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Application of Markov models to predict changes in nasal carriage of
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Ramachandranb

aDivision of Science Integration, National Institute for Occupational Safety and Health, Cincinnati, Ohio; bDepartment of
Environmental Health and Engineering, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland; cDepartment of
Epidemiology, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland; dDepartment of International Health, Johns
Hopkins Bloomberg School of Public Health, Baltimore, Maryland; eDepartment of Molecular and Comparative Pathobiology, Johns
Hopkins School of Medicine, Baltimore, Maryland; fDivision of Infectious Diseases, Johns Hopkins School of Medicine,
Baltimore, Maryland

ABSTRACT
Industrial hog operation (IHO) workers can be occupationally exposed to Staphylococcus
aureus and may carry the bacteria in their nares. Workers may persistently carry S. aureus or
transition between different states of nasal carriage over time: no nasal carriage, nasal car-
riage of a human-associated strain, and nasal carriage of a livestock-associated strain. We
developed a mathematical model to predict the proportion of IHO workers in each nasal
carriage state over time, accounting for IHO worker mask use. We also examined data suffi-
ciency requirements to inform development of models that produce reliable predictions. We
used nasal carriage data from a cohort of 101 IHO workers in North Carolina, sampled every
2 weeks for 4 months, to develop a three-state Markov model that describes the transition
dynamics of IHO worker nasal carriage status over the study period and at steady state. We
also stratified models by mask use to examine their impact on worker transition dynamics.
If conditions remain the same, our models predicted that 49.1% of workers will have no
nasal carriage of S. aureus, 28.2% will carry livestock-associated S. aureus, and 22.7% will
carry human-associated S. aureus at steady state. In stratified models, at steady state, work-
ers who reported only occasional mask (<80% of the time) use had a higher predicted pro-
portion of individuals with livestock-associated S. aureus nasal carriage (39.2%) compared to
workers who consistently (�80% of the time) wore a mask (15.5%). We evaluated the
amount of longitudinal data that is sufficient to create a Markov model that accurately pre-
dicts future nasal carriage states by creating multiple models that withheld portions of the
collected data and compared the model predictions to observed data. Our data sufficiency
analysis indicated that models created with a small subset of the dataset (approximately 1/3
of observed data) perform similarly to models created using all observed data points.
Markov models may have utility in predicting worker health status over time, even when
limited longitudinal data are available.
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Introduction

Staphylococcus aureus is an opportunistic pathogen
that causes several adverse health outcomes, including
skin and soft tissue infections in humans. S. aureus
infection remains a significant cause of morbidity and
mortality in the United States, causing nearly 120,000
bloodstream infections and 20,000 deaths in the
United States in 2017 (Kourtis et al. 2019). Focused
infection prevention and control efforts have resulted

in reduced infection rates within the healthcare indus-
try, but infection rates occurring outside of healthcare
settings continue to persist. In addition to circulating
community strains, an emergence of people becoming
infected with livestock-associated strains of S. aureus
has been observed in the last two decades, particularly
among workers who have contact with animals
(Fitzgerald 2012; Cuny et al. 2015; Smith 2015).

Research indicates that swine production workers
are at increased risk for nasal carriage of livestock-
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associated strains of S. aureus (Sahibzada et al. 2018).
People who work with swine, including industrial hog
operation workers, are often persistent or intermittent
carriers of livestock associated S. aureus (Nadimpalli
et al. 2015). Workers carrying livestock associated
strains of S. aureus are significantly more likely to
report skin and soft tissue infections compared to
those who do not carry livestock-associated strains
(Nadimpalli et al. 2016). There is also some evidence
to support the hypothesis that livestock-associated S.
aureus may be as or more pathogenic than common
community-associated strains (Randad et al. 2019).

Understanding the risk factors of S. aureus nasal car-
riage may inform interventions that reduce disease bur-
den among exposed workers. Several epidemiological
studies have investigated factors that influence the per-
sistence of livestock-associated S. aureus in the nares of
workers (Garcia-Graells et al. 2012; Rinsky et al. 2013;
Nadimpalli et al. 2018). These studies, while inform-
ative, are costly, time-consuming, and resource-inten-
sive, requiring a large number of study participants,
many repeated measures, and laboratory analysis.
Researchers and practitioners often do not have the
resources necessary to collect samples from individuals
longitudinally. Furthermore, it is unknown how often
and how long it is necessary to sample a worker popu-
lation to predict the steady-state distribution of worker
nasal carriage states under certain work conditions. If
the amount of sampling data needed to make accurate
predictions were known, researchers could design more
cost-effective sampling strategies.

In this paper, the authors propose a Markov model
approach to predict changes in a worker’s nasal car-
riage of S. aureus over time. A Markov model com-
prises two or more states and corresponding
transition probabilities that indicate the probability of
moving from one state to another during a defined
time. The probability of moving into a different state,
or staying in the same state, is dependent only on the
current state. The simplest form of a Markov model is
a Markov chain, where all states are observable.
Markov chain models have previously been proposed
as a generalized approach to describe changes in
health status over time and as a tool for medical deci-
sion making (Sonnenberg and Beck 1993). Examples
in the literature include breast cancer (Fujii et al.
2019; Huang et al. 2020), infertility (Srinivasa Rao and
Diamond 2020), hepatocellular carcinoma (Ishida
et al. 2008), and HIV (Simpson et al. 2009). Batina
and colleagues have previously used Markov Models
to describe how residents of community nursing
homes transition between states of methicillin-

resistant S. aureus (Batina et al. 2016). In this paper,
we constructed a Markov chain model to describe
how a cohort of industrial hog operation workers
transition between states of nasal carriage over a
period of 4 months. Since the use of face masks has
been found to influence worker carriage status in this
cohort previously (Nadimpalli et al. 2018), we strati-
fied our models by face mask use to demonstrate the
effectiveness of exposure controls to modify long-term
carriage rates. Finally, we selectively used different
amounts of data to calculate transition probabilities
between different states and to determine the min-
imum set of repeated, sequential measures needed to
reasonably predict long term nasal carriage rates.

Methods

Data sources

The data used for this model were obtained from a
4-month prospective longitudinal cohort study of S.
aureus nasal carriage among industrial hog operation
workers and household contacts from October 2013
through June 2014. Analysis of this data have been
previously published and data collection methods are
described in detail (Nadimpalli et al. 2016, 2018). In
short, 101 industrial hog operation workers in North
Carolina were recruited via snowball sampling by
community organizers from the Rural Empowerment
Association for Community Help. Study participants
were mostly male (55%), Hispanic (88%), and
39 ± 11 years old (mean ± standard deviation). For
more demographic information, see Nadimpalli et al.
(2018) and Supplementary Table S1. Enrolled partici-
pants were screened for S. aureus nasal carriage at
baseline and every 2 weeks for 4 months via self-col-
lected nasal swabs. Once samples were processed and
plated, presumptive S. aureus colonies were strain
typed and assessed for the staphylococcal protein A
(spa) gene. At baseline, participants were administered
a questionnaire assessing demographic information,
habitual work activities, and household characteristics.
During each follow-up visit, participants were admin-
istered questionnaires assessing their time-varying
occupational activities, such as mask use, in each of
the two 1-week periods since the last visit. Figure 1
summarizes the study design. In their previously pub-
lished analysis of this cohort, Nadimpalli and col-
leagues found that face mask use was associated with
reduced odds of nasal carriage of livestock-associated
S. aureus (Nadimpalli et al. 2018). Accordingly, we
also modeled the effect of mask use on the transition
dynamics between S. aureus nasal carriage states. All
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data used in the analysis were de-identified and cov-
ered under the REDACTED.

Model overview

We developed a discrete time Markov chain model to
describe how industrial hog operation workers transi-
tion between S. aureus carriage states throughout the
study period and to predict steady-state carriage rates
among this study population. We also assume that
rates of nasal carriage of S. aureus among this cohort
of IHO workers will eventually reach steady-state lev-
els and we use Markov modeling to predict which
state(s) will dominate over time. Workers were cate-
gorized into a finite number of mutually exclusive
health states, and we estimated the probability of tran-
sitioning between these states during equal time inter-
vals. We defined three discrete health states: no nasal
carriage of S. aureus (NC), nasal carriage of human-
associated S. aureus (HA), and nasal carriage of
livestock-associated S. aureus (LA). A sample is con-
sidered positive for S. aureus if any culturable S. aur-
eus is present in the nasal swab. To differentiate
between livestock-associated and human-associated
strains of S. aureus, we used the absence of the scn
gene as a putative marker of livestock-association
(Rinsky et al. 2013). The LA state is defined by nasal
swab positive for S. aureus where the cultured strain
did not carry the scn gene. The HA state includes all
other workers with nasal swabs positive for S. aureus
where the cultured strain did carry the scn gene. The
NC state is that in which worker nasal swabs were
culture negative for S. aureus. Although workers can
carry both livestock-associated and human-associated
strains at once, too few participants were co-carriers
to accurately estimate the probability of transitioning
to and from this state, so the small number of partici-
pants who carried both livestock and human-associ-
ated strains are included in the LA state. The three

states in our model are represented in a state-transi-
tion diagram in Figure 2.

The authors represented the initial state of our
Markov chain with an initial state vector
N0 N1 N2

� �
: The number of workers in each state

during the baseline study visit are denoted Ni, where i
is the nasal carriage state (NC ¼ 0, HA ¼ 1, and LA
¼ 2). The investigators modeled time in equal inter-
vals of 2 weeks to correspond with study visits. A
worker can transition directly from any of the three
states into any other state or stay in the same state
during a given 2-week Markov cycle. The investigators
assumed that only one single state transition could
happen for each worker during each cycle.
Accordingly, there are nine possible transitions that
can occur in each Markov cycle, including remaining
in the same state. The probabilities of each transition
occurring are expressed mathematically in the transi-

tion probability matrix
P00 P01 P02
P10 P11 P12
P20 P21 P22

2
4

3
5 and in table

form (Table 1). The probability of moving between
two states in one Markov cycle is represented by Pij,
where the worker transitions from the ith state at
time t to the jth state at time tþ 1. By definition of a
Markov process, a worker’s probability of moving
from one state to another state was assumed to be
dependent only on the current state of the worker
(i.e., Pij is constant for a given i and j). We used a
straightforward process to determine transition proba-
bilities (see supplementary Table S2). Since the health
state of each worker was observed at the beginning
and end of each 2-week Markov cycle, we identified
every single-state transition that occurred among the
study population during the study period. We then
calculated the number of transitions from state i to
state j divided by the total number of transitions that
started at state i. This ratio is the transition probabil-
ity from state i to state j.

Figure 1. Study Design. One-hundred and one industrial hog operation workers were enrolled in the original study. Study visits
occurred 2 weeks apart. The figure above represents one individual as she or he transitions between different nasal carriage states
over the course of the study. Transitions between these states over the 2-week time intervals are represented by an arrow.
NC¼ no nasal carriage of S. aureus; HA¼ nasal carriage of human-associated S. aureus; LA¼ nasal carriage of livestock-associated
S. aureus.
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Determining stationary probabilities to predict
future distribution of S. aureus nasal carriage

The estimated distribution of worker carriage states
after t Markov cycles is the product of the initial state
vector (baseline distribution of nasal carriage status
among the cohort) and the transition probability
matrix raised to the power t.

N0 N1 N2
� ��

P00 P01 P02
P10 P11 P12
P20 P21 P22

2
4

3
5
t

¼ X0 X1 X2
� �

(1)

We assume that if there are no changes in work-
place conditions, nasal carriage of S. aureus among
this cohort will theoretically reach steady state over
time. Given that our model has no absorbing states
(that is, every state in the model is temporary and
workers in any of the three states are expected to
eventually leave that state in the long run), workers
will continue to move between different nasal carriage
states indefinitely and the model converges to a
steady-state distribution of workers in the three states.

Consequently, the total proportion of workers in each
nasal carriage state will remain approximately con-
stant over time once the system reaches steady state.
For a steady-state vector, X0 X1 X2

� �
and transi-

tion probability matrix,
P00 P01 P02
P10 P11 P12
P20 P21 P22

2
4

3
5 :

X0 X1 X2
� � P00 P01 P02

P10 P11 P12
P20 P21 P22

2
4

3
5
1

¼ X0 X1 X2
� �

(2)

This mathematical property of Markov models
allows us to predict what carriage state is expected to
dominate this population at steady state if conditions
remain the same.

To estimate the proportion of workers in each
nasal carriage state throughout the study period, we
multiplied the baseline vector (representing the distri-
bution of workers in each nasal carriage state) with
the transition probability matrix developed from the
data collected during study visits raised to the t
power, where t is the study visit number. To calculate
the proportion of workers in each state at steady state,
we multiplied the baseline vector by the transition
probability matrix many times, using a brute force
method, until the resulting vector ceased to change.

Stratified models based on mask use

We examined the influence of workers’ self-reported
mask use on the transition probabilities by developing
stratified transition probability matrices for consistent
mask use and for occasional mask use. At each study
visit, individuals report average mask use within the
2-week Markov cycle. We evaluated every single time-
step (2 week) transition that occurred over the study
period. Each transition was matched with the worker’s
self-reported mask-use during that 2-week interval.
We stratified the observed transitions into two groups
based on the average reported face mask use of the
participant during the 2-week Markov cycle in which
the transition occurred. We defined “consistent use”
as self-reported mask use of 80% or more during the
prior 2 weeks and “occasional use” as self-reported
mask use less than 80% in the prior 2 weeks. These
definitions were aligned with definitions used in pre-
vious analysis of this data (Nadimpalli et al. 2018).
We also developed models for the subset of transitions
in which individuals reported no mask use (0%) and
complete mask use (100%) in the prior 2 weeks. Since
workers reported their mask use at each study visit, a

Figure 2. State transition diagram. Arrows indicate possible
transitions that can occur over one Markov cycle. Arrows lead-
ing from a circle back to itself indicates that a worker may
stay in the same state over a Markov cycle. NC¼ no nasal car-
riage of S. aureus; HA¼ nasal carriage of human-associated S.
aureus; LA¼ nasal carriage of livestock-associated S. aureus.
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single worker could contribute transition data to more
than one model. For example, a worker could report
100% mask use in one 2-week period and report 0%
mask use in the next 2-week period. The first transi-
tion would be included in the consistent use and com-
plete mask use models and the second transition
would be included in the occasional use and no mask
use models. We created transition probability matrices
based on reported mask use in the prior 2 weeks that
each transition occurred and compared steady-state
vectors for each model. The 95% confidence intervals
around the point estimates were computed by boot-
strapping with 500 resampling runs and assuming an
approximately normal underlying distribution.

Evaluating data sufficiency and model accuracy
with varying amounts of data

To test the validity of our model, and to understand
how much data are needed to create a reliable model
(in other words, how much data is sufficient to make
a reasonable prediction), we created multiple transi-
tion probability matrices using varying amounts of
data and then compared each model’s output to
observed data. In other words, we created eight separ-
ate models, with the first model holding back the
majority of the study data and subsequent models
increasing the amount of study data used to define
the transition probabilities. Specifically, the transition
probability matrix for Model 1 was developed using
transition data from baseline to visit 1. Model 2 was
built using transition data from baseline to visit 1 and
transition data from visit 1 to visit 2. Model 3 uses
transition data from baseline to visit 1, from visit 1 to
visit 2, and from visit 2 to visit 3, and so on. Each
model is used to predict the distribution of nasal car-
riage status among the cohort after each Markov
cycle. To calculate the expected distribution of work-
ers in each nasal carriage state at the final study visit
(Visit 8), we multiplied the initial distribution of

workers in each state, N0 N1 N2
� �

, by the transi-
tion probability matrix developed for each model

raised to the 8th power,
P00 P01 P02
P10 P11 P12
P20 P21 P22

2
4

3
5
8

: Ninety-

five percent confidence intervals around the point
estimates were computed by bootstrapping with 500
resampling runs and assuming an approximately nor-
mal underlying distribution. We calculate the correl-
ation coefficient between observed data and model
output for each of the eight models. We also calculate
the mean squared error between the observed and
predicted values for the last study visit (follow up visit
8) as another measure of model performance.

Results

Complete (unstratified) and stratified transition
probability matrices

In the initial study visit, 58 (57.4%), 25 (24.8%), and
18 (17.8%) of workers were in the NC, HA, and LA
nasal carriage states, respectively. Thus, the distribu-
tion of workers in each state is represented by the
vector 0:574 0:248 0:178

� �
: We observed 676 nasal

carriage state transitions for 101 industrial hog oper-
ation workers over 8 Markov cycles. There were 319
transitions for which the individual reported wearing
their mask during the 2-week period at least 80% of
the time and 312 transitions where mask use in the
prior 2 weeks was reported as less than 80%. The
remaining 45 observations were missing data on mask
use during the prior 2 weeks and were not included
in models stratified by mask use. Transition probabil-
ity matrices for the complete worker nasal carriage
model (that is, the model built using all observed
transitions among all workers, regardless of mask use)
and the models stratified by mask use are shown in
Table 2. The transition probability matrix for the
complete model used data from all 676 transitions

Table 1. General structure of transition probability matrices and initial state vectors for Markov models used in this study.
Transition Probability Matrix

State at time tþ 1

No nasal carriage
of S. aureus (NC)

Nasal carriage of
human-associated
S. aureus (HA)

Nasal carriage of
livestock-associated

S. aureus (LA)

State at time t NC P00 P01 P02
HA P10 P11 P12
LA P20 P21 P22

Initial State Vector
State at time t¼ 0 N0 N1 N2

The probability of moving between two states in one Markov cycle is represented by Pij, where the worker transitions from the ith state at time t to the
jth state at time tþ 1.
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observed and the stratified models used all transitions
where data for mask use were available (631 transitions).
The transition probability matrices indicate that under
current conditions, most workers remain in the same
nasal carriage state over a single 2-week Markov cycle,
and fewer workers will change nasal carriage states in a
2-week time period. For the complete model, workers in
the NC, HA, and LA states are expected to remain in the
same carriage state 80%, 66%, and 69% of the time,
respectively (Table 3a). In this model, transition dynam-
ics between human associated and livestock associated
S. aureus strains are similar, with the most individuals
with S. aureus nasal carriage of either strain remaining
in the same state over one Markov cycle (66% and 69%,
respectively), relatively few transitions from one S. aur-
eus-positive state to another (13% for both), and the
remaining individuals transitioning to no nasal carriage.
In the models stratified by mask use, most workers will
also stay in the same state in each time step, except for

individuals in the LA state who used masks consistently
in the prior 2 weeks. When masks were used consist-
ently, workers with nasal carriage of livestock associated
S. aureus have only a 48% probability of remaining a
carrier at the next time step, compared to 66.7% when
mask use is inconsistent (Table 3b). Results of a sub
analysis which only included transitions that occurred
after complete (100%) mask use or no (0%) mask use
show a similar pattern but may be less precise due to
fewer transitions being included (Table 3c).

Impact of mask use on distribution of worker
nasal carriage states

Steady-state distributions for each of the three models
are shown in Figure 3. The complete model, showing
the worker population at their current level of mask
usage, predicts that 28.2% (95% CI, 17.1–39.3%) of
workers in this cohort are expected to be carriers of
livestock associated S. aureus at the steady state. In
the consistent mask use model and the occasional
mask use model, the number of workers with nasal
carriage of livestock associated S. aureus at steady
state is 15.5% (95% CI, 7.4–23.6%) and 39.2% (95%
CI, 27.3–51.1%), respectively. More workers are
expected to have no nasal carriage of S. aureus when
masks are used consistently (57.6%; 95% CI,
45.4–69.8%) compared to when masks are use occa-
sionally or not at all (42.6%; 95% CI, 30.5–54.7%).
The consistent mask use model shows the highest pro-
portion of individuals with human associated S. aur-
eus (26.9%; 95% CI, 15.5–38.3%) compared to the
complete model and the occasional mask use models
(22.7% (95% CI, 11.7–33.7%) and 18.2% (95% CI,
8.8–27.6%) respectively). The occasional mask use
model shows the highest proportion of individuals
with livestock associated S. aureus (39.2%; 95% CI,
27.3–51.1%) compared to the complete and consistent
mask use models (28.2% (95% CI, 17.2–39.3%) and
15.5% (95% CI, 7.4–23.6%), respectively.

Model accuracy and data sufficiency threshold

With a study population of 101 workers, nine study
visits, and eight transitions per worker, there were
808 total transitions in eight Markov cycles. Due to
missing nasal swab or mask use data for some of
the participants, 137 transitions were excluded, and
676 transitions were observed and included in our
models. Table 3 summarizes the eight models used
in our data sufficiency analysis, including the num-
ber of transitions included in the model, the

Table 2. Transition probability matrices developed using (a) all
transitions observed during the study period, (b) transitions
observed when workers self-reported mask use in prior 2
weeks, either consistent (�80% reported mask use) or occa-
sional (<80% reported mask use), and (c) the subset of transi-
tions where workers reported complete mask use (100%
reported mask use) or no mask use (0% reported mask use).
a. Transition Probability Matrix for All Observed Transitions
(676 transitions)

State at time tþ 1
State at time t NC HA LA
NC 0.802 0.084 0.114
HA 0.208 0.658 0.134
LA 0.178 0.130 0.692
b. Transition Probability Matrix Stratified by Mask Use
Consistent Mask Use

(319 transitions)
State at time tþ 1

State at time t NC HA LA
NC 0.783 0.128 0.089
HA 0.266 0.627 0.107
LA 0.344 0.172 0.484
Occasional Mask Use

(312 transition)
State at time tþ 1

State at time t NC HA LA
NC 0.689 0.108 0.203
HA 0.242 0.516 0.242
LA 0.225 0.108 0.667
c. Transition Probability Matrix for Models Stratified by Mask Use
100% Mask Use

(310 transitions)
State at time tþ 1

State at time t NC HA LA
NC 0.776 0.132 0.092
HA 0.266 0.627 0.107
LA 0.328 0.180 0.492
0% Mask Use

(74 transitions)
State at time tþ 1

State at time t NC HA LA
NC 0.7 0.075 0.225
HA 0.111 0.445 0.444
LA 0.36 0.16 0.48

For 45 observed transitions, data on mask use in the prior 2 weeks are
missing. Gray-shaded cells represent transitions to the same state (i.e.,
the line of identity).
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transition probability matrix for each model, the
correlation coefficient when comparing the model to
observed data over the eight follow-up visits, and
the final study visit prediction. Graphs comparing
the model’s predictions vs. the observed data for
Models 1 and 8 are shown as an example in Figure
4. N.B.: Model 1 perfectly predicts study visit 1
solely because the model was created using only
transitions from baseline to visit 1, and consequently
matches week 1 exactly. Mean squared errors com-
paring the model predictions for the proportion of
workers in each nasal carriage state after eight
Markov cycles with what was observed at follow-up
visit 8 were calculated for Models 1 through 8 and
are shown in Figure 5.

Discussion

This study modeled changes in nasal carriage of S.
aureus over time among industrial hog operation
workers and investigated how mask use may play a
role in strain specific carriage. Additionally, we inves-
tigated how much longitudinal data is necessary for
developing reasonable models. Our models predicted
that consistent mask use will result in reduced nasal
carriage of S. aureus in general, and, more specifically,
reduced carriage of livestock associated strains at
4months and at a theoretical steady state. This result
is consistent with prior epidemiological findings
(Nadimpalli et al. 2018) and has important health
implications. Emerging research suggests increased
pathogenicity of livestock associated S. aureus when

Table 3. Transition probability matrices and predicted final study visit prediction for Models 1 through eight of the data suffi-
ciency analysis.

Model
Number of Transitions
Used to Form Matrix Transition Probability Matrix

Correlation
Coefficient (R2)

Visit 8 Prediction (95% C.I.)
NC
HA
LA

Model 1 100 0.789 0.123 0.088 0.0059 0.252 (0.147, 0.357)
0.120 0.800 0.080 0.363 (0.247, 0.479)
0.000 0.111 0.889 0.385 (0.263, 0.507)

Model 2 198 0.837 0.096 0.067 0.933 0.545 (0.430, 0.660)
0.226 0.623 0.151 0.191 (0.101, 0.281)
0.171 0.073 0.756 0.264 (0.157, 0.371)

Model 3 295 0.801 0.081 0.118 0.9075 0.486 (0.364, 0.608)
0.186 0.686 0.128 0.203 (0.106, 0.300)
0.188 0.078 0.734 0.311 (0.197, 0.425)

Model 4 385 0.781 0.083 0.136 0.9233 0.470 (0.343, 0.597)
0.159 0.727 0.114 0.237 (0.131, 0.343)
0.220 0.088 0.692 0.293 (0.184, 0.402)

Model 5 463 0.793 0.073 0.134 0.9058 0.478 (0.356, 0.600)
0.192 0.702 0.106 0.211 (0.110, 0.312)
0.186 0.088 0.726 0.311 (0.200, 0.422)

Model 6 547 0.790 0.086 0.124 0.926 0.474 (0.357, 0.591)
0.190 0.698 0.112 0.242 (0.147, 0.337)
0.186 0.114 0.700 0.284 (0.176, 0.392)

Model 7 613 0.797 0.083 0.120 0.9268 0.491 (0.362, 0.620)
0.209 0.657 0.134 0.222 (0.127, 0.317)
0.183 0.124 0.693 0.287 (0.170, 0.404)

Model 8 676 0.801 0.084 0.115 0.929 0.493 (0.376, 0.610)
0.208 0.658 0.134 0.227 (0.117, 0.337)
0.178 0.130 0.692 0.280 (0.169, 0.391)

Observed Data – – 1 0.508
0.246
0.246

Each model was created using varying amounts of data, with the first model holding back the majority of the study data and subsequent models increas-
ing the amount of study data used to define the transition probabilities. The transition probability matrix for Model 1 was developed using transition
data from baseline to visit 1. Model 2 was built using transition data from baseline to visit 1 and transition data from visit 1 to visit 2. Model 3 uses
transition data from baseline to visit 1, from visit 1 to visit 2, and from visit 2 to visit 3, and so on. Each model is used to predict the distribution of
nasal carriage status among the cohort at the final study visit (follow up visit 8). The initial distribution of workers in each state,
0:574 0:248 0:178

� �
, is multiplied by the transition probability matrix raised to the 8th power to produce the final study visit prediction. Transition

probability matrices are given in the format displayed in Table 3. For example, for Model 1:

0:574 0:248 0:178
� ��

0:789 0:123 0:088
0:120 0:800 0:080
0:000 0:111 0:889

2
4

3
5
8

¼ 0:252 0:363 0:385
� �

The correlation coefficient reported here refers to the correlation between the model’s predictions for follow up visits 1 through 8 compared to what was
observed among the cohort. The final study visit prediction refers to the models’ output when predicting the distribution of nasal carriage statuses of
the cohort at follow up visit 8, given as [NC HA LA]. NC¼ no nasal carriage of S. aureus; HA¼ nasal carriage of human-associated S. aureus; LA¼ nasal
carriage of livestock-associated S. aureus.
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compared to community associated strains (Randad
et al. 2019). IHO workers who carry human associated
and/or livestock associated S. aureus in their nares are
at increased risk of skin and soft tissue infections
(Wertheim et al. 2005).

In the occasional mask use model, it is predicted that
livestock associated strains of S. aureus will dominate at
steady state, compared to the consistent mask use model
where the human-associated strain dominates.
Interestingly, in the consistent mask use model, nasal
carriage of human-associated S. aureus is predicted to
be increased compared to the complete model. One pos-
sible explanation for this is that when exposure to live-
stock associated S. aureus is low due to mask use, the
primary source of exposure to S. aureus may be to
human-associated strains in non-occupational settings.
When masks are not worn consistently, and occupa-
tional exposure to S. aureus is high, livestock-associated
strains might outcompete human-associated strains,
resulting in the apparent decrease in human-associated
S. aureus when reported mask use is high.

This analysis indicates that the Markov models per-
form reasonably well (R2 > 0.9) in predicting future
nasal carriage with as little as 4 weeks’ worth of longitu-
dinal data. Mean squared errors for Models 2 through 8
indicate that these models perform reasonably well
(MSE < 0.005) at predicting nasal carriage states after
two Markov cycles. In this dataset, reasonably accurate

predictions were made with data from only three study
visits. While more research is needed to establish how
much data is needed to create an accurate transition
probability matrix for changes in worker health over
time, this research supports the fact that even limited
amount of longitudinal data could have useful predictive
power in research and occupational exposure monitor-
ing. This might inform the way that future longitudinal
studies are designed. Mathematical models, in combin-
ation with limited sampling data, may be used to under-
stand workplace nasal carriage over time with
reasonable accuracy, provided that workplace conditions
and worker behaviors remain constant.

These models also support the conclusions of prior
studies that indicate that occupational mask use among
this cohort may have a protective effect for nasal colon-
ization of S. aureus, particularly livestock associated
strains. Since Markov models are significantly less
expensive than the sample collection, models should be
considered as an additional, complementary approach to
estimation of the protective effect of workplace controls.

One purpose of this study is to illustrate the use of
Markov modeling in industrial hygiene applications. To
the authors’ knowledge, this is the first application of a
Markov chain to model industrial hog operation worker
nasal carriage of S. aureus. A Markov model is useful in
this scenario because workers transition between a finite
number of health (nasal carriage) states many times

Figure 3. Steady-state distributions for the complete model (i.e., unstratified model using data from all observed transitions) and
the models stratified by mask use. Percentages are shown with 95% confidence intervals in parenthesis. Consistent mask use is
defined as self-reported mask use �80% of the time and occasional mask use is defined as self-reported mask use <80%.
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throughout the study period. Markov chains allow for
future carriages states to be easily calculated, given sev-
eral assumptions. However, these simplifying assump-
tions create limitations in our study. We assume, for
example, that the probability of nasal carriage in the
next time step is dependent only on the current state,
and that mask usage is the predominate variable that
explains variability in S. aureus acquisition. However,
many other factors, including work tasks, hours worked,
and host factors, can also contribute to transition rates.

In the previous epidemiological study of this cohort,
researchers found that recent pressure washing of barns
and ever vs. never administering shots was associated
with scn-negative S. aureus nasal carriage. A limitation
of this research is that our models does not further
stratify based on these factors, because doing so would
result in an increasingly small n. Increasing the com-
plexity of models by including additional variables may,
in some cases, increase model accuracy, but also may
decrease the generalizability of the model. On the other

Figure 4. Predicted vs. observed values for Model 1 and Model 8.
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hand, since study participants represent a heterogeneous
population in terms of work environment and job
duties (Nadimpalli et al. 2015), this may support the
generalizability of our findings to the general population
of IHO workers in North Carolina. We make the sim-
plifying assumption that nasal carriage transitions hap-
pen in discrete 2-week time intervals, and that each
worker makes only one transition per Markov cycle. In
reality, it is possible for multiple transitions to occur
over a 2-week period (Nadimpalli et al. 2015).
Additionally, we assume that if conditions remain the
same, nasal carriage of S. aureus among this cohort will
theoretically reach steady state. Factors such as seasonality
(Nehme et al. 2008) or, more likely, periodicity within
the grow out cycle of swine production may play a role
in nasal carriage of S. aureus and may prevent true
steady-state conditions from being achieved. Larger stud-
ies of longer duration are needed to identify longer-term
trends that could not be assessed in the current analysis.
Another limitation is our poor understanding of self-
reported mask use. Study participants reported the fre-
quency of mask use but did not provide details on the
type of mask, how often masks were replaced, how they
were stored or laundered, and whether they were taken
home. Differentiating N-95 respirators from dust masks
and other face coverings could further explain the seem-
ingly protective effect of mask use and would inform pol-
icy recommendations for reducing worker exposure.

Due to resource limitations and worker privacy
concerns, quality repeated measures data on worker
nasal carriage may be impractical to obtain. Therefore,
there are many advantages to using models to predict

what future carriage distributions look like using a
limited number of data points. This study estimated
the occupational risk of S. aureus among industrial
hog operations workers using a new approach that
required less data but produced reasonably accurate
predictions in the short term.

Conclusion

We developed a Markov model to predict nasal car-
riage of S. aureus in a cohort of workers over 4
months. We also made steady-state predictions about
the distribution of livestock-associated and human-
associated S. aureus among this occupational group.
Our study suggests that under current conditions,
about half of workers (50.9%) will have nasal carriage
of S. aureus at steady state, with 55.4% of those work-
ers having livestock associated S. aureus nasal carriage.
In the model representing a consistent mask use scen-
ario among the work force, the number of workers
with nasal carriage is slightly decreased, and the ratio
of livestock-associated S. aureus carriage to human
associated S. aureus carriage is decreased. Under the
occasional mask use model, the opposite is true. This
supports previous epidemiological findings that mask
use may reduce worker exposure to S. aureus in
industrial hog operation environments.

Robust longitudinal data for occupational cohorts
are typically scarce. If movement of workers between
various infection states can be accurately predicted,
researchers may be able to determine the long-term
impact of interventions using fewer data points. Given

Figure 5. Mean square error for Models 1–8 for predicting the proportion of individuals in each nasal carriage state at the final
study visit. The mean squared error is computed by calculating the difference between each pair of predicted and observed values
and averaging the squared differences.
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that models that were developed using one third of
the data points produced similar results to models
that used all data, researchers may be able to design
more cost-effective sampling strategies in the future.
Markov models have practical applications for occupa-
tional settings and should be considered as a tool for
predicting changes in worker health states and evalu-
ating the effectiveness of workplace controls.
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