV RNA in serum
and OPF, and the presence of vesicular lesions varied with respect
to the estimated exposure dose. Category II pigs had a modeled
delay of 36 (95%CI 32, 40) hours in detection of FMDV RNA in
OPF samples compared to Category III pigs (Table 6). Similarly,
mean time to detection of FMDV RNA in serum was 25 (95% CI
10, 36) hours delayed for Category II compared to Category III
(Table 6). Comparison of the time to detection of FMDV RNA in
OPF and serum indicated that FMDV RNA was detected earlier
in OPF than in serum, in Category II and III. Also, compared to
OPF, serum had higher variation of time to detection (see 95%CI
of Table 6).

The probability of the presence of vesicular lesions over time
was influenced by the exposure dose of the pigs (p < 0.05)
as shown by the differences between categories. For example,
Category II pigs had <0.01 probability of lesions at 48 hpe
and >0.99 probability of having lesions at 72 hpe (Figure 1C,
Table 5). In contrast, Category III pigs had probability of lesions
at 48 hpe of nearly 1.0 with all pigs likely to have lesions by 72 hpe
(Figure 1C, Table 5).

Comparison of FMDV Infection Dynamics
Between IOP-Inoculated and
Contact-Exposed Pigs
Comparison of infection dynamics between IOP-inoculated and
contact-exposed pigs demonstrated that the infection dynamics

TABLE 6 | Time of detection of FMDV RNA in oropharyngeal fluid (OPF) and

serum from contact-exposed pigs as estimated by Generalized Additive Mixed

Models (GAMM) fitted values.

Time of detection (Hours post exposure)

Oropharyngeal Fluid Serum

Categories of

Contact-Exposed

Pigs

Category I

(low dose)

N/A* N/A

Category II

(mid dose)

38.68$,# (34.4, 42.46) 40.87 (24.41, 52.98)

Category III

(high dose)

2.52 (2.24, 2.94) 15.63 (13.9, 16.85)

*Category I (low dose) pigs never had detection of FMDV in OPF or serum despite having

been exposed to donor pigs while they were shedding FMDV.
$Category II (mid dose exposed) contact group had OPF values above the limit of

detection at 3 time points. However, based declining FMDV RNA detection at the 2 early

time points [3.01 hpe (95% CI 2.17, 3.99) and 12.40 hpe (95% CI: 11.28, 13.66)], these

detection events were interpreted to represent detection of shed virus from the donors,

rather than virus replication and shedding by the contact pigs. Detection of FMDV RNA in

the mid dose exposed group of pigs constantly above the limit of detection was in average

at 38.68 hpe.
#Data reported as estimated hours post exposure (95% CI: Low, High).

of IOP-inoculated pigs was most similar to contact-exposed
Category III pigs. Specifically, the mean time to detection of
FMDV RNA in serum for IOP-inoculated pigs was 22 hpi, as
compared to Category III contact-exposed pigs at 15.6 hpe and
Category II at 40.8 hpe (Table 6). Similarly, the probability of
presence of vesicular lesions in inoculated pigs was most similar
to Category III pigs at the critical time points of 48 and 72
hpe (Figure 1C). Category III pigs progressed slightly faster than
IOP-inoculated pigs in both lesion progression and viremia,
whereas there was no distinguishable difference in the detection
of FMDV in OPF (Figure 1).

Estimated Exposure Doses for
IOP-Inoculated and Contact Exposed Pigs
The quantity of FMDV RNA estimated in OPF samples of both
IOP-inoculated and contact-exposed pigs at 8 h post inoculation
or exposure was used as the proxy for the exposure dose. The
rationale for using this time point was that for IOP-inoculated
pigs the excess inoculum had been eliminated, and the contact-
exposed pigs had accumulated their full exposure based on the
experimental design.

For IOP-inoculated pigs, the estimated exposure dose at 8
hpi was 5.77 log10 GCN/ml (95% CI 5.30, 6.24), corresponding
to an estimated infectivity of 102.36 TCID50 (Table 3, Figure 2).
The Category I contact-exposed pigs were exposed to the donors
from 8 to 24 hpi, but did not become infected. Therefore, lack
of detection of FMDV RNA in OPF at 8 hpe of Category I
precluded the estimation of their exposure dose. The estimated
exposure doses at 8 hpe for the two subsequent contact categories
were: 5.07 log10 GCN/ml (95% CI 4.25, 5.89; 101.64 TCID50) for
Category II pigs and 6.67 log10 GCN/ml (95%CI 6.25, 7.08; 103.31

TCID50) for Category III pigs (Table 3; Figure 2).
Furthermore, the minimum estimated exposure dose at which

contact-exposed pigs became infected was 5.07 log10 GCN/ml
(95% CI 4.25, 5.89; 101.64 TCID50), corresponding to the
minimum FMDV exposure of the Category II pigs. However,
the minimum estimated shedding amount at which donor pigs

FIGURE 2 | Estimated effective exposure dose of IOP-inoculated and

contact-exposed pigs (Generalized Additive Mixed Models (GAMM) fitted

values). Fitted mean and 95% Confidence Interval (CI) of FMDV RNA in the

oropharyngeal fluid (OPF) of both IOP-inoculated pigs at 8 h post inoculation

and direct contact exposed pigs at 8 h post exposure, expressed as log10
genome copy numbers (GCN)/ml. The size of the dots represents the number

of animals in each category. Exposure dose could not be estimated for

Category I pigs due to lack of detection of FMDV in OPF. Comparison of

estimated doses of each category of contact-exposed pig and IOP-inoculated

pigs.
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infected contact pigs was 6.55 log10 GCN/ml (95% CI 6.11, 6.98;
103.18 TCID50) (Table 2).

The relationship between the shedding of FMDV RNA from
donors and the quantitated exposure dose of contact groups was
nonlinear, (edf = 1.968, F = 295.6, p < 0.001) but positively
associated (Figure 3). The nonlinear relationship appears to be
logarithmic over the values of donor shedding observed in the
dataset in that it increases over a window and then levels off.
The significance of the smooth term indicated that the exposure
dose received by contact-exposed pigs was significantly explained
by the quantitated shedding of FMDV RNA in OPF of donors
(p < 0.001).

DISCUSSION

It is well-established that the inoculated dose of FMDV (8, 20,
32, 33) or the duration of contact exposure (18) may affect the
infection dynamics of FMD in pigs, including the duration of
the incubation (pre-clinical) period. Since detection of FMDV
incursions depends, to a large extent, on the detection of clinical
signs in infected animals, the effective virus dose to which
animals have been exposed may potentially alter the time to
detection of a new outbreak. However, no previous work has
determined the effective exposure doses in contact-exposed pigs
or quantitatively defined themanner in which infection dynamics
are affected by different exposure doses. In order to investigate
the effect of the dose of exposure on the early infection dynamics
in FMDV-infected pigs, we analyzed data from experimental
studies that were originally designed to characterize infection

dynamics and transmission of FMDV A24 Cruzeiro in pigs
infected by direct contact exposure or by simulated-natural intra
oropharyngeal (IOP) inoculation.

For contact exposed animals, the Category I pigs, which had
been exposed to donors from 8 to 24 hpi, were not infected
despite consistent detection of shedding of low quantities
of FMDV from the donors. The estimated range of FMDV
infectious dose shedding in OPF over this time period was
102.1–103.1 TCID50/ml. This finding demonstrates that simply
detecting FMDV shedding in pigs is not sufficient to define
infectiousness, as has been done in previous meta-analyses
to parameterize the latent and infectious periods of pigs
for transmission models (34, 35). Furthermore, this finding
demonstrates that transmission may be unlikely to occur unless
a “threshold dose” is achieved. The threshold for transmission
may be related to the instantaneous level of virus shedding from
infected donor(s) or a cumulative duration of exposure dose
over a period of contact. This finding is partially supported
by Pacheco, Tucker (18), where the authors demonstrated that
transmission efficacy varied based upon the duration of the
exposure time, and the exposure time required for transmission
differed with respect to different strains of FMDV.

For the Category II and III contact-exposed pigs, infection
dynamics, including initial detection of FMDV shedding, onset
of viremia, and occurrence of vesicular lesions were compared
based upon the estimated FMDV exposure during contact.
Category II pigs which were exposed to an estimated moderate
exposure dose had delayed progression of disease relative to
Category III pigs, which had a more rapid progression of FMD.

FIGURE 3 | Scatter plot of the association between FMDV shedding of donors and the exposure dose of contact pigs [using Generalized Additive Mixed Model

(GAMM)]. Quantitated FMDV RNA in the oropharyngeal fluid (OPF) measured at the end of the contact period in donor pigs explained the quantitated FMDV RNA in

OPF of each of the sequentially direct contact-exposed groups (from Study C), measured at 8 h post exposure (p < 0.001). Colored circles represent raw data and the

solid fitted line shows a non-linear relationship (p < 0.001).
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Category II pigs were commingled with donors during the late
incubation (pre-clinical) phase of infection, while Category III
pigs commingled with donors during the onset of clinical signs
and through the first 24 h of the clinical phase. This further
supports the occurrence of pre-clinical infectiousness in pigs
(23).

This approach also provides insight into the IOP inoculation
system. The estimated dose of exposure for IOP-inoculated pigs
was higher than the estimated minimum infectious exposure
dose of contact pigs of Category II, but lower than the estimated
exposure dose of contact pigs of Category III. Overall, this
suggests that the IOP inoculation system delivers a dose of
FMDV that is intermediate to the high and low boundaries
of natural infection. This would suggest that the experimental
studies based on IOP inoculation are likely to produce an average
progression of FMD, while this analysis provides some estimate
of the variability which can be seen in the timing of the disease
process based on varying exposure doses that may be experienced
naturally.

In addition to estimating the exposure dose of the contact-
exposed pigs, we also estimated the FMDV shedding from
the donors at the corresponding time points. The minimum
estimated FMDV shedding in OPF at which donor pigs were
capable of infecting contacts was estimated to range from
6.11 to 6.98 log10 GCN/ml (95% CI) with an average of 6.55
log10 GCN/ml, corresponding to an estimated infectious dose
of 103.18 TCID50. This threshold appears to coincide with the
transition from latent to infectious. It is worth noting that the
estimated amount of virus shed by donors before 24 hpi was
only slightly lower than the quantities of FMDV RNA shedding
at which donor pigs became infectious. The virus shedding
threshold may have been reached earlier within the 8 h window
of exposure, and additional measurements of virus shedding at
more frequent time points could further refine the estimated
shedding amount that results in transmission. Other previously
reported measurements of shedding of FMDV, serotype O
strain UKG2001, obtained from nasal swabs of needle-inoculated
(intradermal or subcutaneous heel-pad) pigs that were capable
of infecting contacts were 4.40 FMDV log10 GCN/ml and 6.47
FMDV log10 GCN/ml (19). Although there is some consistency
in these findings with the present analysis, the variability in
reported thresholds suggests that comparisons across studies may
be difficult to achieve, given confounding factors such as different
viral strains, sampling techniques, and the specific assays used
for detection. The discrepancy between the estimated amounts
of FMDV shed from donor pigs and the exposure dose received
by contact pigs (6.55 > 5.07, respectively) may be explained by a
possible degradation of the virus in the environment and that not
all FMDV RNA quantified directly in the OPF of donors is shed
to the environment.

Recent pathogenesis studies have demonstrated that in pigs,
epithelial crypts within the oropharyngeal tonsils are the sites
of primary FMDV infection and the major source of FMDV
shedding throughout the clinical phase of disease. This favors
the use of OPF over nasal secretions for quantitating shedding
in pigs (9, 17, 24). The biological mechanisms by which a
higher exposure dose accelerates infection dynamics remain

unknown. Hypothetically, a greater initial dose might lead to
more abundant foci of primary infection which would similarly
lead to more rapid establishment of viremia, which is necessary
for dissemination and clinical disease. However, there are other
possible explanations and such hypotheses would need to be
tested in controlled experiments in containment laboratories. For
example, Quan et al. (20) investigated the differences of the rates
of increase of FMDV in the blood at varying exposure doses,
but no differences were found that could be explained by the
exposure dose. Furthermore, the current study demonstrated a
maximum estimated dose threshold (6.67 log10 GCN/ml [95% CI
6.25, 7.08]) beyond which infection dynamics did not proceed
any faster. Specifically, there were no statistical differences
between the infection dynamics of the four distinct groups
of contact pigs within Category III (p > 0.05), even though
FMDV shedding by donors gradually increased throughout
the time during which these groups were exposed. A similar
conclusion resulted from a previous study exploring exposure
intensity on the efficacy and speed of transmission of FMD
(19).

Three quantitative outcomes indicated that infection
dynamics differed between the distinct contact categories:
time to detection of FMDV RNA in serum and OPF and
the probability of the presence of vesicular lesions. These
measurements are commonly used to model disease dynamics
scenarios, and other studies have highlighted the need for
mathematical models of epidemiologic spread to accurately
account for dose, infectiousness, and intensity of contact
(19). Our results suggest that detection of FMDV RNA is
achieved earlier in OPF samples than in serum, both of which
are detectable prior to the occurrence of vesicular lesions.
Therefore, FMDV RNA detection in OPF may be considered as
the earliest effective screening test in the design of surveillance
strategies, at the individual or herd level. Furthermore, these
data demonstrate the importance of using complementary
screening techniques during outbreaks, since FMD detection
by each test may vary over time at the individual animal
level.

The current study investigated the FMDV exposure dose as
a critical biological factor to understand variability in infection
dynamics. However, other biological factors have been reported
to affect the infection dynamics of FMDV, such as the virulence
of distinct virus strains, inoculation route, exposure intensity,
and vaccination (8, 17–19). Due to consistent experimental
design, these factors are unlikely to have influenced the outcomes
of this analysis. However, the current study includes various
assumptions and limitations which may restrict the extent
to which the output is applicable to all FMD scenarios.
Specifically, results from this study are based on a single
virus strain, FMDV strain A24 Cruzeiro. Extrapolating the
estimated exposure dose and shedding quantities to other FMDV
strains may not be appropriate, as it has been demonstrated
previously that FMDV dynamics and transmission can be
strain-specific (18, 27). In addition, the homogeneity in the
breed and age of pigs used in the current studies may differ
from practical conditions in the field. Sample size is small,
specifically for inoculated pigs receiving a dose of 10 PHID50
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compared to 100 PHID50, therefore statistically significant
differences may not be conclusive. Our results do provide,
however, information on a range of plausible exposure doses
that pigs would face in field conditions, corresponding to
asynchronous infection dynamics of FMD in an outbreak
situation.

In conclusion, these results demonstrated the importance
of the effect of variable exposure dose during contact
challenge on the infection dynamics of FMDV in pigs, and
identified a threshold dose consistent with the onset of
infectiousness. These novel approaches provide a previously
unavailable approach for dose-quantitation which may be
retrospectively applied to contact-exposure experiments
or field scenarios. In addition, results from this study
provided valuable context around how the exposure dose
of the IOP route of inoculation related to the exposure dose
experienced by contact-exposed pigs. Future work will focus
on utilizing this information to model infection dynamics
in populations of domestic pigs, under simulated outbreak
conditions.
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