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Abstract

Viruses and bacteria responsible for infectious diseases often mutate and are carried
between geographical regions. We consider a mathematical model which begins to
account for these factors. We assume two disjoint populations that only occasionally
comingle, and two strains of a disease present in these populations. Of interest are the
equations describing the dynamics of this system, the conditions under which epidemics
will occur, and the long term behavior of the system under various initial conditions.
We find general conditions under which a state of disease-free equilibrium is stable; we
examine the sensitivity of our system to changes in modeling parameters; and we find
evidence that two disease strains of unequal strength may coexist in a two population
System.
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1 Introduction

Mathematical models can provide insight into the dynamics of many important systems
which impact us on a daily basis. In particular, modeling disease transmission lends itself
nicely to a mathematical approach. Much work has been done on models describing the
dynamics of a single population affected by one or more diseases and on the impact of a
single disease on multiple, connected populations. Many situations are adequately described
by these types of models; in many others, both multiple diseases and multiple populations
must be considered. We offer some first steps into such an analysis by examining two inter-
connected populations affected by two strains of a single infectious disease.

We begin with a brief background discussing the SIR model in order to introduce the basics
of disease modeling. We include an analysis of the system’s initial and long term behavior,
with special attention paid to the impact of the basic reproductive number. Next, we discuss
our two-strain, two-population model, including our modeling assumptions and some gen-
eral tools for metapopulation modeling. We use this information to construct a system of
differential equations describing our model’s behavior. We continue by analyzing the various
equilibrium states our system may exhibit. We consider three possibilities: disease-free, com-
petitive exclusion, and coexistence, in which zero, one, or two strains, respectively, persist
in the population. We conclude with an analysis of the system’s sensitivity with respect to
modeling parameters.

Though the model discussed here is simplified in many ways, as compared with an actual epi-
demic scenario, we are able to provide insight into the general behavior of such occurrences
and suggest possible directions for future research.

2 Background

Before we examine our two-strain, two-population model, we first consider the basic Susceptible-
Infectious-Recovered (SIR) model. Many important concepts are identical between the two
models, and will be easier to introduce in this simpler context. In particular, begining with
this model will allow us to see the basic dynamics of our system, as well as the major pa-
rameters which determine those dynamics. We will consider both the initial and long term
behavior of the system, as well as encounter the basic reproductive number, Ry, for the
first time. Understanding the principles on display here will allow for greater insight as we
progress to our full two-strain, two-population model.

2.1 SIR Model

In the SIR model, individuals begin their lives in the susceptible (S) class, enter the infectious
(I) class as they contract the disease, and finally move to the recovered (R) class. We assume
that recovery from the disease grants life-long immunity; thus individuals in the R class never
leave. We assume a closed population; that is, our total population size, N, remains constant
(N =S+ 1+ R). We have a transmission parameter (3, which incorporates factors such as



interpersonal contact rates and transmission probabilities. The per capita rate of recovery
from the disease is . This gives an exponential distribution of recovery times, with average

duration of infection —. We assume mass action; that is, every individual is equally likely to
y
contact every other individual in the population. Thus, infection is governed by the standard

incidence term, —.

N
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Figure 1: Flow chart describing an individual’s movement through the SIR model

The closed population assumption allows us to express one of our state variables (S, I, or R
— the variables describing the state of our system) in terms of the other two. We choose to

eliminite R and focus on the dynamics of S and I. The model is described by the system of
differential equations

s BsI
a4 N
dl  BSI ; (1)
@ N

with initial conditions S(0) = Sy and 1(0) = I.

2.2 Initial Behavior

Suppose we consider the early stages of an epidemic. We have a small number of infectives
and no recovered individuals, while most of the population is suceptible. We can take Sy ~ N
and simplify our system to

ds
— =~ —pI
o (2)
— =~ Bl —~I
ol el
dal . " .. : . )
We see that I is positive, and thus that [ is increasing, if § > 7. Equivalently, we can
dl dl
write a > 0 if é > 1. Similarly, if é < 1 we have a < 0 in the outbreak’s initial stage.
8 gl

B

Biologically, this means that our system will see an epidemic when é > 1, while — < 1

Y Y
implies the disease will die out before an epidemic can take off. Let us think about the
biological interpretation of this quantity: [ is the rate at which new infections arise, and

1
— is the average duration of infection. Multiplying these quantities, we see that é is the
Y Y



average number of secondary infections that an infectious individual gives rise to over the
course of his infection. This concept is of paramount importance in any disease model.

Definition 1. We define the basic reproductive number of a disease, denoted Ry to be
the average number of secondary infections that a single infectious individual will give rise
to over the duration of his infection, in an otherwise entirely susceptible population.

As we have seen, in the simple SIR model, Ry = é and Ry = 1 provides a threshold

f)/
condition on whether we will experience an epidemic. While the particular expression for Ry
will change depending on the model employed, the concept remains consistant — including
the threshold value of Ry = 1.

2.3 Equilibrium Analysis

We have seen what happens in the initial stages of a disease outbreak, so a natural next
step is to examine the long term behavior of the system. In particular, we are interested in
finding points of equilibrium — points where each of our state variables are unchanging. If
our state variables are unchanging their derivatives must be 0, so we set

s _ _BSI_

ar _pst

a - N T

- : . dl ,
Let S* and I* be the equilibrium values of S and I, respectively. Solving i 0 gives
N d
I*=0or % —y7=0= 95" = % If I* = 0 then d—f = 0, is satisfied by any biologically
yN ds ) . .

relevant value of S*. If §* = 5 then T 0 is satisfied by I* = 0. We discover that

the second point is really just a special case of the first and that our equilibrium point is
(S*,I*) = (5%,0). Our system is in equilibrium once the disease has died out, while some
number of susceptibles remain.

3 The Two-Strain, Two-Population Model

The simple SIR model provides a broad framework for disease modeling. We, however,
seek to account for the posibilities of disease mutation and of the spread of disease between
geographical regions. We begin this process with the natural extension to an SIR-based
model with two disease strains and two loosely connected populations.

3.1 Flow Charts

We begin with a visual depiction of our model. We consider two populations (i = 1 or 2) in
which two strains (a« = A or B) of a single infectious disease are present. Our model includes
demography - births and deaths. In this compartmental model, for each population people



are born into the susceptible (5;) classes, become infected by either strain of the disease and
enter the infectious (/) classes, and then transition to the recovered (R;) classes. Individuals
may also leave any class through death.
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Figure 2: Flow chart describing an individual’s movement through our two-strain, two-
population SIR model

3.2 Assumptions

In order to simplify the model, we make a number of assumptions. To ensure that each
population is closed (V; is constant) we assume that the per capita birth and death rates are
equal. We further assume that this rate is equal for each population. As in the simple SIR
model, the closed population assumption allows us to reduce the dimension of our system,
while the inclusion of demography ensures that we have a continually replenished supply of
susceptible individuals and that our disease will not die out due simply to lack of susceptibles.

We assume that the mixing between populations is temporary (no permanent immigra-
tion) and subject to preferred mixing. In preferred mixing the majority of each individual’s
interpersonal contacts are with members of her own population. We assume that every in-
dividual follows the same mixing pattern and that the out-of-group mixing proportion for
each population is equal.



We assume that each individual, regardless of population, has the same contact rate per
unit time. We further assume that any contact between a susceptible and an infective leads
to successful transmission of the disease with probability dependant only on the strain.

Finally, we assume that an infected individual’s recovery rate is indepentent of his pop-
ulation and depends only on the strain he is infected with.

3.3 Metapopulation Modeling Basics

Recall from our discussion of the basic SIR model that finding a value of Ry is a very
important step in analyzing our system’s behavior. Finding an expression for Ry in this
model is not as straightforward as it was in our simple SIR model. We require a more robust
framework in which to express our model.

3.3.1 Mixing Matrix

A mixing matrix describes the manner in which our populations interact. Its entries m;
denote the fraction of contacts made by individuals from group j with individuals from
group i(7,j = 1,2) [2]. We assume that each population’s out of group mixing proportion is
equal, so for our model

1
1+€€1

(4)

The entries of 1 on the diagonal indicate that most contacts are with members from an
individual’s home group while the € entries on the off diagonal represent the small remaining
proportion of each group’s contacts. Since these entries represent fractional mixing rates,

we must ensure that each column sums to 1. Thus we scale the entire matrix by a factor of
1

1+e

3.3.2 Next Generation Matrix

A next generation matrix describes the transmission of a disease through our various sub-
populations. The entry k;; is the number of secondary infections caused in populations ¢
by a single infectious individual in population j [2]. Because we are considering two disease
strains, (A and B) we will have two next generation matrices, (K4 and K?), to describe
the transmission of each strain. We now look to actually construct these matrices. Suppose
we introduce a single individual infected with strain « of the disease into population 7. The

average duration of infection is . This corresponds to the amount of time our infec-

tious individual has to spread the disease. Determining the rate at which new infections
arise is similarly straightforward. We assumed a constant rate of contact for all individuals;
let a denote this number. We also assumed a probability of transmission only depends on
the strain involved so let p® denote this probability for strain a. The rate at which new



infections arise is therefore a - p® - the total rate of contact multiplied by the probability
that each contact is effective. We let ¢ = a - p® denote this rate. Thus the toal number

of new infections caused by this individual is . Finally, the proportion of these new

infections which arise in populations ¢ is found by multiplying the total number of new cases
by m;j, the fractional contact rate with population 7. Putting this all together, we find that

ki = 6% - mij -

. This gives the next generation matrices

SRR
6A EBA
(A +p)d+e) (P +u)(l+e)
KA — (5)
e pA
(Y +p)d+e) (P +p)(l+e)
B e8P
(VP +u)(+e) (VP +u)(l+e)
KP = (6)
e8P BB

(Y +w)(l+e) (YE+u)(l+e)

3.3.3 Finding Ry

We can use the next generation matrix to find an R, value for each strain. If we let ¢ be a
vector describing the number of invectives in each population after m generations of strain
«, it can be shown [2] that

n

¢ =Y GAT,, (7)

=1

where ¢; is a constant and W, is an eigenvector of K with the corresponding eigenvalue, A;.
If K has a largest eigenvalue \; then for large values of m,

G, = LAV (8)

That is, the number of incentives increases by a factor of A\; with each generation. This
matches exactly with our definition of Ry. Thus R{ is the dominant eigenvalue of the next
generation matrix, K [2].

3.4 Equations

The differential equations describing our system are similar to those of the SIR model (1),

) d
but have more complexity. Note that X is a shorthand notation for —.

dt



Sy = pNy — pSy — S1(BAL + Bis 15 + BT + BRIY)

Sy = Ny — Sy — So(BA I + B35 15 + BRI + BRIS)

It = 1B+ B L) — (v + ) I )
IQA—SQ AIA AIA (,YA+M)IA

vF + I

( ) —
113—51( 0P + BRI7) — (vF + )
S )= (¥ + w1y

B]’B B[B

(6%
.
¢ is the transmission rate of strain o from population j to i. We have 3f} = % We
7
(6%

will write our transmission rates as f; when we value succinctness and as L when it is

more advantageous to reduce the number of parameters in the system.

i is our per capita birth and death rate. p/V; is the rate at which individuals are born
into the S; class and w57 is the rate at which they leave it via death. Infection is again
governed by the standard incidence term; here, though, susceptible individuals from popu-
lation 1 may become infected with either strain A or B of the disease, and may acquire the
infection from an individual in either population 1 or 2. Sy is entirely symmetric.

In each of our jf equations, the positive term corresponds to the individuals exiting the
S; class, after having acquired strain « of the infection. v* + p is the rate at which individu-
als leave the class, through either recovery or death. As in the SIR model, this implies that

the duration of infection is exponentially distributed, with mean

VA
Finally, we supress the equations for R;, as the values of R; can be calculated by N; —

(S;+ I+ IP). This allows us to reduce the dimension of our system and focus solely on the
most interesting population dynamics.

4 Equilibrium Analysis

4.1 Disease-Free

We begin our equilibrium analysis with the simplest type of equilibrium — disease-free. In
this case, neither strain of our disease is present in either of our populations. The enitre
population is susceptible.

4.1.1 Finding Equilibrium Point
By solving

I = Si(BAI + BRI — (VA + ) I = (10)

for I{* we find
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Figure 3: R{' ~ 0.67, Rf ~ 0.81, N; = 100000, N; = 150000,¢ = .1,y = == 600 initial
infectives in each infective class

POSBA - (v + )

Substituting this expression into 1. 4 and then factoring gives

0= JA ( — 515557585
AP -
Because we are first interested in disease-free equilibrium, we will take I3' = 0. Plugging

this into our previous expression for [ f gives [ A — 0. Through an entirely similar process
we can find that I = IZ = 0 satisfies I = IF = 0.

(11)

4 BAS, —u—v“) | (12)

With these four conditions, we find that 51 = 52 = 0 is only satisfied by S; = N; and
Sy = Ny. We now have our disease free equilibrium point (see Figure 3):

(Sh 527 1147 1547 IF? IZB)

13
:<N17N270707070) ( )

4.1.2 Stability Analysis

To determine the stability of disease-free equilibrium, we first evaluate the Jacobian matrix,
J, at the equilibrium point:

10



r—u O —N1B8Y —N168{Y -N1B8E -N185, 7
0 —pu —N2B3, —N2B%h —N2p% —N2BE,
0 0 N1B11A — (u+~42 N1BA 0 0
J(N1, N3, 0,0,0,0) = R
0 0 NaB21 NoB3y — (n+~v7) 0 0
0o 0 0 0 N1B11E — (u++B) N155,
L o 0 0 0 Nop21B NoBE — (u++8) 4

Next, we find the eigenvalues of J:

4

—

—

A -4t —p

A=1{ ptpetAtetryt = g4 ple (14)
1+e€

B =P —p

ptpe+Pe+ 9P — B+ pPe
\ 1—|—€

The equilibrium is stable whenever the real component of each eigenvalue is negative. Since
we assume p > 0 we have —p < 0 under all conditions. To satisfy

BA— (" +p) <0
we must have

BA

—— <1
T+

Br <At +p= Ry =

For our fourth eigenvalue, we have

Cptpetyte oyt = B+ ple
1+e€ N

(1—¢)p"
1+e€

BA = (v + ).

— (v + ) <

Thus, this eigenvalue is also negative whenever R}' < 1. By an entirely similar analysis,
we find that our final two eigenvalues are both negative precisely when RF < 1 and so all
eigenvalues are negative if and only if RZ', RP < 1. This implies that disease-free equilibrium
is stable iff the Ry value for each strain is less than 1.

11



4.1.3 Generalizing Disease-Free Equilibrium

Because disease-free equilibrium is relatively simple, we seek to extend our findings to
metapopulation models considering any number of disease strains and any number of popu-
lations.

Theorem: In a metapopulation consisting of n sub-populations and m disease strains,
whose dynamics are governed by an SIR model with identical assumptions to our 2-strain, 2-
population model, the disease free equilibrium is stable if and only if R < 1 for each strain .

Proof: If we have n populations and m strains, then the differential equations mod-
elling our scenario are given by:

Si = ulN; — uS; — S; (ZZ@C}IJ&)

a j=1

Ir=s, <Z ;;-I;*) ~ ()

j=1

(15)

The partial derivatives of our equations with respect to our state variable (S’s and I’s),
evaluated at equilibrium, are:

05S; {0 i
95 | -n i=j
dS;
oI°
oI (16)

25, "

(87
= 5,62

ofe ) re
51}-’”— zﬁw "f—aaz-%]-
Siﬂ%_(7a+u) R=0a,1=]

By dividing our Jacobian matrix into 4 blocks, M;;, we see that My, is the 0-matrix and so
our Jacobian, J, is block upper-triangular. The eigenvalues of J are simply the union of the
eigenvalues of My, and Mss. My, is diagonal, with diagonal entries —pu, so its eigenvalues

are simply —p, with multiplicity n. Mas is more complicated, but it too is block diagonal.
(03

aI°

entry is 0. The eigenvalues of My, are the union of the eigenvalues of each block, A“.

It consists of m nxn blocks on the diagonal, composed of the

entries, while every other

To find these eigenvalues we will compute |A* — AI| and find the values of A which make
this determinant equal to 0. Each of these blocks is of the form:

12



A— ) y—x
: y
Yy y y—

where
_ €8

v 14+ (n—1)e
e—1)3
( ) —(y+p+N).

v 1+ (n—1)e
In each block, the only thing that changes is the letter on 5 and v, indicating the strain of the
disease; so finding the eigenvalues of this general block will allow us to find the eigenvalues

of Myy. Our challenge, therefore, is first to compute det(A). Consider the sequences a; and
b; defined by:

wz{“” T (17)

and

@:{y N (18)

bi =ya;—1 —iybiy 12>1

Let A,., be an nxn matrix of the form

Y Yy y—x

and B,y, be an nxn matrix of the form

y y—x :
’ . Yy
Yoo Yy y—x

Claim: a,,_1 gives the determinant for A,,, and b,,_; gives the determinant for B,,,.

13



Proof: We prove the claim by induction on n. For n = 1 we have Ay = det(Aix1) =
Y — T = Qo and By = det(lel) =Yy= bo.

Now suppose the claim holds for all n < k. First we introduce some notation: Let B?, =

nxn
By and for 1 < i < nlet BY = Bl with the (i — 1)* and i"* rows interchanged.

Suppose we perform cofactor expansion along the top row of A,,. Then we have

det(Anxn) = (y — z)det(Apm-1)x(n-1)) = ¥ Z det(B(,, 1yx(n-1))
=0

Notice that for ¢ even we can change an—l)x(n—l) to B?n—l)x(n—l) by performing an even
number of row switches, and thus det(B(,,_1)xn_1)) = det(Bl,_1)yn_1)) = det(Bu-1)x(n-1))-
Similarly, for ¢ odd det(Bénfl)x(nfl)) = —det(B—1)x(n—1))- Then we have

det(Anxn) = (y - x)d€t<A(n71)x(n71)) -y Z det(B(nfl)x(nfl))

i=0
= (y = 2)det(Am-1)x(n-1) = (0 = Dydet(Bn-1)xn-1)):
By the induction hypothesis, (Am-1)x(n-1)) = @n—2 and det(Bp—1)xn-1) = bp—2 and so

det(Apxn) = (y — 2)an_o — (n — 1)ydetb, o = a, 1

as claimed.

Performing cofactor expansion along the top row of B,, and using the same method as
above, we find

det(Bpxn) = Yan—2 — (n — 1)ydetb,_o = b,_1.
Thus the claim holds for all n. O

Claim: a; and b; have closed forms given by
a; = (=1)" [(i + 1)a'y — 2]

and

Proof: We prove the claim by induction on i. For ¢ = 0 we have

ap = (y —z) = (—=1)° [¢"y — =]

and

14



bo =y =(-1)° (%)
Now suppose that for ¢ = k the claim holds. Then for i = k + 1 we have:

(y — x)ag — (k+ 1)yby

(y — ) [(=1)F ((k + Dary — 2" )] = (k + D)y [(=1)"a"y
(=1)F(k + 1)a*y® — (1) y — (=D (k + 12"y — (=1)"(k + 1)2*y?
(1R — (—1)F(k + Dy

(—1)(=1)F [25*1y + (k + D)oty — 24+

(=1 [(k + 2)a+y — 2k +?]

as claimed. We also have:

b1 -
yar — (k -+ 1)bk =
y (=D ((k+ Daty — 2™ )] = (k+ Dy [(-1)*2"y] =
(=DF [k + Daly® — 2"y — () (k + 1)aty® =
(—D)f (=" y) _
(_1)k+1<xk+1y>
as claimed. Thus the claim holds for all 7. [J
Now that we have an expression for det(A) we can compute the eigenvalues of A.

Claim: The eigenvalues of A,, are

A=0—(v+n)
with multiplicity 1 and
_ (-8
A= 14+ (n—1)e (1)

with multiplicity (n — 1).

Proof: We have just shown that
det(Ausa) = 1 = (1) (na"y — a") = (1) 2" (ny — ).

Substituting in values for = and y as defined above, we have:

15



A ) e - e )] =
[ = | AT I -
A [ ] [P )] -
o [ ] B

Setting a,_1 = 0 we see that

(e=1)8 "
(m+(’7+ﬂ+)\)) =0

or

(B=(v+up)—A)=0.

The first case gives

A:—(L%+(V+M)>

1+ (n—1

= (%—(WM))

with multiplicity (n — 1). The second case gives

A=F—(y+n
with multiplicity 1. Thus the eigenvalues of A are as claimed. [J

As in the 2-strain, 2-population case of disease-free equilibrium, we have 8 — (y 4+ p) < 1
when Ry < 1. Also as before, we have

(U ) <o)

and thus each eigenvalue of A is negative iff Ry < 1. Because A is the general form for each of
our sub-blocks A of Ma,, the eigenvalues of A are negative for each « iff R < 1 for each a.

Recall that the eigenvalues of our Jacobian, .J, were the union of the eigenvalues of blocks
My, and M22. We have just found the eigenvalues of Ms, and determined when they are
negative and Mj; had eigenvalues —p, with multiplicity n, which are always negative. So J
has negative eigenvalues — and thus disease-free equilibrium is stable — iff Rf < 1 for each
strain .

16



4.2 Competitive Exclusion

Our second type of equilibrium is competitive exclusion. This equilibrium occurs when one
strain in the populations is stronger than the other strain, causing the weaker strain to die
out. Only one strain will be present in the long term of our populations.

4.2.1 Finding Equilibrium Point

Referring to equation (9), we find the equation where I3 = 0. Using (12), we know to sat-
(5 5384554

Sy — -7
when I3' = 0, then I{* = 0. This gives us the equilibrium point for the strain that will die out.

isfy the expression, I3! = v Bh Sy — 1 — VA) = 0. We also know that

Knowing that strain B can be computed the same way as strain A, and that we want a
strain to be present in the population, we know

_ —Si(8BE)
S188 — (VA + )’

This gave us the equilibrium point for /2. We also know that substituting I into fQB and
then factoring gives

1P (19)

0 ]23( — 5151305
Sibn —m—7

Since we do not want IZ = 0, we used

( — 51828588
5151% —p=7

=+ 555 —u—vB) (20)

F+ABS - uot) =0 @)
to satisfy the equation.

By solving (ref) for Sy we find

S, — B+
( 888,85 N ﬁB> (22)
SiBE — (vB+p) P

By solving

Sy = Ny — Sy = $a(B I + Bpl3' + Bt Iy + By 1y’) = 0 (23)
for S; when S, satisfies equation (22) I = 0 and when IP satisfies equation (19), we find

=202y + 1 + 1P (VP)? B8 — ulNoBRA P + 217 uBiA? + 1P 126 + n(vP)? — 2 Nopg)
p2pE — BLIY B + B uN2 % — BLISYE RS — nbh~y® + IZ uBE A — nNoSR65 + I8P B 65

Finding our last state variable 17, we use S; = 0 and all the other solved state variables to
give us an expression all in our parameters. Since [P was such a large expression, we use

S =

17



to represent the equation.

We now have our equilibrium point.

(

S1

S2

7

_ —2No 35y — puNa Sy + 1 + 2P + 1P BF ® + 213 B uy® + 15 5 (+P)?

 uNoBRBE, — uNaBRAE + BV + SR — 1P 8128 + IPuB 5l — IPVPB125 B + 1P B 50

p+E
S, 8585
S188 + (n++P)

B —

_ —S1(8B1F)
S188 — (VP + 1)

B

By using an entirely similar process where the I are 0, we can find the competitive exclusion
when strain B is the weak strain.

4.2.2 Stability Analysis

To determine the stability of competitive exclusion equilibrium, we find that our large ex-
plicit solution for our equilibrium point makes proving stability difficult. However, using
simulations in MATLAB, we are able to analyze what is happening in the long term.

By changing the different initial values for the infected classes, we are able to show that
the equilibrium was stable only as long as one Ry > 1 and larger than the other R value.
To be more specific, when the Ry of one strain is greater than one and larger than the other
strain’s Ry, the weaker strain will be excluded (Figures 4, 5).

4.3 Coexistence

Coexistence, the most complicated form of equilibrium, is even more complicated to solve
explicity in terms of parameters than our previous equilibriums were. Becuase of this, we
have not explicity solved our coexistence equilibrium. However, even without fully solving
the system of equations for a point of equilibrium, it is possible to determine the conditions
for which a coexistence equilibrium can potentially occur.

Recall from previous work with competitive exclusion that solving the system of equations
I = I3' = [P = [P = 0 yields the following two equations:
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Figure 4: R = 2.69, RF = 13.46, N; = 100000, Ny = 150000, ¢ = .1,y = m
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Figure 5: Infectives from Figure 4. Note that strain A is forced to extinction, while strain
B persists.
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. —S*S*BAﬁA
O:[A( 1~2M12M21 +/BAS*_ LA 24
2 SiBA — i — A 2202 — H (24)

. _S*S*BBBB
0= B ( 12201021 | gBgx A o5
2 SiBE — i — B 202 — H 7 (25)

In order to find conditions for coexistence, we assume I, I3 IP* and I2* # 0, so all

strains are present in both populations. To satisfy the previous equations, and ensure that
IA I3, TP and 12 # 0, the following must be true:

SIS )
" + 3555, —p—v" =0 26
SiBh —p—at T (26)
and S*S*ﬁBﬁB
—P192P12P21 B o+ A
” + By Ss — . — " = 0. 27
Slﬁﬁ_lﬁ_'yB 222 ( )

e}

Solving each of these equations for S;, and changing each ;]

expression involving 84 or 3%, we find that

value into the corresponding

oo _ (N + pNie+ 44Ny + 4 Nie — SN, (28)
2 BA(S;BAe 4+ N1 + AN, — S754)

and
g (AP (N + pNie + 7PNy + 7P Nie — STBP)N, (20)
? BE(SiBBe + uNy + PNy — STBP)
By setting the two previous equations equal and solving for 3%, we find the following condi-
tions for coexistence to exist:

ﬁA
v+

5P = (u+~") (30)

B Ni(=Si7vBpA + 8448 2ST + pAue?S1 — ST + vBN1e + pyBNye + v BN1ev?® + v BNy + uy BNy + iy A Nye + u2 Ny + 52 Nie + pyA Ny)

BT =
ST(S;pAe — S7BA — N1e2yA — uN1e? + uNy + yAN1)

Note that if we divide both sides of equation (30) by (u+7?), the resulting equation defines

a case of coexistence for which Rj = RF. The second posibility defines a case where the
Ry’s are not equal. This is an interesting and unexpected result, differing from the single
case of coexistence that occurs in one-population models. We will now discuss each type
of coexistence equilibrium, both the simple coexistence in which Ry’s are equal, and the
complex coexistence in which Ry’s are not equal.

4.3.1 Simple coexistence

Our simple coexistence occurs when Ry = REF. At this equilibrium, both strains co-exist
in each population. Based on M ATLAB simulations we believe this equilibrium is stable
(Figures 6, 7).
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Figure 7: Infectives from Figure 6. Note that both strains remain in the population
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4.3.2 Complex coexistence

Let us now return to the complex case of coexistence, in which differing R{’s are involved.
We find that the equation for 8P with unequal Ry’s must hold for this complex case of
coexistence. We can change this equation for 57 to one for RF by dividing each side by
(72 + ), resulting in the condition

go — Mi(=S18%+ BAEST + pNie + Niey? + 9N + V) (31)

O Si(=SiBA + SiBAe + uNy — Nie2yA — N €2 + ANy
Unfortunately, this expression for RF is in terms of S}, which is a state variable at equi-
librium. Because of the complexity of our equations, it is difficult to solve for a point of
equilibrium, and therefore anything defined in terms of a state variable at equilibrium is not

easily solvable. Therefore, we rewrite our equation as follows:

2RERE (1 —¢) 2RERE(1—¢)

s = N, (—RS‘(E -1)+RF(1 - 62)>iN1 (\/(e —1)(RP)2€® + 2RERP 2 + (RP)2e2 + (R )2e + ARP Ro Ae — e(RP)? + 2RE RoB — (R{)? — (RP)?
-

This equation for ST is written entirely in terms of parameters. In order for S} to be
biologically significant, it must be real, positive, and less than N;. The reasoning for this is
straightforward: since ST is a subpopulation of Vi, it cannot be complex or negative, and
it must be less than or equal to the total population of N;. In order for S to be real, the
discriminant must be greater than or equal to 0. This is easy to solve, and we find that
either

R_g‘> (e+1+2Ve)(e+1) (1+e€)(l—e¢)

= 32
RE — (1—c¢) e+1—2y/€ (82)
or
R_64<(e+1—2\/E)(e+1)_(1—|—e)(1—e) (33)
RE — (1—¢) e+ 14246
1+2 1 1 1—
Note: It is simple to show that (e+1+2ve)(e+ 1) is indeed equivalent to —( ) 6),
(1—e) e+1—2/e

(e+1—2\/€)(e+1) (14+¢€)(1—¢)
(1—¢) e+1+2ye
In order for S} to be greater than 0 and less than N;, we set the equation for S; at our

complex coexistence equilibrium equal to 0 and Ny, respectively, and solve. We find that in
order for S} > 0, the only condition to be satisfied is

Ry > 0. (34)

and also that

is equal to

In order for S} to be less than or equal to Ny, we first find the boundary condition, in which
ST equals Np. This is found to be

A_ RB +e+1—RP

O —e+ RPe+1—-RE
Solving this numerically in order to find regions in which S5 is less than N;, we find that
using all previous restraints given by equations (31) and (32) in order for S} to be real, S}

will always be less than the total population. Therefore, our restraints in order for S7 to be
biologically significant can be summed as follows:

(35)
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Rg >0
and either

RY < (e+1—2\/e)(e+1)
R§ (1—¢)

RY < (e4+1—=2€)(e+1)
Ry~ (1—¢)

We continue to narrow our range of possibility for complex coexistence by looking at condi-
tions necessary for S5 to be biologically significant. S5, similar to S}, must be real, positive,

and less than N,. Solving

— 515581531 A A
, + B35 —p—7"=0
SiBl —p—AA B
and S*S*BBBB
—MP1M2M12M21 B ox* A
StBE —n—P

this time for S}, yields the following:

 N1(=p*Nae = 2ulNgey™ — (v)2Noe + 84551 + 54559 — 12Ny — 2uNoy™ — (v4)° V)

Sy =
! BA(BAS; e + ANy — 4S5 + jiN2)

and

g = NUp2Noe = 2uNoer® — (9)° Noe + PS5+ 575397 — 2Ny — 2ulNon® — (47)2Ns)
* =

BB(BES5€ + PNy — BBSS + i)
Setting the two expressions for S} equal and solving for 3P shows that either

(7" + p)p*

B
T
or
5 _ No(L+e)(v" + p)(B4S5e + v N, — BAS5 + o)
Si(e — 1)(84S5 — yANy — uNaye — YA Nge — 1N3)

Once again, the first case gives us a case where R = RE.

p

We can rewrite the second case in terms of R4 and RE:

g5 — Na(l+¢) (Y% + ) (B4S5e + v Ny — 8455 + i\

Si(e — 1)(BASs — ¥ANy — uNye — v Noe — 1N

pP Ny(1+€)(84S5e + (7" + )Ny — B1S5)
YA Si(e = 1)(BAS5 — (vA + ) Na — (74 + 1) Noe)
RD — No(1 4 €)(RSze + Ny — R{S3) (v + 1)
S3(e — 1)(R4S; — Ny — Noe)(yA + 1)

_ No(1+€)(RyS5e+ No— Ry'S3)
 S3(e—1)(R§Ss — N2 — Noe)
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Solving this equation for S5 gives us

- No B, 2 _ pB.A_ pB A A2 | pB A2
52:(2]%4]%;(6_1)) (Rg pe* — Rgy™ — Ry p— B4 + B + Ry'y e

:l:\/(e —1)(e+1)(BA + €62 — REyA + eRByA — RBu+ eRBp)(— A + €84 + REyA + eREBAA + RBu + eR(’fu))

Just as before, we want S5 to be biologically significant. S5 is real when the following

conditions are satisfied:
Ry _1+e

U 39
R —1—c¢ (39)
or RA
1—c¢
U< . 40
R ~— 1+e¢ (40)

Solving for S5 = 0, we find that there is no boundary condition necessary for S3 to be
positive; S5 is always positive.

Finally, the boundary condition for S5 to be less than Ny is

(e+1)(B% = B + 9" + )
(e =1)(—ep—yte+pA =74 —p) )

Similarly to S7, the condition that S5 must be less than N is satisfied by previous conditions.

RP =

All conditions for S7 and S5 to be biologically significant can be combined into the fol-
lowing regions of feasibility of coexistence when R{ # RE:

Ry >0, (42)
and either RA L2 )
o e+ 1 —2€)(e+
— < 43
RE — 1—c¢ (43)
or N
R_O> (e+1+2\/e)(e+1) (44)

Rég_ 1—c¢

4.3.3 Simulation

To search for the complex case of coexistence, we have used MATLAB. The program being
used loops through a wide range of parameters in order to find parameter combinations that
satisfy the above conditions. These combinations are used as input into an ode45 solver,
which outputs any results in which all I* values are greater than 0. We have run the program
over a large range of values (N; = 100, 000, N = 150,000, v* = .5,v% = .5, ¢ from .01 to .99

1
by .01, — from 32 years to 82 years by 1 year, 8* from 1 to 50 by .1, and $® from 1 to 50
1

by .1, with initial conditions 57, Sy calculated based on Ry values and I = 50) and so far
have found no complex coexistence equilibrium. From these results, we hypothesize that if
the complicated coexistence does exist, it is unstable, and likely not biologically significant.
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5 Sensitivity

5.1 Importance of Sensitivity

Sensitivity is a way to quantify how a small change in parameters affects state variables over
time. As such, sensitivity can help us to determine how easily affected our equilibrium is by
small changes in parameters. This, in turn, can help us to analyze how stable the equilibrium
in question is. To minimize the number of parameters we need to deal with, we rewrite our
equations in terms of 4 and , using the fact that values of ©. are determined by 8% - m;;.
Our rewritten equations are as follows:

Sy = uNy — Sy — ﬁ(ﬁ/ﬁf‘ + e8I} + BPIP + BBID)

Sy = Ny — Sy — ﬁ(eﬁfﬁf + BAI{‘ + eBBIP + BBIP)

i = i B+ ) - (0 + .
B = g e+ 8 — (0 +

I = i (I + 8P — (07 +

. S,

7B — B[B B[B o B [B
2 N2(1+_€>(€5 L HB7L) = (v + )l

In order to calculate results, we use previous results [1], based on chain rule, showing that if
we have a system, F', defined in terms of x, the state variables of the system, 6, the parameters

T
of the system, and time, ¢, then the matrix of sensitivities (denoted %) satisfies

aﬁx_aF&c oF

5500~ or 06 " 98 (46)

with initial conditions

02(0) _
a0 Ormxcp

—— can be written as shown in Figure 9.
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Using MATLAB’s ode4b solver, we created a program which produces graphs of sensi-
tivity for given initial state variables and parameters. Using this program, we were able to
analyze the sensitivities of state variables for each form of equilibrium. Now we will look into
both our competitive exclusion and simple coexistence equilibria and analyze I{! sensitivities
for each.

5.2 Competitive Exclusion

I? Sensitivity Competitive Exclusion

100

— dI1Adot/dmu
— dI1Adot/depsil
sol. — dIlAdot/dbetaA ||
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Sensitivities
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Figure 10: R{ = 13.46, RP = 2.69 Sensitivity of I when B is competitively excluded

€ has little effect on our state variable. This is reasonable, given that e is related to
mixing, and as such affects when an initial outbreak occurs in a population connected to an
infected population, but little else.

Small changes in 42 and v% initially have small effects on I{* because the B strain is weak
compared to the A strain. After some time, the sensitivities with respect to 2 and ~? go
to 0 because the B strain dies out. u’s affect appears very large, but is easily explained.
Because we have not normalized our sensitivities and p is very small compared to all other
parameters, a unit change in g has a much larger effect on I{* than a unit change in any
other parameter. Initially, an increase in u causes a decrease in I{', but as time continues,
the effect of i eventually becomes slightly positive. Recall that p is the reciprocal of the
average life span of a population, and is used in both birth and death rates. An increase in
1 relates to an increase in the rate of replenishment in the S classes, and also to an increase
in deaths from each class, including the I classes. Therefore, the effect of i is as we would
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expect.

I increases as 3% is increased and decreases as 7 is increased. Since

. Sl
IA — A[A A[A . A ]’A
1 N1 +_€) (BT +e871y) — (v + Wi,

and therefore I A is directly related to 44 and inversely related to v4, this also makes sense.
Since competitive exclusion is a stable equilibrium when the stronger strain’s Ry is larger
than 1 and larger than the weaker strain’s Ry, we expect to see the effects of all parameters

eventually go to 0, so long as a unit change in parameters does not competely change our
Ry values. We see these results in the graph.

5.3 Coexistence

If Sensitivity Coexistence
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Figure 11: R§' = 3.23, R = 3.23 Sensitivity of I{* when Rgs are the same

The effect of € on our state variable is again minimal, as we expect. The effects of 4 and
74 on I at our coexistence equilibrium are similar to their effects of I at our competitive
exclusion equilibrium. However, the effects of 5 and ? are much more pronounced, since
neither strain is competitively excluded. p also has a similar effect, although it has a much
more pronounced positive effect on I{* than in the previous equilibrium. Again, this is
because both strains remain in the population. We also note that the effects of all g and
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~ parameters are more pronounced at the peak of infection, when the largest changes are
occuring in state variables. Finally, as the model approaches a stable equilibrium, the impact
of all parameters on our state variable of interest again goes to 0.

6 Conclusions and Future Directions

6.1 Concluding Remarks

We used differential equations to model a two strain two population infectious disease sys-
tem . We examined the equilibria of such systems and the stability of these points. We
found that in many ways, these points were qualitatively similar to the equilibria of simpler
systems. We also were able to quantify the sensitivity of this model to parameter changes.

In the first section, we offer an introduction to epidemiological modeling by examining the
simple SIR model. We also introduce a general methodology for analyzing such models.
This included finding equilibria and their stability, as well as the importance of Ry, both
biologically and as a modeling parameter.

We then consider our two-strain two-population model. We outline the assumptions on
which the model is based and introduce some general tools of metapopulation modeling.
Thus equipped, we construct differential equations to describe the behavior of our system.

In the following section, we conduct an analysis of the system’s equilibria. We find three
types: disease-free, competitive exclusion, and coexistence. We are able to prove that in
systems obeying our stated assumptions the disease free equilibrium is stable regardless of
the number of disease strains and number of populations, exactly when the Ry value for each
strain is less than one. We find simulated evidence that competitive exclusion equilibrium
is stable exactly when Ry of the surviving strain is greater than one and greater than Ry of
the excluded strain. The complexity of our system makes finding an explicit point for coex-
istence equilibrium impractical. However, we have found conditions under which coexistence
can occur. In the first, the Ry value for both strains are equal. In this case, simulations
suggest that the equilibrium is stable. Analysis of the second case, with unequal Ry’s proved
more problematic, but we have evidence to suggest that this equilibrium, if even biologically
relevant, is unstable.

We conclude by analyzing the sensitivity of our system to changes in parameter values.
We find that € has a minor effect on any state variable. The number of individuals infected
by a given strain is positively affected by an increase in that strain’s Ry or a decrease in the
competing strain’s Ry. p’s greatest impact on the system is to shift the timing of disease
outbreaks.

Perhaps the most striking realization of this work was the unexpected quickness with which

the complexity of such models increases. The simultaneous inclusion of just two strains and
two populations complicated the model considerably, when compared with models consider-
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ing only one of these factors. Nonetheless, we have taken some small steps toward a more
general understanding of SIR epidemiological models.

6.2 Future Directions

There remain many research directions which this work only briefly, if at all, begins to ex-
plore. Most obvious is the conclusion of the equilibrium analyses begun here, by proving the
hypothesized stability of our competitive exclusion and coexistence equilibria. Additionally,
resolving the biological relevance of our coexistence case with unequal Ry’s would complete
an understanding of this model’s long-term dynamics.

This work also suggests numerous future extensions. Multistrain metapopulation models
may be generalized by considering arbitrary numbers of strains and/or populations, or by
shedding many of the assumptions included here. In particular, removing the assumptions
on our parameters might drastically alter the system’s dynamics. Introducing disease con-
trol methods, such as vaccination or quarantine, to the model may offer insight as to the
preventability of epidemics. Additionally, one could consider a wider class of diseases, which
may not be adequately described by an SIR model. One wonders how the system’s dynamics
would change if the underlying model is, for instance, SIS or SEIR, rather than SIR.

References
[1] Capaldi, Alex. Ezploring the Inverse Problem with Infectious Disease Models. 2010.

Lloyd, Alun. Introduction to Epidemiological Modeling: Basic Models and Their Proper-
ties. March 23, 2011.

31



