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ABSTRACT

The contributions made by mathematical approaches to biological problems has become
widely recognized in recent decades. The focus of this thesis is to develop and analyze novel
mathematical models for various aspects of three infectious diseases: Human Immunodefi-
ciency Virus (HIV), Ebola virus disease (EVD) and Zika virus. HIV is examined at the
in-host level by two models capturing two stages of the disease process within the blood. The
first HIV model considered here incorporates the effects of latent infection and mutation of
the virus. This research is meant to provide applicable information when considering various
vaccine developments and combination strategies to maintain viral suppression. The second
HIV model in this dissertation examines early stage viral development and the contribution
of the homeostatic proliferation of CD4% T cells on the dynamics of the disease process; in
particular the dependence of long term outcomes on the initial viral load and healthy T cell
count. Both EVD and Zika are analyzed at the epidemiological level with compartmental
model structures. A branching SEIR Ebola model is embedded into a stochastic process by
means of a novel multinomial distribution derivation. This model is used to determine the
most prominent forces of infection causing the 2014 Ebola outbreak in West Africa based
on data as recorded by the World Health Organization. Finally, the spread of Zika within
Central and South American countries is modeled by way of a modified (SEIR)/SEI vector
compartmental structure to estimate basic reproductive numbers, total outbreak size, and
reporting rates for Colombia, El Salvador and Suriname. This study highlights the need

for research and data collection that will better constrain parameter ranges.
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CHAPTER 1
INTRODUCTION

The law of mass action is the proposition that the rate of a chemical reaction is directly
proportional to the product of the concentrations of the reactants [1]. This idea, which went
largely unnoticed when first proposed in 1864 by Norwegian mathematician and chemist
Cato Maximilian Guldberg, along with his brother in law and fellow chemist Peter Waage,
has been used in a wide range of applications. In this thesis, we employ the law of mass action
to model and gain insight into the progression of three diseases: Human Immunodeficiency
Virus (HIV), Ebola virus disease, and Zika virus. Modeling the dynamics of these diseases
by incorporating a mass action term has enabled, among other things, the development of
biological understanding of key components which drive the evolution of a disease in vivo,
and the quantification of rates of transmission of a disease among a population.

The course of an HIV infection is typically characterized with three stages based on the
population sizes of the healthy T cells, infected T cells and virions . The first stage, known
as the acute infection, is distinguished by a rapid fluctuation in both the healthy T cell and
virus populations usually lasting from 2 to 10 weeks [2]. Symptoms during this stage, often
described as flu-like symptoms, include fever, swollen glands, sore throat, rash, fatigue, etc.,
[3]. During the second stage, known as chronic infection or the asymptomatic period, HIV
reproduces at very low levels, although it is still active. The population sizes of healthy T
cells and viral load reach a relatively consistent quantity. This period, without treatment,
can last for 7 to 10 years but can vary greatly among individual patients [4]. The third
stage, the onset of AIDS, occurs when the virus population seems to grow exponentially
with a rapid decrease in the healthy T cell population. Once the T cell count is below 200

3

cells mm™ or when certain associated infections are experienced, a patient is said to have

AIDS (Panel on Antiretroviral Guidelines for Adults and Adolescents, 2009). To capture



the dynamics of the population sizes of the healthy T cells, infected T cells and viral load
within the blood of a patient the mass action term is applied. We assume that the rate at
which the number of newly infected T cells grows is a proportion of the product of the size
of the healthy T cell population and the viral load.

Ebola virus disease, or simply Ebola, belongs to a a group of viral infections characterized
by high fever, petechiae, internal bleeding, hypotension and shock [5]. Because the natural
reservoir host of Ebola viruses has not yet been identified, the source of Ebola epidemics
within the human population is unclear [5]. It is believed that the virus is transmitted to
humans by contact with an infected animal either by touch or ingestion. According to the
World Health Organization (WHO), Ebola is spread from human to human through direct
contact with blood or bodily fluids (including but not limited to urine, saliva, sweat, feces,
vomit, breast milk, and semen), and objects (like needles, syringes, bedsheets, etc.) that
have been contaminated with body fluids from a person who is sick or has died from Ebola.
The epidemiological study of this disease, within the thesis, uses a mass action term to
calculate the number of newly infected people among the population. We assume the spread
through contact is proportional to the product of the number of susceptible individuals and
the number of infectious individuals within the total population of interest.

In the Zika forest of Uganda in 1974, the Zika virus was first discovered in isolation from
a rhesus macaque. Since this time the virus has spread to the human population and across
continents to reach naive populations that are unprepared to mitigate the viral spread. Zika
virus is transmitted to humans primarily through bites from infected Aedes aegypti and Aedes
albopictus mosquitoes. The transmission is in both directions, that is, infected mosquitoes
infect humans and infected humans infect mosquitoes. Once again, we exploit the mass action
term to describe the transmission between these populations. The number of newly infected
humans is proportional to the product of the number of susceptible humans and the number
of infected mosquitoes. Similarly, the number of newly infected mosquitoes is proportional

to the product of the number of susceptible mosquitoes and the number of infected humans.



This proportion is called the force of infection term and can be approximated based on the
probability of an infectious bite occurring with successful transmission of the disease.

The investigation and application of the mass action term in modeling these diseases is
described in the duration of the thesis. The presentation of the methods and findings is
as follows. In Chapter 2, we develop a model of 7 ODEs, based on [6], with only thirteen
parameters to enable a thorough analysis of the first two stages of an HIV infection incor-
porating latent infection and viral mutation. In Chapter 3, we reduce a three stage model
proposed by [7] to a system of three ODEs to complete an analysis of an acute stage model
that describes the effects of homeostatic proliferation. The next mathematical analysis, in
Chapter 4, will be performed on a model of the 2014 Ebola outbreak in West Africa. The
event has been modeled using a deterministic system of ODEs [8] which we will embed into
a stochastic process to estimate parameters of interest through Bayesian inference. Chapter
5 contains the final analysis examining the 2015 Zika virus outbreak in Central and South
American countries. We will estimate the basic reproductive number, the reporting rate and

the total outbreak sizes.



CHAPTER 2
AN IN-HOST MODEL OF HIV INCORPORATING LATENT INFECTION AND VIRAL
MUTATION

Modified from a paper published in the Proceedings of the 2014 AIMS Conference on
Differential Equations and Dynamical Systems.

Deborah Shutt!, Stephen Pankavich?

2.1 Abstract

We construct a seven-component model of the in-host dynamics of the Human Immun-
odeficiency Virus Type-1 (i.e, HIV) that accounts for latent infection and the propensity of
viral mutation. A dynamical analysis is conducted and a theorem is presented which char-
acterizes the long term behavior of the model. We study the effects of an antiretroviral drug
and treatment implications. Finally, a sensitivity analysis is performed to obtain an active
subspace by which the active variable vector can be identified to determine the parameters

that drive the behavior of the system studied.
2.2 Introduction

We develop a two-stage model of infection consisting of seven nonlinear ODEs that de-
scribe the increase in viral load stemming from latent (or dormant) infection and the ability
of HIV to escape the immune system due to viral mutation. The model is validated through
computational means and stability properties of all equilibria in the system were charac-
terized in terms of primary and secondary reproductive ratios. Additionally, we study the
control of infection through the use of antiretroviral drug therapy, in particular using a cat-

egory of drugs known as reverse transcriptase inhibitors (RTIs). Our analysis determines
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that a sufficiently high drug-resistance level arising from viral mutation could render a per-
sistent HIV infection untreatable, thereby displaying the long-term decrease in efficacy often

exhibited by RTIs used to treat HIV patients.
2.3 The Model

The following model describes the dynamics between healthy helper T cells, actively and
latently infected T cells, and wild-type and mutated virus populations of an HIV strain. This
model incorporates latent infection into a previously studied HIV model [6]. The model is

comprised of seven nonlinear and fully-coupled ordinary differential equations given by

dT

S = A= T — KTV, = KTV, (2.1)
dl,

e (1—=p)(1 — )k TV + asLs — dyI (2.2)
dL,

e p(1 — )k TVy — agLg — dp L (2.3)
dvs

2 = Nodi L, — dyV, (2.4)
dI,

dt = (1 - p)#ksT% + (1 - p)krT‘/r + arLr - dI]r (25)
dL,

i puks TV, + pk, TV, — a, L. — dr L, (2.6)
dv,

i = N,d;I, — dyV,. (2.7)

Here, T" denotes the population of healthy helper T cells. An estimated maturity rate
of helper T cells to immunocompetent T cells is represented by the parameter A\, and the
death rate of these T cells is denoted dr. The parameter k, is the rate of infection of
the wild-type HIV strain. The population of the wild-type strain is denoted by V. The
population of infected helper T cells by the wild-type HIV strain, k,TV, will contribute to
several other populations. As mentioned before, an infected helper T cell can either become

latently or actively infected. We use p to represent the proportion of helper T cells which



become latently infected and hence the terms (1 — p)ksTV; and pk,TV; are included within
equations (2.2) and (2.3) where Iy and L, denote the CD4™ T cell populations that have
become actively or latently infected and produce or will produce the wild-type HIV virions,
respectively. However, our model also accounts for mutation of the wild-type provirus, and
thus the portion of T cells actively infected by the wild-type HIV strain, (1 — p)kT'V5, is
further divided into replicating wild-type and mutated virus populations. In the model, y is
used to represent the rate of mutation and the terms (1 —p)(1 — p)k,TV; and (1 — p)ukTV;
are added to equations (2.2) and (2.5), where I, denotes the CD4™ T cell population actively
infected and producing mutated HIV virions. Helper T cells latently infected by the wild-
type HIV strain, pk,T'V;, may or may not create a mutated provirus and thus the terms
p(1 — p)ksTVy and puksTV; are included in equations (2.3) and (2.6), where L, denotes the
population of helper T cells that are latently infected by the wild-type HIV strain or mutated
HIV strain, but when active will replicate mutated virions. With mutation present in the
system, we must account for the population of mutated HIV free virions, denoted V., which
infect the healthy helper T cell population. Thus k, is the rate of infection of the helper
T cells by the mutated HIV strain and the term £, TV, in (2.1) represents the number of
such infections per unit time. This term then contributes to the actively infected helper T
cells, I,., and latently infected helper T cells, L,, populations. Hence, the terms (1 —p)k, TV,
and pk, TV, appear in equations (2.5) and (2.6). The model also accounts for the event in
which latently infected cells are stimulated to become actively infected for both types of
HIV strains. The parameters a and «, represent the activation rate of the latently infected
helper T cells that upon activation will produce the wild-type HIV virions or the mutated
HIV virions, respectively. This calculation is reflected in the decrease of the latently infected
helper T cell populations by the terms a,Ls and «a,.L, in equations (2.3) and (2.6) with a
simultaneous increase in the actively infected helper T cell populations in equations (2.2)
and (2.5). The corresponding death rates of latently infected helper T cells and actively

infected helper T cells are included using the parameters d; and d;. The parameters N,



and N, represent the total number of virus particles released by a helper T cell actively
producing wild type virions or mutated virions, respectively, over its lifespan. Finally, the
parameter dy accounts for the clearance rate of free virions. We assume that both the wild
type HIV strain and the mutated HIV strain have the same clearance rate. A summary of

all parameters and their values is given in Table 2.1.

Table 2.1 Variables and Parameters

Initial values References

Dependent variables / Populations
T Uninfected CD4" T cells 106 ml™* [9, 10]
I, CD47" T cells actively infected producing wild-type virions 0
L, CD4" T cells latently infected will produce wild-type viri- 0
ons
V, Wild-type HIV virions 1076 m1™* [11]
I. CD4" T cells actively infected producing mutated/drug- 0
resistant virions
L, CD4" T cells latently infected will produce mutated/drug- 0
resistant virions
V. Mutated/Drug-resistant HIV virions 0

Parameters and constants

A Rate of supply of immunocompetent CD4™ T cells 10% ml™* day~* [6]

dr Death rate of uninfected CD4™ T cells 0.01 day ™! [12]

ks Infection rate of CD41 T cells by wild-type HIV virions 2.4x10~8 mlday™" [11]

k, Infection rate of CD4T T cells by mutated/drug-resistant 2.0x10~% ml day ™' [6]
HIV virions

p Portion of latently infected CD4™ T cell population 0.1 [13]

dr Death rate of actively infected CD4™ T cell population 1 day™* [14]

dr, Death rate of latently infected CD4™ T cell population 4 % 1073 day* [13]

a, Activation rate for latently infected CD4™ T cells of wild-  0.01 [13]
type HIV strain

a, Activation rate for latently infected CD4t T cells of 0.01 [13]
mutated/drug-resistant HIV strain

N, Burst size of wild-type HIV virus 3000 [15-17]

N, Burst size of mutated/drug-resistant HIV virus 2000 [6]

g Mutation rate from wild-type HIV virus to mutated/drug- 3 x 107> [18]
resistant HIV virus

dy Clearance rate of free virus 23 day ! [19]

Here, Figure 2.1 presents simulation results for the CD4*T cell and viral populations
of both wild-type and mutated strains with parameters from Table 2.1. The initial value
of uninfected helper T cells is T'(0) = 10° ml1™! [6]. The initial wild-type viral population,

Vi = 107% ml~! [6], indicates the strength of the initial infection. All other initial values



are set to zero as we assume that no infections or mutations have occurred beforehand.
We find in our simulation that both virus populations persist in the body but the steady
state value of the wild-type virus is far greater than that of the mutated virus population. In
Figure 2.1(b), the wild-type population reaches a steady state value of 8.5 x 10° virions ml~*.
In Figure 2.1(c), the mutated virus population reaches a steady state value of 38.3 virions
ml~!. The healthy CD4" T cell populations attains a steady state value around 3.2 x 10°

virions ml~! seen in Figure 2.1(a).
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Figure 2.1 A representative simulation of healthy T cells and viral loads of both the wild-
type and mutated HIV strains. Results are presented on log-log scales. Steady state values
for populations not shown here are actively infected helper T cells I, = 6.5 x 10° ml~! and
I, = 0.44 ml~! and latently infected helper T cells L, = 4.8 x 10* ml~! and L, = 3.24
ml~!. Notice that the wild-type viral strain seems to dominate as its steady state value is
five orders of magnitude larger than the mutated strain. [20] found evidence showing the
mutant strain has loss of fitness compared to the wild-type strain.



2.4 Mathematical Analysis

After constructing the model, we want to be certain that solutions exist and they are
unique. We are able to show local existence using the Picard-Lindel6f Theorem. We would
then want to extend this local existence to global existence. The proof of global existence
would require other rigorous methods which will not be considered here. Instead, existence

and uniqueness globally is assumed once local existence and uniqueness has been established.
2.4.1 Existence and Uniqueness

The Picard-Lindelof Theorem states that for the initial value problem y/'(t) = f(y(¢)),
y(to) = yo, t € [to —&,to+¢], if f is locally Lipschitz in y and continuous in ¢, then for some
value € > 0, there exists a unique solution y(¢) to the initial value problem within the range

[to — &,t0 + €.

To apply this theorem to the model, we must show that indeed f(y) := RHS (2.1) - (2.7),
where y is a vector whose components are T', I, L, Vs, I,., L., V.., is locally Lipschitz contin-

uous in y. Note the Jacobian matrix

—dp — ke Vi — ks Vs 0 0 —Tks 0 0 —Tky
(1 —p)(1 —p)ksVs —dj as (1—p)(1—p)Tks 0 0 0
(1 — p)pksVs 0 —dr, — as (1 — p)pTks 0 0 0
Vi(y) = 0 dr N, 0 —dy 0 0 0
(1 —=p)krVir + p(1 — p)ks Vs 0 0 w(l —p)Tks —dj ar (1—p)Tkr
pkr Vi + upksVs 0 0 upTks 0 —dr, — ar pTky,
0 0 0 0 dr Ny 0 —dy

is linear in y. Thus, Vf(y) is continuous on a closed interval and differentiable on an open

interval /. By the Mean Value Theorem, we know W < |VE(y*)| for some y* € I.



By letting |Vf(y*)| = K, we obtain |f(y1) — f(y2)| < K]|y1 — y2| for all y1, y2 € I. Thus,
f(y) is locally Lipschitz. Moreover by Picard-Lindel6f, the system has a unique solution
for some € > 0 on the interval [ty — ¢,tg + €]. With the assurance of local existence and

uniqueness confirmed, we can now press on to examine the behavior of the system.
2.4.2 Steady States

To discuss the long term behavior of the solutions to (2.1) - (2.7), we examine equilibrium
points or steady states, i.e., values of y = [T, I, Ly, V;, I, L., V,|]7, where the rate of change
is constant. These steady states are indicators of the behavior of solutions for large time. We
want to determine the stability properties of each steady state to examine whether solutions
tend toward (stable equilibrium) or away from (unstable equilibrium) these values as ¢t — oo.
A number of long calculations show that there exist exactly three equilibrium points Eq, E,

and E., given by

ar r T

0 0 d,kaNf(Vfi';}(?_l) (Re—1)

0 0 Rs(dLﬁi\zgt)T(c;—l;)L)(a—l) (R —1)
Eo = 0 E, = 0 E. = %(Rc_l)

0 ooy (Br = 1) T (Fe = 1)

0 Ao san (B = 1) Fra et (Re — 1)

0 4 (R, — 1) et (Re — 1)
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where R,., Ry, R., 0 and o, are defined by:

M Ny(a, + (1 —p)dy) _ MeNy(as + (1 —p)dy)

R, , Ry
deV(dL + Oér) deV(dL + 048)
R,
Rc:(l—M)RS, OZE, O'c:<1—,U)U.

Eq is the infection free steady state since all populations except T" are zero. E, is the steady
state in which only the mutated HIV strain remains present as all populations created by
interaction with the original HIV strain, I, L, and Vj, are zero. Thus, E, is called the
mutant dominant steady state. E. is the equilibrium point in which the two HIV strains

both continue to prevail. Hence, E. is referred to as the coexistent steady state.
2.4.3 Existence of Steady States

For these steady states to correspond to a physical model, all components must be greater
than or equal to zero for all time. Clearly, this is the case for the infection free steady state,
Eg, but it is not so clear for the other two steady states. Since all parameters are positive,
for E, to contain only non-negative populations we require the value of R, > 1. Similarly,

for all components of E. to be non-negative for all time, we would require that R, > 1 and

1
(1—p)
1

Ry > TR It would also appear that a requirement of ¢ > 1 would be needed as well,

o. > 1. Note that R. > 1 is equivalent to R, > and o, > 1 by definition implies
however if o, > 1 then 0 > 1 as u € [0,1]. In Figure 2.2, we can see the regions in which
the steady states will be non-negative for all time based on the values of R, and R, which
are calculated using the given parameters. After establishing a parameter regime, in which
steady states correspond to biologically reasonable events, we must determine whether they

are stable or unstable equilibria of the system.
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Figure 2.2 Regions of biologically-relevant existence for steady states in the (R,,R;)-plane.
Ey is the infection free steady state, E, represents the mutated strain dominant steady state,
and E. is the coexistence equilibrium. We note that the region {(R,, Rs) : Rs > ﬁRT and
R, > 1} contains all three equilibrium values, while all other regions possess one or two.

2.4.4 Stability of Steady States

Using the Hartman-Grobman Theorem [21] to examine the behavior of solutions with
respect to the steady states in the non-linear system (2.1) - (2.7), and based on our analysis

of the system and numerical simulations we develop the following theorem.

Theorem 2.1. The local stability properties of the equilibria depend only upon the two pa-

rameters R, and Rs. Moreover,

1. The infection-free steady state Eq is locally asymptotically stable (l.a.s.) if and only if

Ry, <1/(1—p) and R, <1, and it is unstable otherwise.

2. The steady state with only the mutated virus, E., is l.a.s. if and only if Ry <

UTIM)RT and R, > 1, and it is unstable otherwise.

12



3. The coezistence steady state E. is la.s. if and only if Rs > 1/(1 — u) and R >

rlu)R“ and it is unstable otherwise.

We consider the linearization of the system for each steady state to justify conclusions
about the local asymptotic behavior in the non-linear system. In evaluating the Jacobian at
. . . . d
the infection free steady state, we create the corresponding linear system %¥ = Vf(Eq)y. The

stability of the linear system can be concluded from the eigenvalues of the matrix Vf(Eq)y

given by
ks Ay
—dr 0 0 — I 0 0 T
0 —df o, EReDE 0 0
0 0 —dp—a, Rk g 0 0
VEEo)=| 0o 4N, 0 —dy 0 0 0
—1)Auks — 1)\
0 0 0 el A
0 0 0 DAk 0 —dp—a B
0 0 0 0 dr N, 0 —dy
The eigenvalues of this matrix are \; = —dr, A2 34 defined by the roots of the cubic polyno-
mial
a3:c3 + a2x2 + a1z + ag
where

as =1,

ay = dydy + dpdy + opdr + dpdy,

ay = dr*(dy + dp)(dy + o) + drPdyd; — drdr(1 — p) Ak, N,
ap = dp’dyd;(dp + o) — drdr* Mk, Ny (a4 (1 — p)dyr),

13



and A5 7 defined as the roots of the cubic polynomial

* 3 * 2 * *
asxr” + ayx” + a1 T + ag

where

az =1,

ay = didy + dpdy + agdr + drdy,

at = dp®(dy + dp)(dp + o) + dp’dyd; — ddp(1 — p)(1 — p)Aks Ny,
ab = dp’dydp(dy + o) — drdr* (1 — p) Mk Ny(a + (1 — p)dy).

It follows from the Hartman-Grobman Theorem [21] that the infection free steady state, Eoq,
is locally asymptotically stable if and only if Re()\;) < 0 for all eigenvalues, \;, of Vf(Eg).
By the Routh-Hurwitz Theorem, the roots of these cubic functions will possess negative
real parts if and only if all coefficients, as, as, a;, and ag, are positive and asa; > asag. We
clearly see that for both cubic functions ag, ai, as, and a3 are positive since all parameters
are positive, but ay, aj, ag, and aj must be examined. For the first cubic, a long calculation

yields

a] = dT2<Oér + dL)(d[ + dv) + ded[dv[l — R, + ’7] >0 ifonly R, < 1,

ap = dr’dydi(a, +dp)[1 — R,] > 0 if and only if R, < 1

where v = ( Rrarp _ Note that asa; > asag since

17p)dL +a
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asay = dr(d; + dy)[dr®(a, + dp)*(dr + dv) + dr’dydy(a, + dp)(1 = R, + )]
= dp(d; + dy)[dr (o 4+ dp)*(d; + dy) + dr’didy (an + dp)y + dreddrdy (. + dp) (1 — R,)]
= dp(d; + dy)[dr®(on + dp)*(d; + dy) + dr’didy (on + dp)y + ag]

and all parameters are positive. For the second cubic, we find

(IT = dT2(d[ + dv)(Oés + dL) + dT2d]dv[1 - (1 - /L)RS + f] > 0 if OIlly (1 - ,U)Rs <1

ab = dpPdydp(os +dp)[1 — (1 — p)R,] > 0if and only if (1 — p)R, < 1

(1—p) Rspas

1 * %k * %k 3
ot (p)ds Once again, asa] > ajag since

where & =

asat = dp(dp + dp + as + dy)[dr?(dr + dy) (o + dp) + dp°drdy (1 — (1 — @) R, + €)]
= (dr +dp + as + dy)[dr’ (dr + dy)(as + dp) + dr’drdyé + drPdrdy (1 — (1 — ) R,)]
= (d + dp, + ag + dy)[dr®(d; + dv)(as + di) + dp’drdy€ + af]

and all parameters are positive.

Thus a;, and ay will be positive for the first cubic if and only if R, < 1 and a] and aj will
be positive for the second cubic if and only if Ry < ﬁ . We conclude that Egq is a locally
asymptotically stable steady state for these particular R, and R, values. A similar analysis
is used to prove the second and third conclusions of the theorem. The details are omitted
but a computational approach validates the theorem.

In Figure 2.2, there are three regions containing two or more steady states. In the area
of the (R,, Ry)- plane where R, > ﬁ and R, < 1 (Region 1), both Eg and E,. exist. For
R, > 2R, and R, > 1 (Region 2), all three steady states, Eg, E, and E., exist. For

1—p

R, < ﬁRT and R, > 1 (Region 3), both Eg and E, exist.
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Figure 2.3 Stability of Equilibrium points in various regions of the (R,, R;)-plane. In fig-
ure (a) (R., Rs;) = (0.5631,1.5205), while for (b) (R,, Rs) = (1.6894,2.2808), and for (c)
(R, Rs) = (2.1962,1.5205). In each figure, the green line (dotted) represents the population
of healthy T cells in the infection free steady state, Eg, the red line (dashed) represents
the population of healthy T cells in the mutation dominant steady state, E,, the blue line
(dot-dashed) represents the population of healthy T cells in the coexistent steady state, Ec,
and the black curve (solid) is the solution T'(t) with 7'(0) = 10°.

Computer simulations show the stability of these coexisting steady states. The results of
the healthy T cell population, T'(t), are displayed. The simulations begin with parameters
such that the value of (R,, R;) is in Region 1, where Eq and E, exist. In Figure 2.3(a) with
these fixed parameters values, the healthy T cell population, T'(¢), (black/solid) tends to the
corresponding coexistent steady state value of E. (blue/dot-dashed). Similarly, adjusting
the parameters so that the value of (R,, R;) lies in Region 2, where all three steady states
exist, the healthy T cell population again tends to the corresponding coexistent steady state
population value which is observed in Figure 2.3(b). Thus, we conclude in Region 1 and
2 of the (R,, Rs) - plane that the coexistent steady state, E., is stable while Eg and E,
are unstable. Once again using different parameter values to obtain an (R,, R,) value in
Region 3, the population of healthy T cells tends to the corresponding 7' component value
of the mutant dominate steady state, E,, (red/dashed) as t — oo in Figure 2.3(c). Thus in
Region 3, the mutant dominant steady state, E,, is the stable. While only the healthy T
cell population is presented, all other populations, I, Ls, Vi, I, L,, and V, display the same
long term behavior in the simulations. Additionally, beginning close to the other steady

states displays their instability. Figure 2.4 summarizes these findings.
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Figure 2.4 Regions of stability of equilibrium points in the (R,,Rs)-plane

2.5 Drug Therapy

In the previous section, the long term behavior of populations was shown to depend
crucially upon parameter values. Even in the presence of viral mutation, it is possible for the
virus to be completely cleared from the body. The mutated strain, however, may dominate
the dynamics, which can lead to drug resistance. Next, the introduction of Antiretroviral
(ARV) drugs is considered. These drugs hinder different stages of viral replication in an
infected CD4" T cell. Well known ARV drugs are protease inhibitors which cause infected
cells to produce immature virus particles that are noninfectious and entry/fusion inhibitors
which prevent the virus from entering a healthy T cell. We introduce another type of
drug, reverse transcriptase inhibitors (RTIs), into the model. RTIs attach to the reverse
transcriptase enzyme and prevent it from converting RNA to DNA thus altering the rates

of infection, ks and k.., for the respective HIV strains.
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2.5.1 The Model with Antiretroviral Therapy

Let g4 represent the efficacy rate of the RTT drug on the wild-type HIV strain. We assume
the drug is given to combat the wild-type strain and the mutation present in the system is
more resistant to the drugs. Hence, our mutated virions will also be referred to as drug-
resistant virions. The drug-resistant HIV strain can be effected by the introduction of drug
therapy but to a lesser extent. The efficacy of the RTI drug on the drug-resistant strain is
denoted e,. We define ¢, = agg, where a € (0, 1) and represents the reduction in efficacy due
to the mutation of the drug-resistant HIV strain. For smaller values of « the drug therapy
is less effective on the drug-resistant strain. In the following analysis, the efficacy rates
gs,&r € (0,1) are assumed constant with respect to time, though a time-dependent analysis
could also be performed [6]. The introduction of this therapy to our previously examined

model leads to the following equations:

dr

= A—drT — (1 —e5)ks TV — (1 — )k, TV, (2.8)
dl,

i (1 =p)(1 — p)(1 — e5)ksTVy + asLg — dy (2.9)
dL,

e p(1 — pu)(1 —es)ksTVs — asLs — dp Ly (2.10)
dVs

V - Nsd[[S - dV‘/s (211)
dt

dl,

o (1—p)u(l —e)kTVi+ (1 —p)(1 — )k, TV, + . L, — d/1, (2.12)
dL,

i pp(l —eg)ksTVy + p(1 — e,)k, TV, — o, L, — d L, (2.13)
d

CZ’“ = Ny, — dy V. (2.14)

We see that the model which includes drug therapy does not differ much from the model in
Section 2.3. Since the introduction of RTIs effect the parameter values ks and k., (1 — &5)ks
and (1 — ¢,)k, account for the influence of drug therapy in inhibiting the rate of infection.

In fact, the steady states are nearly identical to those found in the previous model except
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for terms which include kg and k,. Calculations show the steady states of this model to be

0 0 d1(1fej)Tk(j‘J/v%:,1))(ng) (RE—1)

0 0 R e (R — 1)
Bom=1 o | E= 0 B = | i e - 1)

0 g (B = 1) NG (R = 1)

0 %(Ri -1 Ri(dL+aTl;(A1p_,L)(ae_1) (R; —1)

0 (lfdsi)kr (Rr —1) (lfsr)krlgldf,u)(o'ffl) (RZ—1)

where R}, R, R, 0° and o are defined by:

We again have an infection free steady state, Eq¢°, a drug-resistant dominant steady state,
E.°, and a coexistent steady state, E.°. The analysis of existence of solutions and stability of
these steady states adhere to the same conclusions as with the previous model when letting
R, =R,R,=R., R. =R, 0. = 0. and 0 = 0°. Figure 2.5 displays Theorem 2.1 applied
to the model with antiretroviral drug therapy.

We fix o and vary ¢, the efficacy of the drug, and observe the evolution of parameter
values, RS, RS and o¢. In Figure 2.6, a = 0.5 and the efficacy rate €5 € (0, 1) is plotted against
R, R; and o;. Taking into account all possible drug strengths against a known mutation

rate, the values, €; and €5, are the threshold values for which the long term behavior of

19




/
/ E,
//
P
d
g S
e
/ Sl
d MR
/ .--- --
d
(R - 1)
.|RC—1j--

Figure 2.5 Regions of stability of equilibrium points obtained from the antiretroviral therapy
model in the (R, RS)-plane. E¢° is a stable steady state when RS < 1 and R: < 1. E,® is a
stable steady state when RS > 1 and ¢S < 1. E.° is a stable steady state when RS > 1 and
o.>1

solutions changes.

For values of 5 < €1, Figure 2.6 shows R, > 1, R, > 1 and o > 1. Theorem 1
concludes the populations tend toward the coexistent steady state, E.°, with the wild-type
virus population dominating the drug-resistant population. The efficacy of the drug is too
weak to eradicate the virus of either strain. When ¢, = ¢; this implies o5 = 1, and hence
our restrictions for the coexistent steady state are no longer met and the long term behavior
of the populations change. For e; < g5 < g9, Ry > 1 and o, < 1, thus the populations tend
toward the drug-resistant dominant steady state, E,°, by Theorem 1. The drug is effective
enough to combat the wild-type strain to below detectable levels but the drug-resistant strain
thrives since it can withstand the treatment. It is not until €, > €9, implying R; < 1 and
os < 1, that the efficacy rate is strong enough to eliminate the mutated strain. Thus, when

a = 0.5, clearance can be obtained with an efficacy rate e, > 9 &~ 0.8162.
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Figure 2.6 With a = 0.5, we obtain threshold values of €; ~ 0.6154 and &5 ~ 0.8162.

We investigate the change in the long term behavior of each viral load by graphing the
steady state values of V,. and V; separately against ;. Figure 2.7(a) and Figure 2.7(b) show
the change in the steady state of the drug resistant virus population. For Figure 2.7(a), the
entire range of efficacies is visible. It demonstrates the dramatic increase in steady state
values of the drug-resistant population near e, = &1, but cannot display the increase in
population for values of 5 < €;. Thus, Figure 2.7(b), an enlargement of ?7(a), shows the
slow, smooth increase in the steady state value of the drug resistant virus population. Fig-
ure 2.7(a) shows the drug-resistant population rapidly declining for €, > £; as ¢4 approaches
g9 and dying out when e, = 1. In Figure 2.7(c), we note the steady decline in the equilibrium
of the wild-type virus population as €, increases and the extinction of the population when
gs = €1. Figure 2.7(d) provides the total virus population.

Fixing o at a lower value, we discover the change in the dynamics with a more resistant
mutant strain present. The steady state behavior of the viral loads is examined in Figure 2.8.
Similar to Figure 2.6, the parameter values, R, R; and o2, are graphed against varying values

of e, with a resistance level of a = 0.2. We see in Figure 2.8, the threshold ¢; = 0.5 marks
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Figure 2.7 Dynamics of the steady state values for both the wild-type virus population and
the drug-resistant virus population with respect to ¢, the efficacy rate, assuming o = 0.5.
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when o = 1 and indicates the shift from a coexistent steady state to drug-resistant dominant
steady state. There is no longer a threshold of e signaling the drug efficacy, €, could never
be physically large enough to counter the resistance level and eliminate the drug-resistant

strain. Thus, the infection would persist unless another drug is introduced.
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Figure 2.8 With o = 0.2, we obtain a threshold value of €, ~ 0.5

The graphs of the steady state values V,. and V; against ¢, reveal the long term behavior of
each viral load. Figure 2.9 documents the change in the wild-type and the drug-resistant virus
populations assuming o = 0.2. In Figure 2.9(a), the spike in the drug-resistant population
steady state occurs again at e, = €1, but unlike Figure 2.7(a) the population remains large
when £, = 1. An enlargement of the drug-resistant population curve shows the minimal
but steady growth of this strain for e, < £1, see Figure 2.9(b). Figure 2.9(c), as compared
to Figure 2.7(c), demonstrates the faster decline in the steady state of the wild-type virus
population as £, — 1 and the earlier extinction of this population when e, = &;. Figure 2.9(d)
provides the total virus population, exhibiting viral clearance is no longer attainable as the

total population remains above zero when ¢4 = 1.
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Figure 2.9 Dynamics of the steady state values for both the wild type virus population and
the drug resistant virus population with respect to ¢, the efficacy rate, assuming o = 0.2.
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Simulations test the previous conclusions about the dynamics of this system for a = 0.2
while holding €5, = 0.4. With £, < g1 = 0.5, we predict the populations to reach a coexistent
steady state with a wild-type viral population dominance. Figure 2.10 displays the results.
Figure 2.10(b) and Figure 2.10(c) confirm our predictions and show a steady state value of
the wild-type virus to be 572,499 virions ml~! and a steady state value of 77.3 virions ml~!
for the drug-resistant virus. The healthy CD4" T cell population reaches a steady state of
548,083 cells ml™! in Figure 2.10(a). The populations, in Figure 2.10, display a damped
oscillatory pattern due to the inclusion of latent infection in the model. This is in contrast
to the oscillatory behavior of these populations with the same values for €, and « in the

model without latent infection [6].
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Figure 2.10 Assuming 5 = 0.4 and a = 0.2, using parameter values found in Table 2.1 we
have the time evolution of the uninfected CD4% T cells, the wild type and drug resistant
virus populations.
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In changing €, = 0.54, we predict, based on Figure 2.8, the populations 7', V;, and V.
would maintain a drug-resistant dominant steady state. Simulations justify these conclusions
in Figure 2.11. In Figure 2.11(b), the wild-type virus population tends toward extinction
while in Figure 2.11(c), the drug-resistant virus population reaches a steady state value of
266, 744 virions ml~'. We observe, in Figure 2.11(a), the healthy CD4" T cell population
reaches a steady state value of 666,530 cells ml~!. Again, due to the presence of latent
infection, all populations exhibit a damped oscillatory behavior as compared to the behavior

of these populations in the model without latent infection [6].
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Figure 2.11 Assuming ¢4, = 0.54 and « = 0.2, using parameter values found in Table 2.1 we
have the time evolution of the uninfected CD4" T cells, the wild type and drug-resistant
virus populations.
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We question whether stronger drugs, i.e. higher values of ¢, will have a significant
effect on a drug-resistant population with a mutation so resistant that the drug is only
20% effective. The results of greater efficacy rates on the healthy CD4" T cell population
and the drug-resistant virus population appear in Figure 2.12. For larger values of ¢4,
still holding @ = 0.2, we see only a relatively small increase in the healthy CD4" T cell
population from 672,714 cells m{~1 when ¢, = 0.6 to 704,664 cells m{~™1 when ¢, = 0.8.
There is an insignificant decrease in the drug-resistant population from 276, 345 virions ml ™!
to 249,479 virions ml~! with increasing efficacy rates, indicating the obstinacy of a mutant

viral population of high resistance.
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Figure 2.12 Dynamics of healthy CD4" T cell population and drug-resistant virus population
with €, = 0.6 and ¢, = 0.8 assuming a resistance level a = 0.2.
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Figure 2.13 summarizes the relation between varying resistance levels of mutations and
strength of drug efficacies and their role in determining the long term behavior of the various
populations. The regions of stability from Figure 2.4 are plotted in the (g4, a)-plane to gain
the greatest insight into this correspondence. Assuming we begin with a coexistent steady
state prior to drug therapy, three scenarios arise given various a and e, values. The first
involves a weak mutation. We define weak to imply the effect of the drug on the mutant

Introducing a drug with

strain is relatively high, i.e., o > e = (1 — Rz)(((lfﬁ)

R./\(1—p)Rs—1/"

€S>1—(

#)Rs <= R < 1 leads to clearance of both viral strains. The thresholds of drug

effecacies, €; and &5, appear when the mutation produces a stronger resistance to drugs, i.e.
Qmin < @ < Qungz. Recall €1 appeared when €, was high enough that 0f < 1 <= a <
i(l — g—;) and €9 appeared when e, was high enough that R < 1 «<— «a > é(l — R%)
We discovered this situation in the example when a = 0.5 and we found ¢; = 0.6154 and
g9 = 0.8162. Hence, viral clearance can be obtained assuming a drug is effective enough.
The third situation, however, produces a threshold of viral persistence, ®,;, = 1 — R%. In
this scenario, the mutant produced is so strong, i.e. & < a,,;, that only the clearance of the

wild-type strain can be obtained when ¢, > 1 — ( An example of this was studied

R,
I_N)Rs ’
previously when o = 0.2 and ¢; = 0.5.
Beginning from a mutant dominant steady state prior to drug therapy produces a similar

scenarios of the second and third type only. The coexistent steady state region no longer

appears in the (a, €)-plane for this case.
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Figure 2.13 Regions of stability based on the efficacy, €, of the RTT and levels of resistance,
«, of the mutated HIV strain.

2.6 Sensitivity Analysis

The system (2.1)-(2.7) yielded insights into the long term outcome of population size
based on initial parameter values. We see the characteristic oscillatory behavior, however,
damped with the introduction on latent infection, in T cell count and viral load within the
first stage of infection. We investigated the relationship between drug efficacy and resistance
due to mutation in (2.8)-(2.14). In this section, we will look into a more precise correlation
between parameter values and population size, hoping to discover which parameters have the
greatest effect on population sizes at given time t. We began with choosing our population
of interest to be healthy T cell count. We perform a parameter sweep of this population by
fixing twelve of the thirteen parameter values and varying one parameter across a biologically
realistic range, typically £10% of the baseline value found in Table 2.1. A sample of these
results is given in Figure 2.14 where the T cell count, at ¢ = 650 days, is calculated for

varying values A, ks, Ns, and dy. There is an apparent linear relationship between the
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healthy T cell count and the supply, infection and clearance rates. While Figure 2.14(c)
signals a quadratic relation for the burst rate and healthy T cell count. Perhaps the most
important characteristic to notice within Figure 2.14 is the monotonic relation between the
healthy T cell count and each parameter; indicating the possible existence of a global linear

model in which to obtain an active subspace of the parameter space [22].
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Figure 2.14 Parameter Sweeps

To construct a global linear model, we assume that the healthy T cell count at a fixed time
t, can be estimated using Tt(xl) = ag + a1 + ... + a;3r13 where x; = (21, Ti2, ..., Ti13)T =
I\, kg, Ky, p, 1, iy sy Ny, Ny dop, dy, dp, dy]T which are obtained from the " random draw
(uniformly distributed) from the ranges of the parameter space used in the parameter sweeps

and ag, ay, as, ..., a3 are real valued coefficients. Let
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(a0, ars s a3) = % > (Titx) = Tifx)?

where N is the finite number of random draws for which the healthy T cell count was
calculated at ¢ days. To obtain the 7}(x) which is the closest approximation to T}(x), we

need to find the minimum of ¢(ao, ai, ...a13), i.e., find ag, ay,...a;3 such that the derivative

22 =0 for all i =0,..., 13. Note that

00 _0o_ 00 _

= =..= =..= =0
8@0 day 8aj aa13

<~
N N N N
Nag + a; Z Ty + Qo in,Q + ...+ a3 Z Ti13 = Z Ti(x;)
i=1 i=1 i=1 i=1
N N N N N
ag Z Ti1+aq Z(Iz’,1)2 + as Z(le)<xz2) + ...+ a3 Z(xu)(xzm) = Z zi1 Ti(x;)
i=1 i=1 i=1 i=1 i=1
N N N N N
a0 Y g ar Y (@) (@) £ b ag Y () o arg Y (wig)(@ias) = Y iy Tu(x)
i=1 i=1 i=1 i=1 i=1
N N N N N
ag Z ;13 + aq Z(%ls)(%l) + ao Z(Cﬁzls)(%z) + +... + a3 Z(Cﬂzls)g = Z xi13 Ti(x;)
i=1 i=1 i=1 i=1 i=1

As a matrix system we have,
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N

N N
N Zmi71 - Zl‘@lg ZT;E(Xz)
i=1 =1

= i=1
N N ap

N N
Zfﬁi,l Z(mi,1)2 Z($zl)(1’113) ay Zﬂﬁi,l Ti(x;)
=1 : i=1

i=1 =1
N N N s N
Z$z’,13 Z(%w)(ﬂﬁzl) Z(ﬂﬂi,13)2 Zl’i,w T (x;)
i=1 i=1

i=1 i=1

= ATA a= AT b, a normal system of equations, where

1 x3 ag Ty (x1)
1 x5 ai Ty(x2)
1 xp ais Ty (xn)

Hence, a is the least squares solution of A x = b. Therefore, our global linear approximation
T, +(x) can be found by generating matrix A and vector b and solving for the least squares
solution, a. By redefining Tt(x) = ap + wl'x, where w = [ay,as,...a;3]", we calculate
VTt(X) = w. Thus, we are actually finding a one dimensional active subspace.

An active subspace is derived from the gradient of 7;(x), using the average of the outer
product of the gradient with itself, denoted C' = [ VT}(x)VT;(x)” pdx, where p is a normal
density function. The active subspace finds a set of directions in the parameter space which
directly impact the rate of change of the healthy T cell count. We, however, have estimated
Ti(x) with Ti(x). Hence C = [ VTi(x)VTi(x) pde = [ww pdr = ww” [ pde = ww” =

2 wl

Twl = wAw?l. This eigenvalue decomposition leads to a one dimensional active

oW1
subspace which is referred to as the active variable vector. The components of this eigenvector
are weights for each parameter’s effects on the amount of healthy T cells at a particular time

t. A true active subspace will likely be more than one dimension but the power of the

global linear model is apparent when used with a sufficient summary plot (SSP) [22]. A SSP
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correlates the quantity of interest, the T cell count at time ¢, with a linear combination of the
input parameters, y = w'x; for i = 1, ..., N. Essentially the SSP appears as a scatter plot.
However, we are able to obtain a continuous function by means of a nonlinear fit to calculate
the T cell count at time ¢ using the fitted function evaluated with the linear combination of

input parameters in lieu of solving a system of ODEs.
2.6.1 Numerical Results

Select N = am where m is the number of input parameters and « is an oversampling fac-
tor. A rule of thumb in random sample algorithms is to set 2 < ao < 10 [22]. However, with
the cost of this simulation being relatively low, we take N = 500. We fixed ¢t = 650 which
indicates long time in both (2.1)-(2.7) and (2.8)-(2.14). In Figure 2.15(b), we see the SSP of
the T cell count. We calculate a quadratic relation using a nonlinear model fit and approxi-
mate 7'(650) with T650(y) = Dy + D1y + Dyy?. Hence, our quantity of interest, T'(650), can
be calculated based on the chosen input parameters, x, and our corresponding active vari-
able vector, w. Thus, the cost of finding 7'(650) has drastically decreased. Calculations for
T(650) can be further simplified by approximating w with w = [0, as,0, ..., 0, ag, 0, ..., 0, a3].
This particular vector, w, is chosen based on the close proximity of entries in the active
variable vector, w, to zero as displayed in Figure 2.15(a).

Further justification for the approximation of w comes from the calculated error between
the active variable vector and the reduced active variable vector. Note that the error =

T —wwT||, ~ .06. From the L2norm, we see that the largest singular value is relatively

|| ww
small. The difference between the span of the active variable vector and the reduced vector,

both normalized vectors, is approximately 6%.
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Figure 2.15 we obtain a reduced quadratic model for estimating the healthy T cell count at
650 days: g(y) = 330780 + 120909y + 27775.7y? where y = w!x;. Based on the weights of
w we can further simplify calculations by approximating y ~ asxs + agrs + a13213.

Initial numerical results were calculated for a specific time, t = 650 days. The next step
is to vary the time for which we want to calculate the quantity of interest from 100 to 1200
days in intervals of 100. In Figure 2.16, the corresponding active variable vectors and the
fitted quadratic model of each sufficient summary plot have been overlaid to emphasize the

similarities of the results.
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Figure 2.16 The active variable vector w varies slightly for some entries, however, the
same approximation vector w = [0, as,0, ...,0,as,0, ...,0,a13] can be used for calculating
the healthy T cell count for ¢ > 100. Similarly, the fitted quadratic model, Tt(y) =
Dy + Dyy + Dyy?, has varying coefficients but a single function could be chosen to con-
fidently estimate the healthy T cell count for ¢ > 100 days with a low cost calculation. See
Table 2.2 for exact results.
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Table 2.2 Best Fit Functions for Sufficient Summary Plots in Figure 2.16

Time Model

100 330573 + 117900y + 20712.9y>
200 332186 + 117766y + 21081.1y>
300 332637 + 117772y + 21093.8y>
400 332708 + 117693y + 21091.1y>
500 332701 + 117633y + 21092.3y>
600 332684 + 117592y + 21093.8y>
700 332667 + 117561y + 21094.4y>
800 332651 + 117537y + 21094.9y>
900 332638 + 117517y + 21095.9y>
1000 332627 + 117502y + 21097.5y>
1100 332618 + 117491y + 21099y>
1200 332612 + 117483y + 21100.2y

The results of obtaining the global linear approximation are not so similar for ¢ < 100
days. The active variable vector varies between 0 < ¢t < 100. More significantly, the
obtained fitted function varies greatly within this time range. Figure 2.17 displays the
various active variable vectors with corresponding best fit functions to the sufficient sum-
mary plots for 0 < ¢t < 100. There are three distinct approximating active variable
vector: Wi = [ay,0,...,0,a10,0,...,0] (Figure 2.17(a)), wo = [0,a2,0,...,0,as,0,...,0, a3]
(Figure 2.17(c) and (g)), and W3 = a1, as,0,...,0,as,0,...,0,a11,0,a13] (Figure 2.17(e)).
We incorporate all significant parameter values into one reduced active variable vector
w = [a1,0a2,0,...,0,as,0,a10,a11,0,as3] thus decreasing the number of needed parameters
from 13 to 6. The difference between the span of all active variable vectors and the span
of our chosen reduced active variable vector ranges between .001 and .5, with the greatest
error occurring at 45 days.

Based on the sufficient summary plots in Figure 2.17, we obtain the following piecewise

function for calculating the healthy T cell count at time t = 5n, 1 <n < 18:
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Figure 2.17 Within each subfigure, the days follow the order of the rainbow with red cor-
responding to the earliest day through blue or purple corresponding to the latest day. All
graphs correlate the healthy T cell count at time ¢ with a linear combination of input pa-
rameters, y = w.x. See Table 2.3 for specific details.
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Table 2.3 Best Fit Functions for Sufficient Summary Plots in Figure 2.17

Reference Time Model
(a) = (b) 5 1 x 10° + 6896.86y
(a) — (b) 10 999384 + 13657.5y
(c) — (d) 15 51785 + 336761 tan~—'(5.34571 + 9.37124y)
(c) — (d) 20 535458 — 329625 tan~'(0.116552 — 10.1175y)
(¢) = (d) 25 560590 — 317152 tan~'(4.55402 — 10.9656y)
(¢) = (d) 30 547206 — 276136 tan~'(9.21345 — 14.6643y)
(c) — (a) 35 549960 — 246632 tan~'(13.7343 — 15.6153y)
(e) = (f) 45 249300 + 42720.6y
(e) = (f) 50 269413 + 30155.3y
(e) = (f) 55 289036 + 35853.0y
(e) = (f) 60 304598 + 50404.8y
(e) = (f) 65 315624 + 67855.4y
(e) = (f) 70 323207 + 84349.6y
(9) = (h) 75 328512 + 97743.4y
(9) — (h) 80 332325 + 107479y
(9) = (h) 85 331284 + 113696y + 10395.5y>
(9) — (h) 90 330149 + 117533y + 18702.4y2
(9) — (h) 95 329324 + 119775y + 24228.412
Ag) + Agt)y for t =5, 10,
Tily) = B + B"tan(BY + B{y) for t = 15, 20,25, 30, 35, (2.15)

)+ My for t = 45,50, 55,60, 65, 70,
DY + Dy + DPy? for t = 75,80, 85,90, 95.

The model consists of four large variations in the parameter space, with each corresponding
to a portion of the stages of infection. The first linear model captures the healthy T cell
count prior to the infection taking hold. The inverse tangent functions display the infection
dynamics and viral proliferation. The second linear model reflects the asymptomatic/latency
period of the infection. The quadratic model yields values of healthy T cells as the population
tends to equilibrium since the third defined stage of the HIV time course is not represented
by (2.1) - (2.7).

Using initial values and parameters from Table 2.1, we compare the healthy T cell count
given by T)(y) in equation (2.15), where y = w”x, with the corresponding values from

the continuous solution to (2.1) along with the entire solution for 0 < ¢ < 95 days, see
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Figure 2.18. The average of the relative error between the healthy T cell count from Tt(y)
and the continuous solution for ¢t = 5n, 1 < n < 18 was 0.037 with a maximum relative error
of 0.23 occurring on day 25. Options for obtaining a better approximation would be creating
a finer mesh, i.e., smaller spacing of grid points in time or using higher-order piecewise

interpolants such as cubic splines or piecewise cubic interpolation.
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Figure 2.18 The orange graph indicates the healthy T cell count calculated using Tt(y) The
blue graph is the corresponding times evaluated with the continuous solution obtain through
an implicit Runge-Kutta method in Mathematica as well an the entire continuous solution
in purple.

2.7 Conclusion

Upon formulating a new in-host model of HIV dynamics that incorporates latent infec-
tion and viral mutation, the local asymptotic behavior of the model was characterized and
validated using computational means. The effects of RTIs were elucidated under differing
drug resistance levels for the mutated strain. In particular, our analysis determined that
a sufficiently high resistance level arising from viral mutation could render a persistent in-
fection untreatable. This implies that RTIs alone are not strong enough to counteract the
emergence of drug resistant strains. Additionally, as HIV possesses a strong propensity to

mutate, due to common errors in reverse transcription, the effects of viral mutation are
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significant within the dynamics of the virus.

Our sensitivity analysis indicates that the parameters which drive the spread of HIV
within CD4" T cells varies with transition between clinical stages of the disease progression.
In the early onset of the disease, the parameters which contribute most significantly to the
sizes of the total populations of interest are the rate of supply of immunocompetent CD41T
cells and the rate at which uninfected CD4*T cells die. Toward the end of the acute stage,
the infection rate of CD4" T cells by wild-type HIV virions, the burst size of these virions
and the clearance rate of these virions have the largest effect on the dynamics of the system.
Transition to the second stage or chronic HIV infection stage maintains the parameters from
the previous stage while including the rate of supply of healthy T cells and the death rate
of infected T cells as contributing factors in the active variable vector. It is not until time
has progressed to later in the chronic stage that the active variable vector indicates for the
duration of this stage (7-10 years when gone untreated) the significant parameters in the
dynamics of this system to be the infection rate of CD41 T cells by wild-type HIV virions,

the burst size of these virions and the clearance rate of these virions.

39



CHAPTER 3
BISTABLE DYNAMICS AND HOPF BIFURCATION IN A MODIFIED HIV
INFECTION MODEL

Modified from a paper to be submitted to Applied Mathematics and Computation.

Deborah P. Shutt® and Stephen Pankavich?
3.1 Abstract

Recent clinical studies have shown that HIV disease pathogenesis can depend strongly
on many factors at the time of transmission, including the strength of the initial viral load
and the local availability of CD4"T cells. In this chapter, a new within-host model of HIV
infection that incorporates the homeostatic nature of the immune system is formulated and
analyzed. Due to the homestasis of the T population, the influence of initial conditions
on the proliferation of infection is further expatiated. The sensitivity of healthy T cell
and virus populations with respect to parameter variation is also investigated and a local
stability analysis, which displays additional complexity in comparison to previous models, is
conducted. The current study extends previous theoretical and computational work on the
acute stage of the disease and leads to interesting nonlinear dynamics, including bistability
of equilibria and the appearance of a Hopf bifurcation within biologically relevant parameter

regimes.
3.2 Introduction

In this chapter, we formulate a modified predictive model for the acute phase, or first
stage, of infection. This model is a simplification of two models, [2, 7], which predict all three
stages of with-in HIV progression. Previously, a standard infection model was developed [23]

and involved two mutually exclusive end states - viral clearance and viral persistence - the

3Department of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO 80401
4Department of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO 80401

40



dynamics of which do not depend on initial conditions. In particular, this model assumes that
the strength of the initial viral load and the magnitude of the healthy T cell count at the time
of transmission have no bearing on the development of a persistent infection. We construct
and analyze the following modified model of the acute stage that introduces a regulatory
mechanism known as homeostatic proliferation of healthy T cells and accounts for the local
dependence of equilibrium states on initial conditions. Upon formulating the model, we
validated it via simulation and sensitivity analysis. Parameters were then fit to clinical data.
We further characterized the local dynamics of both the infected and uninfected equilibria.
An interesting aspect of the model is that equilibrium states can exhibit bistability, that
is, both states can be locally stable within a certain parameter regime. Therefore, stability
depends crucially on variations in the initial viral load and healthy T cell count. Simulations
to identify and characterize the basins of attraction were performed to further examine these
local effects. Finally, we prove the existence of a Hopf bifurcation; a change in stability
properties of the system where complex conjugate eigenvalues of the linearization around
an equilibrium transition from Re(\) < 0 to Re(A) > 0, giving rise to oscillations and

instabilities.
3.3 The Model

The proposed reduced phase model of [2, 7] contains three fully-coupled ordinary differ-

ential equations given by

dr pV

— = T —-kTV —d;T 1
o +(CT+V) V —dr (3.1)
dI

— =kTV —d;I 3.2
dt ! (3:2)
dV

— =ppl —dyV. 3.3
di pr Vv ( )

T denotes the population of healthy helper T cells. An estimated maturity rate of helper
T cells to immunocompetent T cells is represented by the parameter \. The death rate of

these T cells is denoted dp. V is the wild-type HIV strain population which has an infection
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rate, k. The mass action term KTV gives rise to the infected T cell population, I, that has
a death rate of d;. The parameter pr is the rate of new virus particles being created by the
infected T cell population. This single parameter replaces the term Ny d; which also yields
the same quantity but uses the burst size and death rate of the infected T cell population
to calculate the contribution. The clearance rate of free virus particles is dy. The immune
response term is described using p and cr to capture homeostatic proliferation: the increase
of mature T cells in the presence of the HIV virus. Both py and ¢y were adjusted to obtain
appropriate HIV trajectories with respect to clinical observations in [24] and [4], as examined
in [7], [2]. See Table 3.1 for a complete list of variables and parameters with initial values.
The inclusion of the homeostatic proliferation term, as we will show, has a profound effect

on the dynamics of the three component system [25].

Table 3.1 Variables and Parameters

Initial values References
Dependent variables / Populations
T Uninfected CD4™ T cells 1000 mm 3 2]
I TInfected CD4T T cells 0 mm~—3 2]
V' Wild-type HIV virions 0.01 mm~3 2]
Parameters and constants
A Rate of supply of immunocompetent CD4+ T 10 mm—2 day ! [23]
cells
p Logistic proliferation parameter .01 day ! 2]
cr Logistic proliferation parameter 300 copies mm ™3 2]
k Infection rate of CD4" T cells by wild-type HIV 4.5 x 107 mm?® day~*  [7]
virions
dr Death rate of uninfected CD4™ T cells 0.01 day~* [7]
dr Death rate of infected CD4™ T cell population 0.4 day ! [23]
pr Rate of viral production by infected CD41 T cell 38 virions per cell day ™ [7]
dy Clearance rate of free virus 2.4 day~! [7]

3.4 Mathematical Analysis

This following sections examine various mathematical characteristics of Model (3.1) -

(3.3). We first prove the existence and uniqueness of solutions for this system. The steady
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states are identified in Section 3.4.2 followed by a local stability analysis of these steady
states. The existence of a Hopf bifurcation is proven in Section 3.4.4. The final section of

the mathematical analysis provides the numerical results of the Hopf bifurcation.
3.4.1 Existence and Uniqueness

Consider the Jacobian of the system, we denote the right hand side of (3.1)-(3.3) as f(y),

where y = [T, I,V]T:

Vo _kV—dp 0 £- oLV kT

cr+V er+V T (er+V)?
Vi(y) = LV —d; kT
0 pr —dy

On the compact set [0,U]3, where U = max{T,I,V}, many of the partial derivatives are

linear and thus bounded. However, % and % contain terms which are not linear. Further

o —

examination does show these terms are bounded. Note that the nonlinear term of 5

pV L i of _— T _ _pTV - _ _ pT L L
v < " and the nonlinear term of W = v iV T orive < CTT < cTU.

Moreover,

max sup |J;;(y)| < CA+U).
“Iyelo,u

Since f(y) is defined and continuous with partial derivatives which exist and are continuous
and bounded, f(y) is Lipschitz continuous for y > 0 and thus the solution to the system

(3.1)-(3.3) exists and is unique.
3.4.2 Steady States

In the traditional manner of analysis of ODEs, we find and examine the steady states of
the system (3.1)-(3.3). Steady state values have the form y = [T, I, V]T. Calculations show

the steady states to be
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where a, b, and ¢ are defined by

given that R, =

: 2a(FE)

—b+Vb%—4ac
2a

b=crk(l—R,) +dr(1—R,),

and R, = CTLk.

—b—+v/b%2—4ac
2a

Cc = CTdT(l — Ro)

E, is the uninfected steady state while E;" and E; represent states of persistent infection.

Since all components represent population size, we impose restrictions on the values for which

these steady states exist. All three populations of E,, will remain non-negative for all time.

However, for both E;" and E; , we are concerned with the infected T cell population, I, and

the virus population, V', remaining real and non-negative. To insure real valued populations,

we impose the restriction:

b? — dac > 0 <= D* + (—2crk —2p)D + (crk — p)* >0 where D =dp(1 — R,)

[D = erk(1 + /Rpn)?|[D — crk(1 — v/Rpn)?] > 0.

Clearly, 1 ++/R,, > 1 —+/R,,. Thus * — 4ac > 0 when
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D —crk(l —v/R,)*<0<= R, >1—i§—k(1—\/Rm)2

T

or

D —crk(l1++/R 2> 0« R, <1—@1+\/

In the (R,,, R,)-plane the region denoted by R, < CT]“ (1 ++/R,,)? contains only negative
values of R,. Thus, we only focus on the region in which R, > 1 — %(1 — VR,)? to
ensure all populations have real values. In requiring all populations to be non-negative,
other restrictions are needed. The cases to consider are as follows:
Case 1: b< 0
b <0< R, >1+%E(1—Ry).
For Ef, —b+ Vb2 — 4ac > 0 is required for all populations of this infected steady states
to be non-negative.

For E;, vb? —4ac < b is needed to have non-negative populations. Thus for E;, an

added requirement is necessary: ac > 0 <— R, < 1.

Case2: b>0
Ifb>0<= R, <1+<%%5(1—R,).
For E;" we must look at two sub-cases:
(a) if ac > 0 <= R, < 1 then —b + Vb2 — 4ac < 0 and Ef has negative
infected T cell and virus populations.
(b) if ac < 0 <= R, > 1 then —b + Vb2 — dac > 0 and E;" has non-negative
infected T cell and virus populations.
For E; , both the infected T cell and virus population will remain negative for all time.

Thus, the steady state does not exist in this region.
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See Figure 3.1 for a summary of these restrictions.

P e © |o| @ |® 4 ® o ®° o
o o |° ke ° o P
C C .

o |® o (o o .| o ¢ lo| @
®le o« |0 o |0 P e @ |0 @
*leo| o e |of Ple| g (o P
®le| o ol © ® o o o« |® >

|
|
|
|
|
|
|
|
.IA
o
o P
R
s
¢ le
,
I.
« e
I
«
1
) . = _
m

o
| ° e o %o
¢ [T YV le| o (@ T |® hd e 0o o ©®
° o o ° 2 el el e o lel © oo o ® E,
LY o o ° ° ’ P hd o ° p - [ - P M
0 ] ] \ 1 1 1 Rm

|
1 2 3 4 5 6

Figure 3.1 Regions of existence for uninfected steady state, E,, and infected steady states,
E; and E;{ in the (R,,, R,)-plane.

3.4.3 Local Stability Analysis

With the existence of the uninfected and both infected steady states determined, we
examine the conditions, if any, for which these steady states are locally asymptotically stable.
The Hartman-Grobman Theorem [21] states that near a hyperbolic equilibrium point, (i.e.,
the Jacobian evaluated at an equilibrium point which has only eigenvalues with non-zero
real parts), the non-linear system (3.1)-(3.3) will have the same qualitative structure as the
linear system % = Vf(E)y.

We examine the structure of the linear system near the uninfected steady state, E,. The

Jacobian evaluated at E,, is given by
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We obtain the eigenvalues from the characteristic polynomial is 7% + dyn? + dan + d3, where

dy =d;+dy +dp

Y
dg = d[dv — bt + dT(dI + dV)
dr
Y5
ds = dy(dydy — dp T,
T

by solving the characteristic equation, det(nl — Vf(E,)) = 0, which yields the following

eigenvalues:

m = —dr
= —(d; +dv) ++/(d; + dv)? — 4d;dy (1 — R,)
y =
2
ns = —(d; +dv) — \/(d; + dv)? — 4d;dy (1 — R,)
3 =
2

All of the eigenvalues have non-zero real part. Thus, E, is a hyperbolic equilibrium
point. Note also, n; and n3 have negative real parts. A closer examination of 7, follows to
show that this eigenvalue will also have negative real part under certain conditions. With

the restriction of R, < 1, we observe:

O< R, <1
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0< 4d[dv(1 — Ro) < 4ddy

<~
—4drdy < —4d]dv(1 — Ro> <0
<~
(d[ + dv)2 — 4d1dv < (d[ —+ dv)2 — 4d[dv(1 — RO) < (d[ -+ dv)z
<~
(d[ — dv)2 < (d] + dv)2 — 4d1dv(1 — Ro) < (d[ + dv)2
<~
d[ — dv < \/(d[ + dv)2 — 4d1dv(1 — RO) <dr + dv
<~

Ny = —(d[ + dv) + \/(d[ + dv)2 — 4d]dv(1 — RO) <0

Therefore, all eigenvalues of the Jacobian evaluated at the uninfected steady state, E,

have negative real parts. Hence, our linear system, % = Vf (Ey)y is locally asymptotically

7 odt

stable if and only if R, < 1. Moreover, by the Hartman-Grobman Theorem, in the non-linear
system (3.1)-(3.3), E, is locally asymptotically stable if and only if R, < 1.
Next, we establish the stability of the infected steady states. We take the Jacobian,

Vf(y), and evaluate it only with the healthy T cell population, T" = dk’]TdTV, of Ef and E;

as this is the same value in both steady states. The associated characteristic equation is

03 + din? + dan + d3 = 0 where

dy = d; +dy +drR,
dy = (d; + dv)dr R,
—ddyV

doa = —— ¥
ST (er + V)2

(er2k(Ryy — 1) — k(V? + 2¢,V))
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recalling V = =btvb-—dac W for Ef and V = =b=vb—dac 3;74‘” for E; .

The Routh-Hurwitz Theorem states the roots of a cubic function will have negative real
parts if and only if all coefficients are positive and the product of the second and third
coefficient is greater than the product of the first and fourth coefficient. Clearly, dy, di,
dy > 0 since all parameter values are positive. We only concern ourselves with the sign of
d3 and showing dydy > d3. Under the current parameter regime, Figure 3.2(a) shows the
regions in the (R,,, R,)-plane in which d3 > 0 and dydy > d3 for E;f. Figure 3.2(b) displays
the region in which both inequalities are satisfied for E; . Recall from Figure 3.1, in the
(R, Ry)-plane the infected steady state is stable when R, > 1 and b* — 4ac > 0. The
region of stability, however, is a subset of the region of existence with borders of R, = 1,
b> — 4ac = 0 and dydy — d3 = 0. Also in Figure 3.1, E; only exists where b* — 4ac > 0 and
R, < 1. Figure 3.2(b) shows E; is only stable in an area outside of its existence region.
Hence, E; is an unstable steady state for the (3.1)-(3.3) system. In conclusion, using the
Hartman-Grobman Theorem to examine the behavior of solutions with respect to the steady
states in the non-linear system (3.1)-(3.3), and based on our analysis of the system and

numerical simulations we develop the following theorem.

Theorem 3.2. The local stability properties of the equilibria depend only upon the restric-

tions within the (R, R,) parameter space. Moreover,
1. The infection-free steady state Ey is locally asymptotically stable (l.a.s.) if and only if

R, <1 and it is unstable otherwise.

2. The infected steady state, B, is La.s. if and only if R, > 1,
[CTk(l — Rm) + dT(l — RO)]2 > 4kCTdT(1 — Ro) and

(d] + dV + dTRO>((d] + dV)dTRo) > (;i’f“j.;g (CT2]€(Rm — 1) — k’(VQ + QCTV)),

and it is unstable otherwise.
3. The infected steady state E; s locally asymptotically unstable.
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0 2 4 6 8 10 0 2 4 3 3 10
(a) Stability region of E;- (b) Stability region of E;

Figure 3.2 Regions of the (R,,, R,)-plane where the Routh-Hurwitz criteria are satisfied. The
blue region denotes where d;dy > ds and the yellow region indicates where d3 > 0. The tan
region is where both inequalities are satisfied and the steady states are stable.
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Thus only the uninfected steady state, E,, and the infected steady state, E;", are locally
asymptotically stable. We compare these regions of local stability in Figure 3.3. The green
region denotes the area of the (R,,, R,)-plane where E,, is locally asymptotically stable and
the lighter red region denotes local asymptotic stability for E;. Interestingly, there is a
small overlap of these two regions in which both steady states are locally asymptotically
stable—the darker red triangular region of the plane. The characteristics of the white region

within Figure 3.3 will be addressed in Section 3.4.4.

0 2 4 6 8 10

Figure 3.3 Regions of stability for the uninfected steady state, E,, shown in green; the
infected steady state, E;f, shown in light red; the bistable region, shown in dark red.

Within the darker red triangular region, computer simulations locate points of the (R,,, R,)-
plane where E, is stable and E; is stable, see Figure 3.4. Location points were obtain by
fixing most parameter values from Table 3.1 with the exception of A and p. We chose to vary
these two parameters since A only appears in R, and p only appears in R,,. Based on these
results, we pick a finite number of these locations to test the sensitivity to initial conditions
of both the healthy T cell count and the initial viral load, thereby enabling the identification

of basins of attraction. The locations tested can be found in Figure 3.5.
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Figure 3.4 Simulation results of steady state values given the initial conditions and parameter
values from the Table 3.1. Green points indicate solutions tending to the infection free steady
state and red points indicate solutions tending to E;", the infected steady state for long time.

Rm

Figure 3.5 Testing sensitivity to initial conditions of healthy T cells and initial viral load
in specific locations in the (R,,, R,)-plane; (a) (1.82,0.9), (b) (4.01,0.9), (c¢) (7.0,0.9),
(d) (2.53,0.6), (e) (4.01,0.6), (f) (5.45,0.6), (g) (4.01,0.27)
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The results, shown in Figure 3.6, display the basins of attraction for the corresponding
locations obtained from varying A and p values. We notice that locations, nearer to the
b* — 4ac = 0 curve and in the lower corner of the red triangular region, where E,, is locally
asymptotically stable, have a greater basin of attraction for E, than those locations on
the right side of the darker red triangular region in the (R,,, R,)-plane as displayed in
Figure 3.5(a), (d), and (g). The appearance of a strip of persistent infection steady state
values grows larger at locations moving from left to right within this region. We see that the
initial viral load has a small influence on the shape of the strip for various locations as the
width of each strip is not uniform. The initial healthy T cell count has a more pronounced
effect on the long term behavior of populations for parameter values within this region. The
range of the initial healthy T cell count which can alter the long term behavior is within
+25% or less of the standard initial healthy T cell count of an uninfected person.

A person infected with HIV typically has baseline parameter values (see Table 3.1) that
indicate a location in the (R,,, Ro)-plane which lies above R, = 1 in the E; stability region. If
a person were to undergo ART, specifically using RT1Is, the parameter k, the rate of infection,
would be altered and the parameter location could move into the darker red triangular region.
With the introduction of RTIs comes a drop in healthy T cells counts, and therefore, the
modeled long term behavior of populations could tend toward an uninfected steady state or
a persistent infection steady state. The range of initial healthy T cell values which result in
a persistent infection grows larger in proportion to the closeness of the parameter location
to the right side of the dark red triangular region. The standard accepted value for the
initial healthy T cell count, 1000 cell mm™2 is often within £10% of these varying ranges.
The result of this weaker basin of attraction supports a justification for the occurrence of a

rebound infection.
3.4.4 Hopf Bifurcation

Within the region of existence for the infected steady state, we use p, a homeostatic

proliferation parameter, to show the existence of a Hopf bifurcation. Note that p € (0, 00) but
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(Rr, Ro)=(1.82,0.9)

(Rm, Ro)=(4.01,08)
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Figure 3.6 The original initial values are 1000 cells/mm?

of healthy T cells and .01

virions/mm? for the viral load. Both quantities were changed by +25%. The green points
indicate where populations tended toward the uninfected steady state and red points indicate
initial conditions in which populations tending toward an infected steady state.
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that for our system (3.1)-(3.3) we require p € (0, crk) so that R, > 1 and p € (crk, ( ch_Tk +
1)?) so that R, > 1 — %(1 —+V/R,)?. Thus, all values remain within the region of existence

for E;". The Jacobian of our system evaluated at the infected steady state is as follows

. drdy derkp _
dr R, 0 pr ( (\/b(p)2—4ac+ch+p—dT(1—Ro))2 1)
VEEH = | b+ 2b(f>)2—4ac —d; drdy
pr
0 pr —dy

Note the value of b is redefined to emphasize its dependence on p as
b(p) = CT]{? —pP + dT(l — RO).
The characteristic polynomial is 73 + din? + dan + ds(p) = 0 where

di =d; +dy +drR,
dy = (dy + dy)drR,
4
~ U o) 4 ()~ dae) ( erkp

(\/b(p)? — 4ac+ crk + p — dr(1 — R,))? - 1)

ds(p) = 9

Recall that within the region of existence of E;", the infected steady state, ds(p) > 0.
See Figure 3.1 and the yellow region in Figure 3.2(a) for a visualization of d3(p) > 0. We
denote 7;(p), 1 = 1,2,3 as the corresponding eigenvalues of the characteristic polynomial.
The mapping from p — n;(p) is smooth and continuous as in Figure 3.7 (see [26], Chapter
2). Preliminary observations proven in Lemma 3.1 & 3.2 will provide justification for the

statement of existence of a Hopf Bifurcation in Theorem 3.3.

Lemma 3.1. For fized p, in the region of existence for Ef, the characteristic polynomial

has at least one real negative eigenvalue.
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Proof. By the Fundamental Theorem of Algebra, our non-zero single variable characteristic
polynomial of degree three will have exactly three roots. By Descartes’ Rule of Signs, there
are no positive solutions. Thus, the characteristic polynomial has either 3 negative real roots

or 1 negative real root and two complex conjugates.

]

Lemma 3.2. Let p* be the value of p in the region of existence of B such that for Do, the
second Hurwitz determinant, Do(p*) = 0. At p = p*, no(p*) and n3(p*) are purely imaginary

and conjugate eigenvalues of the Jacobian evaluated at B .

Proof. At p=p*, Do(p*) =0 <= dids = d3(p*). Thus, we can write the characteristic

equation of the Jacobian evaluated at E; as

7]3 + d1?72 + d277 + d1d2 =0

7]3 + (d] + dV + dTRO>772 + ((d] + dV)dTRo)n + (d] + dV + dTRO)((d[ + dv)dTRo) =0
which has solutions
m = —(dy +dy + drR,)

N = _\/_dTRo(dI + dy)
s = v/ —drR,(d; + dy)
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Figure 3.7 Real part and imaginary part of eigenvalues 7, and 73 as functions of the bifur-
cation parameter p. They cross the imaginary axis at p = p* ~ 0.165 when using parameter
values from Table 3.1.

Theorem 3.3. In the E{ region of existence, there exists a Hopf bifurcation at the critical

value p = p*.

Proof. Based on Hopf bifurcation theory, with the proof of Lemmas 3.1 and 3.2, we need

only show the transverality condition, d”fl—/()p) = 0, holds at p = p* to prove the existence of a

Hopf bifurcation. Using the characteristic polynomial evaluated at 1, (p),

dny (P)
dp

[12(p)% + di1a(p)? + dora(p) + ds(p)] = 0

dna(p) —d3(p)

dp 3[n2(p)]? + 2d1[n2(p)] + da

Evaluating the derivative at p = p* and substituting our known values for 7, (p*) yields

dp —2dy — 2dyi\/dr Ro(d; + dy)
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Re (dna(p*)> _ di(p*)2ds
dp A2 + 4d2dr Ry (dy + dy)

Re (dni;p )) #0 if and only if dj(p*) #0
)

Given d3(p) = =5 A(p) B(p)

— (— 2 _ _ derkp .
Where A(p) - ( b(p> b(p) 4@0) and B(p> - ((b(p)+\/b(p)24ac+2CTk)2 ]‘)7

we have dy(p*) = =4 (A(p*) B'(p*) + A'(p*) B(p"))

2

where A'(p*) = (1 _ %) and B'(p*) = 4ch(A((22:)2j72~fT—k2)/;A'(p*))

Within the E;" region of existence dz(p) > 0 and b(p)? —4ac > 0 holds true for all values of
p. When p = p* the parameter location in the (R,,, R,)-plane is in the portion of the region
where b(p*) < 0. Based on these assumptions both A(p*) > 0 and A’(p*) > 0. Moreover,
B(p*) < 0 in order to maintain the proper sign of ds(p*). It is sufficient that the sign of
B'(p*) = sign of A(p*) + 2crk — 2pA’'(p*) < 0 in order to claim ds (p*) # 0. A graphical

justification can be found in Figure 3.8. O

3.4.5 Numerical Results of the Hopf Bifurcation

Numerical results were computed using the parameters and initial values from Table 3.1
with the exception of fixing A = 7 and varying p to obtain the following graphs. The

first results, found in Figure 3.9, demonstrate the stability of the infected steady state with

o8



2 Bl(p) < 0

0 2 4 6 8 10

Figure 3.8 The region in the (R,,, R,)-plane where B'(p) < 0 includes the locations where
p=p"

a location in the (R,,, R,) parameter plane in the light red region in which only E;* is
locally asymptotically stable. In this region, the complex eigenvalues of the Jacobian matrix
evaluated at E;" have negative real parts. The stability of E;™ can be seen in Figure 3.9(a)
where, in R?, all three populations are spiraling inward toward the corresponding values
of the infected steady state. The bifurcation parameter p is adjusted so that p ~ p* and
the location on the parameter plane is at the border of the light red region and the white
region seen in Figure 3.3. The associated complex eigenvalues now have real parts which
are extremely close to zero. Looking again at our populations of interest in R?, we see the
emergence of a hole in Figure 3.10(a). The healthy T cells, infected T cells and viral load
populations are still spiraling inward to the corresponding values of the infected equilibrium
as t — oo, but the populations will not attain these values. Finally, we increase p so that
the parameter plane location is completely in the white region. The associated complex
eigenvalues now have positive real parts. The populations of interest, once again, spiral

inward in R? not to a single value but instead an orbit of values, see Figure 3.11(a).
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Figure 3.9 With p = 0.5, parameter location is in the light red region (see Figure 3.3). Hence
associated complex eigenvalues are of the form « + if where a < 0 yielding a stable steady
state.

60



400

Viral Load mm™®

Healthy T cells mm™®

(a) TVI - plane

10000 -

8000 -

6000 -

4000 -

Viral Load mm™

2000 | Hl\ Il

0 500 1000 1500 2000 2500 3000

days

(c) Long term behavior of the virus population

Figure 3.10 With p = 0.123, parameter location is on the border of the light red and white
regions (see Figure 3.3). Hence associated complex eigenvalues are of the form +i/5 where

Infected T cells mm™

1400

-3

3

Healthy T cells mm

0 500 1000 1500 2000 2500 3000
days

(b) Long term behavior of the uninfected T
cell population

800

o

<1

S
T

N

S

[S)
T

Infected T cells mm~

200

ll’”l\‘\‘\\\\\““‘

0 500 1000 1500 2000 2500 3000

days

(d) Long term behavior of the infected T cell
population

a = 0 creating a hole, i.e. emergence of a stable orbit.

61



1500 |

o)
. Il !
| |

600

Infected T cells mm*

400

Healthy T cells mm™3

3]
S
S

0 L L L L L
Viral Load 0 500 1000 1500 2000 2500 3000
0 Healthy T cells mm days
(a) TVI - plane (b) Long term behavior of the uninfected T

cell population

14000

800
12000 + P | t
— vy (1)
10000 [ o 600 |
v :
E ool 2 |
g S 400 |
= 6000 | 3 |
5 2 |
s 2 [
4000 | = ol ;
H i 1 T aal | | i | T | i
2000] UH'HH“‘W\ St HHWHH‘ (I RA R U
0 . . . . . 0 I ] . : ]
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
days days
¢) Long term behavior of the virus population d) Long term behavior of the infected T cell
g pop g
population

Figure 3.11 With p = 0.15, parameter location is in the white region (see Figure 3.3). Hence
associated complex eigenvalues are of the form a 4 i85 where o > 0 yielding a stable orbit.
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3.5 Conclusion

In the standard dynamic model, results showed steady states to be globally asymptot-
ically stable and the stability of these equilibria had no dependence on initial viral load
nor the healthy T cell count at the time of infection. The current model shows a region
of bistability in which both the infection free and persistent infection steady states are lo-
cally asymptotically stable. Therefore, the initial conditions, along with parameter values,
determine long term behavior. The healthy T cell count at the time of infection or during
treatment has the strongest determination of the long term behavior as shown in Figure 3.6.
Hence, the model displays that a patient who under goes therapy early on or even prior
to infection has a possible chance of clearing infection or maintaining a higher T cell count
throughout infection. By contrast, a low T cell count can lead to a chance for clearance, as
shown by the long time asymptotics in Figure 3.6. With the emergence of a Hopf bifurcation,
we now have a region in the parameter plane which mimics the biological behavior known
as oscillatory blips. Oscillatory blips are spikes in the viral load size which occur during the
second stage of infection when healthy T cell count and viral load appear to have reached

equilibrium [27].
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CHAPTER 4
A STOCHASTIC EPIDEMIC MODEL FOR THE 2014 EBOLA OUTBREAK IN WEST
AFRICA; AN ANALYSIS OF GUINEA, LIBERIA AND SIERRA LEONE

Modified from a paper to be submitted to Statistics in Medicine.

Deborah P. Shutt®, Aaron T. Porter®, Stephen Pankavich”
4.1 Abstract

During the 2014 Ebola outbreak in West Africa, extreme poverty, a dysfunctional health
care system, a distrust in government by citizens, a delayed response and local burial customs
all contributed to the epic proportions of individuals affected by the disease. With a high case
fatality rate and 57 - 59% of deaths from reported cases occurring in hospitals, it is imperative
that the medical community have a more informed understanding of the most influential
methods by which the disease spreads. We develop a mathematical model for this Ebola
outbreak to capture the dynamics within the avenues of transmission in the three countries
most affected: Guinea, Liberia and Sierra Leone. We fit the model to publicly available data
provided by the World Health Organization. We derive a novel stochastic branching SEIR
model to employ Approximate Bayesian Computation to estimate distributions of the forces
of infection and quantify the associated uncertainty of these values. Results indicate rates of
transmission from the infectious community and the hospitalized and infectious community
to be low within all three countries. The rate of transmission from the deceased and infectious
population is relatively high in Guinea. The frequency for which infectious individuals enter
the hospital is notably lower in Guinea and Sierra Leone. The large discrepancies between
these parameter values among the countries indicates a need for mitigation strategies to be

focused on earlier hospitalization and proper burial procedures which respect cultural beliefs.

5Department of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO 80401
SDepartment of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO 80401
"Department of Applied Mathematics and Statistics, Colorado School of Mines, Golden, CO 80401

64



4.2 Introduction

Ebola virus disease (EVD), formerly known as Ebola hemorrhagic fever, belongs to a
group of viral infections characterized by high fever, petechiae, internal bleeding, hypotension
and shock. Because the natural reservoir host of Ebola virus has not yet been identified, the
way in which the virus first appears in a human at the start of an outbreak is unknown [28].
It is believed that the virus is transmitted to humans by contact with an infected animal
either by touch or ingestion. According to the World Health Organization (WHO), Ebola is
spread from human to human through direct contact with blood or body fluids (including
but not limited to urine, saliva, sweat, feces, vomit, breast milk, and semen), and objects
(like needles, syringes, bedsheets, etc.) that have been contaminated with bodily fluids from
a person who is infected with Ebola or the body of a person who has died from Ebola. When
a person contracts the virus there is an incubation period prior to becoming infectious and
the time between exposure and the onset of symptoms ranges from 2 to 21 days [29].

The average EVD case fatality rate is around 50% and case fatality rates have varied
from 25% to 90% in past outbreaks [29]. Surprisingly, even postmortem a person remains
infectious for a period of time. Viable virus can persist for 7 days or more on surfaces
of bodies, confirming that transmission from deceased persons is possible for an extended
period after death [30]. This can be particularly devastating to the prevention of the disease’s
spread as cultural burial rites in areas of West Africa include washing, touching or kissing the
body of a deceased person. Since Ebola is easily contracted through touch of a contaminated
person or surface, the environment of a hospital can become a major factor in minimizing
the spread of the infection. The Ebola epidemic in Kikwit, Democratic Republic of the
Congo, was recognized because of a nosocomial outbreak in Kikwit General Hospital [31]. A
nosocomial or hospital-acquired infection is one whose development is favored by the hospital
environment because it is easily spread from patient to patient or among hospital staff.

In this chapter, we study the largest Ebola outbreak in history which occurred in West

Africa beginning in 2013. The first case was reported in Guinea in December 2013. By
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March of the following year, Guinea had a total of 103 reported cases with 8 cases reported
in neighboring Liberia and 6 cases in Sierra Leone. On August 8, 2014 the World Health
Organization (WHO) declared the Ebola epidemic in West Africa a Public Health Emergency
of International Concern (PHEIC). Recorded Ebola patients develop antibodies that last for
at least 10 years [32]. This motivates the need to retroactively study the West African Ebola
outbreak in preparation to combat a future outbreak. It is our aim to use a model which
incorporates the three main avenues of transmission of Ebola during this outbreak; namely
contact with infectious, hospitalized, and traditionally buried individuals. We will use the
data as reported by WHO from Guinea, Liberia, and Sierra Leone to inform our estimation
of the transmission rates of these three populations within each country as well as the average
number of days before infectious individuals entered the hospital. We hold parameters of the
characteristics of the disease such as incubation time or recovery time constant to examine
the existence of heterogeneity in the transmission rates among our countries of interest. The
authors in [33] look at the spatial structure of Ebola outbreaks but simplify the disease
process. By maintaining a standard SEIR model with a spatial component, [33] is not able
to incorporate a more complex branching structure in the model.

A branching SEIR model is introduced in [8] using a system of ordinary differential
equations incorporating the effects of transmission by means of three populations among
the communities where Ebola outbreaks are ongoing, but the authors choose to exclude
stochastic effects from their study. The authors in [34] introduce a similar branching SEIR
model for capturing Ebola dynamics with the exception that all individuals are traditionally
buried regardless of hospitalization. The authors in [34] develop a stochastic model based
on the ODE branching SEIR at the individual level assuming a binomial distribution for
compartment transfer to calculate estimation of the force of infection from the same three
groups of interest as described in [8] by means of a Maximum Likelihood Estimation (MLE).
However, MLE has the potential to find only local maxima and we will demonstrate that

the likelihood function of such models is multimodal. Hence, we derive a stochastic model
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to perform Bayesian inference at the population level based on the ODE system presented
in [8]. Using data from the 2015 West Africa outbreak to inform the estimation of our
parameters of interest (e.g., the forces of infection from infectious, hospitalized and tra-
ditionally buried individuals) we incorporate uncertainty about unobserved variables and
error in the reporting process. Similar to [35], we incorporate a method of obtaining ap-
propriate conditional binomial distributions for transitions between compartments by way
of embedding the deterministic system into a stochastic process as described in [36]. The
method of incorporating a Poisson contact distribution among the susceptible and infectious
individuals to derive the probability of infection of a susceptible individual after exposure
to one of the three types of infectious individuals is the same as found in [35] and [37].
However, because the model has a branching SEIR structure, we deviate from [35] to derive
two conditional multinomial distributions for the infectious and hospitalized populations.
In this way, simulations can be computed at the population level, increasing computational
efficiency. Approximate Bayesian Computation (ABC) is used to estimate the posterior dis-
tributions of the parameters of interest constructing the entire posterior to assess all of the
local maxima, and therefore obtain the global maximum.

In the following section, we explain the branching SEIR ODE model posed in [8] followed
by the derivation of the method by which this deterministic system is embedded into a
stochastic process. A description of the ABC algorithm used to obtain posterior distributions
completes Section 4.3. In Section 4.4, we describe the method by which the 2014 Ebola
data, as reported by the Center for Disease Control [38], was cleaned along with the results
of the approximate posterior distributions. The last section is reserved for discussion and

conclusions.
4.3 Methods

The dynamics of the spread of Ebola is first introduced by way of a deterministic model in
Section 4.3.1. Our approach of embedding this deterministic system into a stochastic process

is explained in detail in Section 4.3.2. The final subsection within Section 4.3 provides the
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algorithm for which computations are performed on the stochastic model.
4.3.1 The Deterministic Model

The spread of Ebola requires direct contact with blood or bodily fluids of a person who
is sick with or has died from Ebola, objects that have been contaminated by these bodily
fluids, infected fruit bats or primates and possibly from contact with semen from a man who

has recovered from Ebola [39].

j* B +By— &

Figure 4.1 A schematic representation of (4.1), modeling the progression of Ebola in a
fully susceptible population. The susceptible population, S, transfers to F, the exposed
population, via one of three methods (indicated by orange arrows); 1.) contact with a
deceased but infectious person, D 2.) contact with an infectious person, I, 3.) contact with
an infectious hospitalized person, H. The exposed individual will experience a latent period
prior to becoming infectious and transitioning to I. The infectious population can then
transfer to one of three compartments, D - deceased and infectious, R - recovered, or H -
hospitalized and infectious, with varying rates of transfer. Those individuals in D will, after
some time, no longer be infectious and transfer to B, properly buried and non-infectious.
Those individuals in H will transfer to one of two end states, B or R.

In Figure 5.1, the susceptible population, S, can contract Ebola through contact, as

previously described, with an individual from one of three compartments, I - infectious
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population, H - hospitalized and infectious population, or D deceased and infectious popu-
lation at rates (1, [, and P35 respectively. Once transmission occurs the formerly susceptible
individual transfers to the exposed compartment F, and is labeled infected but not yet
infectious. An exposed individual, waiting a latent period of 1/, will not be considered
infectious until symptoms are present at which time the exposed individual will transition to
the infectious population, /. Those in the infectious population may seek medical attention
and be hospitalized. The proportion of the infected population that becomes hospitalized,
H, is denoted by 7). The hospitalized population will then either recover at a rate, 7, and a
proportion 1 — py will transfer to R or die at a rate v, and be buried by sanitary methods
so that they are no longer infectious, and a proportion p, will transfer to B. The remaining
infectious population at a rate v, will either die and remain infectious, transitioning to D or
recover, transitioning to R. The proportions of these transferring infectious population are
indicated by p; and 1 — py, respectively. Deceased individuals in D will remain infectious
for a period of time at which point they will no longer be infectious and therefore transfer
to B, the deceased and non-infectious population. The system is described by the following

seven coupled, nonlinear ordinary differential equations:

N

% — §E — oyl — ol

% =l —yH (4.1)
% =pinl —wD

% =wD + pyyH

% =1 =p)nl+ 1 —p2)rH

The population state variables are described within Table 5.1 and the parameters are
presented in Table 5.2. The total population, N, remains constant in the system, i.e. S +

E+I+H+ D+ B+ R= N for the duration of the epidemic.
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Table 4.1 Description of populations state variables

Number of susceptible individuals

Number of infected individuals who are not yet infectious
Number of infectious individuals

Number of hospitalized infectious individuals

Number of deceased infectious individuals

Number of deceased non-infectious individuals

Number of recovered individuals

| | O | ~| | @

Table 4.2 Description of parameters within the Ebola model. Dimensions are provided in
parentheses.

B1 | Rate of transmission of the disease from the infectious population, I.
(Dimensionless)

B2 | Rate of transmission of the disease from the deceased and infectious population, D.
(Dimensionless)

B3 | Rate of transmission of the disease from the hospitalized and infectious population, H.
(Dimensionless)

6 | Per capita rate of progression of individuals from the exposed state to

the infectious state. (Time™!)

The average duration of the latent period is 1/4.

71 | Per capita recovery rate for individuals who are not hospitalized. (Time™!)

The average duration of the infectious period for individuals not in the

hospital is 1 /7.

Y | Per capita rate for individuals to enter the hospital. (Time™!)

The average wait time for an infectious individual to enter the hospital is 1/1)

v2 | Per capita recovery rate for individuals who are hospitalized. (Time™!)
The average duration of the infectious period for individuals in the hospital is 1/7s.
p1 | The proportion of the infectious population who die of the disease but are
never hospitalized.
(Dimensionless)
w | Per capita rate for deceased and infectious individuals to be properly buried
and no longer be infectious. (Time™!)
The average time until a deceased and infectious individuals is no longer
infectious is 1/w.

p2 | The proportion of the hospitalized and infectious population who die of the disease
and are properly buried. (Dimensionless)
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4.3.2 An Embedded Stochastic Model

The method by which we embed Model (4.1) into a stochastic process [36] is summarized
in the following paragraphs. We first introduce the means by which the continuous process
of the spread of the disease is discretized. We have carried over from Model (4.1) the
assumption that the people are homogeneous in the population. Exploiting the assumptions
of exponentially distributed wait times and Poisson contact distributions, we derive the
binomial and multinomial distributions for the stochastic components of Model (4.2, 4.3) in
subsequent sections.

We know specific rates for the transfer of individuals from one compartment to another.
We assume the system to be conservative, i.e. S(t)+E(t)+1(t)+H (t)+D(t)+B(t)+R(t) = N
for all t where N is the total population. This assumption is appropriate as the population
size is considered large and our domain of time in the model is short. By discretizing the
continuous process into a discrete number of time steps over which the data are collected,
we can approximate the rates of change for the populations by differences between time
steps. We denote T}, as the number of discrete time steps, not necessarily of equal duration,

over which data are collected. Time steps are denoted h; such that j = 1,...7}, where
T
Zh/j + 1 =T, and T indicates the total number of days for which data was collected.
j=1

Given the state of the process at time ¢, we account for all the events that may occur during

the time interval (¢, ¢t + h;]. Our model now takes the following form

— * 3
Sen, = Si— Efyp,

Eviny = Ev+ Bl — I,

Tovn, = Lo+ 1y, — Hiyy, — IR, — D/,
Hypn, = H + Hyy, — HBy, — HRp,, (4.2)
Disn, = Dy + 1D}y, — DBy,
Biin; = By + DB:Jrhj + HBZ:rhj
Rypn; = Ry + [R:Jrhj + HR:Jrhj
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The compartments are labeled as follows; S - susceptible individuals, E - exposed but not
infectious individuals, I - infectious humans, H - hospitalized and infectious individuals,
D - deceased and infectious individuals, B - deceased and non-infectious individuals, R
- recovered individuals. All quantities are counts and quantities denoted by an asterisk
represent a transition count. When individuals in a compartment may transition to two or
more compartments such as IRy, and 1Dy, . two letters are used to denote the transition.
In these cases, the first letter denotes from which compartment the individual transitions
and the second denotes the compartment to which the individual transitions. The transition
compartments are the stochastic elements of the model. For individuals waiting to transition
from one compartment to another (e.g., exposed to infectious), we assume an exponential

distribution for all wait times [36].
4.3.2.1 Exponential Distributions for Wait Times

We derive the wait time of an exposed individual to transition through the latent pe-
riod to the infectious population as explained in [36]. We consider the —0F term from our
deterministic model and note that for Cil—f = —JF the solution is the exponential function
E(t) = e Under the assumption of a homogeneous population, we let W be the random
variable for the duration of the latent time for an individual to transition from the exposed
compartment, F to the infectious compartment, I. Thus, W ~ Exp(d) with a cumulative
distribution function F(z) = 1—e7% and an expected value, E(W) = 1/6. Given an exposed

individual, E};, at time ¢, the conditional probability of remaining exposed at time ¢ + h;,

denoted qg, is derived in the following way,
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qg = P[W >t + h;|W > t]
PW >t+h; N W >{]

PIW > t]
_ PW>t+h] 1-P[W<t+h
- PW>t 1-PW<H
1—(1— 675(t+hj)) e~ 0(t+h;)
T I (1—etW) T e
— o0h;

Note that the probability no longer depends upon time. This may be counterintuitive
as it seems that an individual who has remained in the Exposed compartment for a longer
period of time should have a higher probability of transition to the Infectious compartment
than an individual who has spent less time in the Exposed compartment. However, the
assumption of exponential distributions for wait times, while questionable, maintains the
exponential assumptions implied in the ODE system. Moreover, the assumption has little
effect on model fit as the calculations are summations of random variables which become
large enough for the Central Limit Theorem to apply. Thus, the exponential assumption is
unlikely to have much of an effect on model fit. To count the number of exposed individuals
who become infectious during [t,t+ h;) for t > 1, we use &;, to denote i.i.d Bernoulli random

variables indicating that individual [i] transfers from E to I at time ¢ namely,

¢ = 1 if i*" person becomes infectious,
" 0 if #*" person does not become infectious.

The total number of newly infectious individuals during [t,t + h;) can be calculated as
E

= Zf@'t- The distribution of the transition compartment, [*, is a summation of i.i.d

i=1

*
It-l-h]'
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Bernoulli random variable and thus a Binomial distribution,
Iy, ~ Bin(Ey, 1 —e)

with the number of trials corresponding to the population size, E;, and a probability of

success of pp =1 —qg =1 — e,

4.3.2.2 Poisson Probability of Contact

To obtain the total of newly exposed individuals at each time step, we assume that the
number of contacts between a susceptible person and an infectious person from one of the
three infectious populations, I, D, or H follows a Poisson distribution. This derivation
follows the work of [33, 37| closely but employs a compartmental version instead of spatial.

We examine the rate of change of the susceptible population,

as ST SD
T —51— - 52— - 53—

For a single person from the susceptible population, S say, there are three channels of
becoming infectious: 1. contact with an infectious person, If;, 2. contact with a deceased
individual that is still infectious, Dy, and 3. contact with an infectious person who is
hospitalized, Hp. Let pr,pp,pa € (0,1) be the associated conditional probability that
Spi becomes latently infected by contact with an individual from the respective group, all
assumed unknown. Note that ]I\’;, %, % are the proportions of infectious people available
to make contact with S from each group during a particular time interval, (¢,¢ + hj].
Assuming random mixing, we obtain the probability per contact with an infected individual
from compartments /I, D, or H for which S}; becomes latently infected during (t,t + h;] to
be given as

Iy

pi(t) = NP
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pp(t) = WPD
H.
pu(t) = thH,

respectively. Thus, the probability per contact with an infected individual from a particular
compartment, I, D, or H, for which Sy does not become latently infected during (t,t + h;]
is

qr(t) =1—pr(?)
gp(t) =1—pp(t)
qu(t) =1 —pu(t).

We assume a Poisson distribution for the random variables, Cy;(t), Cp;(t), and Cg,(t),
representing the number of contacts Sy has with individuals from I, D, or H during (¢, t+h;].
Since we require a non-negative support, a Poisson distribution is seen as a good assumption
for communicable disease which spreads through non-intimate contact [35]. With Cp,(t) ~
Pois(Arh;), Cpi(t) ~ Pois(Aph;),and Cp;(t) ~ Pois(Agh;) where A;, Ap, and Ay are the
unknown average number of contacts per corresponding compartment per time interval, we

have the following probability mass functions

e~k (Aphy )t

flerit) = ' cri=0,1,2...
Cl,i-
—Aphi( )\ h.)CD.i
flepist) = c ( D' s) cp;=0,1,2...
CD-
—Amhi(\ R \CH.
f(CH,iat) = ‘ ( n ]) CH,i 20,1,2

CH -
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We assume C; and Cy are independent for i # ¢ for all compartments. Let Q(I;) be
the probability that a susceptible person does not become infected via an individual from
compartment /. Let Q(D;) be the probability that a susceptible person becomes does not
become infected via an individual from compartment D. Let Q(H;) be the probability that
a susceptible person does not becomes infected via an individual from compartment H.
Moreover, the probability of an individual S not becoming infected by any one of these

three methods is given by
Q(t) = Q(]t)Q(Dt>Q(Ht)

due to the fact that the occurrence of one event yields no information about the occurrence
of another event. Thus, the probability a susceptible individual becomes infected by one of

these three ways is calculated as follows:

P(t)=1-Qrt)Qp(t)Qu(t)

1= (3 Hera @)Y Flenn an® PN Y Femt)au(®))
cr,i=0 ¢p,i=0 ch,i=0
O e Ahi(\ R e i —ADhji(\ b )CDui
=1 (3 S gy Y0 SRR g
cr,;=0 v ¢p,i=0 v
o0 —Amhi () R \CH.
(Y S g e
cH,i=0 -
X (N )i X (B )eD.i
=1 ettt 3 B gy Yo B )
cr,i=0 - ¢p,i=0 -
e Arrh. )CH
(Y PG ()
cp,i=0 v
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=1 — " AP Amhy (3 (Arh;(1 — pi(t))) (> (Aph;(1 — pD(t)))CD’i)

|

o7 =0 Cl,i! P— CD -
( i (Auh;(1 —pH<t)))cH*f)
P— CH,'L'!

=1— 6—(A1+AD+AH)hj(G(Azhj(l—pz(t))))(e(knhj(l—pn(t))))(G(Ath(l—pH(t))))

-1 e—()\1+>\D+/\H)hje(>\1+)\D+)\H)hj6—(>\1th1(t)+/\DhjpD(t)+/\thpH(t))
— 1 — ¢ (Arhy L prtaph; Btpp+Amh; py)
Dy

-1 e—(AIPJL,\t,-i-)\DPD Dt Ao by

=1= 6_(:81%+5D%+6H%)h]"

The parameters, A\;, A\p, Ay, pr,pp,pu, are non-indentifiable as individual parameters.
However, their products, (contact rate) x (probability of infection) = (transmission rate),
is identifiable. Thus, we can replace A\;pr, A\ppp, Agpy with B, Bp, Bu, the corresponding
transmission rates from the deterministic model. To count the number of susceptible indi-
viduals who become infected during (t,t + h;] for t > 1, we use &;, to denote a Bernoulli
random variable indicating individual [¢] transfers from S to E at time t via transmission

from an individual in compartment I, compartment D, or compartment H, so that

¢ = 1 if 3" person is infected,
“ 1 0 if " person is not infected.

Note that &;, is a collection of conditionally independent, identically distributed Bernoulli
random variables with probability P(t) as described above. Therefore, the newly exposed

individuals during (¢,t + h;] can be calculated as
St

t*+hj = Z git .
i=1
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More precisely,

I D H
E:+hj ~ Bin(S5;,1 — e*('B’NtJFﬁDW“FﬁHWt)hj)_

4.3.2.3 Multinomial Distributions

There are two populations in the model, I and H, for which individuals transitioning to
one of two or more compartments is possible. Therefore, we provide a novel derivation to
obtain the probabilities associated with the possible paths of transition for these individuals.
Infectious individuals, I, can either die and be improperly buried, enter the hospital, or re-
cover implying transfer to compartments H, D, or R, respectively. Hospitalized individuals,
H, will either die and be properly buried or recover while in the hospital implying transfer
to compartments B or R, respectively. Without loss of generality, we will derive only one of
the probabilities in the first scenario where an infected individual can transfer to either H,
D, or R. Individuals who enter these compartments on day ¢ 4+ h; make up the size of the
H*, IR*, and ID* compartments, respectively.

Let Wy ~ Exp(v), Wa ~ Exp(vrp), W3 ~ Exp(v;r) be the random variables for the du-
ration of the wait for an individual to enter one of the three compartments, H, D, or R.
The derivation of the wait time is similar to the derivation of the latent transition time [36].
Without loss of generality, we will examine the probability of an infected individual [i] on

day ¢ becoming hospitalized on day t + h;. On day ¢, we define the following

Cy = {Wj >t : “not going into the hospital”}
Cy = {W5 >t : “not dying and remaining infectious” }
C3 = {W3 >t : “not recovering” }

where, C' = {C, UCy U5} : disease process at time 7 € [t,t + h;). On day t + h;, we define
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A ={W; <t+ hy|C : “going into the hospital”}
Ay = {W, <t+ h;|C : “dying and remaining infectious” }
Az = {W3 <t+ h;|C : “recovering” }

Hence, the domain of disease process during [t,t + h;) is given as C. We produce the
following Venn diagram to denote the occurrence of an individual [i] transitioning to one of

these compartments, Ay, As, and As, see Figure 4.2.

'e'

Figure 4.2 C' is the state space of the disease process at time 7 € [t,t + h;)

Because of the constraints of our model, in that no infected individual can move to more
than one compartment on any given day, we must exclude these impossible events from the
sample space. We denote the set of individuals who transition to more than on compartment
in Figure 4.3 where B; = A1 N Ay N A3, By = Ay N AN Az, By = A1°N Ay N As, and
By = AN AN As.

Dependence is introduced through truncation because when one event occurs, i.e. W; <
t + h;|C, all other events become probability zero events. Thus we have a conditional
probability for the probability of an infected person going to the hospital on day ¢ + h; is
denoted

P(ANn(CNnB%) PANC)N(ANB°

— P(A|C N B) = -
= PN B P(C N B°) P(C N B°)
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h
b 4

Figure 4.3 The set B = {B; U By U B3 U By} indicates the set for which an individual would
transition to more than one compartment during time 7 of the disease process.

Note that ANC = A and C N B¢ = B¢ since C represents the entire space. Similarly,
AN B¢ = A. Hence, the probability an infected individual enters the hospital on day ¢ + h;

simplifies to:

p1 = P(A|CN B)

where A = A1 N AN A3 and B¢ = B1°N By N B3 N B,°. The Venn diagram of the

conditional probability is shown in Figure 4.4.

Figure 4.4 We have conditioned on not going to two or more compartments so that our new
state space for the disease process at time 7 is indicated by B¢ (orange).
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We then derive the probability of an individual in the infectious compartment I on day

t transitioning to the hospitalized compartment H on day t + h; in the following way,

P1 = (A|C N BC)
_ P(An(CNDB9))
~ P(CN B
_ P(ANC)N (AN B°)
B P(C N Be)
P(A)
P(Be)
P(A; N A N A3
P(B1°N By N B3N By°)
P(A1) P(A5%) P(A5°)
1 — P(ByUByU B3 U By)
_ P(A) P(A5°)P(A5°)
1 —[P(B1) + P(By) + P(Bs) + P(By)]
P(A1)P(A45%) P(A5)
1—[P(A; N Ay N As) + P(A N A N As) + P(A°N Ay N Ag) + P(A; N Ay N As)]
_ P(A1)P(A°) P(45°)
- 1 [P(A1)P(A2) P(A5°) + P(A1) P(A2°) P(A3) + P(A1°) P(A2) P(A3) + P(A1) P(Az) P(As)]
(1 — exp(—th))exp(—yirh)exp(—yiph)

where a = 1—[{1—exp(—9h;) {1—exp(—yrrhi) {H1—exp(—vyrphi) }H-{1—exp(—h;) H{1—exp(—yirhi) } exp(—vrphi)+

{1 — exp(—vhi)} exp(—yrrhi){1 — exp(—yrphi)} + exp(—1hi){1 — exp(=vyrrhi) H{1 — exp(—vrphs) }].
With similar calculations we would derive the conditional transfer probabilities p, and ps3
for compartments IR* and ID*, respectively. Hence we let W|; denote the random variable

for the transition of an infected individual by

Wi ~ Mult(1, (p1, p2, ps, 1 — p1 — p2 — p3)’)
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where p; is the probability of transitioning to the hospital, ps is the probability of dying and
remaining infectious, ps is the probability of recovering and 1 — p; — ps — p3 is the probability
of remaining infectious without transitioning to a new compartment. We assume the random
variables W; are independent and identically distributed for all j and thus by means of the
summation of W; for all j at time ¢ we can construct the random variable for the counts of

each category for time ¢ + h; obtaining a multinomial distribution at the population level

(Hiyn,, IR, IDE I ,) ~ Mult[l, (1 — exp(—thy)) exp(—yirh;) exp(—viphy) /o,
(1 — exp(—71rhy)) exp(—¢h;) exp(—viph;) /e,
(1 — exp(—71phy)) exp(—vh;) exp(—yirh;)/ e,
exp(—vh;) exp(—yirhy) exp(—7iph;)/al.

Similarly, the multinomial distribution for the transition of individuals in the hospitalized
compartment, H, at time ¢ to either deceased and buried, H B*, recovered, H R* or remaining
in hospital, H* at time ¢ + h; is derived in the same way once again introducing dependence
through truncation so that when one event occurs all other events become probability zero

events. Thus our second multinomial distribution is of the following form

(HB;,,,, HR} .., H ), ) ~ Mult[H;, (1 — exp(=ymhi)) exp(—vurhi) /¢,
(1 — exp(—vyurhi)) exp(=yushi)/C,
exp(—vyurhi) exp(—ymphi))/(]

where ¢ =1 —[{1 — exp(—yurhi) {1 — exp(—yuphi)}].
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The stochastic components of the model are as follows:

chj )
)

Efyy, ~ Bin(S;, 1 — exp(—fi [E\};j — [ D]t\?j — [
Iy, ~ Bin(Ep, 1 — exp(—dhy))
(H;-hja ]R;k+h]- , IDt*-s-hj’ Its+hj)/ ~ Mult[Z;, (1 — exp(—1h;)) exp(—yirh;) exp(—viph;) /o,
(1 — exp(—71rhy)) exp(—=h;) exp(—vrph;) [,
(1 — exp(—yrphy)) exp(—vh;) exp(—yirh;)/
exp(—th;) exp(—y1rh;) exp(—7yiph;) /o]
DB}, ~ Bin(Dy, 1 — exp(—wh;))
(HB:MJ-, HR:+hj> Hterhj)/ ~ Mult[Hy, (1 — exp(—vuphy)) exp(—vurh;)/C,

(1 — exp(—yurhy)) exp(—yuph;)/C,
exp(—yurh;) exp(—vmph;))/(] )

where o = 1—[{1—exp(—th;) {1 —exp(—vrrh;) H1—exp(—yrph;) } +{1 —exp(—th;) {1 -
exp(—7rrh;)} exp(—yiph;)+{1—exp(—=vh;)} exp(—7rrh;){1—exp(—7yiph;) }+exp(—h;){1-
exp(—y1rh;) H{1 — exp(—=viphy) 1,

¢ =1—[{1—exp(=yurh;) {1 — exp(—=yunh;)}].

Note a and ¢ are chosen such that the probabilities in the multinomial distributions sum
to one. Ij,, represents the count of individuals who are infectious at time i and remain
infectious at time ¢ + h;. Hy,, represents the count of individuals who are hospitalized at

time ¢ and remain hospitalized at time ¢ + h;.

4.3.3 ABC Algorithm and Computation

The conversion of Model (4.1) to Model (4.2, 4.3) will incorporate uncertainty into the
disease process and quantify the uncertainty of our parameters of interest, ® = [f1, B2, 3, ).

Note that we have held constant and known the parameters listed in Table 4.3. These values
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Table 4.3 Fixed and Known Parameter Values

Parameter Fixed Value (days) Reference
1/0 9 40]
1/v1p 9 [40]

1/w 2 [34]
1/vup 4.4 [40]

Note: Parameters from the deterministic model have been renamed:

P17 = Yip, (1 — p1)v1 = ViR, pay2 = Yup, and (1 — pa)y2 = Yur-
relate to the medical characteristics observed during the outbreak which occurred in West
Africa in 2014. We use the values as calculated from Sierra Leone as this data is the most
neutral. Holding these parameters constant for all three countries will allow the data to
inform the model as to whether heterogeneity among the avenues of transmission exists
between the countries of interest. Model (4.2, 4.3) also allows for Bayesian inference on

parameter posteriors which have the form:

f(OY) « f(Y]O)n(©).

where f(Y|®) is the stochastic data model, which for fixed values of © can be used to
generate the random epidemic process, and 7(@) is the prior distribution of the parameters.
Thus, given both the data model and the prior distribution, we are able to calculate the
posterior distribution f(®|Y’) up to a proportionality constant. This serves to update the
distribution of the biologically accepted parameter ranges by the actual epidemic data which
we denote as Y.

With a data model constructed as a product of binomials and multinomials with different
sample sizes and probabilities across every time point, finding the MLE to provide a point

estimate and standard deviation for parameter estimates may provide estimates outside of
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the valid biological ranges and may suffer from issues stemming from multimodality. In SEIR
models, Markov Chain Monte Carlo (MCMC) methods produce parameter autocorrelation
in chains which becomes problematic for tuning and are also subject to difficulties stemming
from multimodality. We can avoid these obstacles via Approximate Bayesian Computation
(ABC). This method was introduced [41] to obtain an approximation of the true posterior
distribution, f(©|Y). ABC will sample from the posterior by randomly choosing samples
from the prior that fit the data. Random draws, ©®*, from the prior distribution will produce
generated data sets, X, which will be compared to our actual epidemic data set, Y by means
of a chosen distance metric. Those values of ®* which generate data sets which fit the data
will be accepted as valid draws from the posterior distribution. This implicitly conditions
the posterior on Y. The algorithm of the computation is as follows where N is the total

number of accepted generated data sets X.

For j < N
1. Draw ©* ~ Unif(ay,by), where (ag, by) is the corresponding range found in Table 4.4.

2. Generate X, time series data of the number of reported infectives, from Model (4.2,

4.3)
3. Calculate fitness of data using p(X,Y)
4. Set Op; <+ ©* if p(X,Y) < e and set j < j + 1 else return to Step 1.

If the metric p(X,Y’), considered a distance between X and Y, is small enough, i.e.,
p(X,Y) < € for some fixed small value, then 7(®|p(X,Y) < €) =~ 7(O]Y). One often
uses sufficient statistics in defining p; these are statistics for which the data distribution
conditioned on the sufficient statistic is free of @ (e.g. the sufficient statistic contains all
information about © that the full data set contains). By definition, the full data set is a

sufficient statistic for ©. Since a sufficient statistic of lower dimension than the full data
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Table 4.4 Ranges for Uniform Distributions

Parameter Range
B [0.005,0.5]
Ba [0.005,0.5]
B3 [0.005, 0.5]
v 0,1]

set cannot be readily computed for our model, we consider a point-wise envelope metric
comparing point by point the L;-norm at every time step. Heuristically, if every data point
of X and Y is close, then we must have that any statistics computed from X and Y,
including sufficient statistics, will also be close. For the ABC method, the exact posterior
distribution of ® can be found by accepting the simulated data set in which X =Y. This
is computationally infeasible, so we consider X, such that % € (€1, €9) for all time steps ¢
with corresponding peak week and epidemic duration to Y, as an acceptable epidemic. We
call (€1, ¢€;) the envelope of tolerance around the observed data set, Y, which is a common

method for assessing stochastic SEIR model fit [35, 37, 42].
4.4 Data Analysis

The next two sections explain various aspects of the data analysis performed on Model
(4.2, 4.3). We first describe the method of data cleaning applied to the data. In Section

4.4.2, we provide the results as compiled from the data.

4.4.1 Data Cleaning

The data used in this study was obtain from the Center for Disease Control [38]. The
cumulative number of reported cases is recorded during each Epidemiological Week (EW).
Note that within all three countries the cumulative number of cases reported, at varying
points in time during the outbreak, are reported as decreased in value. Since we maintain

the populations within the countries as constant, we clean the data by carrying forward the

86



total number of Ebola cases until the reported number is larger. For each country we assume
that all individuals of that country are part of the initial susceptible population. The total
populations were recorded in 2014 as Guinea: 12,112,127 Liberia: 4,345,123 and Sierra Leone:
6,247,243 [43]. With the cleaned data and total country populations we can then calculate
the initial sizes of our populations of interest: susceptible, exposed, infectious, deceased and
infectious, hospitalized and infectious, buried and non-infectious, and recovered. We choose
start days of the epidemic for each country after the cumulative case count starts to display
a generally increasing trend, which we take to indicate the data were sufficiently accurate
to begin analysis. The start date of the epidemic varies by country, see Table 4.5. With
the initial date determined, we can then calculate the initial conditions based on the data.
To find the initial number of exposed individuals, Ey, we take the current total number of
cases reported and look at the total number of cases nine days later as this corresponds
to the length of the latent incubation period. To calculate the initial number of infectious
individuals, I, we find the total number of cases nine days prior to the start of the epidemic
to determine the number of exposed who would now currently be infectious. The initial
value of the dead and non-infectious population, By, is the total number of cases reported
on the start date of the epidemic minus I,. We assume all other initial population sizes are

zero. The calculated values are summarized in Table 4.5.

Table 4.5 Initial Conditions on Day 1 of Ebola Epidemic per Country

Guinea Liberia Sierra Leone
Day 1 5.23.14 6.24.14 5.28.14
Susceptible 12,111,912 4,345,016 6,247,162
Exposed 33 56 65
Infectious 25 17 10
Hospitalized 0 0 0
Deceased/Infectious 0 0 0
Deceased /Non- 157 34 6
infectious
Recovered 0 0 0
Total Population 12,112,127 4,345,123 6,247,243
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4.4.2 Results

In the following section, we display the approximate posterior distributions obtained from
10,000 acceptances of the ABC algorithm (Section 4.3.3) for our parameters of transmission
rates via infectious, hospitalized, and traditionally buried individuals as well as the per capita

rate individuals to enter the hospital, @ = [y, B2, O3, U]
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Figure 4.5 Kernel density plots of the parameters of interest.

With parameters displaying multimodal posterior distributions, simply finding the mean
or mode of the marginal distributions would not accurately represent the joint distribution
of ® = (p1, 52, 83,%). Hence, we calculate the joint mode estimate or the combination
of parameter values which is accepted most often by the ABC algorithm. We provide the

standard deviation of the marginal distributions as there is no corresponding joint standard
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Figure 4.6 Kernel density plots of the parameters of interest.
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deviation. See Table 4.6 for the joint mode estimates and standard deviations for each

country.

Table 4.6 Joint Mode Estimates with Marginal Standard Deviation per Country

Guinea Liberia Sierra Leone
51 ; s.d. 0.0050 ; 0.0003 0.0311 ; 0.0003 0.0050 ; 0.0004
Bo ; s.d. 0.3958 ; 0.0194 0.1092 ; 0.0217 0.0311 ; 0.0037
B3 ; s.d. 0.0558 ; 0.0104 0.0177 ; 0.0026 0.0431 ; 0.0181
Y5 s.d. 0.0769 ; 0.1146 0.7436 ; 0.0676 0.0513 ; 0.0010

4.5 Conclusion

We presented in this chapter a branching SEIR stochastic model to quantify the forces
of infection which compelled the 2014 Ebola outbreak in West Africa to be categorized
as the largest Ebola outbreak in history. Maintaining the value of the parameters related
to the biological progression of the disease as fixed and known enabled an examination of
heterogeneity among the methods of spread between Guinea, Liberia and Sierra Leone. We
generated the stochastic Model (4.2, 4.3) by embedding the deterministic Model (4.1) into a
stochastic process. The ABC method was then implemented to obtain approximate posterior
distributions and the inherent uncertainty in the values of the forces of infection, as well as
the per capita rate of hospitalization of infected individuals. We find that the forces of
infection from the infectious and the hospitalized and infectious populations have distinctly
peaked posteriors. In all three countries, the rates of transmission from these two groups are
less than or equal to 0.056. There was a large discrepancy among the frequency by which
infectious individuals went to the hospital. Both Guinea and Sierra Leone had significantly
lower rates of individuals entering the hospital than Liberia. The global maxima for
varies between these countries with a global maxima of 0.077 in Guinea, 0.0513 in Sierra
Leone, and 0.74 in Liberia. Results indicate that while transmission of Ebola does occur

from hospitalized individuals and was the highest rate of transmission in Sierra Leone at
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0.043, the most significant rate of transmission was due to traditional burials in Guinea
and Liberia. In Guinea, the rate of transmission from traditional burial practices is 0.40.
Transmission from traditional burial practices is also the most frequent avenue of spread in
Liberia with a rate of 0.11. It is interesting to note that with a higher frequency of infectious
individuals entering the hospital, Liberia had a lower rate of transmission from traditional
burials than Guinea. There is no evidence of a causal relationship but this does indicate
that mitigation strategies might be most effective by focusing on earlier hospitalizations of
infectious individuals. Similarly, with high rates of transmission due to traditional burial
practices, further investigation of sanitary burial procedures which respect cultural beliefs

may significantly lower the spread of future Ebola outbreaks.
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CHAPTER 5
ESTIMATING THE REPRODUCTIVE NUMBER, TOTAL OUTBREAK SIZE, AND
REPORTING RATES FOR ZIKA EPIDEMICS IN SOUTH AND CENTRAL AMERICA

Modified from a paper submitted to Epidemics.
Deborah P. Shutt®, Carrie A Manore?, Stephen Pankavich!®, Aaron T. Porter!! and Sara

Y. Del Valle!'?
5.1 Abstract

As South and Central American countries prepare for increased birth defects from Zika
virus outbreaks and plan for mitigation strategies to minimize ongoing and future outbreaks,
understanding important characteristics of Zika outbreaks and how they vary across regions
is a challenging and important problem. We develop a mathematical model for the 2015
Zika virus outbreak dynamics in Colombia, El Salvador, and Suriname. We fit the model to
publicly available data provided by the Pan American Health Organization, using Approx-
imate Bayesian Computation to estimate parameter distributions and provide uncertainty
quantification. An important model input is the at-risk susceptible population, which can
vary with a number of factors including climate, elevation, population density, and socio-
economic status. We informed this initial condition using the highest historically reported
dengue incidence modified by the probable dengue reporting rates in the chosen countries.
The model indicated that a country-level analysis was not appropriate for Colombia. We
then estimated the basic reproduction number, or the expected number of new human infec-

tions arising from a single infected human, for El Salvador and Suriname with a median of
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4.3 and 5.3, respectively. We estimated the reporting rate to be around 16% in El Salvador
and 18% in Suriname with estimated total outbreak sizes of 73,395 and 21,647 people, re-
spectively. The uncertainty in parameter estimates highlights a need for research and data

collection that will better constrain parameter ranges.
5.2 Introduction

Mosquito-borne diseases contribute significantly to the overall morbidity and mortality
caused by infectious diseases in Central and South America. Newly emergent pathogens,
such as Zika virus in 2015, highlight the need for data and models to understand the public
health impact of associated diseases and develop mitigation strategies to combat their spread.
In particular, since Zika virus is a newly emergent pathogen in the Americas, its impact on
the naive population is relatively unknown.

The disease was first discovered in isolation from a rhesus macaque in the Zika forest of
Uganda in 1974 [44]. While infrequent human cases were confirmed in later years in both
Africa and Southeast Asia, it was not until April 2007 that an outbreak outside of these
traditional areas occurred on Yap Island in the North Pacific [45], and this was followed by
another outbreak occurring in French Polynesia beginning October of 2013 [46]. However,
the most significant Zika outbreak began within Central and South America in 2015 [47] and
is currently ongoing. Thus far it has resulted in an estimated 714,636 infections, which in-
cludes both suspected and confirmed cases within Latin American and Non-Latin Caribbean
countries (accessed Jan 10, 2017) [48]. This study focuses on the behavior of the current
burgeoning epidemic in Colombia, El Salvador, and Suriname.

Zika is transmitted to humans primarily through bites from infected Aedes aegypti and
Aedes albopictus mosquitoes. The transmission is in both directions, that is, infected mosquitoes
infect humans and infected humans infect mosquitoes. Upon transmission of the virus from
mosquito to human, an individual will become infectious within 3 to 12 days. Symptoms of
infection include fever, rash, joint pain, conjunctivitis, muscle pain and headache. Recovery

from Zika virus disease may require anywhere from 3 to 14 days after becoming infectious, but
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once contracted humans are immune from the virus for life. Many people infected with Zika
may be asymptomatic or will only display mild symptoms that do not require medical atten-
tion. An estimated 80% of persons infected with Zika virus are asymptomatic [45, 49, 50].
Thus, there is a high occurrence of under-reporting for confirmed or suspected Zika cases.
In fact, the number of infected individuals who report their symptoms is estimated to be
between 7% and 17% [46] of the total number infected by the virus.

Zika can also be transmitted vertically, as a mother can pass the virus to her child
during pregnancy, and this can lead to a variety of developmental issues. Most notably, Zika
is a cause of microcephaly and other severe fetal brain defects [5]. Recent evidence further
suggests an association between the virus and a higher incidence of Guillain-Barré syndrome,
a disease in which the immune system damages nerve cells causing muscle weakness and
sometimes paralysis [51]. The potential for sexual transmission of Zika virus has also been
confirmed [52]. For instance, the Center for Disease Control (CDC) has determined that
Zika can remain in semen longer than in other body fluids, including vaginal fluids, urine,
and blood. It should be noted, however, that while these latter means of transmission exist,
the number of new human infections produced in this way is relatively low compared to
mosquito-borne infections [53, 54], and therefore, in the interest of simplicity and reducing
the number of parameters to fit, we will neglect them in formulating a model.

In general, mathematical modeling has been extensively used to understand disease dy-
namics and the impact of mitigation strategies [55]. A few recent papers have developed
models that focus on the behavior of the Zika epidemic. For example, Gao et al. [56], pro-
posed an SEIR/SEI model to understand the effects of sexually transmitted Zika in Brazil,
Colombia, and El Salvador. The authors did not, however, distinguish between countries as
they assume that the three nations of interest share common parameter values. Additionally,
Towers et al. [54] presented a model that incorporates spatial heterogeneity in populations at
a granular level. Their model focused specifically on the spread of Zika within Barranquilla,

Colombia and included a sexual transmission term, but concluded that the effects are not
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significant enough to sustain the disease in the absence of mosquitoes. An approximation of
the basic reproductive number was obtained using maximum likelihood methods. Finally, a
study of the impact of short term dispersal on the dynamics of Zika virus is analyzed in [57].
The model formulated within [57] does distinguish between asymptomatic and symptomatic
infected populations, and focuses on the estimation of the reproductive number between two
close communities.

In contrast to previous studies, we adopt a more global approach to understanding the
dynamics of the current Zika epidemic and present a model that can be used to study disease
transmission at the country level. We identify differences between countries in regards to
parameter values and reproductive numbers. We discuss the appropriateness of country level
analysis for Colombia, El Salvador, and Suriname and quantify the uncertainty within the
resulting biological parameter values.

In the following section, we develop a Susceptible-Exposed-Infectious-Recovered (SEIR)
/SEI type model which distinguishes between the reported infected population, who are con-
sidered symptomatic, and the unreported infected population, who may be asymptomatic
or experience symptoms that are not severe enough to seek medical attention. The data
available from the Pan American Health Organization (PAHO) serves to motivate the use
of a split infectious population. The number of reported cases of Zika, both suspected and
confirmed, is reported from PAHO by country. Hence, we develop a model for three countries
of interest assuming that the dynamics of the disease within each may be associated with
different parameter values. In Section 5.5, we address the additional complication that the
total population of a country cannot be used as the initial susceptible population due to the
biology and bionomics of the Aedes species and human contact with them, varying in regards
to temperature, humidity [58|, sanitation, demographics and elevation [59]. Not everyone
within a country is equally susceptible to the Zika infection due to geographic diversity;
hence, we calculate the unique at-risk population within each country to use as the initial

susceptible population. Using the deterministic model at baseline parameter values, the at-
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risk population we compute yields realistic initial conditions that compare well with PAHO
data. With the initial population sizes for the epidemic in each country known and fixed,
we embed the deterministic system into a stochastic process to quantify the uncertainty of
the parameter values. This method allows us to use biologically valid parameter ranges and
Approximate Bayesian Computation (ABC) methods to obtain parameter distributions that
are distinct to each country. Section 5.6 provides a detailed explanation of our implemen-
tation of the ABC method along with the strengths and weaknesses discovered in applying
this method to our particular model. We summarize the results of the obtained posterior

distributions in Section 5.7. The last section is dedicated to discussion and conclusions.

5.3 Vector-borne SEIR Model with Case Reporting

Figure 5.1 A schematic representation of (5.1), modeling the progression of Zika in human
populations, denoted by green circles, and mosquito populations, represented with red circles.
Susceptible humans start in Sj,, and move to E}, the exposed population, once infected by
a mosquito carrying the virus. After an intrinsic incubation period, exposed individuals
become infectious and transition to either the reported infectious population, I,,, or the
unreported infectious population, I,.. Infectious humans will then move to and remain in Ry,
after recovering from the infection. The susceptible mosquito population is denoted S,. After
transmission occurs from bitting an infectious human, susceptible mosquitoes transition to
the exposed population, E,. The end of the extrinsic incubation period marks the exposed
mosquitoes shift to the infectious class I,,, where they remain infectious until death.

The spread of Zika relies primarily on interactions between humans and mosquitoes. In

Figure 5.1, members of the at-risk human population, .S, are bitten by an infectious mosquito
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and become exposed, or infected without yet being infectious, at a rate \,. Humans within
the exposed population, Ej, progress from this state to the infectious compartment at a per
capita rate, v,. Note that there is a portion of infectious humans who are either asymp-
tomatic or experience less severe symptoms, and therefore go unreported. The parameter
1) denotes the proportion of humans who seek medical assistance and are reported as either
suspected or confirmed Zika patients. Thus, there are two categories for infectious humans:
I,,, the reported infectious population, and I;, the unreported infectious population. Both
infectious populations then recover at the same per capita rate of -, where Wlh is the average
time spent as infectious. Upon recovery, humans acquire lifetime immunity. Similarly, a
member of the susceptible mosquito population, S,, becomes exposed at a rate A, when
susceptible mosquitoes bite an infectious human, resulting in transmission. The exposed
mosquitoes, I, transition to the infectious compartment at a per capita rate v,, where % is
the average extrinsic incubation period. Once a mosquito is infectious it will remain so for
the duration of its lifespan which can range between 8 — 35 days [58, 60, 61]. Finally, because
of the long duration of infection for mosquitoes relative to their lifespan, demography (i.e.,
births and deaths) is included within their population dynamics. In total, the system is

described by the following eight coupled, nonlinear ordinary differential equations:

dSy, )
— = =\ ()5
dt w(£) S
i,
dt
dl,,
dt
dl
d_th = (1 = Y)vpEl — vl
(5.1)

= )\h(t)Sh - VhEh

= Yy B, — ”Vh[rh

% = Y1y, +udn

d;;v = Ny = Ay () Sy — oSy
o \0)S, — By~ B,
C%Z%&—mh }
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Table 5.1 Description of human and mosquito population state variables

Sy | Number of susceptible humans

E}, | Number of infected humans who are not yet infectious
I, | Number of reported infectious humans

I;, | Number of unreported infectious humans

R;, | Number of recovered humans

S, | Number of susceptible mosquitos

E, | Number of infected mosquitos who are not yet infectious
I, | Number of infectious mosquitos

The population state variables are described within Table 5.1 and parameters are pre-
sented in Table 5.2. The quantities N, and N, represent the total populations of humans
and mosquitoes within the model, and remain constant. We note that the equation for the
evolution of Ry (t) decouples from the system, as it is determined merely by computing the

remaining population values. The non-linearity of the system stems from A\, and A, defined

v Bhvlv and Uvﬁvh(1h+1rh)
Nh Nh

as , respectively.

5.4 Basic reproductive number

We define the basic reproductive number, %, as the expected number of secondary infec-
tions by a single infectious individual over the duration of the infectious period within a fully
susceptible population [62]. As there is more than one class of infectives involved, we utilize
the next generation method to derive an explicit formula for %, defined mathematically by
the spectral radius of the next generation matrix [63]. We follow the process in [64] and
define x = [E}, I,,, In, By, I,, Sp, Ry, S,]T; thus reordering the presentation of populations
from the original system to ensure our calculations possess the correct biological representa-
tion. Let .%;(x) be the rate of appearance of new infections in compartment . We indicate
the rate of transfer of individuals out of compartment ¢ as ¥, (x) and the rate of transfer
of individuals into compartment i by all other means as ¥, (x). Thus, our system can be
expressed in a condensed version as x; = .Z;(x) — ¥ (z) where ¥%(x) = ¥, (z) — ¥, () for

(2

i=1,..8.
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Table 5.2 Description of parameters within the Zika model. Dimensions are provided in
parentheses on the right most side of the table.

0y | Number of times a single mosquito bites a human per unit time.

The average number of days between bites is 1/0,. (Time™1)
Bry | Probability of pathogen transmission from an infectious mosquito to a

susceptible human given that a contact between the two occurs. (Dimensionless)
Buvr | Probability of pathogen transmission from an infectious human to a

susceptible mosquito given that a contact between the two occurs. (Dimensionless)
vy | Per capita rate of progression of humans from the exposed state to

the infectious state. The average duration of the latent period is 1/vp. (Time™1)
Yn | Per capita recovery rate for humans from the exposed state to the

infectious state. The average duration of the infectious period is 1/. (Time™1)
1 | Proportion of the infected human population that is reported. (Dimensionless)

v, | Per capita rate of progression of mosquitoes from the exposed state
to the infectious state.

The average duration of the extrinsic incubation period is 1/v,,. (Time™1)
ity | Density-independent death rate for mosquitoes.
The average lifespan of a mosquito is 1/ . (Time™1)

An | The force of infection from infected mosquito to susceptible human.

This is defined as

(# of bites per human by mosquitoes per day)

x (prob. a human is bitten by an infectious mosquito)

x (prob. transmission occurs | a human was bitten by an infected mosquito)
= (O'v%;)(]{ﬁ)(ﬂhv) = %L:IU- (Time’l)
Av | The force of infection from infected mosquito to susceptible human.
This is defined as

(# of bites on a human per mosquito per day)

x (prob. a mosquito bites an infected human)

x (prob. transmission occurs | the mosquito bit an infected person)

In+1, oy Bon (In+1- . _
= (00) (Pl ) (Byy) = 222t In) (Time™1)
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Next, we compute F = [g—?(xo)] and V = [2%(xo)] for the exposed and infected com-

partments, namely for 1 <, j <5, where xo = [0,0,0,0,0, Hy, 0, K,] is the disease free equi-
librium state with Hy and K, being the initial population sizes of humans and mosquitoes,

respectively, and obtain the following 5 X 5 matrices:

0 0 0 0 Bhoow iz 0 0 0 0
0 0 0 0 0 —vptp Yo 0 0 0
F=10 o0 0 0 0 V=1 —u1-¢) 0 » 0 0
0 thg;Kv ﬁvhgt(;Kv 0 0 0 0 0 py+v, 0
0 0 0 0 0 0 0 0 —v i

Hence, we calculate the Reproductive Number as:

_ v Kvﬁhvﬁvhyv
Ry = p(FV~ 1) = 22V — /Ry, R,
o= plEVT) Hovn o (o + 1) ot

where p(A) represents the spectral radius of the matrix A, and we have defined the quantities

Ry, = (uv'/jyv> (Z—Z) Pho and Ry, = (%) (%) Bun.-

Here, R}, is the expected number of secondary infections in a fully susceptible human

population resulting from one newly introduced infected mosquito. It is composed of the

product of three terms. The first term, m -, represents the probability that an exposed
mosquito will survive the extrinsic incubation period. The second term, Z—”, is the number of
human bites an infectious mosquito would make if humans were freely available. The third

term, [y, is the probability of transmission occurrence given that a human is bitten by an

infected mosquito. The number of secondary infections in a fully susceptible population of
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mosquitos resulting from one newly introduced infected human is represented by R,,. This

Ky
Hp?

value is also formed by the product of three terms. The first, is the vector to host ratio.
The j‘/—; term is the maximum number of bites an infectious human will experience before
recovery without impediment to mosquito bites. Finally, given that a susceptible mosquito
bites an infectious human, (., is the probability of transmission from human to mosquito.
The type reproductive number, or expected number of secondary human cases resulting from

one newly infectious human, is Z," := (%,)?* [62].
5.5 Incidence Rates and Parameter Estimation

Although the traditional approach when modeling disease dynamics is to assume the
total population within a country is susceptible, we deviate from this approach. Specifically,
we assume the susceptible population depends on the biology and binomics of the Aedes
species as well as the country’s geography and uniquely calculate the at-risk population
(described in the following section). We then use the at-risk population as the size of
the initial susceptible population within simulations. While the deterministic model (5.1)
captures the dynamics of the epidemic fairly well, we follow the opinion of the authors in [65],
namely that more attention should be paid to how uncertainty in parameter estimates might
affect model predictions. Thus, in Section 5.5.2, we focus on incorporating and quantifying
the uncertainty of the disease process and the parameter values by means of embedding the

deterministic model into a stochastic process.
5.5.1 Calculated At-Risk Population

The data utilized herein was reported by the Pan American Health Organization (PAHO)
[66], and is given by the number of cases, both confirmed and suspected, of Zika per week at
the country level for Colombia, El Salvador and Suriname. Simulations performed by using
the entire country population as the number of initially susceptible humans mischaracterized
the disease dynamics, leading to overestimates in the final size of an epidemic, see Appendix (

Figure 5.13). Since dengue and Zika occur in the same areas, share a common vector and have
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similar asymptomatic rates, we calculate the at-risk population size per country for a Zika
outbreak based on historical data for dengue from 1995 to 2015 within Colombia, El Salvador,
and Suriname [67]. The year of highest incidence for dengue provides an approximation for
the number of susceptible individuals in a fully naive at-risk population, which coincides
with the dynamics of a newly emerging pathogen, such as Zika, that would spread rapidly
in a completely susceptible population. The World Health Organization (WHO) released a
report on dengue [68], stating “...available results suggest that the actual number of cases of
dengue may range from 3 to 27 times the reported [dengue] number.” Hence, we use a scalar
multiple of the reported number of dengue cases during the highest incidence rate year to
obtain a reasonable at-risk population count for the number of initial susceptible individuals
with regards to a Zika epidemic. Within each of the three countries, the at-risk population
value is strictly less than the total country population.

Table 5.3 indicates the year with the highest incidence rate and the reported number
of cases for that year in each country of interest. See the Appendix ( Figure 5.12) for all

historical data on dengue incidence rates for Colombia, El Salvador and Suriname.

Table 5.3 Reported dengue values from WHO used to compute the at-risk population

Country Highest Incidence Rate = Year Reported Number of Cases
Colombia 0.00342 2010 157,152

El Salvador 0.00875 2014 53,460

Suriname 0.00580 2005 2,853

We simulated Model (5.1) using the ode45 solver in MATLAB with chosen baseline
parameter values (Table 5.5) while assuming that a single infectious human exists at the
start of the epidemic. The at-risk population size for Colombia is 2.75 times the number
of reported dengue cases from 2010. We estimated the multiplier for the at-risk population
based on the best fit for the currently ongoing epidemic. The at-risk population size for

El Salvador is 1.425 times the number of reported dengue cases from 2014, while the at-
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Table 5.4 Computed At-Risk Population and Other Initial Conditions

Country Original Initial Conditions Shifted Initial Conditions* P

Colombia [432168,0,1,0,0, 864336, 0, 0] [432163,1,0,1, 4, 864330, 3, 3] 18%
El Salvador [76181,0,1,0,0,152362,0, 0] [75802,87,14,62,217,152082,145,135] 18%
Suriname [22111,0,1,0,0,44222,0,0] [22099,3,0,2,7,44212,5, 5] 22%

*Note: The shifted initial conditions were obtained approximately from Day 38, 118, and 50
of the solution using the original initial conditions for Colombia, El Salvador and Suriname, respectively.

risk population size for Suriname is 7.75 times the number of reported dengue cases from
2005. The initial size of the susceptible mosquito population is double the number of the
at-risk population per country. When starting our analysis with only one infected human,
the simulated epidemic takes several weeks to ramp up to a detectable (reportable) level. If
we begin simulations on the first day that a case is reported, the simulated peak occurs after
the reported peak. Thus, we use shifted initial conditions ( Table 5.4) that correspond to
the population state sizes obtained approximately on day 38, 118, and 50 from the original
simulation using Model (5.1) of the epidemics in Colombia, El Salvador and Suriname,
respectively. We then repeat the process of simulating Model (5.1) using the shifted initial
conditions to obtain solutions for the number of reported cases whose peak reporting weeks
align more closely in time with that of the data. The precise values of the shifted initial

conditions for each country, found in Table 5.4, are of the form [Sy, Ey, I, , In, Ry, Sy, Ey, L)

Table 5.5 Ranges and Chosen Baseline Values for Model Parameters

Parameter Baseline Range Reference

1/o, 3.85 2—-5.26 [69-71]

Bhv 0.54 0.1-0.75 [46, 62, T1]

1/vy, 6 3—-12 [46, 47, 71-76]
1/vn 7 3—14 [46, 47, 71-76]

P 0.18 0.05-0.3 [45, 46, 71]

Buh 0.75 0.1-0.75 [46, 62, T1]

1/vy 10.2 4.5 —-17 [46, 60, 71, 77, 78]
1/ 18 8§ —35 [58, 60, 61, 71]
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Figure 5.2 Solutions of Model (5.1) are plotted in blue along with the weekly Zika data avail-
able from PAHO shown as green circles. These solutions used the shifted initial conditions
(see Table 5.4) and baseline parameters (see Table 5.5). (a) Columbia: cases of Zika were
reported first in Colombia on Epidemiological Week (EW) 32 of 2015. (b) El Salvador: the
first Zika cases were reported on EW 38 of 2015. (c) Suriname: the reporting Zika cases
began on EW 37 of 2015.
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The number of reported cases from our simulations, using the calculated at-risk popu-
lation and shifted initial conditions, are compared to the PAHO Zika data in Figure 5.2.
The solutions, which are similar to the data in peak and general shape, identify reasonable
initial conditions. Although the parameter ranges considered are biologically reasonable, it
is unknown which values within these ranges are the most accurate. To obtain an expected
value for a given parameter and describe the associated uncertainty within this quantity, we
embed the deterministic Model (5.1) into a stochastic process enabling statistical inference.

This process is described in Section 5.5.2.
5.5.2 An Embedded Stochastic Model

Previous literature has provided biologically relevant parameter ranges (see Table 5.5) for
the model. However, to obtain insight as to the distribution of these parameters across their
ranges, we embed the deterministic system of ordinary differential equations (5.1) within a
discrete-time stochastic process to obtain a corresponding stochastic model (5.2, 5.3) and
perform an analysis in a Bayesian paradigm. This approach adds a probabilistic component
to both the contact/infection process and the disease progression process by capturing un-
certainty at each modeling stage, rather than just within the contact/infection process [79].
Therefore, embedding deterministic models into stochastic processes serves to (a) create a
stochastic model informed by population-level dynamics which includes uncertainty in the
entire disease process rather than just due to data collection, (b) more adequately capture
uncertainty present in the modeling framework, which is particularly important in small to
medium sized epidemics, and (c) provide a convenient framework for fast computation of
model parameters. The process by which we embed Model (5.1) into a stochastic process,
[36], is summarized in the following paragraphs.

Previously, we obtained specific rates for the transfer of both humans and mosquitos
between their respective compartments, and these can be used to inform the stochastic
analogues of these parameters. Throughout, we impose that the new model be conservative,

ie. Sp+Ey+1,, +1+ R, = N and S, +E,+1, = N, where N}, and N, are the total human
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and mosquito populations, respectively. The assumption of conservation within the human
population is plausible as the time span of the epidemic is much smaller than the average
lifespan of a human. We hold the mosquito population as constant for the convenience of
calculations and analysis. To approximate a continuous SEIR type model, we account for
all events/transitions that may occur during time interval (i, + h;] to be assigned to the
related compartment on day ¢. Thus, the rate of change for a given population size can be
approximated by the difference between the previous and current time steps. The model
now takes the form
Sitn; = 5i — Efpy, )
Eivn, = Ei+ Efyy, — Iy,
Irign, =1Iri+9 L—hi - RIT;—hi
Livn, = Ii + (L= )17, — RITy,,
Riyn, = Ri + RIriy,, + RIGy,
Svitn, = Svi + dEv;,, + dlvi,, — Evi,

* *

(5.2)

We index time by ¢, and the temporal offset, h;, which may not be constant but is known.
All quantities represent counts, and quantities denoted by an asterisk represent transition
counts. In regards to the terms ¢If, and (1 — )}, , the parameter ¢ may yield values
which are not integer counts. To be more liberal with the reporting size we calculated the
smallest integer not less than the corresponding value of ¥ I, . To be more conservative
with under-reporting size we calculated the largest integer not greater than the corresponding
value of (1—¢)I7,, . When individuals can transition into a compartment via multiple routes,
(e.g., recovered individuals can recover either with or without being reported as infected,
RIr},, and RI},, ), two letters are used to denote the transition. In these cases, the first
letter denotes to which compartment the individual transitions and the second denotes the

compartment from which the individual transitions. The transition compartments which
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represent birth/death counts of the mosquito popultion on day i + h; are denoted, dEv;,,,
and dIv},, . Note that these values are drawn based on the calculated population sizes at
time ¢ + h;. The compartments are labeled as follows: S - susceptible humans, F - latently
infected humans, Ir - infectious reported humans, I - infectious unreported humans, R
- recovered humans, Sv - susceptible mosquitoes, Ev - latently infected mosquitoes, Iv -

infectious mosquitoes. Finally, the stochastic components of the model are given by

Ef ,, ~ Bin (Sz, 1 —exp(—=Anh; )) I}y, ~ Bin <Ei, 1- exp(—l/hhi))

RIry, ;. ~ Bin (ITZ, — exp(—vh; )), RIf,,. ~ Bin([i,l - exp(—’yhﬂ)
~ Bin (Evl, 1 —exp(— Uhi)>, Ivi,, ~ Bin(Ivi, 1— exp(—uvhi)>
dEv}

Vi, ~ Bin| Bviip,, 1 —exp(— u;,hi)>, dlIvi,,, ~ Bin(lvﬂ_hi, 1-— exp(uhhi)>.

/

5.6 ABC Algorithm and Computation

Previous investigations [45, 46, 62, 77] have established biologically accepted ranges for
the parameters ©® = [0y, Ouy, Vn, ¥, Byh, Uy, tv] used within (5.1), but the conversion of Model
(5.1) to Model (5.2, 5.3) will incorporate uncertainty into the disease process, and thus the
values of these parameters. The stochastic model (5.2, 5.3) also allows for Bayesian inference

on parameter posteriors which have the form
f(OY) < f(Y|®)n(O)

where f(Y|©®) is the stochastic data model, which for fixed values of ® can be used to
generate the random epidemic process, and 7(@) is the prior distribution of the parameters.
Thus, given both the data model and the prior distribution, we are able to calculate the
posterior distribution f(®|Y’) up to a proportionality constant. This serves to update the

distribution of the biologically accepted parameter ranges based on the actual epidemic data
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which we denote as Y.

The data model is constructed as a product of binomials with different sample sizes and
probabilities across every time point. Determining a Maximum Likelihood Estimate (MLE)
to provide a point estimate and standard deviation for parameters may provide estimates
outside of the valid biological ranges. In SEIR models, Markov Chain Monte Carlo (MCMC)
methods produce parameter autocorrelations in chains which becomes problematic for tun-
ing. We can avoid these obstacles by using Approximate Bayesian Computation (ABC).
This method was introduced by [41] to obtain an approximation of the true posterior distri-
bution, f(©|Y). ABC samples from the posterior by randomly selecting parameter values
from the prior that could adequately generate the data. In particular, random draws, ©*,
from the prior distribution produce generated data sets, X, which are then compared to a
given epidemic data set, Y, by means of a chosen distance metric, p(X,Y"). Those values of
O* that generate data sets which fit the given data will be accepted as valid draws from the
posterior distribution, and this implicitly conditions the posterior on Y. The algorithm of

the computation is as follows, where V is the total number of accepted generated data sets X:

For j < N

1. Draw ©* ~ Unif(ay, by), where (ay, b) is the corresponding parameter range found in

Table 5.6 for all k=1, ..., 7.

2. Generate X, time series data of the number of reported infectives, from Model (5.2,

5.3)
3. Calculate fitness of data using p(X,Y)

4. Set O < ©* if p(X,Y) < e and set j < j + 1 else return to Step 1.
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Table 5.6 Ranges for Uniform Distributions

Parameter Range
1/0, 0.5—-10
B 0.01 -1
1/vp 2—20
1/7h 7

P 0.05 —0.35
Buh 0.01 -1
1/vy 4—-20

1/ 7—50

Note: We expand the ranges given in Table 5.5 as these are educated approximations and
there is uncertainty with regards to the true range of most of these parameters.

The metric, p(X,Y), is considered a distance between the generated data set, X, and
the observed data set, Y, typically based on sufficient statistics of the parameter space ©.

If p(X,Y) is small enough, i.e., p(X,Y) < ¢ for some fixed small value € > 0, then

f®p(X,)Y) < €e) = f(B]Y).

One often uses sufficient statistics in defining p(X,Y). These are statistics for which
the data distribution conditioned on the sufficient statistic is free of © (e.g., the sufficient
statistic contains all information about © that the full data set contains). By definition, the
full data set is a sufficient statistic for ®. Since a sufficient statistic of lower dimension than
the full data set cannot be readily computed for our model, we consider a pointwise envelope
metric comparing point by point the Li-norm at every time step. Thus, if every data point
of X and Y is close, then it directly follows that any statistics computed from X and Y,
including sufficient statistics, will also be close. For the ABC method, the exact posterior

distribution of ® can be found by accepting the simulated data set in which X =Y. This
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is computationally infeasible, however, so we instead consider X, such that %t € (e,¢€)
for all time steps t with a corresponding peak week and epidemic duration to Y, as an
acceptable epidemic. We call (e, e3) the envelope of tolerance around the observed data
set, Y, which is a common method for assessing a stochastic SEIR model fit [35, 37, 42].
In Figure 5.3, the observed data set is compared to randomly generated data sets without
calculating a metric for validation of the drawn parameter values. Figure 5.3 shows that many
randomly drawn and biologically accepted values of ® generate epidemic outcomes which
have distinctly different characteristics than the observed epidemic. Conversely, Figure 5.4
demonstrates that epidemic outcomes of the accepted ©* values generate epidemics with
similar characteristics to that of the observed epidemic in regards to the total number of new
infections each day, peak week occurrence, and peak value. Figure 5.4(b) and Figure 5.4(c)
show generated epidemics similar to the data in both peak and duration. Note that this
does not occur in Figure 5.4(a). The accepted parameter values obtained using the ABC
method yield outbreaks which vary greatly in peak occurrence, leading us to conclude that
the dynamics of the country-level data are different than those in the deterministic model.
Therefore the ABC method does not generate infectious curves similar to the Colombia
data. Figure 5.4(a) was generated from acceptances using an envelope of (1/20,20). A
tighter envelope of (1/10,10) was computed; however, the method ran for approximately 35
days to obtain the same number of acceptances as the (1/20,20) envelope with no visible
changes in the same plot as Figure 5.4(a). Because acceptances for tighter envelopes are
not possible, we can conclude the model is improperly specified to capture the dynamics of

Colombia at the country level. Reasons for this outcome are discussed in Section 5.8.
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Figure 5.3 Each subfigure contains the results of using randomly drawn parameter vectors
in Model (5.2, 5.3) to generate outcomes of the epidemic in which a metric is not applied.
For all three countries the biologically accepted parameter values generate epidemics that
vary greatly from the characteristics of the observed epidemics, particularly in the peak and
duration.
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Figure 5.4 Each subfigure compares the stochastic model epidemic outcomes from 500 of
the 10,000 accepted randomly generated parameter vector draws (gray) and the observed
epidemic in each country (black). The envelope size is (1/20,20) for Colombia (a) with the
occurrence of peak week within +4 weeks of the known peak week and the peak number
of new infections less than or equal to a 20% deviation from the true value. The envelope
size for El Salvador (b) is (2/3,2) with the occurrence of peak week within £2 weeks of
the known peak week and the peak number of new infections less than or equal to a 5%
deviation from the true value. The data from Suriname (c) was compared to generated data
with an envelope size of (1/4,4) and the occurrence of peak week within +2 weeks of the
known peak week and the peak number of new infections less than equal to a 5% deviation
from the true value.
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Figure 5.5 Subfigures (a) and (c) display the kernel density plots of the proportion of reported
infectious, v, with various envelope sizes for El Salvador and Suriname, respectively, while
subfigures (b) and (d) show the kernel density plots of the reproductive number, %, for El
Salvador and Suriname, respectively. As the legends indicate, an envelope size of (2/3,2)
is displayed by the black curve, an envelope size of (1/4,4) is displayed in blue, the red
curve represents an envelope size of (1/10,10), and similarly the green curves indicate an
envelope size of (1/20,20) using green. Note that envelopes of all four sizes were able to
generate acceptances from the El Salvador data while the data from Suriname only allowed
for acceptance to be generated from envelope sizes of (1/4,4), (1/10,10), and (1/20, 20).

Figure 5.5 depicts the effect of generating accepted epidemics with smaller and smaller
envelopes of tolerance on the posterior distributions. We plot the kernel densities of both the
reporting rate, ¢, and reproductive number, %, distributions for El Salvador and Suriname.

While only two parameters are shown here, the same observations are found in the kernel
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density plots of the other parameters of interest. We see in Figure 5.5 that envelopes of
various size produce similar but different kernel densities, with the tighter envelopes pro-
ducing a more peaked density distribution. A slight shift in the peak of the kernel densities
is observed in Figure 5.5(a) and Figure 5.5(d). This would indicate the need to shrink the
envelope further to obtain an estimation that is closer to the true posterior distribution.
However, attempts to generate data sets satisfying tighter envelopes could not produce ac-
ceptances, indicating that these envelope sizes are the best possible fits of the stochastic
SEI.IRS,FE,I, model to the observed country-level data. Further analysis would require
refining the dynamics of Model (5.1) and Model (5.2, 5.3) or using data at a more refined

spatial scale.
5.7 Results

We assigned uniform distributions to the accepted biological ranges found in Table 5.6.
After 10,000 acceptances from the ABC algorithm, the histograms and kernel densities for
selected parameters from El Salvador are given in Figure 5.6 and Figure 5.8. Selected
parameters from Suriname are given in Figure 5.7 and Figure 5.8. Figure 5.9 displays the
number of reported cases from the generated epidemics based on 10,000 accepted parameter
values. The time series of the number of total cases during the generated epidemics of
both reported and unreported infectives is found in Figure 5.10. The histogram and kernel

density plots of the total number of Zika virus cases, reported and unreported are shown in

Figure 5.11.
Table 5.7 Selected Parameter Statistics for El Salvador
?ab Uvﬁhv Uvﬂvh
mean 0.1654 0.2808 0.3053
median 0.1593 0.2124 0.2130
mode 0.1501 0.1372 0.1091
95% C.1I. [0.1248, 0.2205] [0.0191, 0.7782] [0.0119,0.9244]
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Figure 5.7 ABC generated histograms and kernel density plots for the reporting rate, 1,
the force of infection for the human population, o,8,, and mosquito population, o,3,, in

Suriname.

Table 5.8 Selected Parameter Statistics for Suriname

w Uvﬁhv Uvﬂvh
mean 0.1877 0.1705 0.4352
median 0.1777 0.1429 0.3365
mode 0.1693 0.0998 0.2069
95% C.1. 0.1304, 0.2717] 0.0165, 0.4054] [0.04287, 1.1241]

116



2 N i 8
— w —
\ :
> a- =
= | z
S <
3 < | 8 o
o —
o | Q
SH T T T T 1 © [ T T !
2 3 4 5 6 2 3 4 5
Reproductive Number Reproductive Number
(a) El Salvador - %, (b) Suriname - %,

Figure 5.8 ABC generated histograms and kernel density plots of the Reproductive Number
for El Salvador (a) and Suriname (b).

Table 5.9 Reproductive Number Statistics per Country

Xo El Salvador Suriname
mean 2.2055 2.4225
median 2.0854 2.3062
median? 4.3487 5.3186

mode 1.9174 2.0901

95% C.1. [1.4664, 3.1658] [1.6526, 3.4704]

Note: The median? is an approximation of the type of reproduction number (i.e. human-to-human)
as opposed to %y, which is the single generation reproduction number.
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and Suriname (b).

Table 5.10 Statistics for the Generated Total Cases (Reported and Unreported) per Country

El Salvador Reported Cases Total Cases
mean 12107 72721
median 11810 73395
mode 11158 75457
95% C.I. [9606,15321] [67317, 75889]
PAHO data 11825

Suriname Reported Cases Total Cases
mean 4132 21390
median 3975 21647.5
mode 3758 22018
95% C.1. [3013, 5697] [19853,221027]
PAHO data 3042

5.8 Conclusion and Discussion

Within the present study, a new stochastic model was formulated to describe the spread
of the Zika virus within Colombia, Suriname, and El Salvador. The variability in per capita

susceptibility within each country was introduced by uniquely calculating the at-risk popu-
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lation based on historical data for dengue virus, whose epidemic characteristics are similar to
that of Zika. The initial population state sizes were fit to this data in order to create similar
values of weekly reported cases of Zika, both suspected and confirmed, to those reported by
the PAHO using baseline values of parameters to evaluate Model (5.1). Once the at-risk
population was estimated, the initial population state sizes for these nations were fixed in
order to estimate parameter values and obtain more informative distributions than the ac-
cepted biological parameter ranges. The deterministic system (5.1) was then embedded into
a stochastic process to obtain a more general stochastic model (5.2, 5.3). For each of the
three nations, an ABC algorithm was implemented using (5.2, 5.3) to compute approximate
posterior distributions of the parameters conditioned on the data. By obtaining these pos-
terior distributions, the uncertainty in parameter values for each country can be quantified
by way of informative statistics, such as the mean, mode, median and variance, to more
accurately describe rates within the system.

Properties of the disease within El Salavador and Suriname were accurately described by
the model. El Salvador is estimated to have a mean reporting rate of 16.5% which is near
the upper bound of the previous estimate of [46] with a credible interval of [12.5%, 22%).
The mean values of the forcing terms, A\, and \,, are approximately 0.28 and 0.31 with
credible intervals of [0.0191,0.7782] and [0.0119,0.9244], respectively. Suriname has a mean
reporting rate greater than the predicted interval of [46] at 18.8% with a credible interval
of [13%,27%]. The forcing terms of Suriname, \; and \,, had mean values of 0.17 and
0.43 with credible intervals of [0.0165,0.4054] and [0.0429, 1.1241], respectively. The basic
reproductive number, %,, was defined such that %,* yields the number of secondary human
infections within a fully susceptible population arising from a single new human infection.
In Suriname, the mean value of %,* was 5.31, while the mean reproductive number was 4.35
in El Salvador. These quantities are similar to other predictions for the mean of %,* found

in [54, 80].
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Though this analysis has provided additional insight into the spread of the disease, our
methods were unable to accurately estimate the aforementioned statistics for Colombia (see
Section 5.6) as the ABC method revealed a poor fit for the data obtained from this nation.
One possible reason for this poor fit could be the appearance of a second peak in the epidemic,
see Figure 5.2(a). While there is a distinct and large peak during EW 26, a smaller second
peak occurs during EW 34. This second peak may result from reporting error as this data
was in no way cleaned once obtained from the PAHO website. Another possible explanation
is a second outbreak in a disjoint location from the first outbreak. In particular, the extreme
topographical variations within Colombia could lead to a delay in the spread of the disease
across the entire country. Thus, we conclude that the epidemiological characteristics of Zika
in Colombia must be studied at a more granular spatial level, differentiating amongst regions
or even counties and cities.

We also estimated the total number of infected people in El Salvador to be 72,721 (with
an estimated 12,107 reported cases) and the total number of people infected in Suriname to
be 21,390 (with an estimated 4,132 reported cases). So, about 95% of the at-risk (high-risk)
populations were infected by the end of the outbreak. The predicted reported country-
level incidence for El Salvador is 0.0019 and for Suriname is 0.0073. However, the true
country-level incidence for El Salvador is predicted to be 0.0119 while for Suriname it is
0.0396 assuming total populations of 6,117,145 and 540,612, respectively. From a public
health perspective, our model indicates that about 6 times as many people were infected
than were reported in El Salvador and 5 times as many were infected than were reported in
Suriname. Depending on the percent of the at-risk population that was pregnant during the
outbreak, our model suggests that a larger number of birth defects than indicated by the
reported number of cases could be expected in these countries. Interestingly, although the
values for the mosquito extrinsic incubation period and mosquito lifespan had relatively wide
ranges even among mean, median, and mode values, the probability of a mosquito surviving

the incubation period (Figure 5.14 and Figure 5.15) was quite similar across statistics and
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countries at about 60%. This corresponds to the extrinsic incubation period lasting around
2/3 of the average mosquito lifespan. A major difference between predicted parameter values
for El Salvador and Suriname occurs in the transmission probabilities. While the values for
Bry and Sy, for El Salvador were similar (both estimated to be about 0.42), in Suriname,
the mosquito-to-human probability of transmission, S, was consistently less than half that
of the human-to-mosquito transmission, (3,,, with a median of 0.21 and 0.56, respectively.
Since these terms capture many intrinsic uncertainties in the transmission process, it is hard
to interpret the meaning of this difference. It could be an artifact of the model or could
indicate a reduced efficiency of the mosquitoes in Suriname in passing on the virus.

In conclusion, our research provides important parameter estimates for the spread of Zika
in El Salvador and Suriname, along with uncertainty quantification and credible intervals
for those parameters. We estimated the basic and type reproduction numbers and the total
number of people infected - quantities needed to inform assessments of economic cost and
risk, among other factors. We found that the type reproduction number is higher in Suri-
name than in El Salvador, indicating a higher risk in Suriname. This could be explained
by differences in climate between the two countries or in other socio-economic or geographic
factors affecting mosquito-borne disease transmission. Additionally, our methods could be
applied to other countries or regions experiencing outbreaks to estimate region-specific pa-
rameters and provide decision makers with important information about surveillance and
control both at present and in the future. Another advantage of this method is that it
can indicate what scale is appropriate for these calculations. For example, we found that a
country-level analysis of the Colombia data was not appropriate. In the future, it would be
interesting to apply the model to a regional Colombia data set.

In future studies, the initial population state sizes obtained in the calculations of the
respective at-risk populations could be considered parameters themselves. Hence, one could
perform a statistical analysis on acceptable ranges for such initial values to quantify the

uncertainty of these populations. For instance, this could be done by generating a posterior
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distribution for the initial susceptible population for each country, as well as the parameters
in the system. Additionally, the mosquito population for each country was assumed to be
constant for convenience. However, utilizing a more realistic model of the total mosquito
population which changes in time (similar to the methods in [62]) may yield different results,
and this would also be a suitable direction for future research. Finally, the recovery period,
1/, was held constant in the current study due to the assumption that its mean value had
been medically established. Still, another investigation using the methods developed herein,
but considering a uniformly-distributed prior for the recovery period, may provide better
insight into the distribution and expected value of this period. We conclude that additional
studies are needed to fully understand Zika virus transmission dynamics. However, our
research suggests that the reporting rates in El Salvador and Suriname are quite low and
thus, additional surveillance systems may be needed to measure the true burden of Zika in

these countries.
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5.10 Appendix

This section provides the figures mentioned but not shown in the previous work within

Chapter 5 of this thesis in regards to the study of the Zika virus in El Salvador and Suriname.
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Figure 5.13 The time series for the number of reported infectives as calculated using Model
(5.1) with the initial number of susceptible people equal to the total population (solid blue
line) as compared to the PAHO data (dotted green) as reported 06.22.2016 per country. The
total populations as reported for 2015 are 48,010,049 (Colombia), 6,117,145 (El Salvador),
540,612 (Suriname) accessed 6.22.16 at http://countrymeters.info/.
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Table 5.11 Statistics for the Other Parameter Values for El Salvador

1/0v ﬂhv 1/Vh ﬁvh 1/”’1} 1//1"[) 'uvljrul,v
mean 1.6894 0.4201 5.5626 0.4260 8.4171 14.9655 0.6206
median 1.3874 0.3817 3.8095 0.3882 7.0799 11.4532 0.6315
mode 0.7397 0.0851 2.5506 0.0760 4.8253 8.4276 0.6451
[4.0001, 17.0355]  [7.1432, 35.9220] [0.3475, 0.8832]

95% C.L  [0.5004, 3.8294]  [0.01274, 0.9302] [2.0001, 15.5402]  [0.0104, 0.9289)]

Table 5.12 Statistics for the Other Parameter Values for Suriname

1/0v 6h'u 1/Vh /th 1/Vv 1//1'1) ‘uvl;vl,v
mean 1.6819 0.3004 6.6144 0.5602 8.3111 16.1174 0.6369
median 1.3684 0.2141 4.8592 0.5657 6.9234 12.4293 0.6453
mode 0.7375 0.0702 2.7695 0.8657 4.8375 8.7023 0.6521
0.1358, 0.9985]  [4.0000, 16.9617]  [7.1467, 38.2319]  [0.3699, 0.8961]

95% C.I. [0.5002, 3.8328] [0.0101, 0.8456] [2.0001, 16.8145]
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Figure 5.16 Displayed are the individual to individual reproductive ratios. For El Salvador
the mosquito to human ratio histogram and kernel density is (a) while the human to mosquito
ratio histogram and kernel density is (b). (c¢) and (d) show the histogram and kernel density
plots of the mosquito to human and human to mosquito ratios for Suriname, respectively.

Table 5.13 Statistics for the Individual to Individual Reproductive Numbers

El Salvador - Ry,

El Salvador - R,

Suriname - Ry, Suriname - R,p

mean 2.4588 4.2743 1.6667 6.0925
median 1.5509 2.9813 1.1414 4.7115

mode 0.9238 1.5273 0.6250 2.8961

95% C.1. 0.1519, 7.4016] 0.1663, 12.9415] [0.1473, 4.8498)] 0.6002, 15.7379]
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CHAPTER 6
CONCLUSION

In this thesis, we examined the contributions mathematical modeling can provide for non-
invasive biological research. Specifically, we used the law of mass action to model, analyze
and simulate disease dynamics of HIV, Ebola, and Zika virus.

In Chapters 2 and 3, a mass action term was utilized in two different systems of Ordinary
Differential Equations to capture the rates of change for healthy T cells, infected T cells and
virion populations. We found in the HIV model first presented that the ability for HIV to
rapidly mutate complicates the efficacy of ART drugs, implying that RTIs alone are not
strong enough to counteract the emergence of drug resistant strains. Sensitivity analysis
indicated that the parameters which drive the spread of HIV within CD4+T cells varies
with transition between clinical stages of the disease progression making early intervention
difficult. We see inclusion of the homeostatic proliferation term in the standard viral dy-
namics model presented in Chapter 2 created bistability, within certain parameter regimes,
demonstrating dependence of the system on initial viral load exposure in regards to long
term dynamics. The discovery of a hopf bifurcation may prove useful in understanding the
source of biological phenomena, referred to as oscillatory blips, observed in clinical trials.

The spread of Ebola and Zika virus at the population level was examined in Chapter 4
and 5. A law of mass action term was used within systems of ODEs once again, but in these
chapters the system which modeled each disease was embedded into a stochastic process to
incorporate uncertainty into the disease process as well as the values of the parameters of
interest. While the method of embedding is not novel, the derivation of the multinomial dis-
tribution within the stochastic Ebola model is. This distribution enabled simulations to be
maintained at the population level which coincides with the data provided as well as compu-

tationally efficient. An underutilized approach to obtaining posterior distributions was taken
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in the application of the Approximate Bayesian Computation enveloping method showing
the strength of this method in regards to producing multimodal posterior distributions.
The work presented in this thesis motivates a continuation of applications of these meth-
ods to further examine these and other infectious diseases. Future applications include
estimating the number of pregnant women in a particular population during the Zika virus
outbreak to inform the medical community of the magnitude of preparedness needed in
addressing newborns adversely effected by the disease. Mitigation strategies could be incor-
porated into both the Ebola and Zika virus models to more closely examine the effectiveness
of these procedures in reducing the number of people impacted during an outbreak. Research
within the area of mathematically modeling infectious diseases will continue to develop as

we work toward eradicating these and other diseases.
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