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Abstract

Despite the public health importance of Salmonella infection in pigs, little is known about the associated dynamics of fecal
shedding and immunity. In this study, we investigated the transitions of pigs through the states of Salmonella fecal
shedding and immune response post-Salmonella inoculation as affected by the challenge dose and serotype. Continuous-
time multistate Markov models were developed using published experimental data. The model for shedding had four
transient states, of which two were shedding (continuous and intermittent shedding) and two non-shedding (latency and
intermittent non-shedding), and one absorbing state representing permanent cessation of shedding. The immune response
model had two transient states representing responses below and above the seroconversion level. The effects of two doses
flow (0.65x10° CFU/pig) and high (0.65x10° CFU/pig)] and four serotypes (Salmonella Yoruba, Salmonella Cubana,
Salmonella Typhimurium, and Salmonella Derby) on the models’ transition intensities were evaluated using a proportional
intensities model. Results indicated statistically significant effects of the challenge dose and serotype on the dynamics of
shedding and immune response. The time spent in the specific states was also estimated. Continuous shedding was on
average 10-26 days longer, while intermittent non-shedding was 2-4 days shorter, in pigs challenged with the high
compared to low dose. Interestingly, among pigs challenged with the high dose, the continuous and intermittent shedding
states were on average up to 10-17 and 3-4 days longer, respectively, in pigs infected with S. Cubana compared to the
other three serotypes. Pigs challenged with the high dose of S. Typhimurium or S. Derby seroconverted on average up to 8-
11 days faster compared to the low dose. These findings highlight that Salmonella fecal shedding and immune response
following Salmonella challenge are dose- and serotype-dependent and that the detection of specific Salmonella strains and
immune responses in pigs are time-sensitive.
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Introduction on the serum titer. Also, the level of detectable antibodies may
vary during the infection period and may be low or absent even in
concurrently infected pigs. To improve detection and control of
Salmonella in live pigs, it is critical to better understand the duration
and dynamics of intermittent Salmonella fecal shedding and

Salmonellosis is a major public health burden that contributes
to the significant economic cost worldwide [1]. Pigs are an
important source of salmonellosis in humans transmitted through
the consumption of Salmonella contaminated pork products [2,3]
and through the direct contact with infected pigs [4]. Therefore,
Salmonella detection measures are critical for efficient Salmonella

immune response post exposure and during infection, together
with the factors that affect these processes.

Previous studies suggest that Salmonella serotype and dose affect
the infection process. Specifically, it is reported that the dose of
exposure affects fecal shedding [7-10] and immune response [8—
10]. Differences in shedding and immune response are also
reported among Salmonella serotypes [9-12]. Therefore, we
hypothesize that pigs exposed to different Salmonella serotypes at
different doses may show different patterns and dynamics of
Salmonella tecal shedding and immune response. Such information

control in pigs, that will eventually decrease Salmonella exposure
and infection risks to humans.

Although Salmonella infection in pigs is frequent, it is seldom
assoclated with clinical disease [5]. Furthermore, fecal shedding of
Salmonella in pigs is characterized by variable durations and an
intermittent shedding pattern, that is discontinuous (or alternating
below and above detection level) excretion of the pathogen from
the host. Asymptomatic infection and intermittent shedding pose a
great problem in the detection and control of Salmonella in pigs.
Therefore, immune response to Salmonella infection is often used to
screen for Salmonella infection in pigs [6]. However, it is impossible
to differentiate between the concurrent and past infections based

may have important implications in aiding the early detection of
Salmonella in pigs, leading to its more effective control at the farm
level. Detailed data on infection dynamics are also essential for
further work on mathematical modeling of Salmonella transmission
and intervention strategies.
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Addressing this hypothesis requires longitudinal experimental
data on fecal shedding and immune response post challenge with
various Salmonella doses and serotypes tested (such as [9,10]) and a
method that allows simultaneous analysis of multiple and
reversible events. A multistate model has been used frequently in
medicine to study diseases where patients may experience several
events during follow-up (e.g., [13]). It is defined as a model for a
stochastic process where an individual at any time occupies one of
a set of multiple discrete states [14]. In the multistate model, a
change of state, called a transition, is an event of interest, and the
model structure specifies the states and possible transitions [14].
Compared to the Cox proportional hazards model, an alternative
approach for analysis of the survival-type data, the multistate
model has advantages as it offers a better understanding of the
disease process, providing the hazard for movement out of one
state into another (transition intensities) as affected by the
covariates using a proportional intensities model, as well as the
mean time spent in each state (sojourn time) [13,15].

The objective of this study was to investigate the transition of
pigs through different states of Salmonella fecal shedding and
serological responses post Salmonella challenge as affected by
different challenge doses and serotypes. This was accomplished by
application of multistate modeling using our previously published
experimental challenge data on Salmonella in pigs [9,10].

Methods

Description of data

For the purpose of this study, the datasets from [9,10] were
combined and throughout this article we refer to the combined
dataset as the “pig dataset”. Briefly, in the pig dataset 10-week old
pigs were inoculated with low (0.65x10° CFU) or high
(0.65x10? CFU) dose of one of the four serotypes of Salmonella
enterica subsp. enterica: Yoruba, Cubana, Typhimurium, or Derby
(hereafter abbreviated as S. Yoruba, S. Cubana, S. Typhimurium,
and S. Derby, respectively). There were 8 serotype-dose combi-
nations and 6 pigs in each serotype-dose group, resulting in a total
of 48 pigs included in the dataset.

Pigs were monitored for 8 weeks for fecal excretion of the four
Salmonella serotypes. Among pigs challenged with the high dose, 2
pigs in each group were monitored for an additional 2 weeks. Pigs
were sampled once before challenge to confirm their infection-free
status. Furthermore, they were sampled every day from the day of
challenge (day 0) to day 5, and every 14 days thereafter. A total of
1,215 fecal samples were collected during the study. Salmonella
detection was based on microbial culture with modified semi-solid
Rappaport Vassiliadis (MSRYV) enrichment, reported to have
sensitivity and specificity of detecting Salmonella in pig fecal samples
of 95% and 100%, respectively, and detection limit of 10 CFU/25
gram sample [16]. The results were in the form of presence or
absence of the particular Salmonella serotype in feces of a pig on a
given day.

Blood samples were collected once a week for 8 weeks starting
from day O of the experiment. Among pigs challenged with the
high dose, 2 pigs were selected from each serotype group and their
blood samples were collected once a week for the additional 2
weeks. A total of 446 serum samples were collected during the
study period. To detect serum antibodies, commercial ELISA tests
were used: “Herdcheck Swine Salmonella” from IDEXX Labora-
tories for S. Derby and S. Cubana (based on LPS-antigens from the
Salmonella serogroups B, C1, and D) and “Svanovir” from Svanova
Biotech for S. Typhimurium (based on antigens from .
Typhimurium and §. Choleraesuis (O antigens 1, 4, 5, 6, 7, and
12)). An in-house ELISA test was used to detect serum antibodies
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to S. Yoruba (O antigen 16). The results of ELISA tests were in the
form of the level of antibodies detected in a pig on a given day.

Multistate models

The longitudinal nature of the pig dataset provides information
on the presence or absence of Salmonella in feces and the level of
immune response in pigs’ sera during infection. Furthermore, the
dataset provides information on the patterns of shedding and
immune response over the course of infection which could be
translated into allowed states and transitions in the corresponding
multistate models. Specifically, it is easy to comprehend the
difference in the meaning of a positive or negative test result
depending on the elapsed time from the day of challenge that a
particular sample of feces or blood was collected and examined.
For example, absence of Salmonella from feces has a different
meaning on the first day after challenge, in the middle of Sa/monella
infection and at the end of the infection, possibly indicating
latency, intermittent non-shedding and recovery, respectively
(which we define in the next paragraph).

Fecal shedding multistate model. The semiquantitative
data on the level of Salmonella excretion during infection reported
in [9,10] indicate that shedding levels, although overall slightly
decreasing towards the end of infection, were highly variable
throughout the infection. Moreover, based on the shedding levels
observed during infection in the individual pigs, there were blocks
of sampling times when the pathogen was not detected scattered
in-between the blocks of shedding with variable levels of Salmonella.
Thus, the observed intermittent shedding cannot be adequately
explained by considering a monotonic decline in the shedding
level following challenge. Considering sensitivity, specificity and
detection limit of MSRV, it is reasonable to assume that the
observed culture results represent the true status of animals with a
reasonable degree of accuracy. Thus, combining the information
on the culture result and its timing from the day of challenge,
several facts were observed for fecal shedding in the pig dataset.
Salmonella was never detected post challenge in feces of some pigs.
Not all pigs started shedding immediately post-challenge. When
pigs finally started shedding post-challenge, they may shed
continually (i.e., without detected ceasing) for a variable period
of time. After this period, some pigs were never found shedding
again, while shedding could be detected on and off for variable
short periods of time in other pigs. In the dataset, some of these
latter pigs completely stopped shedding after some time while
others continued this intermittent pattern of shedding until the
study was terminated. To reflect these observations, the pig dataset
was interpreted and states were defined as follows:

1 = latency: negative sample on the day of and immediately
after challenge;

2= continuous shedding state: an uninterrupted sequence of
positive samples after challenge;

3 = intermittent non-shedding state: negative samples following
state 2 or state 4 if they were followed by positives before
the end of the experiment;

4 = intermittent shedding state: positive samples following state
3

recovery: negative samples following state 1, 2, or 4 if there
were at least 5 consecutive negatives during at least a 14-
day period. Recovery following shedding states (states 2 and
4) represents clearance of Salmonella from feces. Recovery
following latency (state 1) indicates that the pig was never
found to shed Salmonella in feces, suggesting that it did not
become infected after exposure (i.e., the pig was in the

w
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latent state on the day of challenge and considered
recovered thereafter). These conditions for recovery were
chosen to increase specificity in classifying pigs as recovered
and to prevent false classification of positive pigs as
recovered;

99 = censored state: if a sample was negative but conditions for
state 5 were not met, it is unknown whether Salmonella was
not detected because the pig has recovered from infection
or because it has been in the temporary non-shedding
state. In other words, censoring means that the observed
state is known only to be one of a particular set of states
(l.e., 3 and 5). Note that in contrast to the usual
terminology of survival analysis, here it is the state which
is considered to be censored, rather than the event time
[17];

NA = sample not collected/examined.

The considered multistate fecal shedding model is shown in
Figure 1. It includes four transient states (1= 1, 2, 3, and 4) and one
absorbing state (¢=5). The arrows in Figure 1 (labeled with ¢;)
show which instantaneous transitions are possible between states.

Immune response multistate model. The level of
antibodies detected in a pig’s serum on a given day was
dichotomized using a cut-off so that the pig could be classified as
having an immune response below or above the seroconversion level
on a given day. The individual variation in the humoral immune
response rules out the possibility to perfectly divide animals into
these two groups. In the commercial ELISA kits, the validation of the
cut-off has been performed by testing a large number of pig reference
sera. In the [9] study, the in-house ELISA was used to detect
antibodies to S. Yoruba, and the cut-off was calculated by using the
mean of the samples collected pre-inoculation, i.e., when pigs were
Salmonella-negative, and by adding two standard deviations.
According to this cut-off, 2 pigs would be unrealistically classified
as seroconverted already on day 0 of the experiment. To correct for
that, for the purpose of this study, a “custom” cut-oft for the in-house
ELISA was defined as 1.5 x of the highest antibody level detected on
day 0. This was done to raise the specificity for detection of
antibodies to S. Yoruba in order to avoid possibly false positive
classifications in the model. For consistency in detecting antibodies
to other Salmonella serotypes in the study, we applied the same custom
cut-off in classification of the other ELISA tests results. However,
because the use of a custom cut-off might have reduced the
specificity of the commercial ELISA kits, we also ran the analysis
using the data where the manufacturer recommended cut-offs were
used to classify S. Cubana, S. Derby, and S. Typhimurium, while the
custom cut-off was used to classify S. Yoruba ELISA data.

Dynamics of Salmonella Shedding & Immune Responses

Combining the information on the serological test result and its
timing from the day of challenge, the following was observed for
pigs’ immune responses to Salmonella challenge. Some pigs did not
seroconvert post challenge. In other pigs, the antibody level rose
post-challenge at variable rates. In some pigs that seroconverted,
the detected antibody level temporarily fell below the cut-off.
Accordingly, negative and positive blood samples were coded with
1 and 2 indicating immune response below and above the
seroconversion level, respectively. The considered multistate
model for immune response (Figure 2) includes two transient
states that represent a pig’s dichotomized immune response during
infection, i.e., immune response below and above the seroconver-
sion level (=1 and 2). The instantaneous transitions from state to
state in the model shown in Figure 2 are represented by the
intensities ¢

Multistate models: analyses, assumptions, selection and
validation. The reader is directed elsewhere to obtain
information about the theory underlying the multistate models
(e.g., [13,14,17,18]). In the current study, all analyses and modeling
were done in R [19], using the msm package [20]; R codes are
available on request from the first author.

In the pig dataset, the sampling times were assumed to be non-
informative, observation times were fixed, and the transition times
were not exact. The effect of serotype and dose on the dynamics of
fecal shedding and immune response was quantified by examining
their effect on (i) the hazard ratios, (ii) ratios of transition intensities
when more than one transition out of a state is possible, and (iii)
the time spent in each state (the sojourn and total time).

In specifying the multistate models, the following assumptions
were made: (1) the transition times from each state are
independent of the history of the process prior to entry to that
state (the Markov assumption), (2) transition intensities are
homogeneous across the pig population, and (3) transition
intensities are homogeneous through time. Assumption (1) is
inherent to many multistate models; it could not be tested due to
absence of data on the exact transition times [21]. Assumption (2)
was tested by including covariates in the model through a model
selection process and comparing it with the model without
covariates (Hp). Model selection involved forward selection of
covariates associated significantly with the transition intensities.
The best model was selected based on the Likelihood ratios (LR)
and Akaike’s Information Ciriterion (AIC). In such a saturated
model the effect of the covariate differs in each of the allowed
transitions (i.e., 7 and 2 transitions in Figures 1 and 2,
respectively). So, for example, in the fecal shedding model with
just one covariate, there will be a total of 14 parameters, 7 baseline
transition intensities, and 7 different regression coefficients. We
compared the saturated model with models with a reduced

q;s
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Figure 1. A multistate model describing transition of pigs through the states of shedding following challenge. At time t an individual is
in state i. Its 5 states are labeled 1, 2, 3, 4, and 5, denoting: 1-latency: the individual has been challenged but has not yet started (or will never start)
shedding; 2-continuous shedding state; 3-intermittent non-shedding state; 4-intermittent shedding state; and 5-recovery: clearance of Salmonella
from feces. Gray shaded compartments denote the pigs that excrete detectable levels of Salmonella in feces.

doi:10.1371/journal.pone.0034660.g001
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number of parameters achieved by biologically meaningful
constraining of the effect of a covariate to be equal for certain
transition intensities. Then, LR and the associated p-value at the
5% level were used to select the most parsimonious representation
of the association between each covariate and the transition
intensities [13]. Further, we tested the existence of interactions
among covariates in the model. Assumption (3) was assessed by
fitting a model that allows parameters to be stepwise constant
through time using a piecewise-constant function [20] and
comparing the fit of this model to the model with homogeneous
transition intensities [18].

In the msm package, the likelihood function is maximized by
numerical methods, which needs a set of initial values to start
searching for the maximum. A function “crudeinits.msm” was
used to obtain initial values for the specified multistate models
using the observed number of transitions from state ¢ to state j and
the observed total time spent in state z (as in [20]). This approach
assumes that there are not many changes of states in between the
observation times.

Ideal data for model validation would be from a similar
longitudinal study of fecal shedding and immune responses
obtained from an independent experiment of the same challenge
doses and serotypes. However, to our best knowledge, such data
do not exist. Therefore, we tested internal validity of the models by
comparing the observed and model-predicted (mean and 95%
confidence intervals [CI]) prevalences of pigs in different states. CI
were estimated by simulating 1,000 random vectors from the
asymptotic multivariate normal distribution implied by the
maximum likelihood estimates (and covariance matrix) of the log
transition intensities and covariate effects, then calculating the
expected prevalences for each replicate [22]. Wherever possible,
we also compared model outputs with the literature to assess the
generalizability of our findings.

Results

Fecal shedding model

In the pig dataset, Salmonella was detected in 532 out of 1,215
fecal samples. Of these positive samples, 344 denoted the presence
of a pig in the continuous shedding state and 188 in the
intermittent shedding state. There were 683 negative samples, of
which 56, 202, and 371 were classified into the latent, intermittent
non-shedding and recovered states, respectively, while 54 samples
were censored (i.e., the pig was considered to be either in the
intermittent non-shedding state, or the recovered state). There
were 304 observations each of S. Cubana, S. Typhimurium, and S.
Derby, and 303 of S. Yoruba. For the low and high challenge
doses, there were 575 and 640 observations, respectively. Initial
values of parameters in the shedding model were ¢;,=0.75,

1 42 2
Below > Above
sero- < sero-
convergence convergence
level level

Figure 2. A multistate model describing transition of pigs
through the states of immune response following challenge. At
time t an individual is in state i. Its 2 states are labeled 1 and 2, denoting
immune response below or above the seroconversion level, respec-
tively.

doi:10.1371/journal.pone.0034660.9002
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g15=0.11,
745=0.03.

A single-covariate multistate model was used to assess the
individual effects of covariates on the transition intensities in the
multistate models and to find the most parsimonious representa-
tion of the covariate using LR and AIC tests. The low challenge
dose and S. Cubana were used as the reference groups. Compared
to the Hyp model without covariates (AIC =1021.2), these single-
covariate analyses indicated a statistically significant association
between the model transition intensities and serotype with
constraints ¢;5= ¢s5= ¢45= —{¢23= {43, Mmeaning an equal effect
of serotype on all recovery transitions, i.e., ¢;5, ¢25, and ¢4, and
equal effect but in opposite direction on the transitions to the
intermittent non-shedding state, i.e., ¢o3 and ¢y (LR=21.6,
degrees  of freedom (d)=16-7=9, x> p-value=0.01;
AIC=1017.6). The dose was found to be associated with
transition intensities in the saturated form (LR =61.6, df=14-
7=7, %% p-value<107'%; AIC =973.6). Multivariate modeling
results further indicated that the best model for fecal shedding
dynamics includes both the challenge serotype (in the above
described constrained form) and dose (in the saturated form). A
comparison of the observed and model-predicted prevalences with
95% CI for this model indicated a reasonably good fit to the data
used for its development and so supported the internal validity of
the model (Figure 3). Testing for evidence of interactions and time
heterogeneity in the model was not possible due to a non-positive
definite, and hence not invertible, Hessian matrixes. When a
Hessian is not invertible, no computational trick can make it
mvertible, given the model and data chosen [23].

From the final fecal shedding model, we estimated hazard ratios
(HR) and the corresponding 95% CI. Compared to pigs
challenged with the low dose of Salmonella, pigs challenged with
the high dose had a statistically significantly reduced risk of
transition from the continuous shedding state to the intermittent
non-shedding state (HR=0.3, 95% CI: 0.2, 0.6), from the
continuous shedding state to recovery (HR =0.1, 95% CI: 0.01,
0.4), and from the intermittent shedding state to recovery
HR=0.1, 95% CI: 0.02, 0.6). That means that pigs challenged
with the high dose tend to spend more time shedding both as part
of the continuous and intermittent shedding states compared to
those challenged with the low dose. Compared to pigs infected
with §. Cubana, pigs infected with S. Typhimurium or S. Derby
had significantly reduced risks of recovery (from latency,
continuous shedding, and intermittent shedding states), both
having HR =0.4 (95% CI: 0.2, 0.8). On the other hand, the risk
of transition to intermittent non-shedding either after the
continuous or intermittent shedding, was significantly higher in
pigs infected with S. Typhimurium (HR = 2.6, 95% CI: 1.2, 5.5) or
S. Derby (HR=2.5, 95% CI: 1.3, 4.9), compared to . Cubana.
Taken together, this means that pigs challenged with §. Cubana
are less likely to become infected compared to S. Typhimurium
and S. Derby. However, when they do become infected they will
tend to go through longer continuous and intermittent shedding
states after which they will be more likely to recover than S.
Typhimurium and S. Derby (which will tend to transition between
the intermittent shedding and non-shedding states more often with
a short period of occupancy of these states at each visit). Therefore,
the total duration of S. Cubana infection will likely be shorter
compared to §. Typhimurium and S. Derby. There was no
evidence of the statistically significant effect of dose and serotype
on the other model transitions. Likewise, there was no evidence of
any difference between §. Cubana and S. Yoruba.

Table 1 shows estimated ratios of two entries of the transition
intensity matrix at a given set of covariate levels for the fecal

Q23:0.06, Q25:0.01, q‘g4:0.16, Q43:0.10, and
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Figure 3. Observed versus expected prevalence of pigs in the states of the fecal shedding model. The 5 states are labeled 1, 2, 3, 4, and
5, denoting: 1-latency; 2-continuous shedding; 3-intermittent non-shedding state; 4-intermittent shedding state; and 5-recovery. Full line indicates
the observed, while dashed and dotted lines denote mean and 95% Cl of the expected prevalence.

doi:10.1371/journal.pone.0034660.g003

shedding model with the dose and serotype considered, together
with approximate standard errors estimated using the delta
method [20]. These results indicate that challenge dose and
serotype have strong effects on the probability that a pig will
exhibit a particular pattern of shedding denoted by the particular
sequence and timing of visited states. That, together with the
conclusions from the estimated HRs, was corroborated with the
estimated mean sojourn times in a single stay (i.e., times spent in a
state before leaving to another state) and the expected total length
of stay in each state (Table 2). For example, continuous shedding
was on average 10 days longer in pigs challenged with the high
compared to low dose of S. Typhimurium. Thus, it is evident from
Table 2 that the dose and serotype exert a pronounced effect on
the duration of stay in the continuous shedding and the
intermittent non-shedding states. The sojourn and expected total
times 1in states visited only once (in our model these were latency
and continuous shedding) could be the same. In our model,
however, for a few covariate combinations, the estimated mean
sojourn time of continuous shedding was greater than the expected
total time for the state because the mean sojourn time in a state is
conditional on entering the state, whereas the expected total time
is a forecast for a newly exposed individual who may recover
before entering the continuous shedding state. The expected total
times in the intermittent shedding and non-shedding states are
longer than the estimated mean sojourn times due to multiple stays
in these states during infection. The expected total lengths of stays
that are longer than the duration of the study should be used with
caution because the study terminated before some animals
recovered.

To test the generalizability of our findings, we compared the
model outputs with the available literature. In their experimental
inoculation studies with a high dose (4.4 x10% of S. Typhimurium
[24], observed that all pigs excreted Salmonella continuously until

@ PLoS ONE | www.plosone.org

day 10 post-inoculation and that shedding became intermittent
thereafter. The period during which all pigs shed Salmonella can be
regarded as the minimum duration for which all pigs remain in the
continuous shedding state. Thus, the finding by [24] is in close
agreement with our estimated duration of continuous shedding for
pigs inoculated with the high dose of S. Typhimurium (mean 14
days, 95% CI: 6, 32 days). Moreover, the [24] study confirms the
existence of the continuous state and the intermittent shedding and
non-shedding states; i.e., it validates the general structure of the
developed multistate model. In another experimental study where
pigs were inoculated orally with 10° CFU of S. Typhimurium and
tested for fecal shedding every 1 or 2 weeks for 108 days, shedding
was detected up to 92 days post-inoculation [11], indicating that a
long total duration of infection, longer than the duration of the
follow-up in the experimental studies used here [9,10], may occur.

Immune response model

Of 446 serum samples in the pig dataset, using the custom cut-
off, 196 and 250 samples were classified as below and above the
seroconversion level, respectively. In the corresponding multistate
model, the initial values were ¢;,=0.03, ¢o;=0.01. When the
manufacturer recommended cut-off was used for all but . Yoruba
(for which we used the custom cut-off), the number of samples
classified below and above the seroconversion level was 273 and
173, respectively, and in the corresponding multistate model one
of the initial values was slightly different (¢;,=0.02).

In the analysis of the immune response multistate model, the
low challenge dose and S. Yoruba were used as the reference
groups. The results described below pertain to the model that used
ELISA data dichotomized using the custom cut-offs except when it
is explicitly stated that the manufacturer recommended cut-offs
were used for the commercial ELISA kits.

April 2012 | Volume 7 | Issue 4 | 34660



Dynamics of Salmonella Shedding & Immune Responses

Table 1. Ratios of transition intensities out of a state in the Table 2. Mean sojourn and the expected total times in days
fecal shedding model'. for transient states of the fecal shedding model’.
Transitions? dose,serotype® mean SE* dose,serotype:state? sojourn time (SE®) total time
4—-3 vs. 45 6,C 0.3 0.2 6,C:1 0.7 (0.4) 0.7
6,Y 0.9 0.5 6,T:1 0.2 (0.4) 0.2
6,D 1.8 0.9 6,D:1 1.5 (0.6) 1.5
6,T 2.2 1.2 6,Y:1 0.4 (0.4) 0.4
4—3 vs. 45 9,C 7.3 6.8 6,C:2 5.7 (2.4) 33
9Y 20.7 19.1 6,T:2 3.7 (2.4) 35
9,D 387 357 6,D:2 4 (1.4) 25
9T 49.0 453 6,Y:2 4.9 (2.4) 4.2
2—3 vs. 25 6,C 1.1 0.8 6,C:3 6.4 (3.3) 2.6
6,Y 3.0 2.2 6,T:3 6.7 (3.3) 17.8
6,D 57 4.0 6,D:3 4.8 (1.2) 6.9
6,T 7.2 5.1 6,Y:3 9.2 (3.3) 11.5
2—-3 vs. 25 9,C 5.1 3.8 6,C:4 4.1 (1.6) 1.6
9Y 143 10.7 6,T:4 4.3 (1.6) 11.6
9,D 26.7 20.1 6,D:4 4.5 (1.4) 6.5
9T 339 254 6,Y:4 4.7 (1.6) 5.8
1—-2 vs. 15 6,C 14 15 9,C:1 0.1 (0.4) 0.1
6,Y 6.0 4.1 9,T:1 0 (0.4) 0.0
6,D 1.6 1.1 9,D:1 0.1 (0.5) 0.1
6,T 17.5 18.7 9,Y:1 0 (0.4) 0.0
12 vs. 15 9,C 53.7 1141 9,C:2 31.1 (24) 30.6
9Y 227.6 490.3 9,T:2 14 (2.4) 14.0
9,D 61.3 129.8 9,D:2 15.6 (4.1) 154
9T 666.0 15234 9,Y:2 20.8 (2.4) 20.7
"Reference groups: low dose and S. Cubana. 93 3863 259
“Notation i—j denotes transition from state / to j with intensity g;. The 5 states 9T:3 39 (3.3) 191.2
are Iabgled 1,234 aqd 5, denotir]g: 1—Ia3tency; 2—cor‘1tinuous shedding; 3- 903 2.8 (0.8) 1063
intermittent non-shedding state; 4-intermittent shedding state; and 5-recovery.
3Notations 6, 9, C, Y, D, and T denote the low dose, high dose, S. Cubana, S. 9,Y:3 55(33) 1101
X:él;tt):;wjgr[()je::ryorasngfst‘hzys'\helgu::iirgls r:fs 521?;\{;3; intensities. B 706 476
doi:10.1371/journal.pone.0034660.t001 9,T:4 3(1.6) 145.7
9,D:4 34 (1) 126.6
The single-covariate analyses indicated a statistically significant 9,Y:4 4.5 (1.6) 90.8
associ.ation be.tween model t.ransitior? intensities and each .of the et low dose and 5. Cubara
covariates, with both covariates b?mg best r.ep?esented in tbe 222;’52[:? g,rg,urc)be,oD, T123 2nd 4 denote the low dose, high dose, 5
reduced form such that the covariate effect is in the opposite Cubana, S. Yoruba, S. Derby, S. Typhimurium, 1-latency, 2-continuous shedding,
direction between the progression and regression transitions 3-intermittent non-shedding state, and 4-intermittent shedding state,
(g22= —¢21). In other words, each of the covariates showed equal ;espectively. ) )
but opposite effects on the progression to seroconversion and di F; f:)a.?g;;;jjOT:;;_S;::E(:‘;ZZ’; (i?ég;m times.

regression to the antibody level below the seroconversion level.
From comparison with the model without covariates (Hp;
AIC=1285.2), statistics were as follows for the serotype:
LR=51.0, df=5-2=1, % p-value <107'% AIC=240.2, and
for dose: LR =6.4, df=3-2=1, X2 p-value =0.01; AIC =280.8.
The results of multivariate modeling indicated that the best model
for immune response post-challenge has both the dose and
serotype included in the above described constrained form
(¢72= —¢21). There was no evidence of interaction between the
two considered covariates and time heterogeneity in the models.
HRs estimated for this model indicated that pigs infected with
the high dose had a statistically significantly higher risk of
seroconverting (HR =3.6, 95% CI: 1.9, 7.0) and a lower risk of
transitioning back to the “below seroconversion level” state
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HR=0.3, 95% CI: 0.1, 0.5) than those challenged with the low
dose. In other words, we can expect that pigs challenged with the
high dose will seroconvert faster and remain above the serocover-
sion level longer. The effect of serotype on the risk of
seroconversion was even more pronounced; compared to S.
Yoruba, S. Typhimurium, S. Derby, and S. Cubana had
HR=16.4 (95% CI: 5.7, 47.1), HR=18.1 (95% CI: 6.5, 50.0),
and HR=4.5 (95% CI: 1.7, 11.9), respectively. Likewise, S.
Typhimurium, S. Derby, and S. Cubana had HR=0.1 (95% CI:
0.02, 0.18), HR=0.1 (95% CI: 0.02, 0.16), and HR=0.3 (95%
CI: 0.2,0.5), respectively, for returning to the “below seroconver-
sion level” state. In other words, S. Typhimurium and S. Derby,
and to a lower extent S. Cubana, are expected to seroconvert
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much faster and remain above the seroconversion level much
longer than S. Yoruba.

To evaluate the effect of using the custom cut-off for all
Salmonella serotypes, we also ran the analyses using the available
manufacturer recommended cut-offs for the commercial ELISA
kits and the custom cut-off for the in-house ELISA (used for S.
Yoruba). According to the manufacturer recommended cut-off,
none of the 12 pigs challenged with S. Cubana seroconverted post-
challenge. Thus, S. Cubana data were excluded from this analysis.
The covariates and constraints in the best model were identical to
the one developed for the model using custom cut-offs. The
estimated HRs indicated similar albeit weaker effects of covariates.
For high dose vs. low dose, seroconverting and transition to the
“below seroconversion level” state had HR=2.6 (95% CI: 1.3,
5.1)and HR =0.4 (95% CI: 0.2, 0.8), respectively. Compared to S.
Yoruba, the other two strains, S. Typhimurium and S. Derby, had
respectively HR =7.2 (95% CI: 2.9, 18.1) and HR =7.7 (95% CI:
3.2, 18.7) for seroconverting, and respectively HR =0.1 (95% CI:
0.1, 0.4) and HR=0.1 (95% CI: 0.1, 0.3) for transitioning back to
the “below seroconversion level” state.

Table 3 shows estimated sojourn times for the models using
custom and manufacturer cut-offs, which support conclusions
from the estimated HRs. However, it should be noted that all
estimates longer than the study period should be taken with
caution. That is because time to seroconversion for pigs challenged
with the low dose of S. Cubana and S. Yoruba could not be
accurately estimated because some pigs never seroconverted.
Similarly, the times spent above the seroconversion level could not

Table 3. Sojourn times in days in states of the immune
response model’.
manufacturer cut-

custom cut-offs offs?
dose,serotype:state® mean SE* mean SE
6,Y:1 1983 99.1 125.1 57.9
6,C:1 442 159 NA® NA
6,D:1 11.0 99.1 16.3 57
6,T:1 121 99.1 17.4 57.9
6,Y:2 6.9 39 7.2 35
6,C:2 30.8 14.8 NA NA
6,D:2 1234 39 554 233
6,T:2 1126 3.9 52.0 35
9,Y:1 55.0 99.1 48.7 579
9,C:1 12.2 3.8 NA NA
9,D:1 31 99.1 6.3 1.9
9,T:1 34 99.1 6.8 57.9
9,Y:2 24.8 3.9 18.5 35
9,C:2 1113 47.3 NA NA
9,D:2 445.2 3.9 142.3 553
9,T:2 406.3 3.9 1335 35
"Reference groups: low dose and S. Yoruba.
2Manufacturer cut-offs used for all serotypes except for S. Yoruba.
3Notation 6,9, C, Y, D, T, 1 and 2 denote the low dose, high dose, S. Cubana, S.
Yoruba, S. Derby and S. Typhimurium, below seroconversion level state and
above seroconversion level state, respectively.
4SE standard errors of the mean sojourn times.
>NA = not estimated.
doi:10.1371/journal.pone.0034660.t003
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be accurately estimated because the experiment was not run for a
long enough time to capture waning of immunity in pigs.

Both custom and manufacturer cut-off based models showed
good internal validity (Figure 4). To assess the generalizability of
our findings, an external validation was performed based on
available reports. In experimentally inoculated pigs with a high
dose of S. Typhimurium, seroconversion has been detected as
early as 16 days post-inoculation with the majority of pigs, with
94% (15 of 16) seroconverting between the third and fifth week
(days 22 and 39) post-inoculation [24]. Similarly, pigs experimen-
tally infected with 10 of S. Typhimurium started seroconverting at
day 7 post-inoculation with the majority of pigs seroconverting by
day 22 [11]. At least 50% of pigs inoculated with 7.4x107 or
3.2x10° and tracer pigs housed with them scroconverted within
1-3 weeks post-inoculation [25]. These estimates overlap with the
time to seroconversion in pigs challenged with the high dose of .
Typhimurium (7 days, 95% CI: 3, 17 days) estimated using the
manufacturer recommended cut-offs for the commercial ELISA
kits.

Discussion

In this study, we used a multistate Markov modeling approach
to evaluate the effect of Salmonella challenge dose (high v. low) and
four serotypes (S. Yoruba, S. Cubana, S. Typhimurium, or S.
Derby) on the dynamics of Salmonella fecal shedding and immune
response post-challenge. We found strong evidence that the
patterns and dynamics of fecal shedding and immune response are
significantly and meaningfully affected by both the serotype and
dose of exposure. Below we discuss these findings in the context of
existing research needs and knowledge, and we elaborate on the
associated implications and limitations.

Fecal shedding represents an important mechanism of spread-
ing Salmonella into the environment that can eventually be
transmitted to other animals and humans. Of particular concern
is that Salmonella and many other infectious agents, such as
enterohemorrhagic Escherichia coli and Listeria monocytogenes [26,27],
are characterized by intermittent shedding. Intermittent shedding
is a challenge to medical and veterinary specialists because it
hinders detection of infected individuals. Also, intermittent
shedding certainly has an effect on the transmission of the
pathogen through a population. For example, on the days when an
individual is not excreting Salmonella in feces, the individual is not
infectious to other members of the population. On the other hand,
such infected individuals are not detected by fecal culture. It is
therefore critical to understand the ecology and selective pressures
governing intermittent fecal shedding so that intermittently-shed
pathogens can be controlled more effectively. This highlights the
value of the results of our study discussed below.

The analyses of the Salmonella fecal shedding multistate model
performed in this study indicated that pigs challenged with the
high dose of 10° CFU of Salmonella on average started to shed
Salmonella in feces up to 1.5 day sooner and, depending on the
serotype, had 10-26 days longer shedding during the continuous
shedding state compared to those challenged with the low dose
(10° CFU) of Salmonella. Also, intermittent non-shedding was on
average 2-4 days shorter in pigs challenged with the high
compared to low dose. Therefore, reduction of the dose of
exposure (e.g., through cleaning and other biosecurity measures)
would shorten the periods of shedding and extend the periods of
intermittent non-shedding and would, consequently, decrease the
spread of the infection through the population.

Our study also indicated that pigs infected with S. Cubana had
continuous and intermittent shedding states on average up to 10—
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Figure 4. Observed versus expected prevalence of pigs in the states of the immune response model. Shown are prevalences for the
models using the custom cut-offs (panel A) and manufacturer based cut-offs (for all serotypes except S. Yoruba; panel B). The states are labeled 1 and
2, denoting an immune response below and above the seroconversion level, respectively. Full line indicates the observed, while dashed and dotted

lines denote mean and 95% Cl of the expected prevalence.
doi:10.1371/journal.pone.0034660.g004

17 and 34 days longer, respectively, than the other three
evaluated serotypes, of which S. Yoruba had shedding times most
similar to S. Cubana. The similarity between S. Yoruba and S.
Clubana was also supported by the lack of statistically significantly
different HRs comparing their model transition intensities. Our
results also indicated that compared to S. Yoruba and S. Cubana,
pigs infected with §. Typhimurium and S. Derby are far more
likely to enter the intermittent non-shedding state following the
continuous or intermittent shedding states than to recover from
these states. Overall, these findings suggest that pigs infected with
S. Typhimurium and S. Derby tend to shed Salmonella in shorter
blocks of time (both as part of the continuous and intermittent
shedding states) compared to S. Yoruba and S. Cubana. However,
S. Typhimurium and S. Derby are more likely to (re-Jenter the
intermittent non-shedding state. Consequently, they showed a
tendency for longer overall duration of host infection with similar
or longer total duration of fecal shedding (i.e., the sum of the
continuous and all intermittent shedding episodes) compared to S.
Yoruba and S. Cubana (Table 2). This trend makes sense as it may
be explained by the difference in invasiveness between the more
invasive S. Typhimurium and S. Derby (which are considered the
classical pig serotypes) and the less invasive S. Yoruba and S.
Cubana (which are mostly associated with contaminated feed).
The challenge in controlling such infections is that for the invasive
classical pig serotypes, ceasing or reducing pathogen replication
and consequently shedding hampers their detection while
seemingly it also causes the pathogen to reside in the host longer,
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which extends the period of time a pig is infected and thus capable
of transmitting the pathogen to another host. The serotypes
associated with contaminated feed are also of concern because
through their feed-borne spread, many herds may become infected
in a short time, and this route of transmission can therefore be
regarded as a major threat to the control of Salmonella in pigs.
Moreover, if there is no control of Salmonella in feed, pigs may be
continuously exposed via feed, thereby producing a different
shedding pattern than with only a single exposure. Indeed, the
high significance of commercial feed as a potential vehicle of
Salmonella transmission has been reported in the USA [28]. Also, S.
Cubana has been isolated from routine environmental samples
from feed mills in Sweden [29,30], and it infected pigs in 31 herds
in a feed-borne outbreak in Sweden in 2003 [31]. When S. Yoruba
was detected in a Swedish specific pathogen-free pig herd, feed
was concluded to be the most likely source [32]. The serotypes
associated with contaminated feed are of concern to human health
as well. In the USA, two outbreaks of human infection with S.
Cubana were reported in 1998, affecting 34 and 14 people [33].
Because of this and similar incidents, all serotypes of Salmonella
enterica are considered a potential threat to human health [1].
The findings of this study are obviously dependent on the
correct classification of pigs into one of the possible shedding and
non-shedding states, the validity of the structure of the considered
multistate model for fecal shedding (i.e., the considered states and
allowed transitions among states), and the underlying assumptions.
With respect to a possible misclassification bias, a [16] study
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indicated that the MSRV method used to detect Salmonella in fecal
samples has good diagnostic performance (sensitivity and specific-
ity of 95% and 100%, respectively), and its detection limit is
around 10 CFU/25 g feces. The number of false negatives should
thus be fairly low, while there should be no false positives due to
the test. The semiquantitative results for the level of Salmonella in
feces of individual pigs in the experimental studies used here [9,10]
indicated that the blocks of non-shedding were distributed among
the blocks of shedding of variable levels of Salmonella. This,
together with the MSRV’s diagnostic performance and the
detection limit, supports the finding that the intermittent non-
shedding state truly occurs as opposed to representing blocks of
false negative classifications. Also, it is unlikely that we would
observe just by chance the inverse relationship between the strain-
specific duration of a one-time stay in the fecal shedding states and
the total duration of infection and shedding. Therefore, misclas-
sification bias does not seem to be of high concern in this study.
Any misclassification would be rather in the form of assuming non-
shedding instead of low-shedding. The conclusions and the
biological relevance would remain the same, as low-shedding
(below the detection limit) would have more or less the same effect
on detection and spread as non-shedding. Nevertheless, a formal
assessment of this question could be done through an extension of
the developed model into a Hidden Markov model in a future
study.

While intermittent shedding is widely known to occur during
infection with Salmonella and many other pathogens, it has rarely
been specifically considered in models of the within-host or among
host-infection dynamics. The [34] study modeled recurrence of
infectiousness through fecal shedding by inclusion of the carrier
state into the model of the S. Typhimurium transmission within a
pig herd. Similarly, the [35] study modeled the transition of cattle
between the states of shedding and non-shedding of L. monocytogenes
in feces. However, to our knowledge, the study described here is
unique in the way it explicitly separated the shedder animals into
those that are in the continuous and intermittent shedding states,
which has important implications for infection detection and
transmission, as already discussed. Because samples were not
collected daily, it is possible that some pigs were negative even
before the first negative sample was obtained. Therefore, the
duration of continuous shedding might have been overestimated.
However, given the fairly similar frequency of sample collection
before and after the first negative sample was collected, and the
favorable validation with [24], it is highly unlikely that the
continuous shedding state is just an illusion and that the associated
estimates are just artifacts.

Our model of the within-host dynamics of fecal shedding
assumes a single challenge at day 0. It completely ignores the
possibility of pig-to-pig transmission of Salmonella infection among
animals housed together during the experiment. Such transmission
would result in super-infections, re-infections (if the pig actually
recovered before it was infected again) or passive shedding of the
ingested Salmonella, all of which would cause underestimation of
the duration of non-shedding states and overestimation of the
duration of shedding states. We cannot rule out these possibilities.
However, the first two possibilities seem unlikely because some
pigs developed antibodies to Sa/monella which presumably have had
a protective effect. Moreover, experimental exposure of naive pigs
to shedding pigs has shown that the transmission rates between
pigs are low [36]. Similarly, passive shedding does not seem likely
because it would require ingestion of a considerable amount of
fecal material that would survive a pig’s digestive tract and be shed
in high enough amounts to be detected. Finally, it is not obvious
how any of the three possibilities could explain the observed
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assoclation between a pig’s transition through states of fecal
shedding post-exposure and the challenge serotype and dose.

The performed analysis of immune responses indicated that pigs
infected with the high dose of S. Typhimurium or S. Derby
seroconverted 8 to 11 days faster than those infected with the low
dose of these serotypes. Our analyses also indicated that these
estimates strongly depend on the chosen manufacturer or custom
derived cut-offs of the seroconversion level. Specifically, using
manufacturer as opposed to custom cut-offs resulted in a longer
estimated time to seroconversion for S. Typhimurium and S.
Derby: approximately 5 days (or 30%) in pigs challenged with the
low dose and approximately 3 days (or 50%) in pigs challenged
with the high dose. Seroconversion to §. Cubana and §. Yoruba
was approximately 4 and 14 times slower, respectively, than
seroconversion to S. Typhimurium and S. Derby in pigs infected
with the high dose. When manufacturer cut-offs were used,
seroconversion to S. Yoruba was 7 times slower than that
estimated for S. Typhimurium and S. Derby. That may be
because . Typhimurium and S. Derby are more invasive than S.
Cubana and S. Yoruba and therefore invade the intestinal
epithelium to a greater extent and induce antibody secretions
more rapidly, in higher amounts, and over longer time periods
than the feed-associated serotypes. Because pigs infected with the
low dose or with S. Cubana or §. Yoruba need more time to
seroconvert, more time would pass before the infection could be
detected in the infected herd. While the custom cut-off has not
been validated and so its validity is unknown, it is reasonable to
speculate that for the tested serotypes it has a very good sensitivity
but questionable specificity (except for the custom cut-off for S.
Yoruba which was set so to achieve better specificity) and so may
have a considerable number of false positive classifications. As a
consequence, the time to seroconversion might be underestimated
for S. Typhimurium, §. Derby, and . Cubana in the model which
used the custom cut-offs. On the other hand, it is reasonable to
speculate that the manufacturer-recommended cut-offs might have
a superior specificity at the cost of a reduced sensitivity to reduce
the possibility of false positive classifications. Under these
circumstances the model might have overestimated the time to
seroconversion. The custom cut-off was useful in our setting to
detect immune responses in pigs that were known to be exposed. It
would be less useful in the field when the aim is to detect infected
animals and the true status of exposure is unknown. Furthermore,
test specificity is particularly important in societies where Salmonella
control policy imposes mandatory restrictions and/or interven-
tions in infected herds (such as movement restrictions of positive
herds and euthanasia of positive pigs).

There are limited experimental studies reporting Salmonella fecal
shedding and immune responses in pigs over a period of time
based on frequent enough sample collection and testing.
Nevertheless, the available information [11,24,25] compares
favorably with the findings in this study. Previous studies of fecal
shedding and immune response dynamics have used survival
analysis and logistic regression models to find risk factors
associated with these processes [37—41]. Only one previous study
mvestigated the effect of time-varying covariates on L. monocytogenes
fecal shedding using a Markov Chain modeling approach [35].
Our study demonstrated that multistate Markov models are a
useful statistical tool for the analysis of longitudinal fecal shedding
and immune response data. The regression analysis, which
included a search for the most parsimonious representation of a
covariate’s effect on shedding and immune response, assured that
the models are not overfitted with redundant parameters and also
provided meaningful information about the effects the covariate
has on the processes [13]. The relatively short duration of the
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study period and the small number of pigs per each covariate
group in the pig dataset [9,10] hampered the interpretation of
some of the study results (i.e., estimates of sojourn times longer
than the study period and very large standard errors). Neverthe-
less, using the multistate Markov Chain modeling approach, we
were able to quantify and formally test previous reports of the
effect of challenge serotype and dose on Salmonella fecal shedding
and immune response and identify interesting new insights in the
relationship between shedding episodes and total length of
infection and shedding.

Our study could be used to suggest new avenues for research.
For example, we emphasize the need to perform long enough
longitudinal studies of fecal shedding and immune response to
quantify the duration of fecal shedding states and immunity,
particularly for high infection doses and classical pig serotypes.
Since stress has been speculated to affect fecal shedding in pigs
[42] and has been shown to affect the dynamics of fecal shedding
of L. monocytogenes in cattle [35], it would be of interest to include
the effect of stress in the future analysis of the dynamics of pigs’
fecal shedding. In parallel, one could use some of the results of this
study to build a mathematical infectious diseases model and to
assess how challenge dose and serotype affect transmission of the
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pathogen within a population of pigs. Moreover, the results from
this study may be applied in further models on within-herd
transmission of Salmonella and the effects of different intervention
and/or prevention measures.

In conclusion, the results of multistate modeling described in
this study provided quantification and formal assessment of the
previously described natural course of fecal shedding and immune
responses post Salmonella challenge based on which new insights
were possible. These results contributed to an understanding of the
epidemiology of salmonellosis in pigs, demonstrating that the
Salmonella serotype and the dose of exposure have profound effects
on the pattern and duration of fecal shedding and host immune
response. Such understanding may help improve the screening of
different  Salmonella serotypes in the pig reservoir, thereby
decreasing the risk of human infection.
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