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Abstract

The mathematical modeling of the transmission dynamics of norovirus in a population is
designed and rigorously analyzed using some dynamical system theories and techniques. The
model was used to gain insight into the disease dynamics and to evaluate control strategies of
the norovirustransmission . The model has both global asymptotic stability and local
asymptotic stability whenever the reproduction number is less than one. Numerical simulations
of the model show that the use of basic control measure strategy is more effective than the
treatment strategy while the combination of the two control strategies has a good effective
impact on the community in controlling the transmission of the virus .
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CHAPTER ONE
INTRODUCTION
1.1Back-ground

Before the official genus name of norovirus, they were previously called the Norwalk-like
viruses[fDCPa]. Norwalk-like virus is the first virus that was recognized to be the cause of
gastroenteritis (infection that affects the stomach and the small intestine) in human [fDCPa].
Now a day, norovirus is considered to be the leading cause of the endemic of gastroenteritis
and also the most common cause of viral gastroenteritis (it is also called stomach flu) in ages
[gR]. Norovirus is known as a small blue rounded structured virus and it belongs to the family of
caliciviridae [SPS08]. The name was gotten from a Latin word known as calyx (means cup-like)
and it can be traced back to the hollow surface of the virus [Mar].The caliciviridae family of
viruses are found in water [Kno]. Examples of foods that norovirus can be found are leafy
greens (such as lettuce), fresh fruits, shellfish, oysters, and plankton [Kno].

Norovirus are divided into 5 genogroups which are genogroup |, ILlll, IV and V [Kno] . The
genogroups of noroviruses that can infect humans are genogroup | (example of the viruses in
this group are: norwalk virus, desert shield virus and southhampton virus), genogroup Il
(examples of the viruses in this group are Bristol virus, Lordsdale virus, Torontovirus, Mexico
virus, Hawaii virus and snow mountain) and genogroup IV while genogroup Il infects the bovine
species(e.g cattle) and genogroup V infects the mice. The genogroups associated with human
are further divided into genotypes(or clusters) and then strains . The outbreak of the viral
gastroenteritis that circulate across the globe is caused by the norovirus from genogroup Il and
genotype 4 (it can represented as Gll.4) [Ao10] [Kno].

The first description of norovirus was given by a pediatrician called Dr. J. Zahorsky [fDCPa].
Because of the virus was not known as norovirus , he gave an account of the periodic cases
(during the month of March-May) of vomiting and watery diarrhea in his patients[fDCPa]. The
identification of the virus occurred in the year 1972 and it was being detected in the sampled
stool from the outbreak [fDCPa][SPS08]. In 1968, the first recorded outbreak of the viral
gastroenteritis infection occurred in an elementary school in the American town of Norwalk,
Ohio [fDCPa]. The outbreak of the virus affected both the children and staff at the elementary
school [fDCPa]. The name of the virus was coined from the place of the first outbreak. Many
other discoveries occurred, and the viruses were named based on the location of the strain or
by their physical appearances. Examples are: Montgomery County, Snow Mountain, Mexico
Hawaii and Toronto viruses. In 2002, the official genus name norovirus was approved by the
International Committee of Taxonomy of Virus due to further understanding of their taxonomy
using modern molecular techniques (like the electron microscopy). By 2012, scientific bodies,



media and health authorities referred the outbreak of the disease as Norwalk [fDCPal].
Annually, there are approximately 267,000,000 cases of the infection and over 200,000 deaths.
Most of these deaths occurred mostly in developing countries, children, elderly and immune
suppressed individuals.

According to some previous studies , in Africa, Noroviruses outbreaks and associated
gastroenteritis were first reported in South Africa in 1993 with the two strains Norwalk and
Hawaii .

In Ethiopia the study was conducted in children attending a health center in Awassa , southern
Ethiopia over six month period from December 2008 to May 2009 . The result indicates
,Norovirus was detected in 16 (8%) of 200 cases and in 4 (7%) of 57 controls . Norovirus Gll.3
was the strain most commonly detected in 8 (40%) of 20 and ten other genotypes were also
detected .

1.2 Mode of NorovirusTransmission

Norovirus is a highly contagious virus, when introduced in a host it attach to the outside cells of
the small intestine and transfers its genetic material into the human cells [Mar]. Then, the
norovirus multiplies, kill the human cells and attaches to more cells of the small intestine[Mar].
Virions that is less than 10-100 is sufficient to create an infection and rate at which they spread
is really fast [SPS08]. During peak sheddig in feces, an approximate of 5 million doses might be
contained in each gram [Mar]. Human are known to be the main host of this virus [SPS08]. The
transmission of the norovirus infection occurs through several routes and it can be either be
through a direct or indirect route. The primary mode of transmission is through direct person-
person contact for example caring, sharing utensils or food with an infected person. An indirect
mode of transmission is through food borne or water borne transmission [LGP+12]. 50 percent
of the outbreak of norovirus infected is caused by food borne transmission. For example it can
occur through ingestion of contaminated water and food [Mar][LGP+12]. Another means is
through the environment for example the spread of virus through aerosolized vomit into the
environment. Virus can stay outside the human host for a long period of time and this depends
on the surface they stay and the temperature [Wel]. An infected person is contagious from the
day they begin to feel ill till when they recover. The norovirus is mostly shed in stool but it can
be found in the vomit of an infected person [Mar]. After the infection, the peak viral shedding
of the virus to the environment occurs between 2-5 days [HVL+11], 30 percent of the norovirus
infections are asymptotic. In this case an asymptotic person can shed the virus but the virus
shed in asymptotic person is less than symptomatic person [HVL+11] .



Norovirus is the leading cause of acute gastroenteritis in human for all ages. The incubation of
the virus is between 12-48 hours but less often it might be down to 12 hours. Symptoms
associated with this virus are nausea, non blooding diarrhea, vomiting and abdominal cramp
[HVL+11]. Healthy individuals can get better from the illness between 1-3 days but the illness
can be severe. lliness lasting for more than 4-6 days occur in young children, elderly persons
and hospitalized patients [HVL+11] . The infection can lead to malnutrition, severe diarrhea
which can be life threatening. Diarrhea and vomiting caused by the virus leads to dehydration
and this can be very serious for infected children and elderly ones. When dehydration is ignored
or not treated then the symptoms tends to be life threatening in both the children and elderly
ones [gR].

1.3 Control Strategies

The spread of norovirus infection can be prevented through some control strategies. The main
two control strategies are treatment strategy and basic control measures strategy .

1.3.1 Treatment Strategy

Norovirus cannot be treated with antibiotics because it is not a bacterial infection and there is
no treatment available for norovirus [Mar] but the treatments administered to an infected
person aims to help in avoiding the complications that comes along with the illness. One of the
complication is dehydration which is the loss of water from the body as a result of frequent
vomiting and diarrhea. As a result of dehydration, patients maybe be hospitalized. Symptoms
associated with the dehydration are dry mouth and throat, dizziness and reduced urination.
Patients are advised to drink plenty fluid such as water, gatorade and children should take
pedialyte. Drinks with high sugar content, alcohol, caffeine are advised to be avoided during
this period because they can alter an increase in diarrhea.

1.3.2 Basic Control Measures Strategy

In order to reduce the level of norovirus infection in a community, the basic control measures
are hand hygiene and cough etiquette, the usage of personal preventive equipments, proper
disinfection and cleaning of contaminated surfaces, washing of items that is contaminated with
stools and vomits, foods should not be handled by an infected person.



1.4 Objective Of The Thesis

The objective of this thesis is to study the transmission dynamics of norovirus in a population.
In particular, thedeterministicmodel will be designed and used to gain qualitative insight into
the disease dynamics and to evaluate control strategies. The model will be rigorously analyzed
using some dynamical system theories and techniques. The numerical simulations the model
will also be carried out . The thesis outline is organized as in chapter one the epidemiological
properties of norovirus is briefly described , in chapter two some theories used for the analysis
of the model are summarized , in chapter three the model is formulated and qualitatively
analyzed, in chapter four numerical simulations are reported , in chapter five the result of the
thesis is generated and in chapter six conlusions of the thesis described .

Some of the questions to be addressed in this thesis are:

i . What are the qualitative features of the model of the transmission dynamics of the
norovirusinfection. We will be determinethe stability of the equilibra of the model.

ii . To determine the best control strategy that helps in controlling the spread of the viral
infection.

iii . To determine the community impact of the two combined control strategies :The treatment
and basic control measure strategies.

1.5 Norovirus Transmission Dynamics Modeling Review

Norovirus is one of the leading causes of viral gastroenteritis worldwide and responsible for
substantial morbidity, mortality and healthcare costs. To further understanding of the
epidemiology and control of norovirus, there has been much recent interest in describing the
transmission dynamics of norovirus through mathematical models. In this study, we review the
current modelling approaches for norovirus transmission. We examine the data and methods
used to estimate these models that vary structurally and parametrically between different
epidemiological contexts. Many of the existing studies at population level have focused on the
same case notification dataset, whereas models from outbreak settings are highly specific and
difficult to generalise. In this review, we explore the consistency in the description of norovirus
transmission dynamics and the robustness of parameter estimates between studies. In
particular, we find that there is considerable variability in estimates of key parameters such as
the basic reproduction number, which may mean that the effort required to control norovirus
at the population level may currently be underestimated.



The majority of norovirus transmission models take a compartmental approach where the
population is split by disease state. Most commonly, the population is divided into susceptible,
infected and recovered classes (SIR). A latent, or exposed, compartment (E) is also commonly
included in models for norovirus. The latent compartment is necessary to examine the potential
effectiveness of controls targeting infected individuals . Within such an SEIR model, the
population is distributed into four states where susceptible individuals may become exposed if
they come into contact with infected individuals. Once exposed, individuals progress to be
infectious and then recovered or removed. In the simplest case, transitions are assumed to
occur at a rate inversely proportional to the duration of time spent in each compartment . The
number of individuals in each disease state at any time can be described by a set of coupled
ordinary differential equations as,

S=N- BSI-us ,

E=BSI - aE—uE ,

I= aFE - yI-ul,
R=yI-uR,
where,

U is the per-capita birth or death rate; £, the transmission rate; a, the rate of latency loss and
y , the recovery rate.

This basic framework can be adapted to include age or spatial structure, stochastic transitions
or additional infectious states such as asymptomatic infection. The duration of immunity to re-
infection with norovirus is likely to be short lived. This basic SEIR structure may suffice for
describing single epidemics of norovirus, but modelling the longer term between season
dynamics of norovirus requires additional flows to describe this waning of immunity .



CHAPTER TWO

SOME MATHEMATICAL PRELIMINARIES

In this thesis some definitions and the main theories used are briefly described in this chapter .
2.1 EquilibriumOf Autonomous Ordinary Differential Equations

Biological processes are being described by autonomous (or non-autonomous ) differential
equations [not] .

In this thesis ,the autonomous ordinary differential equation system that will be considered is

dy n

The differential equation is called autonomous because the vector function does not have an
explicit dependence on the independent variable t [not] .

Definition : [Izh] If we have an autonomous differential equation % = f(y), then an

equilibrium point of the autonomous system is a state y € R satisfying f(y) = 0.

2.2 Stability

The equilibrium point ¥ of the autonomous differential equations can be either unstable (that is
close by trajectories move away from the equilibrium point ) or stable nearby trajectories can
either move closer or they do not move from the equilibrium point).

Definition : [MLSS94] An autonomous system of equilibrium point of state y € R" is said to be
stable if for any neighborhood N of the equilibrium there exist a neighborhood N’ contained in
N such that all the solutions that start in N’ remainin N .

Definition : [MLSS94] An autonomous system of equilibrium point of state y € R" is said to be
unstable , if the equilibrium point of the system is not stable .

Definition : [MLSS94] An equilibrium point ¥ € R™ is known to be locally stable if all the
solution that starts near the equilibrium point ¥ remains near the equilibrium point .



Definition : [Pau] An equilibrium point y € R™ is known to be globally stable if all the initial
solutions of the model approaches the equilibrium as t approaches to infinity .

Definition : [MLSS94] An autonomous system of equilibrium point of the state y is said to be
asymptotically stable if it is stable and there exists a neighborhood of the solution such that
any solution starting in this neighborhood tends to the equilibrium point as t tends to infinity .

Definition : [MLSS94] An equilibrium point y is locally asymptotically stable if the
equilibrium point is stable and as t tends to infinity all the solutions near the equilibrium point
tends to the equilibrium point .

Definition : An equilibrium point is said to be in the basin of attraction if it consists of all points
such that a solution that starts from the basin of attraction tends to the equilibrium .

2.3 Lyapunov Function Theory

In order to make conclusion about the trajectories of an autonomous ordinary differential
equations without solving them , we use Lyapunov theory as follows .

1 .Definition : A function IV: R™ — Ris said to be positive definite if
i)Wx)>0,vx#0

i)V(x)=0,if andonlyif x =0.

2 .Definition : A function V: R™ — R is said to be a Lyapunov function if

i )V is positive definite

i) The derivative is negative definite (or semi-definite) . That means V < 0,V (0) = 0

3 .Definition :[ M.S][12] The LaSalle’s principle : The LaSalle’s principle is used explore the
relationships between the state variables and also to show the asymptotic stability when the
derivative of the definite function V(x)is only negative semi-definite .



Consider an autonomous system of the form
x=f(x),f(0)=0.

Aset M c R, is aninvariant set if x(0) € M implies x(t) € M,Vt and it is said to be
positively invariant set if x(0) € M implies x(t) € M,Vt > 0.

4 .Theorem (LaSalle’s Invariance Principle) [[Sch]] : Let Qc D c R"™ be a compact set that is

positively invariant of the system % = f(y),y € R" and let V: D — R be a differentiable
function such that V(x) < 0in Q. Let E c Qbe the set of all points in Q where V(x) = 0

Let M c E be the largest invariant set in E . Then every solution starting in Q approaches M as

t—> oo,



CHAPTER THREE
MATHEMATICAL FORMULATION OF THE MODEL
3.1 Model Formation

The model for the transmission dynamics of norovirus infection in a population of people in a
community is designed by sub-dividing the total relevant population at time t, denoted by

N(t), into mutually-exclusive compartments of susceptible (S(t)), early exposed (E;(t)), late
exposed (E,(t)), symptomatic (I(t)), treated (T (t)) and recovered (R(t)) individuals, so that

N(t) =S(t) + E;(t) + E;(t) + I(t) + T(t) + R(t).

The concentration of virus (norovirus) released into the environment, at time t, is denoted by
D(t). The population of susceptible people (S(t)) is increased by recruitment of people into the
community (by birth or immigration) at a rate I1; and by the loss of infection-acquired
immunity (at a rate ). It is diminished by direct person-to-person infection (at a rate B ; where
0 < 6z < 1is a modification parameter accounting for the assumed reduction in infectiousness

of late exposed individuals in relation to symptomatic individuals) and by infection following
D(t)

Kp+D(t)’

the ingestion rate of viral particles by humans from contaminated sources (mostly from fecal,

contamination with viral particles in the environment at a rate 4, (t) = 5y wherefyis

water or food contamination),Kis the half-saturation constant (carrying capacity) of the viral
D(t)

Kp+D(t)’

account for the probability that an individual acquires norovirus infection given a contact with a

is used to

population. In this formulation, the Michaelis-mentenincidence function,

contaminated source. This population is further reduced by natural death (at a rate uy; this
rate is assumed for all human compartments)

ds(t)

=M+ &R = By (P5) s = By (

D
Kp+D

)S—yHS.

The population of early-exposed individuals (E;(t)) is generated following the infection of
susceptible individuals. It is reduced by progression to the later-exposed class (at a rate y) and
by natural death, so that:

0= 5y () + () 75—




The population of later-exposed individuals (E,(t)) is generated at the rate y. It is reduced by
development of clinical symptoms of the infection (at a rate o),recovery (at a rate g, and
natural death. Thus,

dE;(t)
# =YE; — 0E; —YgE; — uykEy.

The population of individuals with norovirus symptoms (I(t)) is generated at the rate 0. It is
diminished by treatment (at arate t) recovery (at a rate y;), natural death and disease-induced
death (at a rate §). Hence,

ait) _

dt O'EZ—TI—?./)II—MHI—6I

The population of treated individuals (T(t)) is generated at the rate 7 . It is reduced by recovery
(at a rate Y > ), natural death and disease-induced death (at a rate 1 < §;). Thus,

O ool — T - pyT - 5, T.

The population of recovered individuals (R(t)) is generated following the recovery of late-
exposed, symptomatic and recovered individuals (at the rates Y, Yiand 1 respectively). It is
decreased by loss of infection-acquired immunity (at the rate €) and natural death, so that:

dR(t)
dt =YgE, + Y I + ;T — R — uyR,

The norovirus viral concentration in the environment (D(t)) is increased by the natural growth
of the virus (at a rate IIp and by the excretion of the virus by later-exposed, symptomatic and
treated individuals (at the rates ¢, ¢piand ¢t respectively). This population is decreased by the
natural loss of the viral particles (at a rate pp).

Hence,

dzgt) = HDD + ¢EE + ¢II + ¢TT - ‘LlDD

10



It follows, based on the above derivation that the model for the transmission dynamics of
norovirus infection in a population is given by the following deterministic system of nonlinear
differential equations:

dz—(tt)=HH+fR—ﬁH(9EE2+I)S ﬁV(K +D)S HuS,

0 = By () S + By (525) S = VEL = mnEr,

dE,(t)

- YE1 — 0E; —YpE; — uykE,,

4O - 6B, — 1l — 1 — pyl — 81, (3.1.1)

dt
dar(t)
Tk Tl = P11 = unT- 61T,
dR(t)
=YgE, + Y I + ;T — R — uyR,
dp(t)
a =MpD + ¢pgEy + ¢ 1 + T — ppD .

11



H

OB+ 1)+ 27y

Figure 3 : Diagram of the model

12



State variables descriptions of the model :
S(t) Population of susceptible individuals
E;(t) Population of early-exposed individuals
E,(t) Population of late-exposed individuals
I(t) Population of symptomatic individuals
T(t) Population of treated individuals
R(t)Population of recovered individuals

D(t)Viral concentration in the environment.

Descriptions of parameters of the model:

[15 Recruitment rate of susceptible individuals

& Rate of loss of infection-acquired (natural) immunity
PuRate of direct human-to-human transmission
0xModification parameter for reduction of infectiousness of late-exposed individuals
By Infection rate from contaminated sources

K Carrying capacity of viral concentration in the environment
Uy Natural death rate

y Progression rate to late-exposed stage

o Rate of development of clinical symptoms

T Rate of Infected individuals.

Y Recovery rate of late-exposed individuals

Recovery rate of symptomatic individuals

r1Recovery rate of treated individuals

¢eViral shedding rate by late-exposed individuals

¢Viral shedding rate by symptomatic individuals

¢1Viral shedding rate by treated individuals

13



6 Disease-induced death rate for symptomatic individuals
d7Disease-induced death rate for treated individuals
[IpNatural growth rate of viral particles in the environment

uoNatural death rate of viral particles in the environment .

3.2 Analysis Of The Model

In this thesis , the model monitors the population of people in a community and all its
associated parameters are non-negative . Then the following non-negativity result holds .

Theorem : The variables of the model (3.1.1) are non-negative for all time . In other words,
solutions of the model system (3.1.1) with positive initial data remain positive forall t > 0.

Proof .
Let t; =sup{t>0:5S>0,E;,>0,E,>01>0,T>0,R>0,D>0}.Thent; >0.

Now , let we start from the first equation of the model (3.1.1) as ;

% =1y +¢R(t) — A(t)S(t) — uyS(t) = My — (A(t) + uy)S(t),(3.2.1)  where,

A(t) = Bu@BatD | BvD i35 9)
N KpD

Thus, inequality (3.2.1) can be re-write as

ds
— = My = (A0 + m)S®

This implies that g + (A(t) + ug)S(t) =My .

Multiplying both sides by integrating factor I.F = exp {,th + fot A(x)dx} , then the above

inequality becomes

t

d t
a S(t)exp ,th+fA(x)dx > HHexp{,th+f A(x)dx}
0
0

Integrating both sides of the inequality , then it follows that



t1 t1 y

S(ty)exp ,th1+f A(x)dx ; — S(0) ZfHHexp ,tu+f/1(x)dx dy
0 0 0

So that,
t1 ty t1
S(t) = S(0)exp {—thl — fo A(x)dx} + [exp {—,thl — fo A(x)dx}] fo HHexp{tu +
J) 2(x)dx}dy > 0.
This implies that,

S(t) > 0, which completes the proof.

Similarly , it can be shown that all other variables (Ey, E;, I, T, R, D) of the model are non-
negative for all time t greater than zero .

The above result can also be established by considering the region :

D =Dy XDy c RS XR, ,

with ,

Dy = {(S,Ey, Ep, 1,T,R) € RG:S + Ey + B + 1 +T +R =NS2—:},and

Ny(Ppe+dr+ér
Dy=31D : D < ——————¢.
v { —  pp(pp-Tp) }

Then, we claim the following result .

Lemma : The feasible region D = Dy X Dy € RS X R, is positively-invariant set for the model
(3.1.1).

The proof of the above Lemma is as follows .

We start by adding the first six equations of the model (3.1.1) , that means

dN _dS  dE, dE, dl dT dR
dt dt dt dt dt dt dt
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ﬁH(HEEZ + I) ﬁVD

N " Kp+D

ﬁH(QEEZ + I)S + IBVD
N Ky + D

S —uyS + S

_yEl - “HEl +yE1 - O-EZ - IIJEEZ _‘LLHEZ + O-EZ - TI - 7./]1[ _I'I‘HI - 61 +TI
— YT — pyT — 67T + YgEy + Yl + 7T — SR — puyR

=My — uuS — puEy — ugEs — pul —uyT — pyR — 61 — 67T

=Ny -GS +E +E,+1+T+R)uy — (81 + 6;T)

=1y — Nuy — (61 +
<Ily — Nuy.
This implies that,
w <y —uuyN

It follows that,

<0, if Ny—puN <0.

And hence,
[y — uyN <0, implies—uyN < —
Thus,
Wooif N8
dt Uy
Now , considering
dN
a < Iy —uuN,
Implies ,
dN < dt
HH—HHN N
This is the same as saying,
t t
=]
—=<
My — puN
0 0

57T)

. I
I, , this true when N > M—H
H

16



My —uyN
—————— > exp{—puyt} = e Hut
My — uyN(0) "

My — uyN = e 1t (Ty — pyN(0))
—upN = e Pt (Il,;) — e it (uyN(0)) — Iy

N(O)uye Ht 4 My (1 —e™#h)

Uy Hu

N(t) <

I
N(t) < N(0)e kut + (1 — g-uut)
Uy
In particular,

N <2 if N@O) <22
HH HH

Consider the last equation of the model (3.1.1) as

Z_? =pD + ¢gEr + ¢11 + ¢rT — pD(3.2.3)

By using E, < H—H, I < il , T < O i the above equation (3.2.3),
UH UH UH

dD
—— =1pD + ¢pgEy + ¢ 1 + ¢7T — upD

dt
I I1 I
<MD+ pg—+ ¢y —+ pr— — upD
Uy H H
I1 + ¢; +
_Mu@etditdn) L
Uy
This implies,
dD TNy(¢pg + ¢+ ¢r)
— < — —
dt = i (up —Mp)D
I1 + ¢; +
dD S( (g + o + ¢1) ~ (up —HD)D> dt
Uy
aD < dt
o <
H(¢E:L':51+¢T) _ (,uD _ HD)D

17



Integrating both sides of the inequality,

t

t
dD
an(¢E+¢I+¢T) = fdy
5 T—(MD—HD)D 5

[y (¢e + @1 + dr) — puu(up — Mp)D(L)) o
My (g + ¢y + ¢r) — uy(up — p)D(0)) > exp{—(up — Mp)t}

Ny (pg + ¢ + ¢dr) — pu(up — Mp)D(E)

> exp{—(uy — HD)t}(HH(d)E + ¢, + ¢r) — ty(up — HD)D(O))
—uy(up —Mp)D(L)
> exp{—(up — Np)t}(My (Ppr + &1 + 1) — py(up — 11,)D(0))
— My (¢ + &1 + o7)
My (g + ¢1 + é1)

D(t) < D(0)exp{—(up — Mp)t} +

iy (= exp(=(up = TIp)))

Therefore

My(pp+dr+ér) . Ny (PpetPr+ér)
D(t) < ————— D) —M————
) < py(up—Tp) if D(0) = uy(up—Tp)

Hence, the region D is positively-invariant (so that it is sufficient to consider the dynamics of
the flow generated by the model (3.1.1) in D ) . In this region , the model will be considered
mathematically and epidemiologically well-posed [HH] .

3. 3 Disease-free equilibrium of the model
The disease-free equilibrium (DFE) of the model (3.1.1) exist at the point
&=(S* ,E",E,", I",T*,R*,D")
= (™% ,0,0,0,0,0,0).
HH

The disease-free equilibrium is composed of only the susceptible population because there is
no infection at this equilibrium state. At this state the infected population is zero.

Lemma :The disease free equilibrium of the model is locally-asymptotically stable at the point
& , Whenever the reproduction number is less than unity.

18



The above lemma implies that norovirus can be eliminated from the community (when the
reproduction number is less than unity) if the initial sizes of the sub-population of the model
are in the basin of attraction of the disease free equilibrium(gg) .

3.4 The Basic Reproduction Number

The basic reproduction number denoted by Ryand is defined as the expected number of
secondary infections per generation given one infected individual is introduced to an entirely
susceptible population . The reproduction number measures the average number of new
infections generated by an infectious person and a single diarrheal particle in a population
where infectious individuals are treated .The reproduction number allows to predict whether
the disease will become endemic or die out and also to determine the effective control
measure . If R, > 1, then each infected individual produce more than one secondary infected
individuals and as a result of this, the disease will spread into the susceptible population . If
Ry < 1, then each individual produces on average less than one infected individual [SG13]
.Then basic reproduction number of the model is given by :

_ YBu(Opkskaks + okyks) + NyyBy(Peksks + ¢proky + Ppro1)

R ,
° 15=1ki UpKp H? ki

where,

ki=yv+ug, ko=0+yYg+uy, ks=1+Y;+uy+6,ky, =Yy +uy +6r, ks=
pup — Ip

This reproduction number is derived from the next generation operation method . The next
generation operation is a simple approach for determining the local stability of a linear system
of ordinary differential equations (ODEs) and is used when the population is divided in to
mutually-exclusive n [SG13] . So that, the local stability of disease-free equilibrium (&) of the
model (3.1.1) will be described using the next generation operator method [DHM90, dDW] . By
using the notation in [dDW], the non-negative matrix F' of the new infection terms and the

M-matrix ,V of the transition terms associated with the model (3.1.1) are given respectively by
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II
0 Pubs Bu 0 ZCE k, 0 00 0
pHH -y  ky 0 0 0
000 0 O k
F = andV=| 0 -0 3 0 0
00 0 0 O 0 0 k0
000 0 O :
0 0 0o 0O 0 —¢r —o: —¢r ks

Then the basic reproduction number of the model denoted by ,R, = p(FV 1), where p is the
spectral radius and is given as above formula .

3.4.1 Interpretation Of The Basic Reproduction Number

YBH(Opksksks+okaks)
Hiszl ki

The terms which are the first term ( )and the second term

(nHﬁw(¢Ek3k4+¢zak4+¢rar)
uaKp 13-, ki
interpreted as follows .

) in the expression for basic reproduction number can be

The first term in the basic reproduction number accounts for viral contribution by infectious
humans ( that is in the classes of E; and I) . The average number of new cases generated by

individuals in the late-exposed (E;) class near the disease free equilibrium , denoted by Cg, is

the product of the infection rate of late-exposed individuals (—— EBHS

), the probability that an
early-exposed individual survives the early-exposed (E;) stage and move to the late-exposed

(E,) stage (that is # = kl) and the average duration in the late-exposed class
H 1

(that is — 1 - i) . Thus, noting that at the disease free equilibrium S* = N*,
o+ye+tuy ke
7]
C, = YOePu
kik;

Similarly , the number of infectious generated by infectious individuals in the symptomatic class
(I class) near the disease free equilibrium , denoted by C,, is the product of the infection rate

of symptomatic individuals (8 %) , the probability that a late-exposed individual survives the

late-exposed (E,) stage and move to the symptomatic stage 1 and the
P (E2) & ymp & ((V+MH)(U+¢E+I~¢H) k1k2)
1
average duration in the symptomatic (/) class (————— = —) .Thus
g ymp (N Crots ks)
_ Yo BH
! I kikok3

The sum of Cr and C,gives the first termin R, . That is
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Cot C = YBuOk + YBuo _ ks(yBuOk) + vBuo _ YBuOgks + yfuo _ YBu(Ogks + o)
EUMT kiky  kykgks kikyks kikyks kikaks

_ <V.3H(9Ek3 + U)) (k4k5) _ YBu(Ogks + o)k ks _ YBu(Ockskyks + ok, ks)

kikykes kaks) — kikakskaks i1 ki

This implies that

Opkskyks+aksk . . .
Cg + €, = YOk aks tokakts) ) pich is the first term in R, .

i=1 ki

The second term in R, (the basic reproduction number) accounts for
viral shedding to the environment by infected individuals . The viral shedding by

individuals in the late-exposed (E;) class, denoted by V5 , is the product of the infection (via
s* My

=By

Kp unKp

contamination) rate (,BV ) , the probability that an individual in the early-

exposed(E;) class survives and move to the late-exposed (E;) class (ﬁ = kll) , the average
duration in the late-exposed (E,) class (m = kiz) and the net of viral secretion by
individuals in the late-exposed (E;) class (ﬂ:i—EHD = i—:) .
And hence,
v = _Prlludey
unKpkikaks

Similarly , viral shedding to the environment by individuals in the I class is the product of the
S*
Kp

infection rate (,BV ), the probability that an individual in the early-exposed (E;) class survives

and move to the late-exposed (E,) class (# = kl) , the probability that an individual in the
H 1
late-exposed (E,) class survives and move to the I class ( Z = i) , the average duration
o+yYr+un ks
inthe I class (; = l) and net viral secretion by I individuals (L = ﬂ) . Thus,
T+ Pr+ug+s ks up—llp ks
Vo= Bvllyyod,
1 -_ .
tuKpkikoksks
Finally, viral shedding by treated individuals is the product of the infection rate (ﬁV; ) , the
D
probability that an individual in the early-exposed (E;) class survives and moves to the late-
exposed (E,) class (# = kl) , the probability that an individual in the late-exposed (E,)
H 1

class survives and move to the I class ( Y = 1) , the probability that an individual in the

y+yrtug ke
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. T T . .
I class survives and moves to the treated class (— = —) , the average duration in the
T+Yr+uyg+s k3

1 _ 1 . . T ¢t _ ¢t
T class (—wr+uﬂ+6r = k4) , and the net viral secretion by treated individuals (MD—HD = ks) .
Thus,
_ Bvllyyotdr
Vp = ———5—
uaKp [T7=1 ki

The sum Vg + V; + Vygives the second term of Ry . That means :

Bylyyde Pylpyod, Pylyyotpr
UnKpkikoks = upKpkikoksks  ugKpkikokskyks

_ k3ks(BullyyPp) + ka(Byllyyod,) + Byllyyotdy
uuKpkikzkskaks

_ By (Peksks) + Byllyy(¢oky) + Byllyyotdr
unKpkikykskyks
_ Bylnyy(Peksks + ¢iok, + oThr)
U Kp l'[?=1 k;

BvIlpy(Peksks+pioks+atdr)
1eKp T3, ki

VE+VI+VT=

This implies the sum Vp +V, + V; = , Which is the second term in

the basic reproduction number R .

Theorem . (Global Stability of DFE) : The disease free equilibrium of the model (3.1.1) is
globally asymptotically stable in the set D whenever the reproduction number is less than unity

Proof

Consider the Lyapunovfunction :

F=a.E;y +aE;, + a3zl +a,T+D ,
where ,

— Y(BHOEK3k4ks+Brokakstm ppkskstmioprks+miotedr)
kikakzkam,

’

a

— BuOEk3ksks+Broksks+myppkska+myisPikatmyotdhr
kaokskamg

a,

’
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_ Buksks + mypky + myThr

as

0 = br
4 — 7
ky
. n
with, my = I[jV—“H,
DHH

The Lyapunov derivative (where dot represents differentiation with respect to time) is given by

j: = alEl + azEz +a3i +a4T+D

Orkakike + Brokik: + m kik, + miod ks, + myotT
:[V(BHE345 Bruokks 1Ppksky 10¢k, 1 ¢T)l(AS—k1E1)

kikykskymy

n [.BHHEk3k4k5 + Buoksks + my¢pgksk, + miop ik, + miotpr

] (YE1 — k2E3)

kokskamy
o+ |Prtets TP TMIT| (0B, — keyl) + 25 (2] — kaT) + By + i1 + $7T — kesD.
k3k4,m1 ks
Since S(t) < 04 in the region D and v~ &, it follows that
Uy Kp+D Kp
pu(6gE, +1)S  ByDS [y By D
AS = < O-E i = O-E I D.
N +KD+D_'BH(E2+)+HHKD Pu(6gE;, +1) + my
Hence,

. Ogksk, ke + kiks + kik, + ky +
7 < Y(ﬂH ER3K4Ks ﬁHO' 4 5k1k72nk1:;cinjl4 m10'¢1 4 m10’T¢T)l [,BH(QEE2+I)

+my D]
[PuOpkskaks + Pyokyks + myppksky + myogp ky + m1UT¢T]
(YE,
I koksk,m,y

(Bukike + myd ks + mqyT
o [Prkaks + midiky +my ¢T)] (0E, — ksD) + 1 (o1 - kaT) + ¢y + ¢l + T — ksD .
] ksk,my ks

+

It can be easily seen that the coefficients of E; and T in the inequality (3.4.1) equal zero .
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Collecting the coefficients of E, ,I and D in (3.4.1) and then gives

Pubcks PBubpy(Bubpksksks + Puoksks + myppksk, + myod ik, + myotdyr)
F<|- + E
kikyksk,my

4l Brks ,BHY(.BHHEk3k4k5 + Buoksks + mipksky, + miod ik, + myotrdr) I
my kikokskamy

Y(BuOgksksks + Pyoksks + mydpgksks + myop ky + myordr)
+|—ks + D
kikoksk,

_|_ BrOEks .BHHEkSV(.BHHEk3k4k5 + fuoksiks + mypgksk, + myogpky + myotdr) ;
my kikykskyksmy 2

4l Brks ,BHks)/(ﬁHHEk3k4k5 + fuoksk, + mypgksk, + myopk, + myotdr) I

Yks(BuOgksksks + Byoksks + mydppksk, + myop ks + m1UT¢T)l D

* l_ks kikokskyksmy

_ PuBeks 14 VBH(HEk3k4k5+ak4k5) N ymy(pgksky + opiky + 0Thr) E
my kikokskyks kikokskyks 2

Brks YBu(Opksksks + okasks) ymy(Pprksks + opiks + oThr)
+ 1+ - + -
my i=1 k i=1 k

+ lk < 14+ YBu(Ockskyks + okyks) + ymy(Pgksks + ok, + 0T¢T)>l
S\ 5 k; 5k,
i=1 L

l_

_ [ﬂHeEkS < 1+ YBu(Ogkskyks + okyks) + YuPBv(Pekskys + ok, + 0T¢T)>l E
=l—\- 2

my ?=1ki /’LHKD H?=1ki

+ Brks (_1 YBu(Ogkskyks + okyks) + YuBy(Ppksks + ok, + UT(PT))]
my ? 1k U Kp H k;
YBu(Ockskyks + okaks)  yIyPy(Ppksks + odiks + o1hr)
+ ks [ -1+ . + D
i=1 k; U Kp l_[l— k;
O-k
= BuO%ks ) 1yE, + P 5(R0—1)1+k5<R0—1)D

1

k
= m_s (,BHBEEZ + Byl + m1D)(R0 -1)
1
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This implies that,

F <55 (B405E, + Byl + mD)(Ry — 1) .

mq

Since all the parameters and variables of the model are non-negative , it follows that F < 0 for
Ry < 1withF =0ifandonlyif E, = = D = 0.Hence, ¥ is a Lyapunov function on D . Thus
it follows by the LaSalle’s Invariance Principle [Hal] , that

tlim E,(t) = O,Eim I(t) =0 ,gim D(t) =0.(3.4.2)

It follows from the first equation of the model (3.1.1) that

ds
7t = Wu 8RO = AOSO) = puS@) 2 My = (A0) + 1S (),

where,

A(t) = ﬁH(HIISVEzH) + KﬁV+DD ’
D

imA(t) = 0. (3.4.3)

t—co

This implies ,tlim supA = 0, it follows that , for sufficiently small @* > 0, there exists constants
—00
M; > 0 such that tlim supl < @w",Vt > M;. Hence, it follows the second equation of the

model (3.1.1) that, fort > M, ,

dE, @'y
- S - klEl
dt Uy
4By
This implies , = 4—— < 1
—k1E;
Uy
aky
dt
— <1
w*Il -
2 klEl
HH

Now , integrating both sides of the inequality,

1

t dE
f dt
ZD'*HH
0 - klEl
HH

IA
O\H
QU
=

Then we have,
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ZD'*HH

—kqE1(t)
mi‘gH > exp{—K t}.
™ —k1E1(0)
Therefore,
*T1 w1l
= — ki By (1) = ( u = — k1 E1(0))exp{—K t}
H
oy
Ei(t) < exp{—K;t}E;(0) + kot (1 — exp{—K;t}
14y
Hence,

‘ID'*HH
kivn

E” = tlim supE; < ,
So that, by letting@w™ - 0,

EP = tll_)rglo supE; < 0. (3.4.4)

Similarly , it can be shown that

Eieo = lim infE; 2 0. (3.4.5)

Thus, it follows from (3.4.4) and (3.4.5) above that

Eio = 0> EP.

Hence,
e limE; =0. (3.4.6)
Similarly , it can be shown that
- lim S(¢) = 2—: ,lim 7(6)=0,lim R(£) = 0. (3.4.7)

Thus , by combining equations (3.4.2) ,(3.4.6) and (3.4.7) , it follows that every solution of the
equations of the model (3.1.1), with initial conditions in D , approaches to the disease free
equilibrium point (gg) ast = oo (forRy < 1) .

The above result shows that norovirus can be eliminated from the community if the associated
reproduction number of the model is less than unity . The figure below is a numerical
simulations of the model (3.1.1) using different initial conditions when the reproduction
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number is less than unity . From the figure all solutions converges to the disease free
equilibrium .

250 T T

200

150

100

Number of Infected Individual

50 i

1I0 2IL‘I SIO 4I0 50
Time (days)

Figure 3.1 : Simulations of the model (3.1.1) showing the number of infected individuals as a function of
time for Ry < 1. Parameter values used are as given in table (4.1) with Sy = 0.65,5 = 0.00083 ,Kp =
107 ,and y = 0.000325,s0 that R, = 0.6782 < 1.

3.5 Endemic Equilibrium Point

The endemic(positive) equilibrium point of the model is equilibria where at least one of the
infected components of the model is non-zero .

Let the endemic equilibrium point of the model represented by 9 and defined as
81 — (S**, El**, EZ**; I**, T**,R**,D**)
Then further defined™ as

A** _ BH(QEEZ**+I**) + BVD**
- N** Kp+D** ’

(3.5.1)

( the force of infection of the model at steady-state) .

By solving the equations in the model (3.1.1) at steady-state, it follows that
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S** _ kqikoksk hlly E *k kokskahIIgA*™* E *k kzks hyHgA™™
- A5 4 1 - A 4 2 - A ’

p1A™ D2 P14 +D2 p1A™"+D2
I** — k4h0']/1_[H/1** ok hTUVnHA** L VmHHA** (3 5 2)

piA+py p1A*+py p1A4py T

* %
D+ = yhmlIlyA
- )
(P2 4™ + P2)ks

where

h =&+ un ,m = Y110 + Yekskat+pioks, p1 = kikaoksksh — Eym

P2 = kikakskyhpy(3.5.3)

Substituting the expressions in (3.5.2) into (3.5.1) , and noting (3.5.3) , shows that the non-zero
equilibria of the model (3.1.1) satisfy the quadratic equation in terms of 1™ as follows.

aA*)2+b(A*)+c=0, (3.5.4)
where,
a = Kpkspitoyh + Kpkspikokskoh + y2hIlym? + Kpkspiykaiksh + Kpksp,ym
+y2h2lymoy + Kpkspioyksh + yh?Mymkyksk, + y2h?ymkgks,

+y2h2lpmok,,

b = Kpkspzkakskyh — ByykshOpoKpksp, — Byyh?*NMymk,ksk, — By?h?Tymk,ky
+ykshksKpksp, + Kpksp,oykah + Kpksp,tyh + Kpksprkaksko,kih
+yh?Nymkyksk, ki — Byy?h?Nymto — Byy?hllym? — Byy 2k, h?6gcllym
—Byy?h?*lMymaok, — Buy?ksh?ksllym — ByykshksKpkspy + Kpkspaym,
¢ = Kpkspuyh?k,*ko*k3*k,*(1 — Ry) .

The endemic equilibrium points can be obtained by substituting the positive roots of A** into the
steady state (3.5.2) , it follows from (3.5.5) that a > 0 because of all the model parameters are non-
negative . Further ,c < 0 whenever Ry > 1. Thus, regardless of the sign for b in (3.5.5), the following
result is established . The figure below is a numerical simulations of the model (3.1.1) using different
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initial conditions when Ry, > 1. The figure shows the endemic state of the model when R (=
343x107) > 1.

350¢4 R

300F

250

200

150

100 1

Number of Infected Individuals

0 10 20 30 40 50
Time (days)

Figure 3.2 : Simulations of the model (3.1.1) showing the number of infected individuals as a function of

time for Ry > 1. Parameter values used are in table (4.1) with 8y = 0.65,8 =0.06 , K|, =
101! Jandy = 0.325(sothatR, > 1).
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CHAPTER FOUR
NUMERICAL SIMULATIONS

In this numerical simulation part we will assess impact of the control strategies of transmission
of norovirus at the population level . And hence under numerical simulation of the model of the
transmission dynamics of norovirusthere are description of parameters of the model with
values and their references mentioned below .

Parameter Description of the parameter Values References
[y Recruitment rate of susceptible individuals 10970 per day [JBeal5]
& Rate of loss of infection-acquired (natural) [0.00137,0.005488] [TDJ*]
immunity per day

By Rate of direct human to human transmission [0.65,0.82 ] perday Assumed

0 Modification parameter for reduction of

infectiousness of late-exposed individuals 0.0035 per year Assumed

By Infection rate from contaminated sources 0.033 per gram [PCP* 08]
Kp Carrying capacity of viral concentration

in the environment [10°,10%1] [Kir13]

Uy Natural death rate 0.0000342 /day [Agel]

y Progression rate to late-exposed stage 0.325 per day Assumed
o Rate of development of clinical symptoms [0.0000174,0.0000192] [HVL*11]
per day

T Rate of infected individual [0.00514,0.00651] [fDCPb]
per day

YeRecovery rate of late-exposed individuals [0.33,1] per day Assumed
;Recovery rate of symptomatic individuals [0.33,1] per day [HVL*11]
YrRecovery rate of treated individuals 0.05 per day Assumed
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br, b1, Or Viral shedding [0.02,0.04]/day [HVL*11]
o) Disease induced death rate of infected [0.46,0.64]

individualsper day[fDCPb]

Or Disease induced death rate of treated [0.46,0.64]
individuals per day [fDCPb]
Iy Natural growth rate of viral particles [0.46,0.64]
in the environment per day [Bay09]
Up Natural death rate of viral particles [0.0000332,0.0000386]
in the environment per day [LGP*12

Table 4.1 : Descriptions of parameter values .

In this mathematical modeling of norovirus transmission dynamics ,we consider the control
strategies as : basic control measure strategy , treatment strategy and the two combined
strategy . And then we will see the numerical simulations of each of them one by one

4.1 The Basic Control Measure Strategy

The basic control measure strategy focuses on the prevention of the virus before infection . The
best examples of it are proper food sanitation and personal hygiene . Then this strategy was
being accounted for by the ingestion parameter 3, and the direct contact parameterfy .

That means an increase or decrease in §; and Sywill leads to the increase or decrease in the
contact rate of the population with the norovirus infection .

For the simulation of this strategy there are two effective levels considered with values are
chosen arbitrary . These are :

i) Low effective level of basic control measure strategy with 8y = 0.65 , 8, = 0.83

ii) High effective level of basic control measure strategy with 8y = 0.065, 5, = 0.0083
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Below is the figure produced during the simulations of two effective levels considered
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Figure 4.1 : simulations of the model (3.1.1) showing the two effective levels of the basic norovirus
control measure strategy with parameter values used are used in table (4.1) and for high effective level
of basic control measure strategy ,85 = 0.065, 8, = 0.083,y = 0.00325,K,;, = 101° and for low
effective level of basic control measure strategy are g = 0.65,8y =0.83,y = 0.00325,K,, =
1010,

In low effective level of the basic control measure strategy of norovirus transmission new cases
of infection are increases significantly as more than 20000 cumulated new cases were being
introduced within a year .In the case of high effective level of basic control measure strategy,
there is a significant decrease of norovirus transmission (new cases of infection) and it indicates
that less than 500 cumulative cases of infection were introduced within a year .

4.2 Treatment Strategy

Under this strategy the numerical simulations are focused to access the impact of the use of
treatments to control the transmission of norovirus . There are two effective levels of the
treatment strategy to be considered . These are :

i )Low effective level of the treatment strategy .
At this level the rate of infected individuals to be considered is T = 0.0007 .
ii JHigh effective level of the treatment strategy . At this level the rate of infected

individuals to be considered is T = 0.07 .
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So that, the figure 4.2 below shows the one which has more efficiency in controlling
(decreasing) new cases of infection by norovirus in the people of community .

The parameter values used for numerical simulations are in table (4.1) and for low effectiveness
of the treatment strategy as well as high effectiveness of the treatment strategy
Kp =101,y = 0.000325.
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Figure 4.2 : Simulations of the model (3.1.1) showing the two effective levels of the treatment strategy .
Parameter values used are given in table (4.1) .For low effectiveness of the treatment strategy T =
0.0007 ,Kp = 1011 ,70.000325and effectiveness of the treatment strategyr = 0.07 ,Kp =
1011,y =0.000325.

The figure 4.2 indicates that there is an increase in the cumulative number of new cases of the
infection with norovirus introduced for low effective strategy and there is a decrease in the
cumulative number of new cases of the infection introduced for high effective treatment
strategy . Less than 500 cumulative new cases were introduced as a result of the high
effectiveness of the treatment and 25000 cumulative new cases were introduced for the low

effective strategy .
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4.3 .The Combined Impact Of The Basic Control Measure
And Treatment strategies

For the combined impact of basic control measure and treatment strategies , we compare the
two effectiveness levels of basic control measure strategy and the two effective levels of
treatment strategy . The two combined strategies are the following .

i ) Low effective level of the basic control measure strategy and the treatment strategy
with parameter values as By = 0.65, 5, = 0.83,7 = 0.0007 .

ii ) High effective level of the basic control measure strategy and the treatment strategy
with parameter values as Sy = 0.065, 5, = 0.0083,7 = 0.07 .

Below is the figure gotten from the simulation of the combined control strategies .
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Figure 4.3 : Simulations of the model (3.1.1) showing the two effective levels of both the basic control
strategy and the treatment strategy . Parameter values used are in table (4.1) . For low effectiveness of
the basic control strategy and treatment strategy 8y = 0.65,8, = 0.83,7 = 0.0007 ,Kp, = 10!, and
y = 0.325 . For high effectiveness of the basic control and treatment strategiesffy = 0.65,7 =
0.07,K, = 10!,y = 0.325.
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CHAPTER FIVE
SUMMARY

In this thesis , the model designed and analyzed accounts for the transmission dynamics of
norovirus infection in the population . The model consists of seven mutually exclusive
epidemiological compartments . The six compartments from the seven compartments are
accounts for the human population and the remaining one is account for the virus population
.The infection rate used for this thesis considers both the direct contact with an infected person
and indirect contact with contaminated sources . The Michaelis-Menten incidence function was
used for the ingestion rate of the virus through contaminated sources .

In the thesis ,some of the theoretical and epidemiological findings of the model of the
transmission dynamics of norovirus infection made are :

i )The two equilibrium points which are the disease free equilibrium point and the endemic

equilibrium point exist and determined .

ii ) The model is globally asymptotically stable at the disease free equilibrium if the basic

reproduction number is less than unity .

Deduction made from the numerical simulations in the study are :

1) The cumulative new cases of norovirus infection decreases if there is a high effective
Basic control measure strategy .

2 ) The number of the cumulative new cases introduced into the environment decreases if

thereisa high effective treatment strategy .

3 ) The basic control measure strategy helps better in controlling the spread of the viral

disease in the community .

4 ) The best effective method is the high control basic measure and the high treatment

strategy . The combination of the two control strategies helps in reduction of the

infection impact in a community .
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CHAPTER SIX
CONLUSION

In conclusion, in order to have a disease free equilibrium in a community or the community
with a norovirus a high effective basic control measure strategy should be put into
consideration and a proper treatment strategy should be administered to an infected person in
a community in order to reduce the rate of mortality and the transmission rate of the norovirus
infection . This means that if high effective level of basic control measure strategy is
introduced(or taken) it will reduces the rate of infected people and that will help the
community in controlling the spread of norovirus in the community . Similarly , high effective
treatment strategy decrease new cases of infected individuals by norovirus in the population .

In addition since the virus has no vaccine like bacteria, then the implication of the two
controlling strategies of the spread of norovirus in a community have a better impact in
decreasing of its transmission dynamics . As the numerical simulations shows (or indicates) the
combined impact of basic control measure strategy and the treatment strategy in decreasing
(or even in controlling) the norovirus transmission (or spread) in a community .
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Matlab Code For The Control Strategies

function yeardfell

ep=[10:10:100];

fori=1:1:1

[t,y]=0de45(ef,[0:100], [900000000;50000; 1000; 5*ep(i); 2*ep(i); 2*ep(i); 6* ep(i);0]);
[t,z]=0de45(eg,[0:100], [900000000;50000; 1000; 5*ep(i); 2*ep(i); 2*ep(i); 6* ep(i);0]);
plot(t,y(:,8)); hold on;

plot(t,z(:,8), r); hold on;

xlabel(‘Time (days)’, FontSize’,14)

ylabel(‘Cumulative New cases of infection *,’FontSize’,14)

end

functiondydt = f(t,y)

piH= 11152

xi=0.0025;

betaH=0.65;

betaV=0.83;

thetaE= 0.035;

kD=10711;

muH=3.47*10A(-5);

gamma=0.000325;

sigma=1.7* 10/ (-4);

tau= 5.5 * 107(-7);
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psikE = 0.35;

psil=0.4;

psiT =0.5;

phil=0.02;

phiE=0.02;

phiT=0.02;

delta= 0.6;

deltaT = 0.46;

piD=3.5 * 107(-5);
muD=0.000914

kl=gamma + muH;
k2=sigma+ psiE +muH;
k3=tau + phil + muH + delta;
k4=psiT + muH + deltaT;
k5=muD- piD;

N = 320760000;

lambda = betaH/N *(thetaE* y(3) + y(4))- betaV *y (7)/(kD+ y(7));

R_0=(gamma * betaH *(thetaE* k3 * k4* k5 + sigma * k4* k5)/ k1* k2 * k3* k4 * k5 )+ piH *
gamma * betaV* (phik * k3 * k4 + phil* sigma*k4 + phiT* sigma* tau)/ muH* kD* k1* k2*k3 *
k4* k5;

R_O
dydt = [piH + xi * y(6)- (lambda+ muH)* y(1);
lambda * y(1)- (gamma+ muH) * y(2);
gamma * y(2)- (sigma + psiE + muH) * y(3);

sigma*y(3)- (tau + psil + muH + delta) * y(4);
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tau * y(4)- (psiT+ muH + deltaT ) * y(5);
psiE * y(3) + psil * y(4) + psiT * y(5)- (xi + muH) * y(6);
piD * y(7) + phiE * y(3) + phil * y(4) + phiT * y(5)- muD * y(7);

lambda * y(1);];

functiondzdt = g(t,z)
piH= 10970
xi=0.0025;
betaH=0.065;
betaV=0.0083;
thetaE= 0.035;
kD=10711;
muH=3.42*107(-5);
gamma=0.000325;
sigma=1.7* 10/(-4);
tau=5.5 * 107(-7);
psiE =0.4;

psil= 0.5;

psiT =0.7;
phil=0.04;

phiE= 0.04;
phiT=0.04;

delta= 0.64;

deltaT =0.5;



piD=3.5 * 107(-5);

muD=0.001

kl=gamma + muH;

k2=sigma+ psiE +muH;

k3=tau + phil + muH + delta;

k4=psiT + muH + deltaT;

k5=muD- piD;

N = 320760000;

lambda = betaH/N *(thetaE* z(3) + z(4))- betaV *z (7)/(kD + z(7));

R_0=(gamma * betaH *(thetaE* k3 * k4* k5 + sigma * k4* k5)/ k1* k2 * k3* k4 * k5 )+ piH *
gamma * betaV* (phik * k3 * k4 + phil* sigma*k4 + phiT* sigma* tau)/ muH* kD* k1* k2*k3 *
k4* k5;

R_O

dzdt = [piH + xi * z(6)- (lambda+ muH)* z(1);

lambda * z(1)- (gamma+ muH) * z(2);

gamma * z(2)- (sigma + psiE + muH) * z(3);

sigma*z(3)- (tau + psil + muH + delta) * z(4);

tau * z(4)- (psiT+ muH + deltaT ) * z(5);

psiE * z(3) + psil * z(4) + psiT * z(5)- (xi + muH) * z(6);

piD * z(7) + phiE * z(3) + phil * z(4) + phiT * z(5)- muD * z(7);

lambda * z(1);];
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