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Chapter 1

Background

1.1 Introduction

The emergence of antibiotic resistance in bacterial pathogens presents a great challenge
to public health. Antibiotic resistance occurs when a bacterial infection is no longer ef-
fectively treated by a particular class of antibiotics, or when that strain of bacteria has
evolved mechanisms of avoiding the action of the antibiotic. This leads to longer treatment
periods or higher dosages of drugs becoming necessary to treat such antibiotic-resistant
infections [31],[33]. Bacteria can become resistant to multiple classes of antibiotics, and
infections caused by multidrug-resistant bacteria are even harder to treat. This results in
higher treatment costs and higher mortality associated with antibiotic-resistant infections
as compared to infections by antibiotic-susceptible bacteria, as the standard antibiotics can
not be used to combat these antibiotic-resistant infections. Estimates for the yearly cost
of treating antibiotic-resistant infections in the U.S. range from $100 million to $34 billion
[14],22],[29],[32].

The use of antibiotics for growth promotion and prophylactic, or preventative, treatment

in industrial livestock production has been linked with the increasing prevalence of antibi-
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otic resistance [4],[15],[17],[22],[23],[28],[39]. About 80% of antibiotics sold in the United
States are used in livestock production, and 70% of the antibiotics given to food animals
are classified as medically important for humans [29]. These medically important antibiotics
are used to treat human diseases as well, so if resistance to them arises from agricultural
antibiotic use, it will be harder to use these drugs to treat human illness. In industrial
livestock production, antibiotics are used as growth promoters, as prophylactic treatment
of bacterial infections, and as therapeutic agents for active bacterial infections. First, ad-
ministering sub-therapeutic levels of antibiotics in animal feed has been shown to lead to
weight gain [2] which translates to a higher profit per animal produced. Giving antibiotics
as preventative treatment for common livestock diseases is also profitable, as it allows more
animals to be raised in confined spaces while maintaining overall herd health. However,
in both growth promotion and prophylactic uses of antibiotics, bacteria populations within
the animals and their environment are exposed to consistent levels of the antibiotic, and
resistance to the antibiotic is therefore selected for in these populations. Concern for the
development of antibiotic resistance through antibiotic growth promotion is so great that
many nations, including the U.S. and much of the E.U., have banned the use of antibiotics
as growth promoters [11]. Enforcement of these laws is somewhat difficult, however, given
that it is hard to tell whether antibiotics are being used to promote growth or reduce disease
[11].

Once resistant infections develop in animal populations, they can spread to humans
through contact between animals and farm workers, through individuals handling or con-
suming raw or under-cooked meat products carrying drug-resistant bacteria, or through
environmental exposure to the antibiotic-resistant bacteria in the farm [11]. The last few
decades have seen a rise in antibiotic resistance among pathogens of particular concern, in-
cluding food-borne illnesses such as Salmonella spp., Campylobacter spp., Listeria spp., and

E. Coli, all of which likely stem from animal agriculture [11],[22].
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Our goal for this project is to use differential equations to model the development of an-
tibiotic resistance in Salmonella enterica in concentrated animal feeding operation (CAFO)
chicken populations, and how this antibiotic resistance affects human consumers of chicken
products. More specifically, we are interested in modeling and comparing the financial bur-
den on the human health sector for treating antibiotic resistant infections of Salmonella to
the financial benefit to the farmers of using antibiotics, either for growth promotion or pro-
phylaxis. Salmonella is one of the most common causes of food-borne infections and has
been documented developing resistance to several classes of antibiotics, so it was a natural
choice to focus our model around this particular bacteria. Chicken populations were chosen
because they are the most common source of the infection in humans. It is our hope that
the general principles of this model could be applied to other bacterial infections or other
industrial livestock populations.

In Chapter 1 of this thesis, we will explore the biological motivation for our project: how
antibiotic resistance is acquired and amplified in a population, and how antibiotic resistance
in Salmonella affects human health. We will also briefly discuss the SIR model and the
previous work in mathematical modeling of Salmonellosis infections. In Chapter 2, we will
explain and present our model: a series of two interrelated modified SIR models of the spread
of antibiotic-resistant Salmonella in chicken and human populations. Chapter 3 will consist
of analysis of and numerical experiments on our model. In Chapter 4, we will present a
discussion of our results on the costs and benefits of using antibiotics in poultry farming,
particularly with respect to the development of antibiotic-resistant Salmonellosis infections.
Finally, in Chapter 5, we will conclude the thesis with a brief exploration of potential future

extensions of our work.
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1.2 What is Antibiotic Resistance?

Bacteria can evolve mechanisms of avoiding antibiotics through random mutation or hor-
izontal gene transfer. Throughout the course of bacteria reproduction, random mistakes can
occur in DNA replication, and some of these mistakes may confer resistance to a particular
antibiotic. This is the process of antibiotic resistance through random mutation. Horizon-
tal gene transfer occurs when bacteria pass plasmids containing resistance genes to each
other, either through direct contact between two bacteria cells, transfer via bacteriophage,
or uptake of the resistance-containing plasmids from the environment [4],[31]. Resistance is
specific to a particular antibiotic or class of antibiotics. Antibiotic resistant genes encode
for proteins that help the bacteria evade the action of a particular type of antibiotic, often
by building a protein with a slightly altered shape that prevents binding of the antibiotic or
by preventing the antibiotic from entering the cell [31]. These changes to the proteins must
incur resistance but still allow the proteins to function as they would normally. Because of
this, advantageous random mutations are rare.

Though development of resistance in an individual bacterium is random, resistance can
be amplified in a population through the use of antibiotics. If an antibiotic is applied to a
population of bacteria — whether that population is in the environment, in a hospital, or in
an individual patient — the antibiotic will kill or stunt the growth of only those bacteria which
are susceptible to the antibiotic. The remaining bacteria have resistance to the antibiotic
and are able to reproduce, resulting in a population that is more resistant to the antibiotic
[32]. This can occur when the antibiotic treatment is not strong enough to kill or diminish
the growth of the entire population of bacteria, as is the case when a patient does not finish
their antibiotic treatment, or when bacterial populations are consistently exposed to a low

concentration level of antibiotics, as is the case with antibiotic use in animal agriculture.



90

95

100

105

110

1.3 Antibiotic Use in Poultry Production

Antibiotics are used in poultry production as prophylaxis, curative treatment, and growth
promotion. The first use is as prophylaxis, or prevention of common bacterial diseases. The
crowded conditions in concentrated animal feeding operations necessitate management of
infectious disease to ensure overall animal health and the profitability of such operations.
In these farms, between 20,000 and 125,000 birds are raised in shed-like enclosures [3],
with an average of less than one square foot of space per chicken [34]. Antibiotics are
currently used in chicken farms to manage and prevent common bacterial diseases such
as respiratory and digestive tract infections, as well as more serious and life threatening
infections such as necrotic enteritis, coccidiosis, and infections caused by some strains of
Salmonella and Escherichia coli [15]. Prophylactic antibiotics are usually added to the
water supply [22], [15] and taken by all chickens in the farm. Since the purpose of these
antibiotics is prevention rather than treatment, they are administered at lower levels than
antibiotics used for treatment and are deemed sub-therapeutic, meaning they are below
the dose required to kill or stop the growth of most bacteria [40]. Using antibiotics in
this way helps keep the large and concentrated populations of chickens healthy for their
48-day life before slaughter, but it also contributes to the problem of antibiotic resistance,
as sub-therapeutic doses of antibiotics select for increased resistance [40]. Unlike the use
of antibiotics for growth promotion, using antibiotics as prophylaxis is legal and widely
practiced.

A second use of antibiotics in poultry production is for treatment of disease. Antibiotics
are used in this way when disease is identified in a chicken population by a veterinarian.
Antibiotic use for this purpose makes up a minority of the total antibiotic use in poultry
production [22], [40]. In most instances, the whole flock is given antibiotic treatment through

the water supply, as the farmer will want to protect other chickens from contracting the
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infection [40], [15]. Therapeutic levels of antibiotic treatment are less likely to cause antibiotic
resistance, as they eliminate bacteria with higher levels of resistance as well. However,
with some infections, such as those caused by FE. coli, there are few treatment options, so
development of resistance can occur [40].

The final, and most controversial, use of antibiotics in poultry production is for growth
promotion. The exact mechanism of why some antibiotics promote growth in livestock is
unclear, but it has been demonstrated that sub-therapeutic doses of antibiotics such as
penicillin and tetracycline enhance growth in livestock animals, which correspondingly leads
to more profit for the poultry producer [15]. Since these doses are sub-therapeutic, they
select for antibiotic resistance in a population. The connection between the use of growth
promoting antibiotics and the development of antibiotic resistance is so strong that it has
been illegal to use growth-promoting antibiotics in the European Union since 2007 and in

the United States since 2017 [15].

1.4 Antibiotic resistance in Salmonella

Salmonella enterica is the bacteria responsible for salmonellosis infections. It is a food-
borne pathogen most frequently acquired from consumption of chicken and turkey products.
Chicken are a natural host for Salmonella enterica, and they often display no symptoms
when infected. The infection is transmitted through a fecal-oral route — chickens infected
with Salmonella shed bacteria through their feces and susceptible chickens can acquire the
infection from contact with the infected feces. Around 20% of Salmonella isolates from
poultry products have been found to be resistant to many medically-important antibiotics,
including tetracycline, streptomycin, sulfamethoxazole, and ampicillin [1],[41]. Humans can
become infected through consuming infected chicken products or other food products con-

taining traces of contaminated chicken feces. Salmonellosis infections cause symptoms such
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as stomach aches, diarrhea and fever [21]. The infection usually clears on its own, but it can
be life-threatening if it causes severe dehydration [9].

Antibiotic-resistant Salmonella has a great health and economic impact in the United
States. It is the most common foodborne infection in the U.S. Annually, there are 1,200,000
Salmonella infections in the U.S., and at least 100,000 infections are caused by antibiotic-
resistant bacteria [14]. Of the 1,200,000 total infections per year, around 19,000 result in
hospitalization and 380 in death [24]. The total annual cost associated with Salmonella
infections is $3.7 billion [24]. Antibiotics are the primary route of treating Salmonella infec-
tions in hospitalized patients; thus, antibiotic-resistant infections are more difficult and more
expensive to treat. Estimates have found that antibiotic-resistant infections cost on average
$400 more and require one extra day of hospital care per patient [16]. These economic and

health impacts give us further reason to study antibiotic resistance in Salmonella specifically.

1.5 The Basic SIR model

In this project, we construct a modified SIR model to represent the epidemiology of
Salmonella infections. We will briefly present the well-known SIR model which serves as
the basis for our model. For further discussion, see [25],[27],[43]. In a simple SIR model,
the population is divided into three disjoint groups: susceptible individuals (S), infected
individuals (I), and recovered individuals (R). The movement from S to I depends on the
number of susceptible people one infected person can infect per unit of time; denote this
parameter 3. More specifically, § is the number of susceptible people infected by one in-
fected individual under the assumption that only one person is infected and all others are
susceptible, such that the movement from S to I can be represented as —3SI. Individuals
move from I to R when they recover, which is dependent on the amount of time they have

been infected. The movement from I to R is only dependent on the size of I and 7, where %



is the average recovery time. So the movement from I to R is represented as —vI [25]. This

is all summarized in the diagram below (Figure 1.1).

BSI y1
Susceptible (S) Infected (I) Recovered (R)

Figure 1.1: A sketch of the basic SIR model. Individuals move from S to I at a rate of S5 and they move
from I to R at a rate of vI.

The system is therefore governed by the following differential equations,

45— —BSI
165 % = BS[ - ’7[
=91

where the dependent variable ¢ is time measured in a chosen unit [25].
Using this model, we can learn some useful things about the epidemiology of the system.
First, we can easily see that the number of susceptible individuals declines monotonically
o since 3, S, and I must always be positive. Similarly, since v and I are always positive, we
can see that the number of recovered individuals will increase monotonically. Furthermore,
since % = BS1—~I, we can see that the population of infected individuals will increase while
BST > ~I, reach a peak when 8ST = I, and decrease while 5ST < ~I. These relationships
can be seen in the figure below (Figure 1.2).

175
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Figure 1.2: The graph above is an example of a numerical solution for an SIR system. The orange curve

represents the susceptible population (S), the blue curve represents the infected population (I), and the
purple curve represents the recovered population (R).

The SIR model can also tell us about the potential for an outbreak to occur and the
proportion of the population that will evenutally be infected. One of the most important
results of the SIR model is the basic reproductive number (Ry), which gives an idea of how
fast the disease is spreading and how fast people are recovering from it. Ry = %, and if
Ry > 1, it indicates that the disease is spreading faster than people can recover from it,
causing an epidemic [25]. The SIR model can also be solved numerically to predict what
proportion of a population will become infected over a period of time given different values
for § and . This is a useful result, as it allows the modeler to predict the magnitude of the
outbreak and find ways to minimize the damaging results.

The accuracy of the SIR model to a situation is limited by the key assumptions it makes.
First, the SIR model assumes a homogeneous population, that is, no individuals are more
or less affected than others. This assumption also means individuals are assumed to be

evenly dispersed, not clumped in groups of family and friends. Infected individuals are also
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assumed to be infectious immediately upon infection, when the reality of some diseases is
that there is an incubation period before the individual becomes infectious. Additionally,
in the traditional SIR model, once an individual is recovered, they cannot become infected
again. This assumption is fine for diseases which confer life-long immunity, but it does
not hold true for diseases one can contract repeatedly. Finally, the model assumes a large
population. Because these assumptions are not always satisfied, many modified SIR models
have been developed to more accurately model a particular situation, such as by including
a category for incubating infections or allowing individuals to return to a susceptible state

[25]. Our model, too, is a modified SIR model.

1.6 Literature Review

Some work has been done to model, separately, the disease dynamics of Salmonella and
the impact of antibiotic use in animal agriculture on human health. The existing models
range in focus from the microbiome interactions of food-borne illness within poultry pop-
ulations [42] to the spread of Salmonella within livestock populations [18] to the human
impact of antibiotic resistance in food-borne diseases [13],[45]. While models exist for both
Salmonella spread within a poultry population and the disease burden of Salmonella in
human populations, to our knowledge ours is the first model which attempts to model the
dynamics of both populations simultaneously, linked through the food supply.

Rawson, Dawkins, and Bonsall developed a model of Campylobacter dynamics in Broiler
flocks in 2019 [42]. Though this model is not focused on Salmonella specifically, it is still
relevant to this project because Campylobacter is also a foodborne disease spread through a
fecal-oral transmission route. Their model demonstrated the relationships between Campy-
lobacter and other bacterial species at a gut microbiome level within a single chicken using

a system of differential equations. One element that is similar to our model is the inclusion

10
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of an environment variable, which keeps track of the concentration of Campylobacter in the
chicken’s environment. This also facilitates spread of the disease among multiple chickens
through a fecal-oral route. Our model differs in that ours is a modified SIR model, includes
development of antibiotic resistance, and includes a human population as well as a poultry
population.

Rihan, Baleanu, Lakshmanan and Rakkiyappan developed what they call a ”STIRC” model
of Salmonella infection within a generic livestock population (either chickens, pigs, or cows)
in 2014 [18]. Theirs is a modified SIR model with an added compartment for cross-immune
individuals, who are neither fully susceptible nor fully protected from the disease. Their
model is somewhat similar to ours in that it uses a modified SIR model, but it does not
measure antibiotic resistance or keep track of the environmental Salmonella populations.
Their model also only focuses on livestock populations, not human populations as well.

In 2002, Smith, Harris, Johnson, Silbergeld, and Morris developed a model of the impact
of animal antibiotic use on antibiotic resistance present in human populations [13]. This
model included differential equations corresponding to three groups within the human popu-
lation: exposed, amplified, and colonized with antibiotic resistant bacteria. The researchers
compared the prevalence of antibiotic resistant bacteria, defined as the sum of the above
sub-populations, when animal antibiotics were used (and hence antibiotic resistance trans-
ferred to the human population through consumption of contaminated animal products) and
when they were not. They also compared the impacts of animal antibiotic use and medical
antibiotic use. This model focuses on the human population, and differs from our model in
that it allows person-to-person transmission of antibiotic resistant bacteria, while our model
only allows for transmission through food (as Salmonella is not generally transmitted from
person to person, assuming proper hygiene). Their model also treats animal antibiotic use
as a binary (either fully on or off), while our model allows for a range of antibiotic use.

In 2017, van Bunnik and Woolhouse developed an interconnected systems of differential

11
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equations model representing the development of antibiotic resistance through interactions
between human and livestock populations [45]. Their model includes only two equations,
one for the fraction of humans colonized by antibiotic resistant bacteria and one for the
fraction of livestock animals colonized with antibiotic resistant bacteria. With this model,
they compared the impact of various factors, including development of antibiotic resistance
from exposure to infected humans and animals, to see which had the greatest impact on the
fraction of humans with antibiotic resistant bacteria. This model differs from ours because,
while it is a connected system of the two populations, it is much simpler, and does not model
spread of disease within a population in the same SIR format. The researchers also only
compared two levels of animal antibiotic use (high and low), while our model allows for a
range of antibiotic use.

While previous models have investigated the complicated relationships between antibiotic
use, Salmonella disease dynamics, and the disease burden for human populations, we have
not encountered a model that uses a system of differential equations to model antibiotic-
resistant Salmonella dynamics in both populations. Additionally, none of the models men-
tioned have attempted to quantify the economic costs and benefits of antibiotic use in ad-
dition to modeling disease dynamics. For these reasons, we believe our model presents an

interesting and useful addition to the existing literature.

12
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Chapter 2

The Model

Our model consists of two interconnected sets of differential equations. One set of equa-
tions models the spread of Salmonella around the chicken farm, and the other models the
spread of Salmonella around a human population which buys chicken sourced from the
chicken farm. We will focus on each part of the model in turn, starting with the chicken
farm and then moving to the human population, and then end with an explanation of the

connection between the two models and the economic quantification of the system.

2.1 Salmonella on an Industrial Chicken Farm

Our industrial chicken farm model is a modified SIR model (see Figure 2.1). In order
to use such a model, we have made several simplifying assumptions. First, we are assuming
a homogeneous population of chickens which vary only in their disease status and not in
other factors of health. We also assume the chickens are relatively well mixed spatially and
that the bacteria populations are evenly distributed across the barn and not clumped in
one or another spot. These assumptions follow from the standard SIR model assumptions

[25]. Our model does not assume a constant population, as chickens may die from various

13
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bacterial diseases. No chickens may enter or leave the population during the 48-day life cycle
of the chickens, except through death, and all chicken deaths are from diseases other than
Salmonellosis.

The model includes four categories of chicken: susceptible chicken (S.) who do not have
Salmonella, high antibiotic-resistant Salmonella-infected chicken (/p.), medium antibiotic-
resistant Salmonella-infected chicken (Ijs.), and low antibiotic-resistant Salmonella-infected
chicken (Ir.). The model also keeps track of the concentrations of three populations of
Salmonella in the chicken’s environment: high antibiotic-resistant Salmonella (1), medium
antibiotic-resistant Salmonella (Iys.), and low antibiotic-resistant Salmonella (Ir.). The dif-
ferent levels of infections and Salmonella populations correspond to higher concentrations of
antibiotics being required to eliminate the bacteria in that class. We distinguish these classes
quantitatively by assigning a different MIC to each. MICs, or minimum inhibitory concen-
trations, are the minimum concentration of antibiotic required to halt or reverse growth of a
bacterial population. For ampicillin, our test antibiotic of choice, the MIC for bacteria with
low resistance is 6429, 1289 for medium resistance and 25624 for high resistance [26].

Since Salmonella spreads through interactions with feces, rather than by contact with
infected individuals, chickens move from susceptible to infected by interacting with the
Salmonella in the environment. We represent the rates of moving from susceptible to in-
fections of high, medium, and low antibiotic resistance as frg., frae, and frr., respectively.
Chickens can also recover from infection by Salmonella if certain concentrations of antibiotics
are administered, which would cause them to move from infected back to susceptible. For
high, medium, and low resistance infections, these rates are governed by f,ge, frae and frre,
respectively. Chickens in any category can die from other diseases. For susceptible chickens,
high resistance infected chickens, medium resistance infected chickens, and low resistance
infected chickens, the death rates are fysc, fame, fanme, and far., respectively. Chickens in our

model die from various diseases, including those caused by FE. coli, Clostridium spp. and

14



some strains of Salmonella. The strains of Salmonella which make chicken sick, however,
300 are not the same as those that make humans sick. The strains of Salmonella which infect
humans do not generally harm chickens themselves [35]. Therefore, the death rates for each
class of chicken are the same regardless of Salmonella infection status.
Our Salmonella populations also change over time as bacteria are born, die, shed from
infected chickens through feces, and mutated to different levels of resistance. The reproduc-
305 tion rates for high, medium, and low resistance bacteria are fyge, forre, and fyr., respectively;
the death rates are fyge, fane, and fyre, respectively; and the shedding rates are fge, fsnsre,
and fre, respectively. Finally, f,..ae refers to the rate of mutation from medium to high
resistance, fqge is the rate of mutation from high to medium resistance, f,,,r. refers to the
rate of mutation from low to medium resistance, and f,,q1e is the rate of mutation from

s0 medium to low resistance. These relationships are summarized in (Figure 2.1).

15
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a movement of chickens themselves.

in the corresponding compartment over time, and hence have units

. The system of differential equations is as follows:

dﬁ{;“ = frae — frie — fane
dldj\fc = f]Mc - erc - fnd

Uie — frr.— frre — fare

16

frie + fosvae + froe — fase — froe — finme — fire

chickens
days

Figure 2.1: Compartment diagram for the spread of Salmonella on an industrial chicken farm. Solid lines
denote rates for chicken populations, while dashed lines indicate rates for bacteria populations. Green
dashed lines denote bacterial reproduction rates, blue dashed lines are bacterial death rates, red dashed
lines are mutation rates, and orange dashed lines are shedding rates. Note that Salmonella bacteria can
only move from compartment to compartment along dashed lines and chicken can only move along solid
lines. For example, fsg. is the rate of Salmonella shedding from infected chickens, and does not represent

Our industrial chicken farm model ultimately consists of a system of seven differential
equations, one for each compartment. The first four equations measure change in chickens
The last three

equations measure change in concentration of bacteria over time, and therefore have units
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dIHe - fbHe + fmuMe fdee - dee

dI]\[e _ f wMe + fmuLe + fdee fmdMe — fmuMe - dee

dILe = bee + fmdMe fmuLe - dee

2.1.1 Rate Functions

In this section, we will introduce and explain the rate functions for the chicken farm
system of differential equations. We will start first with the infection rates. Each infection
rate is the product of an infection constant, called ., the population of susceptible chickens
(S.) and the Salmonella bacterial concentration with that resistance level (Ix. with X €
{H, M, L}). This is consistent with the assumption that Salmonella spreads through a fecal-
oral route. The infection rate 3. is the same for all levels of antibiotic resistance, as having
antibiotic resistance does not affect the infectiousness of Salmonella. The infection rate

equations are below:

fIHC(IH€7 Sc) = Bc[HeSc
Jinve(Inze, Se) = BelnreSe
fILc(ILea ) ﬁcILe c

Next, we will explore the recovery rate equations. We assume that chicken recover from
Salmonella infections only after antibiotic treatment, so the recovery rate for each class of
infected chickens is dependent on the concentration of antibiotics administered. The con-
centration of antibiotics administered to the flock is included in our model as the parameter
A. If the concentration of antibiotics exceeds the MIC for a particular resistance class of
Salmonella (called Ap, Ay and Ap for low, medium, and high resistance infections, respec-
tively), some of the chickens infected with that class of bacteria will be able to recover. The

number of chickens recovering is proportional to the difference in the administered antibiotic

17



concentration and the MIC for a particular antibiotic class. This relationship is summarized

in the recovery rate equations below, where k is a constant:

(

KA — Ap)lye if A> Ay
345 frHc(Alec) =

0 it A< Ay

BA— Ay) e iEA> Ay
erc(A7 IMC) =

KA — Al ifA> AL
erc(A7 ]Lc> -

0 1fA<AL

\

For ampicillin, A; = 6415 Ay = 12824 and Ay = 256 L%
The final rate equations applying to categories of chickens are the chicken death func-
0 tions. These too are a function of antibiotic use, but they do not vary based on the MIC of
each infection class, as the resistance for different infection classes apply only to Salmonella
resistance, and chickens can die from a variety of different diseases. We assume that increas-
ing antibiotic usage decreases death from these other causes until a maximum reduction in
death is achieved. The death rate for all classes of chickens is the same, and thus is repre-
5 sented by the following, where d,. is the base chicken death rate with no antibiotic use and

O Maz 18 the maximum proportion of deaths reduced by antibiotic use:

dec<A7 Sc) = dc<1 - UMM.A)SC
dec(Aa [Hc
fanie(A, Tne

360 dec(A;ILc) = c(l - al{ﬁfq‘A>ILc

NN

Now we will move on to discussing the rate equations governing our bacterial populations.

The reproduction, mutation, and death rates for each class of bacteria are interconnected.

18



365

370

375

380

385

Recall that mutation occurs when a bacterium undergoes binary fission and mistakes occur
in the DNA replication. Under our model which classifies three levels of antibiotic resistance,
the newly resistant bacterium would be born into that new resistance class. We define ¢ as
the proportion of each class of bacteria that are born into either the higher or lower resistance
class. The proportion of bacteria born into the same resistance class as their parents is then
(1 — g) for high and low resistance bacteria and (1 — 2¢) for medium resistance bacteria (as
medium resistance bacteria can mutate to high or low resistance). The total reproduction
rate of each class is represented by the constant bx., X € {H,M,L}. The birth of new
bacteria is also limited by a collective carrying capacity, which we call C,. The bacterial

reproduction rate equations are then as follows:

fbHe(]Hea IMea [Le> = (1 - q)bHe(]- - %W)]He
forte(Tties Inges Ire) = (1= 2q)baye(1 — Hoetlutetlie) [ o

bee(IHeaIMea [Le) = (1 - Q)bLe(l - %W)[Le

The mutation rates follow a similar pattern to the reproduction rates, and are merely the
proportion of bacteria mutating multiplied by the total reproduction rate and the population

of bacteria for each resistance category. The mutation rates are:

fmare(Ine) = q - bae - Ine

frunre(Inre) = q - base - Inge

Jmante(Inte) = q - bare - Inge
Jmure(ILe) = q - bre - Ire

The bacterial death rates for bacteria in the environment are the same for each class of
resistance. Our model does not have a mechanism by which antibiotics act on bacteria in
the environment — the antibiotics only act to help infected chickens recover and do not kill

bacteria in the environment. Therefore the death rates for each class of bacteria are simply
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a common death rate (d.) multiplied by the concentration of bacteria in that class. They

are as follows:

dee(IHe> = de : [He
fdMe(IMe) - de ' IMe
dee([Le) = de . ILe

Finally, we shall discuss the shedding rates. These equations describe the rate at which
infected chickens shed Salmonella through their feces. This rate is simply the shedding rate
(s), which is a product of how much feces a chicken sheds in one day and how much bacteria
is contained within each unit of feces, multiplied by the number of infected chickens in each

category. This relationship is summarized in the following rate equations:

sze(]Hc) =S5 ]Hc
fsMe(]Mc> =S5 IMc
ste(ILc) =S [Lc

With these rate equations, and parameter values, which we will explore in the following
section, we can solve our system of differential equations. The numerical solutions to the
differential equations give the number of individual chickens in each category at time ¢. The
solution also gives the concentration of environmental Salmonella bacteria in each level of
resistance at time t. We are particularly interested in the number of chickens infected with
Salmonella at the end of 48 days, which is approximately the length of time broiler chickens
are raised before slaughter, as this informs how much of the resulting meat supply may be

contaminated with Salmonella.

2.1.2 Parameter Values and Estimation

Parameter values were taken from relevant primary literature when possible, and esti-

mated when not possible. The parameters we could find values for include the maximum
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reduction in chicken death rate from antibiotic use (04, ), which we found to be 40% based
on the difference in mortality on antibiotic-free and standard industrial chicken farms [10].
We found the low antibiotic resistance Salmonella reproduction rate constant (br.) to be
72/day based on a 20 minute doubling time [12]. Reproduction rate constants for medium
and high resistance were based on this reproduction rate with a slight penalty to make
up for the assumption that maintaining resistance genes is energetically expensive. The
Salmonella carrying capacity was chosen to be 108CFUs/mL based on [8]. Finally, the
shedding rate constant (s) was based on the concentration of Salmonella bacteria shed per

gram of feces, multiplied by the average feces load per chicken per day, which was found to

be 2128.125 - 0elml [46].

Some parameters, such as Salmonella death rate (d.) or the infection rate constant (f3.),
were difficult to find in primary literature, as they are difficult to estimate in a laboratory
setting. For this reason, we used values we could find, such as the percentage of chickens who
were infected with Salmonella or the percentage of chickens infected with high antibiotic-
resistant Salmonella by the end of the 48 day growing period, to estimate the values of
parameters we could not find. Estimations were done by systematically computing numerical
solutions to the system of differential equations with different values for the chosen parameter
using the NDSolve[] command in Wolfram Mathematica and comparing the model outputs
to known values.

Since we were estimating several parameters at once, the choice of which parameter to
estimate first was somewhat arbitrary. We chose to start by estimating . and d, simul-
taneously, as we wanted to compare the solutions under each of these parameters to the
proportion of chickens infected with Salmonella at the end of the 48 day growing cycle.
According to the U.S. Food Safety and Inspection Service (FSIS) and Pew, approximately
5% of whole chicken carcasses inspected test positive for the presence of Salmonella [38],[44].

To find the proportion of chickens infected at the end of the 48 day growing period in our
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model, we found numerical solutions to the differential equations and divided the number of
Salmonella-infected chickens (the sum of Iy, In;. and I.) by the total number of chickens
(the sum of S, Iye, Ine and Ip.) at t = 48. We call this value propSick. The formula for

propSick can be seen below.

number of Salmonella infected chickens __ Trrc(48)+1arc(48)+11.(48)
total number of chickens Sc(48)+1xc(48)+1nsc(48)+11o(48)

propSick =

We iterated over combinations of values of 3. ranging from 0 to 1078 and values of d,
ranging from 0 to 100, with all other parameters kept constant. The potential values of (3,
are small because they represent the number of chickens infected by 1% of Salmonella,
which is a very low concentration of Salmonella. Correspondingly, 3. is quite small. For each
combination of . and d., propSick was computed and compared to 0.05. The parameter
values which minimized the difference |propSick — 0.05| were 8. = 3.91 x 107 and d, = 36.

Next, we estimated the chicken death rate constant d.. To estimate this parameter, we
computed solutions to the differential equations with the values for d. ranging from 0 to
0.001. For each solution, we calculated the proportion of chickens still alive at the end of the
48 day growing period (called propSurvived) by dividing the sum of all chicken categories
(Se + Ige + Inje + Ie) at t = 48 by the initial number of chickens (S.(0)). The formula for
propSurvived can be seen below.

total number of chickens at 48 days S (48)+ 111, (48) 41 s (48) 411 .(48)

pTOpSUTUZU@d ~ Ttotal number of chickens at 0 days - Sc(0)4+1gc(0)+Ipre(0)+11(0)

We then found the relationship between d. and the proportion of chickens surviving using
the LinearModelFit[] function in Wolfram Mathematica, which was found to be propSurvived
0.9998 — 45.9217(d.). We solved for the value of d. that corresponded with a propSurvived
equal to 0.958, as it has been found in farms with no antibiotic input, there is an average
chicken mortality of 4.2% [10]. The best value of d. for was found to be 0.00091/days. The

relationship between d. and propSurvived can be seen in Figure 2.2.

22



465

470

1.00

0.99 |

propSick

o
©
~

0.96 |

I I . L . . .
095} 0.0002 0.0004 0.0006 0.0008 0.0010

dC (1/days)

Figure 2.2: The relationship between d. and propSurvived is approximated by the linear relationship
propSurvived = 0.9998 — 45.9217(d.). The blue points are the propSurvived values generated for each
value of d. and the red line is the best-fit curve.

Finally, we estimated the value of the proportion of Salmonella mutating to other cate-
gories, . We computed solutions to the differential equations for values of ¢ ranging from 0
to 0.005 in intervals of 5 x 10~® and calculated the proportion of infected chickens infected
with high antibiotic-resistant Salmonella (called propI Hc). This was computed by the quo-
tient m, with all values taken at time t = 48, corresponding to the end of the
growing period. We then fit several functions to the data to estimate the value of ¢ that
corresponds to a propl Hc of 0.15, which is the approximate proportion of chicken products
infected with ampicillin-resistant Salmonella [19]. Exponential, logarithmic, logistic, and
linear curves were fit to the data using NonlinearModelFit[] in Mathematica, and all func-
tions fit the data reasonably well. A value of ¢ = 0.0012 was chosen, as it agreed with the
results from the best fit curves. The relationship between ¢ and propl Hc can be seen in

Figure 2.3
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Figure 2.3: The relationship between ¢ and propI Hc is approximated by four different best-fit curves:
exponential (A), logarithmic (B), logistic (C), and linear (D) The blue points on each plot are the propIl He
values generated for each value of ¢ and the red line is the best-fit curve.

The chicken model parameter values are summarized in Table 2.1.
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Parameter

Description

Units

Value [Source]

Be

Infection rate
constant

1
daysxCFU/mL

3.91x 1077
[Estimated]

k

Recovery rate
constant

1
daysxCFU/mL

0.1 [Estimated]

de

Chicken death rate
constant with no
antibiotics

_L
days

0.00091 [Estimated]

O Max

Maximum
proportion of
chicken deaths
prevented by
antibiotic use

N/A

0.4 [10]

Concentration of
antibiotics
administered to
chicken population

Manipulated in
various experiments

bLe

Low
antibiotic-resistant
Salmonella
reproduction rate
constant

days

72 [12]

bAJe

Medium
antibiotic-resistant
Salmonella
reproduction rate
constant

days

68.4 [Estimate
based on [12]]

b}{e

High
antibiotic-resistant
Salmonella
reproduction rate
constant

days

65 [Estimate based
on [12]]

Salmonella carrying
capacity

CFUs
mL

10° [§]

Salmonella
mutation proportion

N/A

0.0012 [Estimated]

Salmonella death
rate

T
days

36 [Estimated]

Concentration of
Salmonella shed per
chicken per day

_CFUs/mbL
chickensxdays

2128.125 [46]

Table 2.1: Model parameters, descriptions, and values.
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2.2 Salmonella in a Human Population

The second major part of our model is the sub-model of Salmonella spread in a hu-
man population. For simplicity, we assume a homogeneous human population who dif-
fer only in their Salmonella infection status and no other underlying health factors, and
who also purchase chicken in stores and restaurants who source their chicken meat from
the chicken farm modeled above. The humans in our model can become infected by con-
suming chicken meat infected with Salmonella, and they can either seek treatment in a
hospital or self-treat. Consequently, there are seven disjoint compartments representing
the disease states of the human population (see Figure 2.4). They are susceptible humans
(Sh), high antibiotic-resistant Salmonella-infected patients seeking treatment in a hospi-
tal (Igne), high antibiotic-resistant Salmonella-infected patients not seeking treatment in a
hospital ({gnnt), medium antibiotic-resistant Salmonella-infected patients seeking treatment
in a hospital (Iy), medium antibiotic-resistant Salmonella-infected patients not seeking
treatment in a hospital (Ip/pne), low antibiotic-resistant Salmonella-infected patients seeking
treatment in a hospital (1), and low antibiotic-resistant Salmonella-infected patients not
seeking treatment in a hospital (I4,:). The human population model consists of seven dif-
ferential equations, one for each compartment. Humans move from susceptible to infected
compartments based on their consumption of meat infected with either high, medium, or
low antibiotic-resistant Salmonella, and based on the severity of their illness, which dictates
whether or not they seek treatment. The rates of susceptible humans becoming infected with
high antibiotic-resistant Salmonella are frgn, and frgpne, for those seeking treatment and
not seeking treatment, respectively. The rates of susceptible humans becoming infected with

medium antibiotic-resistant Salmonella are fryme and fraymne, for those seeking treatment
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and not seeking treatment, respectively. Finally, the rates of susceptible humans becoming
infected with low antibiotic-resistant Salmonella are frrp, and frpp.e, for those seeking treat-
ment and not seeking treatment, respectively. Humans infected with Salmonella recover (and
return to the S;, compartment) at a rate governed by the average recovery time correspond-
ing to the level of antibiotic resistance of the infection and whether or not the patient seeks
treatment. The recovery rate equations for people infected with high antibiotic-resistant
Salmonella are f,gp; and f.gpne for those seeking treatment and not seeking treatment, re-
spectively. The recovery rate equations for people infected with medium antibiotic-resistant
Salmonella are f,pmne and frymne for those seeking treatment and not seeking treatment,
respectively. And finally, the recovery rate equations for people infected with low antibiotic-
resistant Salmonella are f.rn: and f.rune, respectively. These relationships are summarized

in Figure 2.4.
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Figure 2.4: Compartment diagram for the spread of Salmonella in a human population. This model
consists of humans becoming sick and recovering from Salmonella

510 The system of differential equations governing the human population model is as follows:

dSn _
e

frint + frinne + fraene + frathne + frine + fronne — frene — franne — framne — fraanne — frone — frinne

% = fran — fran
% = fItht - fthnt

N % = frvne — fram
% = frmnnt = Jrihnt

% = frohe — from
Uihnt — 11— frihne
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2.2.1 Rate Functions

The rate equations for the human model include the infection rates and the recovery rates.
The infection rates are based on the size of the susceptible population and the proportion
of the meat which is infected with Salmonella of each resistance level, which is represented
by Ixs, X € {L,M,H}. They are scaled by the infection rate constant (3, which is the
same for all levels of resistance, and by the proportion of people with infections of each
resistance-level seeking treatment in a hospital, represented by pxn, X € {L, M, H}. The

infection rate equations are thus as follows:

frane = PrareBRSH L H Y
framn = (1 - tht)BhShIHf
frvne = thtBhShIMf
Jrvennt = (1 — Darne) BrSndary
frone = pLhtﬁhSh[Lf

Jrohne = (1 — prne) BrSnlry

The recovery rate equations are based on the average recovery time for each compartment.
The recovery rate parameters kxp; and kxpne, X € {L, M, H} are equal to the reciprocal of
the average recovery time for hospital treated and non-hospital treated infections, respec-
tively. The recovery rate equations are simply the product of these parameters and the

population in each compartment.

Jrint = kanel e
fthnt = thntItht
Jraine = Knnenine
erhnt — thntIMhnt
Jrine = Kpnedpne

f’r‘Lhnt = kLhnt]Lhnt
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The solution to this system of differential equations gives the number of susceptible
people and the number of people in each category of Salmonella illness at time t. We now
must find values for the parameters in order to compute numerical solutions to the system

of differential equations.

2.2.2 Parameter Values and Estimation

The human parameters for which we want to find values are the infection rate parameter
Bn, the proportion of individuals seeking treatment pxn;, X € {L, M, H}, and the recovery
rate parameters kxp; and kxpne, X € {L, M, H}. The infection rate parameter was estimated
against known values for the proportion of humans infected with Salmonella, and the other
parameter values were found in the relevant literature.

The infection rate parameter was estimating by systematically finding solutions to the
system of differential equations (using NDSolve|[] in Mathematica) with 3, varying from 0 to
0.05 in intervals of 0.0005. All other parameters were fixed at the values in Table 2.2. On each
iteration the proportion of humans who were sick at the end of the simulation was calculated
by taking the sum of all compartments corresponding to humans infected with Salmonella
(Lent, Lannes Innt, Ivinnt, Lone and Ipp,g) and dividing it by the sum of all compartments, or
the total human population. The relationship between (), and the proportion of humans
sick, which we called propSicky,, was then plotted and seen to be approximately linear. The

formula for propSicky can be seen below, with each function evaluated at its end time point.

propSick, = number of sick humans _ _ Tyntt+TannttInvne+IMint+ one+Innnt
h total number of humans Set+lgni+HgnnetIvne+H I ahne I oht 1L Rnt

We then used the function LinearModelFit[| to quantify this relationship, and we solved
for the value of 3, which corresponded to a propSick;, value of 0.004 [20]. This value of

was found to be 0.019. The relationship between [, and propSick, can be seen in Figure 2.5
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Figure 2.5: The relationship between 3, and propSicky is approximated by the linear relationship
propSick, = 1.793 x 1075 4 0.2097(53). The blue points are the propSick;, values generated for each value
of 85, and the red line is the best-fit curve.

The proportion of people seeking treatment is set at % based on a study which shows
that out of 1200 Salmonella cases linked to poultry in 2021, 200 resulted in hospitalization
[5].

The recovery rate parameters are based on the average time to recover from Salmonella
infections of varying degrees of severity. The average time to recover from Salmonella infec-
tions ranges from 4 — 7 days [21], and antibiotic-resistant infections last one to two day(s)
longer than non-resistant infections [16], [37] Additionally, infections severe enough to war-
rant a hospital visit last longer on average than those which can be treated at home [21],[36].
Based on this, we set the average recovery times for infections of each level of resistance
and treatment type. The recovery rate parameters are the reciprocals of the average time to
recovery for each compartment. These and the other parameter values for the human model

are summarized in Table 2.2.
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Parameter Description Units Value [Source]

Bh Infection rate dalys 0.019 [Estimated]
constant
DHht Proportion of N/A 0.167 [5]

high-resistance
Salmonella infected
individuals choosing
treatment
DMht Proportion of N/A 0.167 [5]
medium-resistance
Salmonella infected
individuals choosing
treatment
PrLht Proportion of N/A 0.167 [5]
low-resistance
Salmonella infected
individuals choosing

treatment

Krne Recovery rate ﬁys % [36]
constant for gy,

kbt Recovery rate #ys % [Estimate based
constant for Iypne on [21],[36]]

kst Recovery rate #ys 5 [37]
constant for Ipp;

kathnt Recovery rate #ys i [Estimate based
constant for Inspn on [21]]

krnt Recovery rate #ys % [Estimate based
constant for I, on [16],[37]]

kL hnt Recovery rate #ys % [Estimate based
constant for I, on [21]]

Table 2.2: Model parameters, descriptions, and values.

= 2.3 Connecting the two sub-models

The two sub-models (the chicken farm and human population) are connected by the

chicken meat contaminated with Salmonella coming from the chicken farms to human con-
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sumers. From the chicken sub-model, we learn how many of the chickens are infected with
each level of antibiotic-resistant Salmonella at the end of a 48 day growing period. We
can use this information to compute how much of the meat supply is contaminated by di-
viding the ending population of each Salmonella-infected compartment by the total ending

population of chickens:

J— IHc
]Hf T SeHlpet vt e

_ Inie
IMf o Sc+IHc+IMc+ILc

J— ILc
[Lf T Set ety tHLe

These proportions are then used in the human model. The number of farms (A) supplying
the human population with chicken meat and the number of 48-day growing cycles in the
simulation (called €) can be manipulated by the user of the model. Growing cycles are
staggered to start % days after the previous cycle so that chicken meat enters the human
food supply every % days. The arrival of meat from the farms is accounted for in the
human model by changing the proportion of meat which is contaminated with Salmonella
(Irf, Iy, and Ip ). Each arrival of meat corresponds to a new solution to the human model
differential equations using NDSolve[]. Farms are assumed to not be thoroughly disinfected
between 48-day growing cycles, so the Salmonella present in the environment in each farm
will stay there for the next growing cycle. The proportion of Salmonella that are within each
resistance class also carry over from one growing cycle to the next. The connection between

the two sub-models can be seen in Figure 2.6
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Figure 2.6: The connection between the two sub-models is facilitated by the proportion of meat that is
infected, Iy, Iny, and Ipy for high, medium, and low antibiotic resistance, respectively. The curved
dotted lines between these compartments and the rates of infection represent the role of these proportions
in these rate equations and serve to represent the connection between the two models.

2.4 Economic Quantification

Since one of the major goals of constructing this model is to compare economic gain by
the agriculture industry to healthcare costs of antibiotic resistant infections, it is necessary
to quantify the costs and benefits of several steps of our model. First, we are interested in the
economic gain of farmers using antibiotics derived from healthier flocks and larger chickens.
We calculate the profit to the agriculture system as the product of the profit per pound of
chicken (represented by ¢.) and the pounds of chicken produced (represented by w.). The
pounds of chicken produced depends on the number of chickens alive at the end of the 48
day growing period and the amount of antibiotics used, as antibiotic use can lead to up to a
5% increase in weight. The base weight of chickens without any antibiotic input is 4.5 lbs,
and antibiotics can increase the weight per chicken up to 4.725 pounds. The function for
the pounds of chicken produced as a function of antibiotic use (A) and number of chickens

(Se + Ire + Iae + 1) is consequently as follows:
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we = 4.5(1 4 %8B (Se + Ty + Inge + I1e)
And the total profit to the agriculture sector is calculated by:

Total agriculture profit = c.w, = c.(4.5(1 + Ol(ff)(Sc + Ige+ Inge + 1))

We calculate the cost to the healthcare system as the sum of the cost for each level

20 of antibiotic-resistant Salmonella infection. The cost for each level of infection is equal
to the product of the number of people sick with each infection level times the number

of days they are sick (represented as nxp; and nxp,; for those seeking treatment and not,
respectively) and the cost to treat each person with the infection (represented as cxp; and
Cxhnty X € {L, M, H}, for those seeking treatment and not, respectively). The number of

s people sick times how long they are sick can be computed by integrating each function of

number of people in each category over the simulation time period (st tO tena), as seen

below:
NHht = ft IHht
N Hhnt = ftt" . inmt(t)dt
630 Npht = ft ta nd IMht

Narhnt = j;: indt IMhnt(t)dt
Npht = ft ta " ILht

NLhnt = ft:;zrt I L;mt(t)dt
The total cost to the healthcare sector can be seen by the following sum:
635 Total healthcare cost = ),y cyny where Y € {Hht, Hhnt, Mht, Mhnt, Lht, Lhnt}.

The cost values needed for these computations are summarized in Table 2.3
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Parameter Description Units Value [Source]
Ce Profit per pound of % 0.25 [30]
chicken produced

CHRt Cost of Iy ]m 2516.23 [Estimate
infection per person based on [24],[16]]

per day
CHhnt Cost of Igpne ]m 293.15 [Estimate
infection per person based on [24],[16]]

per day
CMht Cost of ]Mht m 2375.46 [Estimate
infection per person based on [24],[16]]

per day
CM hnt Cost of Iynnt Im 276.75 [Estimate
infection per person based on [24],[16]]

per day
CLht Cost of I m 1759.60 [Estimate
infection per person based on [24],[16]]

per day
CLhnt Cost of ILhnt m 205.00 [Estimate
infection per person based on [24],[16]]

per day

Table 2.3: Cost and profits parameters, descriptions, and values. Costs of each infection category include
treatment and lost productivity due to illness.
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Chapter 3

Numerical Experiments

3.1 Impact of Antibiotic Use on Chicken Population

As we are primarily interested in the impact of antibiotic use on incidence of antibiotic-
resistant Salmonella in chicken and human populations, we will focus our experiments on
manipulating the parameter A, representing the concentration of antibiotics administered

to each chicken. For all experiments, all 20,000 chickens begin as susceptible, and the

CFU

~—~, while

concentration of low resistance Salmonella in the environment is set to 10,000
the concentration of medium and high resistance bacteria is set to 0%. The system of
differential equations is solved over a 48 day time period, as this is approximately equal to
the growing period of broiler chickens before slaughter.

First, we investigate the impact of different A-values on the incidence of Salmonella in a
chicken population. We decided to investigate antibiotic use below all MICs (0£4), between
the low and medium MICs (75£%), between the medium and high MICs (150 and 22524
and above the high MIC (300£%). When A is set to 024, most chickens become infected

with Salmonella, likely because there are no antibiotics present to combat the spread of the

bacteria (see Figure 3.1). Most are infected with low antibiotic resistance Salmonella, which
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s may be because the low resistance Salmonella has a competitive advantage in the absence
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of antibiotics due to its higher reproduction rate constant (bre > byre > bpe).

A B
Number Chickens Number Chickens
10000

8000 15000

6000
10000

4000

5000
2000

Time (days) Time (days)

Figure 3.1: Chicken populations over time with A = 0£%. (A) Susceptible chicken population (S.) over
the 48 day growing period. (B) High (pink), medium (blue), and low (yellow) antibiotic resistant
Salmonella-infected chicken population over time in days. By the end of this simulation, 99.99% of all
chickens were infected with Salmonella, and 95.8% of the original 20,000 chickens were still alive.

When the antibiotic concentration A is increased to 75£% a smaller proportion of chick-
ens are infected with Salmonella, but more chickens are infected with medium resistance
Salmonella than in the experiment without antibiotics (see Figure 3.2). Since 75£% is
greater than the MIC for low resistance Salmonella (642%), many of the chickens infected
with low resistance Salmonella recovered with antibiotic treatment; however, 7524 is below
the MIC for medium resistance Salmonella infections, so chickens infected with medium
resistance infections do not recover, leading to a higher prevalence of infections from this
more resistant strain. It takes a few days for the medium-resistant infections to become
dominant, since the initial population of bacteria is all low resistance Salmonella. In order
for medium-resistant infections to become the most prevalent, there must be mutations to
lead to birth of medium-resistant Salmonella, which then infect susceptible chickens who
shed more medium resistance bacteria. Since most of the low resistance Salmonella-infected
chickens recover with antibiotic treatment, there is less shedding of low resistance bacteria,

and gradually the medium resistance bacteria come to dominate the infections.
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Figure 3.2: Chicken populations over time with A = 7524 (A) Susceptible chicken population (S.) over

the 48 day growing period. (B) Iy, (pink), Ipse (blue), and Ir. (yellow) population over time in days. By

the end of this simulation, 73.22% of all chickens were infected with Salmonella, and 97.45% of the original
20,000 chickens were still alive.

Next, we ran experiments with antibiotic concentrations above the MIC for medium re-
sistance (128£%) but below the MIC for high resistance (256£%). With A = 150£% and
A = 22529 we see a dramatic decrease in the number of chickens infected with Salmonella
overall, but an increase in the proportion of infections which are at the highest antibiotic-
resistance level (see Figure 3.3). The decrease in infections may be because low and medium
resistance Salmonella-infected chickens recover at a higher rate, leading to less Salmonella
in the environment and fewer infections overall. Most of the remaining infections are highly
resistant to the antibiotic because the antibiotic is not administered at a high enough con-
centration to kill the highly resistant Salmonella. The number of chickens infected with
high resistance Salmonella grows very rapidly in simulations for both 15024 and 22524 of
ampicillin applied to the chicken population. This is particularly alarming given the fact
that none of the initial population of Salmonella begins having a high level of ampicillin
resistance. This means that in 48 days, the mutations to higher resistance were sufficiently
amplified in the Salmonella population to become the dominant type of infection. If the sim-
ulation were run for longer than 48 days, we may have seen an even more dramatic increase

in the high-resistant infections. Furthermore, in the combined model, the concentration of
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bacteria remains the same for consecutive growing cycles within the same farm. This means
that most of the Salmonella in the environment has high antibiotic resistance, so the next
crop of chickens will likely have even more cases of high resistance infections. In the long
run, the number of high resistance infections will likely increase.

A
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500 /
19500 400
300

19000 200

18500 V
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100
18800
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Figure 3.3: Chicken populations over time with A = 150:£% and 2254 (A) Susceptible chicken
population (S.) over the 48 day growing period, with A = 150£%. (B) Ig. (pink), Ins. (blue), and I
(yellow) populations over time in days, with A = 150.£%. (C) Susceptible chicken population (S.) over the
48 day growing period, with A = 225£% . (D) Iy, (pink), Iaz. (blue), and Ir. (yellow) populations over
time in days, with A = 2252 4.45% and 3.27% of chickens were infected with Salmonella at the end of

the A = 150£% and the 225£% experiments, respectively.

Finally, when 300£% of antibiotics were given to the chicken populations, most chickens
infected with Salmonella healed and the Salmonella-infected chicken populations declined
overall (see Figure 3.4). The populations reached equilibrium pretty quickly, with most
chickens still being infected with low resistance Salmonella, likely because of the higher re-

production rate associated with low resistance Salmonella. This concentration of antibiotics
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exceeds even the highest MIC (the MIC associated with Iy, infections is 256£%), which is

why most chickens recovered from their infections with the help of antibiotics.

Number Chickens Number Chickens

20000
150

19900

19800
100
19700

19600
50
19500

19400

Time (days) - Time (days)

Figure 3.4: Chicken populations over time with A = 300£%. (A) Susceptible chicken population (S.) over

the 48 day growing period. (B) Iy, (pink), Ips. (blue), and Iy (yellow) populations over time in days. By

the end of this simulation, 0.83% of all chickens were infected with Salmonella, and 97.46% of the original
20, 000 chickens were still alive.

The impact of antibiotic use on the proportion of chickens infected with Salmonella can
further be seen after iterating through values of A ranging from 0 to 300 and calculating
the final proportion of chickens infected with Salmonella. The behavior of the resulting
plot changes dramatically after each MIC (64,128 and 256£%), with much higher rates of
infection being observed below the lower MIC values. This is likely because the higher
concentrations of antibiotics lead to most chickens recovering from their infections, leaving
mostly those infected with high resistance Salmonella. We can also observe that the propor-
tion of Salmonella infected chicken with high resistance infections changes after each MIC,
with more high resistance infections occurring after the medium resistance MIC (128£4)

and before the high resistance MIC (256£4). Both relationships can be seen in Figure 3.5.
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Figure 3.5: (A) Proportion of chickens with Salmonella infections by concentration of antibiotic applied

(in £%) (B) Proportion of Salmonella-infected chickens with high resistance infections by concentration of
g

antibiotic applied (in £%).

3.2 Impact of Antibiotic Use on Human Population

Next, we conducted experiments investigating the impact of changing the amount of
antibiotics given to chicken on the spread of Salmonella in the human population. At
the beginning of each experiment, the entire population of 10,000 people is susceptible to
Salmonella, meaning no humans start infected. The only source of Salmonella is the food
supply, which is made of the infected chicken meat. Three 48 day cycles were run, with four
different chicken suppliers, for a total of 12 deliveries over 148 days.

When no antibiotics are given to the chicken population, approximately 6.03% of the
human population becomes infected with Salmonella (see Figure 3.6). Most of these in-
fections have low resistance to antibiotics, and very few have high resistance. This makes
sense considering the results presented in Figure 3.1, which shows that most of the chickens
coming out of a farm using no antibiotics are infected with Salmonella with low antibiotic
resistance. For each category of resistance, there were more infections treated at home than
at a hospital. The total cost of treating all Salmonella infections in this experiment was

$50, 990, 400.
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Figure 3.6: Human populations when chickens are given 0£% of ampicillin (A) Number of susceptible
(uninfected) humans over time (B) Number of humans with high (pink), medium (blue), and low (yellow)
antibiotic-resistant Salmonella infections. Solid lines indicate humans whose infections were treated in a

hospital and dashed lines indicate humans whose infections were treated at home.

When chickens are given 75£% of ampicillin (which is greater than the MIC of 64£%

for low resistance infections), the number of infections in the human population is about

725 the same. However, more of those infections were of medium antibiotic-resistant Salmonella
(see Figure 3.7). This follows from the results presented in Figure 3.2, which show that that
most chickens infected with Salmonella have medium resistance infections when 7514 of
antibiotics are administered. This higher proportion of medium resistance infections resulted

in this set of infections being more expensive to treat, as reflected in the healthcare cost of

720 $67,045, 600, which is $16, 055, 200 higher than the cost when no antibiotics are given.
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Figure 3.7: Human populations when chickens are given 75£% of ampicillin (A) Number of susceptible

(uninfected) humans over time (B) Number of humans with high (pink), medium (blue), and low (yellow)

antibiotic-resistant Salmonella infections. Solid lines indicate humans whose infections were treated in a

hospital and dashed lines indicate humans whose infections were treated at home. Unlike when 0£% are
administered, most of the infections are of medium antibiotic resistance.

We next tested the impact of administering 15024 of ampicillin to the chicken population,
as this is greater than the MICs of both low (64£%) and medium (128£%) resistance infec-
tions, but less than the MIC of high resistance infections (25624 ). In this simulation, there
were far fewer infections, with only 0.50% of the human population becoming infected with

735 Salmonella. However, most of the infections were of high antibiotic resistance Salmonella
(see Figure 3.8). The number of infected individuals increases after each 48 day growing
period, likely because the proportion of Salmonella that was high resistance increases in the

chicken farm, and the chicken farm is not thoroughly disinfected after each growing cycle.

Overall, the cost to treat these infections was lower, likely due to the smaller number of

70 infections, at $6, 162, 120.
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Figure 3.8: Human populations when chickens are given 150£% of ampicillin (A) Number of susceptible
(uninfected) humans over time (B) Number of humans with high (pink), medium (blue), and low (yellow)
antibiotic-resistant Salmonella infections. Solid lines indicate humans whose infections were treated in a
hospital and dashed lines indicate humans whose infections were treated at home. Though there are fewer
infections in this simulation than when lower concentration of antibiotic are administered, most of these
infections are of high resistance Salmonella.

Finally, we tested the impact of administering 3004 of ampicillin to the chicken popula-
tion. This concentration of ampicillin is greater than the MICs of all three resistance levels,
and hence kills most of the Salmonella bacteria present in the infected chickens, allowing
them to recover (see Figure 3.9). This results in a smaller proportion of the meat supply be-

75 ing contaminated with Salmonella. In this simulation, only 0.05% of the human population

is infected with Salmonella and treating all of these infections costs only $462, 091.
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Figure 3.9: Human populations when chickens are given 300£% of ampicillin (A) Number of susceptible
(uninfected) humans over time (B) Number of humans with high (pink), medium (blue), and low (yellow)
antibiotic-resistant Salmonella infections. Solid lines indicate humans whose infections were treated in a
hospital and dashed lines indicate humans whose infections were treated at home. There were very few
infections in this experiment.

3.3 Economic Quantification

A major goal of this model is to quantify both the costs to the healthcare system and
the profit earned by the agriculture sector as a function of antibiotic use. To do this, we
iterated over antibiotic concentrations from 0£% to 300£% and calculated both costs using
the methods laid out in Section 2.4. The results can be seen in Figure 3.10. When antibiotic
concentrations are below the lowest MIC (64£%), healthcare costs well exceed agricultural
profit, likely because the high prevalence of Salmonella in the chicken population leads to
many cases in the human population. Healthcare cost increases when the concentration is
between the MIC for low resistance (64£%) and the MIC for medium resistance (128£%),
likely because in this range there are more cases of medium antibiotic resistant Salmonella,
which cost more to treat than low resistance infections. When antibiotic concentration is
between the MIC for medium resistance (1284£4) and the MIC for high resistance (256£%),
the healthcare costs are less than the agricultural profit, likely because there are fewer cases

overall with higher antibiotic use. The cases that do occur are mostly of high resistance
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Salmonella, but the increased price of treating these cases does not outweigh the reduc-
tion in cost due to fewer cases. Past 2564, healthcare costs are even lower, due to most
Salmonella being killed. Profit to the agriculture sector mostly increases linearly with in-
creased antibiotic use, which makes sense, as in our model increased antibiotic use both helps
chickens survive at a higher rate and increases their growth, providing the farmer with more
pounds of meat to sell.

Cost (USD)
6x107

5x107
.".Wuu'
o
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2x107 | .......-ooo
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1 . #sesesssaaanaa  Concentration Ampicillin pg/mL
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Figure 3.10: Monetary quantification (in USD) of cost of treating Salmonella infections (red) and profit to

farmers (blue) against antibiotic concentration administered to chickens (in £%). The difference between

these two metrics is greatest when antibiotic concentration is between 64-£% and 12829 or when the
antibiotics can clear most low resistance infections but not medium resistance infections. When antibiotic

use exceeds 128 L% agricultural profit exceeds healthcare costs.
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Chapter 4

Discussion

With this model of antibiotic-resistant Salmonella, we hoped to explore disease dynamics
in both commercial broiler chicken and human populations and to quantify the economic
impact of antibiotic use. Though the accuracy of our model could be improved with access to
more accurate parameter values or more precise parameter estimation (which we will discuss
further in Chapter 5), the framework created by our model and general trends displayed still
offer interesting insights. The model displays the distribution of infections between resistance
levels changing as antibiotic use changes, with higher administered concentrations leading
to a higher proportion of the infections being of higher resistance levels. This is consistent
with the reality that antibiotic use amplifies the presence of antibiotic resistant bacteria.
Additionally, our model shows that overall, infections decrease when higher concentrations
of antibiotics are used. This too aligns with our biological motivation, as antibiotics are
generally used to treat or prevent infections, and it provides financial incentive for the
prophylactic use of antibiotics.

In terms of the economic impact of antibiotic use, our model both confirmed preconcep-
tions about the harms of antibiotics and provided unexpected results. The greatest difference

in costs to the healthcare system and farmer profits is observed when the antibiotic concen-
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tration is just enough to kill the bacteria most susceptible to the drug (between 64 and
128£%. This could be described as a ”sub-therapeutic” dose, as it does not clear the more
resistant infections and thus amplifies their presence in a population. Use of antibiotics in
these lower concentrations, such as for growth promotion in livestock, is warned against or
banned for precisely this reason [28]. In demonstrating the economic detriment and the
increase in resistance associated with such antibiotic use, our model affirms previously es-
tablished knowledge on animal antibiotic use.

A more surprising result from our model is the prediction that healthcare costs dramat-
ically decrease when antibiotic concentration is increased past 128424 (Figure 3.10). Since
128£% is the MIC for medium resistance Salmonella, this level of antibiotic use should am-
plify the presence of high resistance bacteria. While we do see a higher proportion of high
resistance bacteria, the lower level of bacteria overall due to the high concentration of the an-
tibiotic seems to have a stronger effect on the number of infected chickens and hence infected
humans. In combination with higher income to farmers from increased chicken production
and healthier chickens, this result seems to indicate that greater animal antibiotic use is the
best option to maximize economic utility. However, the fact that 40 — 70% of Salmonella
infections are of high antibiotic resistance when a concentration 128 — 25624 of ampicillin
is administered should still give us pause (see Figure 3.5). Though the economic cost is still
low in the model because of decreased number of cases, these high antibiotic resistance cases
are likely to be more severe, harder to treat, and more likely to result in death. Addition-
ally, the presence of more antibiotic resistance Salmonella has long term detriments that
are hard to quantify on a short time frame. Other bacteria may gain access to antibiotic
resistance genes in a hospital setting or within an individual human. This could result in
more harmful species of bacteria becoming resistant to ampicillin, leading to a greater num-
ber of hard-to-treat infections. Finally, the rise in antibiotic resistance can reduce efficacy

of drugs, increasing the cost of research and development to make new drugs and leading to
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increased mortality from previously treatable conditions [33]. While our model does seem to
indicate overall benefits to increased antibiotic use in poultry populations, it is important to
interpret that result in the context of the more complicated long-term impacts of antibiotic
resistance.

Our model presents the complex nature of antibiotic resistance resulting from antibiotic
use in animal agriculture. While some antibiotic use greatly reduces the risk of livestock
death from disease and decreases overall prevalence of Salmonella, sub-therapeutic doses
of antibiotics lead to higher healthcare costs and higher prevalence antibiotic resistance.
Higher antibiotic use reduces healthcare costs but increases the proportion of Salmonella
which are of higher levels of antibiotic resistance. This complicated behavior does not give
clear answers to policymakers and others looking to minimize the economic and health risks
of antibiotic resistance in Salmonella. However, our model does serve as an interesting and

useful basis upon which more complex and nuanced models could be built.
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Chapter 5

Future Extensions and Conclusion

The accuracy of our model could be much improved with more accurate parameter values.
In our model, many parameter values could not be found in the literature, and so these
parameters were estimated one or two at a time. When estimating only one or two parameters
at a time, however, we had to fix some of the unknown parameters at a random value and
then estimate them after fixing the variables we estimated first. This process introduced
the possibility that the order in which we estimated the parameters may have affected their
values. Future studies could expand upon our work by implementing a parameter estimation
method which more accurately estimate multiple parameters at once. An example of such a
method is called genetic algorithms (GA) [6]. In this algorithm, a random sample of vectors
of possible parameter values are selected, with each parameter value chosen between specified
bounds. The solutions to the model generated with these parameters are then generated and
compared to the expected results. The top 10% of the vectors will move to the next ”step”,
where they can "mutate” — that is, their values change slightly — and the solutions are then
run again and once again compared to the expected results. The algorithm continues until
a stopping condition is met, that is, the estimation is good enough [6]. The algorithm is

likened to biological evolution because the best parameter values emerge out of a process
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where the best set of parameters performs better than the rest in a similar manner to how
organisms with high fitness outperforms their peers in natural selection. Such an algorithm
could perhaps help us to find parameter values which better represent the situation than can
be accomplished through estimating only a few parameters at a time.

Another interesting extension would be to investigate the dynamics of Salmonella re-
sistant to multiple drugs. Multi-drug resistance is particularly important to public health
because bacterial infections that are resistant to multiple antibiotics are much harder and
more expensive to treat than infections resistant to one or no drugs. In our model, we only
measure resistance to ampicillin (though the model is generic enough to work for any single
antibiotic at a time), and modeling multi-drug resistance with our compartment model would
make the model more complicated. If we had two antibiotics, call them A and B applied to
the chicken population, and two resistance levels, H and L for each, then we could subdivide
our infected chicken population into four groups based on their resistance to both drugs. So

the groups would be:

1. Susceptible (low resistance) to both drugs: Iz pr
2. Susceptible to A, resistant to B: 14z gy
3. Susceptible to B, resistant to A: iy L,

4. Resistant to both A and B: Iy gy

Each of these groups would have its own compartment in the compartment diagram and
corresponding differential equation. With only two levels of resistance and two drugs, this
is not too complicated, but increasing either quickly adds many new compartments. Austin
and Anderson explore methods of modeling the multi-drug resistance dynamics in their 1999
paper [7], and they arrive at a similar model to what is described above.

A third interesting extension of this work could focus on quantifying the risk of Salmonella

infection originating in meat processing. Since Salmonella infects the gastrointestinal tract
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in chickens, the bacteria are mostly contained within that part of the chicken carcass. When
chicken meat is processed into different cuts, the bacteria in one part of the chicken carcass
can spread to other parts. This leads to comminuted chicken meat (ground, minced, deboned,
etc) and mechanically separated chicken meat having higher prevalence of Salmonella. Ac-
cording to the U.S. Food Safety and Inspection Service (FSIS), approximately 25% of com-
minuted chicken meat and 85% of mechanically separated chicken is infected with Salmonella
[38]. This is much higher than the incidence of Salmonella in whole chicken carcasses (5%)
[38], which is the metric we used to calibrate our model. Distinguishing between different
cuts of meat and modeling the spread of Salmonella in meat processing could prove an in-
teresting extension of this project which increases the accuracy of the model. Furthermore,
it would be interesting to study the effect of this processing step under different levels of
antibiotic use. In the situation of low antibiotic use, a larger proportion of the population is
already infected with Salmonella, so the processing would have a weaker impact on spread-
ing Salmonella from infected chicken carcasses to previously uninfected carcasses. However,
when more antibiotics are used, a smaller proportion of the chicken population is infected
with Salmonella, so the spread of Salmonella by the processing would have a stronger ef-
fect. This would also mean that more of the chicken would be infected with high resistance
Salmonella in this case, as with higher antibiotic use (between the medium and high MICs),
most of the infected chickens are infected with high antibiotic resistant Salmonella.

A final extension of this work would be to randomize the proportion of Salmonella which
mutate to different resistance classes at each time step. In our current model, the rate
of Salmonella mutating to a different resistance class is controlled by a fixed proportion,
namely, the parameter ¢q. In the future, we would like to have the mutation rate pulled from
a binomial distribution with p equal to the average mutation rate and n equal to the number
of bacteria born into each bacterial class during that time interval. Including an element of

randomness in our model would increase its complexity as well as making it more accurate.
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In this project, we have developed an interconnected differential equations model of
antibiotic-resistant Salmonella in both a commercial broiler chicken population and a human
population. We demonstrated how this model can be used to run several experiments which
can predict both incidence of illness and economic costs associated with treatment. The
accuracy of our results could be improved with more accurate parameter values or systematic
parameter estimation techniques, but overall our model still yields interesting results on the
impact of antibiotics on our study populations and on healthcare costs. Furthermore, our
model is relatively generic, that is, the parameter values can easily be adjusted to instead
model a different fecal-oral route food borne illness and a different antibiotic. While our
current model is limited to modeling resistance to a single antibiotic, relatively simple,
though perhaps tedious, adjustments could be made to study multi-drug resistance. This
flexibility allows variations of our analysis to be applied to a wide variety of public health

questions.
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