
Chapter 9

Modeling the Spread and Outbreak

Dynamics of Avian Influenza (H5N1)

Virus and Its Possible Control

V. Sree Hari Rao and Ranjit Kumar Upadhyay

9.1 Introduction

In the new millennium, the world has seen the emergence of three novel human

respiratory viruses: SARS virus (a novel corona virus) in 2003, Avian Influenza

virus (H5N1) in 2004 and an international outbreak caused by a new strain of

influenza virus 2009 A (H1N1). This novel influenza 2009 A/H1N1 virus contains a

combination of swine, avian, and human influenza virus genes. In sharp contrast to

H5N1 and SARS viruses which emerged from the Asian continent, H1N1 virus

emerged from North America (Mexico). Many important infectious diseases persist

on a knife-edge: rapid rates of transmission coupled with brief infectious periods

generate boom-and-bust epidemic that court extinction [5]. Such violent epidemic

behavior has been observed in measles [14], cholera [33], meningitis [25, 58], and

pertussis [49], among others. Several distinct mechanisms have been proposed to

explain the spread and outbreak dynamics of avian influenza virus. These examples

illustrate the need for understanding alternative spread and reinvasion mechanisms

of infectious diseases for effective management and control.

In this chapter, we investigate the spread and outbreak dynamics of low patho-

genic avian influenza virus. Avian Influenza, commonly known as Bird Flu, is an

epidemic caused by H5N1 Virus, that primarily affects birds such as chickens, wild
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water birds, ducks, and swans etc. On rare occasions, pigs and humans will also be

affected with this virus. Migratory aquatic birds, most notably wild ducks, are the

natural reservoir of avian influenza viruses that inhabit the intestines of these birds.

Infection in domestic poultry is thought to occur due to contact with these aquatic/

wild birds. Fifteen subtypes of influenza virus are known to infect birds, providing a

large pool of influenza viruses potentially circulating in bird populations. Avian

Influenza is an infection caused by a virus known as orthomyxoviridae in virus

classification. Influenza virus has only one species in it, which is called influenza A

virus. Influenza A infects humans and animals such as birds, pigs, horses, and seals.

When it infects birds, it is called avian influenza; when it infects pigs, it is called

swine influenza, and so on. Typically, avian influenza viruses occur naturally

among birds. But occasionally, avian influenza infects humans who have been in

close contact with birds, with a rich pool of genetic and antigenic diversity that

often leads to cross-species transmission. Wild birds worldwide carry these viruses

in their intestine but usually do not get sick from them. However avian influenza is

very contagious among birds and can make some domesticated birds including

chickens, ducks, and turkeys very sick and kill them. Infected birds shed influenza

viruses in their saliva, nasal secretions, etc. Susceptible birds become infected when

they come in contact with the contaminated surfaces. Domesticated birds may

become infected with avian influenza viruses through direct contact with infected

waterfowl or other infected poultry or through contact with surfaces (such as dirt or

cages) or materials (such as water or food) that have been contaminated with the

virus [1, 14, 54].

Influenza A in humans is mainly a respiratory virus that typically infects cells of

the nose and throat, but it can infect lung cells. It spreads when an uninfected person

touches contaminated surfaces or inhales viruses coughed or sneezed out by an

infected person. The recent avian strain that has been infecting humans is called

H5N1 (named for its surface glycoproteins). H5N1 kills a high percentage of people

who become infected, but thus far, the virus does not seem to spread well from

person to person. Scientists fear that a person already infected with a human

influenza A virus may become infected with the avian influenza A. If infected

with both viruses, a hybrid avian–human influenza A virus may be generated that

has two features making it particularly dangerous for human: avian H and N

glycoproteins, to which humans have never been exposed (thus the immune system

cannot quickly recognize and control the virus), and RNA from the human virus

(enabling the hybrid to spread easily from person to person).

An outbreak of influenza A (H5N1) has been reported in several countries

throughout Asia. Cases of Avian influenza A in birds have been confirmed in

Cambodia, China, Hong Kong, Indonesia, Japan, Laos, Pakistan, Thailand, and

Vietnam. Human cases of avian influenza have been reported in Thailand and

Vietnam. During this outbreak investigation, it has been determined that avian

influenza is spread from person to person. The current outbreak of avian influenza

has prompted the killing ofmore than 25million birds inAsia. In general the outbreak

of an infectious disease is dependent upon three necessary conditions as the source of

an infection, the route of transmission, and the herd susceptibility [32]. Other social
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and natural factors also play an important role in the transmission of infection, for

example the control measures and the change in temperature. The source of infection

that led to the outbreak is not clear. In some researcher’s view migratory birds are

thought to be carrying the virus [9, 40]. If migratory birds had brought the virus one

would have expected outbreaks well before February as birdmigrationswere over by

around November. So we consider in our problem the source of outbreaks of bird flu

to be the transportation of infected poultry as globalization has turned the chicken

into the world’s number one migratory bird species. We have assumed that it is

mainly due to the human activities of commerce and trade that spread this epidemic.

We acquired some important information about bird flu such as the virus H5N1 is

sensitive to temperature changes and the virus survives for shorter time at a high

temperature. Also there are many effective control measures to block the virus

transmission such as compulsory vaccination, culling of all infected or exposed

birds [3]. Indeed, in the absence of such control mechanisms this avian influenza

may pose a big threat to global health care [17, 29, 42, 45, 53, 61].

9.2 Some Biological Preliminaries

In this section, we present some material that helps one to understand the avian

influenza H5N1 virus.

9.2.1 Viral Structure and Taxonomy

A virus, (an infectious agent that has DNA or RNA and protective covering) is a

submicroscopic acellular particle that cannot survive in the absence of a living host

cell. It relies on the host cell to replicate and cannot reproduce on its own. Since an

antibiotic do not harm a virus, treatment for viral diseases such as flu mainly helps

ease the symptoms rather than to kill the viruses. Most viruses cause generally mild

diseases like the common cold and some even do not cause any symptom and may

go unnoticed, but some cause diseases that can be severe and deadly like Avian

influenza, AIDS, SARS, and some form of cancer [57].

The Avian influenza virus (AIV) contains negative (�) sense RNA as genetic

material enters the host cell by attachment to the cell surface. Its hemagglutinin

binds with the sialic acid present on glycoprotein receptors of the host. After

adsorption, it is internalized as an endosome due to the acidic environment of the

host cell. Influenza viruses are pleomorphic, mostly spherical or ovoid and fila-

mentous, single-stranded RNA (ssRNA) enveloped viruses with a helical symme-

try. They are covered over by lipid/lipoprotein envelope. The viral envelope has

lipoprotein membranes that enclose nucleocapsids and nucleoproteins. It is

endowed with an inherent capacity for genetic variation and is based on two

important features: (1) the presence of a segmented genome, with 8 RNA segments
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that are genetically independent of each other and (2) a high rate of mutation,

especially in the surface hemagglutinin (H) and neuraminidase (N) proteins. The

diameter of each enveloped virus ranges from 50–120 nm and filamentous virions

are 20 nm in diameter and 200–300 nm long. The genome is in the form of eight

negative sense ssRNA fragments. The genome entire length is 12,000–15,000

nucleotides, the largest segment being 23–25 and the smallest being 800–900 nt.

The longest RNA strand is closely associated with the nucleoprotein to form helical

symmetry (see Fig. 9.1).

There are some 500 distinct spike-like surface proteins of the viral envelope,

each projecting 10–14 nm from the surface. There are mainly four types of

glycoproteins/antigens:

1. Hemagglutinin (HA) There are 16 types of HA reported.

2. Neuraminidase (NA) There are nine types have been reported. The ratio of HA

to NA is about 4–5 to 1.

3. Nucleocapsid protein (NP) It coats the RNA strands.

4. Matrix protein (M) The inner side of the viral envelope is lined by the matrix

protein.

In Fig. 9.1, eight ribonucleoprotein segments (RNP) are surrounded by layer of

matrix (M1) protein and lipid bilayer taken from host cell at budding. NS2 (NEP)

protein is associated with M1. Three viral proteins are incorporated into the lipid

bilayer: HA, NA, and M2 protein. HA trimers and NA tetramers form spikes on the

surface of the virion. RNP segments contain viral RNA surrounded by nucleopro-

tein and associated with the polymerase complex [27].

Influenza A replication diagram in presented in Fig. 9.2 and we describe the

replication process as follows:

Fig. 9.1 Schematic

representation of influenza

(flu) A virus [27]
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The virus loses its envelope in the cytoplasm, and the remaining core moves to

the nucleus. Viral proteins are made in the cytoplasm using the host cell’s ribosome.

In the cell cytoplasm the virus releases its nucleocapsids that further are transported

into the nucleus, where mRNA synthesis and replication occurs. Once it enters the

nucleus, viral endonuclease snips off. This snipped part of the host mRNA is used

as a primer by the virus to synthesize its own mRNA. Next, viral RNA polymerase

further extends the primer and makes a complementary (mirror image) plus (+)

strand mRNA. Transcription results in eight primary transcripts/pre-mRNA that are

further translated in the cytoplasm. The cells treat the viral mRNA like their normal

mRNA and use them to make copies of viral proteins. The virus RNA is transcribed

to messenger RNA in the nucleus. RNA replication occurs in the nucleus with the

help of viral RNA polymerase that was also involved in transcription (see Fig. 9.2).

In the same manner, the (+) strand of RNA (e.g., cRNA) is synthesized, and is

coated with nucleocapsid proteins soon after it is made. This plus strand is then used

as a template to synthesize a new negative RNA strand followed by coating with

nucleocapsid proteins. These can further serve as templates for replication, mRNA

synthesis, or packaging into virion particles. The (�) strand RNA (e.g., vRNA) are

transported into the cytoplasm, where other viral proteins assemble together and are

packed into virion particles and, on maturity, buds off from the outer cell membrane

and infect new cells.

Fig. 9.2 Influenza A virus replication [4]
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9.2.2 Classification of Influenza Virus

In general the influenza virus or flu virus can be classified into three categories:

types A, B, and C which are distinguished by differences in two major internal

proteins. Influenza virus type A is the most significant epidemiologically and the

most interesting from an ecological and evolutionary stand point, because it is

found in a wide variety of bird and mammal species [16, 55] and can undergo major

shifts in immunological properties. Type B is largely confined to humans and very

little is known about type C. Type A virus is responsible for causing Bird Flu, which

was first found in Italy in 1878. Type A virus is further divided into subtypes based

on differences in membrane proteins HA and NA, which are the most important

targets for the immune system. The notation HhNn is used to refer to the subtype

comprising the hth discovered HA proteins and the nth discovered NA protein. The

subtype H5N1 virus of type A virus is the main cause of the bird flu [20, 26, 34, 43,

56]. Subtype is further divided into strains; each genetically distinct virus isolated is

usually considered to be a separate strain [19, 47]. There are 16 types of HA surface

proteins (which are named H1, H2, H3,. . .,H16) and nine types of NA surface

proteins (which are named N1, N2,. . .,N9). An influenza virus always has one type

of HA surface protein and one NA surface protein and it could be of any combi-

nation of H and N, e.g., H5N1, H7N3, H7N7, H5N2, H5N8, and so on

[33, 35]. Within these subtypes, some viruses with slightly different nucleotide

sequences are present and are classified into strains. The most virulent form so far

reported is H5N1 of Influenza virus.

Influenza virus Type A can be divided into two distinct groups on the basis of

their ability to cause disease. Highly pathogenic avian influenza (HPAI) can cause

up to 100 % mortality in birds [1]. To date, all outbreaks of the highly pathogenic

form have been caused by influenza A viruses of subtypes H5 and H7. We will

mainly focus on Influenza virus Type A, the most virulent human pathogen and

cause of all flu pandemics.

9.2.3 Epidemiology and Pathology

Infection with bird flu viruses in domestic poultry causes two main forms of disease

that are distinguished by low and high extremes of virulence. The “low pathogenic”
form may go undetected and usually causes only mild symptoms (such as ruffled

feathers). However, the highly pathogenic form spreads more rapidly through flocks

of poultry. This formmay cause diseases that affect multiple internal organs and has

a mortality rate that reaches 90–100 % often within 48 h [15].

The Avian Influenza virus (AIV) refers to Influenza A, found chiefly in birds.

Infected birds show clinical symptoms like a sudden drop in egg production, brittle

or soft-shelled and even shell-less eggs, congestion, swollen wattles and combs, and

swollen skin under the eyes. The risk of human infection from birds is through

232 V. Sree Hari Rao and R.K. Upadhyay



coming in close contact with bodily fluids or with contaminated surfaces. Infection

can be transmitted from infected bird droppings, saliva, nasal secretions, feces, or

blood. These viruses can remain infectious for about one week at human body

temperature or a month at 32 �F, and can survive at very low temperatures

indefinitely. Symptoms of avian influenza in infected humans are mild fever,

myalgia, myositis, and myoglobinuria. However, sore throat, cough, conjunctivitis;

some people develop life-threatening complications like respiratory distress syn-

drome, pneumonia, and multiorgan failure.

In 1997, the first documented infection of humans with an avian influenza virus

occurred in Hong Kong. At the same time, the poultry population in Hong Kong

was also found to be infected with avian influenza caused by the same pathogenic

strain. Studies determined that the infection occurred when the virus jumped

directly from birds to humans due to close contact with infected poultry. A

pandemic was averted by rapid mass killing/burning of over a million birds—the

entire poultry population of Hong Kong [8, 46, 63]. For more than 2 years, the virus

has ravaged poultry and caused human illness and death in many Southeast Asian

countries and China. In December 2003, a highly pathogenic form of H5N1 caused

another outbreak in poultry in South Korea [36]. Another human infection was

confirmed in February 2004 when two fatal cases were reported in Hong Kong due

to H5N1 [47], followed by 112 cases (57 fatal) from Thailand, Cambodia, Indone-

sia, and Vietnam. Between April and June 2005, a large number of wild water birds

at Qinghai Lake in western China perished after being infected by the virus. During,

July–August 2005, outbreaks involving virus were reported from Mongolia, Sibe-

ria, and Kazakhstan. The virus reached Turkey, Croatia, Romania, and Greece by

October 2005. Ukraine reported outbreaks in November 2005. RnH5N1 viruses

also have been isolated from ducks in Southern China [9, 10] and antiviral anti-

bodies have been found in pigs in Vietnam [11]. The virus was infecting chicken

and humans in northern Iraq by January 2006. In early February 2006 Nigeria

became the first African nation to report the bird flu virus, with an outbreak at a

large commercial poultry farm. In February 2006, many European countries, Egypt,

and Iran found wild birds infected with H5N1 virus [20, 23, 26, 34, 37, 46]. These

cases could be the result of new strains due to reassortant viruses, antigenic shift, or

antigenic drift, as explained earlier. People are not immune to these different

strains. Generally speaking, an individual has immunity to only those microbes or

viruses to which they are earlier exposed. The possibility of dreadful new strains is

thus worrying, as people either have no immunity or extremely delayed immunity

depending upon the individual’s health and age. However, many new harmless

strains causing symptomless infections go unnoticed. It was noticed that Spanish flu

was most lethal in young adults, who generally are most able to fight off severe

infections. One theory why Spanish flu preferentially killed young people is

because they are the one with robust and reactive immune systems and therefore

were most likely to mount a self-destructive response.

Avian influenza can result in immediate and severe disaster, for example the

outbreak in USA in 1983–84 led to destruction of more than 17 million birds at a

cost of nearly US$56 million [32]. Similar case again happened in Hong Kong in
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1997–98 [22, 27, 53, 54]. Therefore rapid and effective measures must be taken to

stop the spread of epidemics. The most effective measures to prevent the transmis-

sion of bird flu are rapid destruction of all infected or exposed birds, proper disposal

of carcasses and excrement, quarantining and rigorous disinfectioning of farms and

timely use of vaccine [7, 37, 52, 61].

Generally, the virus resides in bird droppings, contaminated soil, and airborne

virus. Contaminated equipments, vehicles, food, cages, and clothing like shoes can

carry the viruses from farm to farm. Some evidence suggests that flies can also act

as mechanical vectors [30]. Wet markets where live birds are sold under crowded

and sometimes unsanitary conditions can be another source of spread. These

constitute the main cause of the former transmission. Export and import of poultry

products are the main cause of the latter transmission, since they can carry the

viruses for long distances freely when artificial factors are prevented. Migratory

birds can also be a cause of transmission among the countries [9, 41]. Efforts have

been made on the study of avian influenza and most of the recent papers focus on

topics such as the route of transmission and physiological and biological properties.

The bird flu virus of low pathogenicity can mutate into highly pathogenic one after

a short time; the virus is sensitive to temperature change (it was found that the virus

survives for shorter time at a higher temperature). This kind of influenza is able to

transmit to humans under some circumstances; however no sufficient and clear

evidences of human-to-human transmission are be found up to now [32].

9.2.4 Recent Efforts in the Control of H5N1

There are however some studies that aim at finding the possible drug-resistant

H5N1 virus are reported in Wang et al. ([60] and the reference there in).

There has been a surge of interest in sensitive specific and rapid detection of

avian Influenza virus in recent years and this helps one to find effective diagnosis

and disease surveillance. Studies that aim at the detection of viruses by fluorescent

DNA barcode-based immunoassay are available in the literature. It has been

established that sensitivity of detection is comparable to conventional RT-PCR.

For details we refer the readers to Cao et al. ([6] and the references there in).

A study on the first quantification of avian influenza virus in the organs of mute

swans which died during the epizootic of H5N1 between January and April 2006 in

the Czech Republic has been reported in Rosenbergova et al. [51]. For rapid

detection and quantification of avian influenza virus RNA in clinical samples

collected from mute swans are utilized to develop the quantitative real time Reverse

Transcriptase PCR (qRT-PCR) assay based on a Taq Man Probe.

Though vaccines and antiviral are available that can provide protection from

influenza infection, new viral strains emerge continuously due to the plasticity of

the influenza genome. An alternative protection methodology that is based on the

isolation of a panel of monoclonal antibodies derived from Ig G+ memory B cells of
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healthy human subjects that have a capability of recognizing new viral strains is

discussed in Grandea III et al. [24].

From bioinformatics point of view to help the researchers develop methods to

fight against H5N1 avian flu the following Website http://www.avian-flu.info is in

vogue since 2004. For more details on this we refer the readers to Liu et al. [39].

9.3 Modeling Bird Flu

During the last decade, various mathematical models have been used for infectious

diseases in general and for influenza in particular. In case of avian influenza,

deterministic models were used for comparing interventions aimed at preventing

and controlling influenza pandemics [13, 21], and stochastic model were proposed

to model and predict the worldwide spread of pandemic influenza [12, 13]. In this

section, we present (1) a deterministic mathematical model which deals with the

dynamics of human infection by avian influenza both in birds and in human [18],

(2) a one parameter model for spread of H5N1 [28] and (3) the statistical transmis-

sion model of bird flu taking into account the factors that affect the epidemic

transmission such as source of infection, social and natural factors [59].

9.3.1 A Deterministic Mathematical Model

In human, consider SIRS compartmental model that is to say that human suscep-

tible individuals become infectious then removed with temporary immunity after

recovery from infection and susceptible when again immunity fades away, in bird

population we consider SI compartmental model [18].

Let H and B denote the human and bird population sizes respectively. In this

model death is proportional to the population size with rate constant μ and we

assume a constant Ω due to births and immigrations. Therefore, dH
dt ¼ Ω� μH,

whereas for bird population we suppose that B is constant. The human population

(respectively bird population) of size H (resp. B) is formed of susceptibles S, of
infective I and of removed R (resp. S0 and I0). βSI0/B is the human incidence that is,

the rate at which susceptible become infective. If the time unit is days, then the

incidence is the number of new infection per day. The daily contact rate β is the

average number of adequate contacts of a human susceptible with infected birds per

day and I0/H is the infectious fraction of the population. Time units of weeks,

months, or years could also be used. Similarly β0S0I0/B is the bird incidence and

β0 is the average number of adequate contacts of a bird susceptible with other birds

per day. The man life span is taken equal to 25,000 days (68.5 years), and the one

for the bird is about 2,500 days (6.8 years).
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The model is governed by the following equations:

Human population

dS

dt
¼ Ω� μþ βI0=Bð ÞSþ δR,

dI

dt
¼ βI0=Bð ÞS� �

μþ αþ λ
�
I,

dR

dt
¼ λI � μþ δð ÞR,

dH

dt
¼ Ω� μH � αI:

ð9:1Þ

Bird population

dS0
dt

¼ μ0B� μ0 þ β0I0=Bð ÞS0,

dI0
dt

¼ β0I0=Bð ÞS0 � μ0I0:
ð9:2Þ

The continuity of the right hand side of this system and its derivatives implies that

unique solutions exist on maximal interval. Since the solutions approach, enter or

stay in a region of attraction R given by {(S, I, R, S0, I0, N ) jS � 0, S0 � 0, I0 � 0,

S + I + R ¼ H � Ω/μ; S0 + I0 ¼ B}, they are eventually bounded and hence exist
for t � 0. Therefore, themodel is mathematically and epidemiologically well posed.

Introducing the nondimensionalized variables as

s ¼ S

Ω=μ
, i ¼ I

Ω=μ
, r ¼ R

Ω=μ
, s0 ¼ S0

B
, i0 ¼ I0

B
,

and with the conditions S + I + R ¼ H and S0 + I0 ¼ B,

we obtain sþ iþ r ¼ n and s0 ¼ 1� i0:

The model systems (9.1) and (9.2) become:

ds

dt
¼ μ� μþ βi0ð Þsþ δr,

di

dt
¼ βi0s� μþ λþ αð Þi,

dr

dt
¼ λi� μþ δð Þr,

di0
dt

¼ β0i0 1� i0ð Þ � μ0i,

ð9:3Þ

in the set Ω0 ¼ {(s, i, r, i0)js � 0, i � 0, r � 0, s + i + r � n � 1; 0 � i0 � 1}.
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Let eR ¼ β0
μ0
: It has been shown in Derouich and Boutayeb [18] that the model

(9.3) admits the trivial equilibrium (1, 0, 0, 0) if eR � 1 and this equilibrium is

globally asymptotically stable, that is limt!1 i tð Þ ¼ 0 if eR � 1. Further the system

(9.3) has an endemic equilibrium (s , i , r , i 0Þ in Ω0 if eR > 1 where

s ¼ MeR μþ δð Þ

β eR � 1
� �

M þ δ

μ
μþ αð Þ

0
@

1
AþMeR μþ δð Þ

, i ¼
β eR � 1
� �

μþ δð Þ

β eR � 1
� �

M þ δ

μ
μþ αð Þ

0
@

1
AþMeR μþ δð Þ

r ¼
βγ eR � 1
� �

β eR � 1
� �

M þ δ

μ
μþ αð Þ

0
@

1
AþMeR μþ δð Þ

, i 0 ¼ μ0
β0

eR � 1
� �

andM ¼ μþ λþ α:

From the above results it follows clearly that the dynamics of the disease is

mainly determined by the average number of adequate contacts of human suscep-

tible with infected birds. For more details we refer the readers to [18].

9.3.2 A Discrete Dynamical Model [28]

In Eifert et al. [28], a one component discrete dynamical model for the spread of

avian influenza is derived. This model utilizes Lindblad dissipation dynamics [2,

22, 38], for biological rate equation.

It is known in epidemiology that the hygienic stress of the virus ensemble plays

an important role in the prevention of this virus. The viruses are damped in their

replication rate by hygienic stress and prevention methods, provided these methods

are intense. On the other hand if the hygienic stress is minimal, it will stimulate the

virus replication.

The plain infection model without hygienic stress is given by

xnþ1 ¼ axn 1� xnð Þ: ð9:4Þ

where xn denotes the relative number of infected being at time step n and “a” is the
infection rate. Utilizing the methods suggested in [2, 22, 38], the authors in [28]

have modified the model (9.4) incorporating the hygienic stress and assuming a

power law relation [44]. The modified model becomes a special case of the

following model

xnþ1 ¼ axn 1� xnð Þ � yaaβyxn ln axnð Þ, ð9:5Þ

in which y is a fixed positive number, α > 0, β > 0 are real positive parameters.

The coefficient in front with a power of a, indicates that the hygienic stress of the
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virus increases with the infection rate, and this power is given by βy. Clearly when

the stress coefficient vanishes, model (9.5) should reduce to the plain infection

model (9.4). In order that the model (9.5) to reduce to (9.4) in the limiting case, that

is, when the stress coefficient vanishes, the term yα is introduced. The power law

coefficient in front of the term xn ln (a xn) describes the equation of state for the

transport coefficient.

In [28], the authors have considered the model (9.5) with α ¼ 1.5 and β ¼ 50

(these numbers are chosen so that the probabilities xn stay positive and less than

or equal to 1) and performed some numerical calculations. Since the true

equation of state for the H5N1 virus is unknown, it is assumed that the hygienic

stress coefficient is a monotone function of the infection rate a. Further model

(9.5) reduces to (9.4) when y vanishes. Computer experiments have revealed

that the infection probability is reduced by the hygienic stress and the onset of

chaos is earlier as without any hygienic stress. The bifurcation diagrams that

explain the spread of avian influenza H5N1 in respect of three specifically

chosen stress functions, (y ¼ 0.0, y ¼ 0.07, and y ¼ 0.1, 1.0) are presented in

Figs. 9.3, 9.4, 9.5, and 9.6 (Bifurcation diagrams for the spread of avian

influenza). For a detailed discussion on these numerics we refer the readers to

Eifert et al. [28].

Fig. 9.3 H5N1 without hygienic stress (May-Feigenbaum scenario for y ¼ 0.0) [28]

238 V. Sree Hari Rao and R.K. Upadhyay



Fig. 9.4 H5N1 with weak hygienic stress (May-Feigenbaum scenario for y ¼ 0.07) [28]

Fig. 9.5 H5N1 with medium hygienic stress (May-Feigenbaum scenario for y ¼ 0.1) [28]
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9.3.3 The Statistical Transmission Model

The mathematical model developed for the recent bird flu predicts that majority of

the infection was in wild birds, market birds (includes backyard poultry birds taken

to markets for selling) and farm birds, which play an important role in spreading the

virus from the epicenter to the nearby centers in the region.

In order to study the patterns of the spread of epidemic, we have made an

investigation of outbreaks of the epidemic in 1 week during February 13–18,

2006 till it reached India. On February18, 2006 the lethal strain of H5N1 virus

surfaced in India in the trivial pocket of Navapur in Nandurbar District of Northern

Maharashtra. It was the sixth day of our study. On Monday, the first day, outbreaks

occurred in five countries of Africa and Eastern Europe namely Nigeria, Greece,

Slovenia, Romania, and Bulgaria. On second day bird flu hit four nations of

Southeast Asia, central Asia, and Europe namely Indonesia, Iran, Austria, and

Germany. On third day, outbreaks took place in two European countries Hungary

and Italy. On Thursday, new cases of bird flu were found in three European and

African countries Switzerland, Denmark, and Egypt. Reaching France on Friday

bird flu at last, on Saturday surfaced in India.

We know the major factors that play an important role in the transmission of bird

flu are the way the infected poultry products are transported, air temperature, the

control measures (for example, culling the poultry in the infected form, introducing

compulsory vaccination to enhance the resistibility of poultry in the noninfected

Fig. 9.6 H5N1 with strong hygienic stress (May-Feigenbaum scenario for y ¼ 1.0) [28]
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farms forbidding live birds being sold under crowded and unsanitary conditions),

migratory birds, and other infected transportation vehicles (which means the vehi-

cles carry infected poultry or bird dropping or contaminated soil, etc.). Also there

are some other factors not considered in our model viz. bird flu transmitting to

human beings and virus of low pathogenicity mutating into high pathogenicity after

some time, since these elements will not contribute much to the usual transmission

of bird flu.

How do these factors affect the transmission? The infected animals are the

source of the infection, higher air temperature can drastically cut down the lifetime

of the virus, and transportation of infected poultry is the route of transmission.

Control measures such as active and effective actions play important role in

preventing and destroying the epidemics, which can effectively block the route of

transmission of the infection, diminish the source of infection and promote the

resistibility of susceptible poultry. So we must take all the major factors into

account in the formulation of our transmission model.

These factors may be reflected in the following parameters:

N(n) is the total number of regions of outbreak on the nth day.

D(n) is the lifetime of the virus regarding the nth day since the beginning of the

epidemic which implicitly corresponds to air temperature.

I(n) is the resistibility of the poultry on the nth day since the beginning of the

epidemic many of the above control measures objectively promote the resist-

ibility of poultry and even human beings.

f(r) is the distribution of the probability that infected poultry products are

transported a distance r.

The following are necessary assumptions for our model [59]:

Let P(n, r) represent the probability for a new outbreak to take place, then

P n; rð Þ / N nð Þ,
P n; rð Þ / D nð Þ,
P n; rð Þ / 1=I nð Þ,
P n; rð Þ / f rð Þ:

Considering above assumptions, we obtain our proposed model for transmission

of bird flu as under:

P n; rð Þ ¼ f rð Þ:R:D nð Þ:N nð Þ: 1

I nð Þ , ð9:6Þ

where

f rð Þ ¼ r� 1þβð Þ:

The parameter β is taken close to 0.6 and R ∈ [0,1] is a random float number.
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9.3.3.1 Methodology

In this section, we discuss the methodology that was used for simulation experi-

ments to study the model (9.6). We first discuss, one by one the various parameters

taken in our model and explain how these parameters are and finally present the

methodology used to predict a new possible outbreak.

1. In our model we have used the random float number R which we have generated

in our program by using random number generator. Why do we need R in our

model? As we know the outbreak of bird flu is a probabilistic instance and not a

deterministic one, even though f(r), D(n), N(n) contribute much to P(n,r) we
cannot definitely assure that there will be a certain outbreak of bird flu in a region

but can only say that there is enormous possibility or danger for an outbreak to

take place. So an additional random parameter R is introduced to reflect the

uncertainty.

2. D(n) denotes the lifetime of the virus of bird flu on the nth day. The H5N1 virus

can survive, at cool temperatures in contaminated manure for at least 3 months;

in water the virus can survive for up to 30 days at 0 �C; about four days at 22 �C;
about 3 h at 56 �C and only 30 min at 60 �C.

By means of fitting the above data by curve fitting method, we obtained an

approximate formula as follows:

D tð Þ ¼ e3:4�0:0915 t1:1 , ð9:7Þ

where t represents the air temperature.

In our simulation, we study the epidemic of one week till it reached India that

is for a short duration. Hence the temperature change may be taken as a linear

approximation regarding the epidemic duration that is

t nð Þ ¼ t1 þ t2n, ð9:8Þ

in which t1 and t2 are two constants that can be determined by fitting the average

temperature of the various countries through which the virus reached India. In

this model t1 ¼ 0.2 and t2 ¼ 2.2286 (started on February13, 2006). So the

relation between the lifetime of the virus and the epidemic duration shall be a

compound form of (9.7) and (9.8) as

D nð Þ ¼ e3:4�0:0915 0:2þ2:2286nð Þ1:1: ð9:9Þ

3. I(n) stands for the resistibility of poultry on the nth day. Obviously the resist-

ibility will increase with the artificial interventions and the control measures. We

assume the increase abides by law similar to sigmoid function 1/(1 + e� x). Thus

I(n) assumes the following form
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I nð Þ ¼ B

1þ B� 1ð Þe�n=C
: ð9:10Þ

Apparently, this is a modified sigmoid form. When n ¼ 0, I(0) ¼ 1, and when

n ¼ ∞, I(n) ¼ B; which indicates the resistibility is impossible to approach a

very big number.

4. f(r) is the distribution of the probability that infected poultry products are

transported a distance r.

f rð Þ ¼ r� 1þβð Þ:

The basic idea for taking the above-mentioned form of f(r) stems from

Howlett [31]. The researchers at Max Planck Institute for Dynamics and Self

Organization, have used the dispersal of dollar bills within the United States as a

proxy measurement of human movement (since people cannot be tracked while

banknotes travel with the people). They analyzed the data on the peregrinations

of more than half-a-million US dollar bills recorded over a 5-year period on an

online bill-backing system and given a simple model that only depends upon two

parameters. Since the poultry products are also imported and exported very

frequently, to various countries, we can assume its transport to be very similar

to the human movement. So the probability that infected poultry product is

transported from the form may assume a distance r, for r larger than 10 km

with β close to 0.6. This distribution behaves like a power law. This function

decreases as r grows larger, meaning that transportation of poultry over a long

distance is less common than short ones. However it does not decrease, as fast as

other common probability distributions, which means that transportation over

long distances, are still common enough to have a significant effect. Poultry

products make many short journeys, but the occasional long haul ensures that

they disperse widely.

5. A threshold value S is necessary which acts as a criterion: when P(n,r) is greater
than S there will be an outbreak; otherwise not. However, how to determine the

possible number of outbreaks per day denoted by K(n)? Intuitively K(n) shall be
in direct proportion to N(n), however since only the nearest several outbreaks

have notable contribution to the probability of a new outbreak a number of

distant outbreaks contribute little, so dependent relation of K(n) upon N(n) is of
the form

K nð Þ ¼ AN nð Þb, ð9:11Þ

in which A � 1 and 0 < b < < 1, that is, K(n) increases slowly with the

augment of N(n).

Thus the method for predicting an outbreak is explained below.

Suppose the epidemic has begun, we compute the number of actual outbreaks on

nth day. First we generate K(n) according to (9.11). Then we calculate each P(n,r)
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according to (9.6); when P � S, a new outbreak will take place, otherwise not. So,

the total number of new outbreaks is always less than K(n).
In our model, there are six parameters β, A, b, B, C, S which are all adjustable.

So one may argue that too many adjustable parameters may not be an advantage for

a “good” model. However, we must analyze independence of these parameters.

Here S is not an independent parameter, rather dependent on f(r), hence on β.
Parameter A controls the initial possible number of outbreaks the epidemic may

abort if A is too small and overflow if A is large. So there shall be a proper

intermediate value for A. The parameter b denotes the general trend of the out-

breaks, the total number of outbreaks will grow too rapidly to be practical if b is a

big number and may be too flat if b is too small. B determines the ultimate

resistibility, which reflects the final degree of stringency of artificial interventions;

the greater B is the more stringent the interventions are. As of C, it reflects the

average degree of stringency throughout the epidemics; the smaller C is the more

stringent the control measures are. In other words, B determines the final height of

the curve I(n) and C controls the shape or the process of I(n). Therefore each

parameter has a definite meaning and a specific role and has little overlap regarding

the role, so the model is reasonable. For conducting simulations we have assumed

distances<500 miles as 10 units,<500–1000 miles as 11 units,<1000–1500 miles

as 12 units, and <1500–2000 miles as 13 units and so on.

9.3.3.2 Numerical Simulation Results

The parameters are initialized as at the beginning: N0 ¼ 6 refers to the total number

of days (for which study is conducted) the epidemic lasts. N(1) ¼ 5 means there are

in all five cases of new outbreaks on the first day. The other parameters A, b, B, C,
S will be determined through simulations by comparing with the actual

epidemic data.

Results of simulation are shown in Figs. 9.7 and 9.8. The values of the related

parameters are:

β � 0:6, A ¼ 2, b ¼ 0:33, B ¼ 10, C ¼ 1:75, S ¼ 0:1:

It is easy to see that the simulation is roughly in accordance with the actual

situation. The parameters related to the artificial interventions include B and C. If
B is big enough, few times can the epidemic take place in most simulations; if B is

very small, the epidemic can always happen and most times the overflow can

happen. As for C, if it is small enough, the epidemic hardly occurs, otherwise it

can almost happen. Therefore the effective, powerful, and stringent control mea-

sures are the key to stop the epidemics.

It should be pointed out that the parameters in the model are independent of each

other, since each of them plays an independent role—these parameters have definite

meaning, so the result of simulation can hardly coincide with the actual situation of

the epidemic if the parameters cannot be adjusted to proper values.
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Fig. 9.7 Graph showing probability of outbreak is inversely proportional to the distance from the

source country [59]

Fig. 9.8 Graph showing the probability of outbreak is inversely proportional to number of days at

a fixed distance [59]
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Simulation results are presented in Table 9.1. It is clear from the table that the

probability of new outbreak to occur decreases with the increase of distance from

the source countries. The probability of occurrence of outbreak in India is very low

because the flu virus reaches on the sixth day and also the country is far from the

source country. The probability of occurrence of outbreak in Indonesia is also very

low even on the second day. This is due to very large distance from the source

country and also due to some other factors (like temperature). Figures 9.7 and 9.8

show the pattern that the probability of outbreak to take place follows, depending

upon the distance and number of days. These graphs show that the probability of

outbreak is inversely proportional to the distance from the source country as well as

the day on which the flu virus reaches the country.

9.4 Other Control Measures

The first and major control measure should be to take precautions so that an Avian

Influenza virus does not cross the “species barrier” and infect human. If it crosses the

“species barrier” and infects people, then the medical doctor should be contacted to

take the proper medicine and suggestion for precautions. The persons dealing with

poultry or poultry products should take the following prevention measures:

1. Practice proper sanitation and good hygiene handling of poultry and poultry

products,

2. Wear masks, rubber gloves, and safety glasses,

3. Avoid unnecessary contact with live, sick, or dead birds,

4. Keep hands away from face and mouth when handling birds,

5. Practice proper hand washing, cleaning and disinfection procedures, and avoid

touching mouth or eyes. Indirect contact with door knobs, toilet knobs, taps,

hand shaking etc., is another possible method of transmission,

Table 9.1 Probability of outbreaks within a week [59]

Number of days (n)
Distance

from Source (r)
Probability

of outbreaks (P)
Countries where outbreak

occurred

2 10 0.94457699419187 Austria, Germany

13 0.391542652502286 Iran

21 0.143943139163055 Indonesia

3 10 0.877733439670344 Italy

10 0.814356026695878 Hungary

4 10 0.579586050504416 Switzerland

11 0.333808020423165 Denmark

11 0.400400629162276 Egypt

5 11 0.376259888883904 France

6 10 0.292578722560819 Bulgaria

16 0.140831538038502 India
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6. Wash eggs thoroughly with soap water, rinse, and thoroughly cook at the

temperature more than 74 �C, cook chicken until boiling temperature or

when cooking temperature exceeds 165 �F (74 �C), because H5N1 viruses

are killed at this temperature,

7. Store and prepare raw chicken and eggs separately from other food items to

avoid cross contamination,

8. Clean kitchen utensils and surfaces before and after use,

9. There should be routine tests for AIV in poultry and if any positive case is seen,

the entire poultry flock and poultry products should be destroyed and should not

be consumed by the public at any cost.

10. Report any unusual death or illness of chickens and other birds to the Dead Bird

Hotline (888) 551-4636 and report illness among workers in poultry farms to

the Health Department.

9.5 Discussion and Conclusions

Bird flu is a highly pathogenic epidemic that can result in serious disaster in many

areas. Immediate and effective control measures are of great importance in

preventing the transmission of avian influenza. So it is challenging to study the

problem from various angles, and develop deterministic, discrete and statistical-

mathematical transmission models. Using mathematical modeling, Breban et al. [5]

have investigated the role of environmental transmission for the pattern and persis-

tence of avian influenza in wild waterfowl and demonstrated that indeed environ-

mental transmission is a fundamental ingredient for the modeling of this epidemic.

The persistence mechanism induced by environmental transmission raises novel

problems of epidemic control since traditional strategies may prove ineffective in

the presence of an environmental viral reservoir [50]. For a global outbreak of

influenza to occur, three conditions must be met: a new virus subtype must arise,

this subtype must be able to cause serious illness in the human, and it must spread

easily from person to person- and continue to do so. The first two conditions have

been met with H5N1 human infections. Scientists are working for better understand-

ing of different influenza A strains with the hope of preventing the spread of this

virus. One of the reasons for the difficulty in predicting outbreaks is that migratory

wild birds, not virus infected human carry the H5N1 virus long distance [62] (one

cannot totally rule out the chance of human carrying bird flu for long distances).

Our ongoing investigations relate to the question as how to assess the actual

control measures and assign the parameters in the model with proper numerical

values. There is a need to strengthen the design of data collection and for advanced

experimental facilities to understand the virus spread with respect to all seasons and

food consumption patterns. Given the present situation, it is not easy for any

government to predict accurately the timing and location of future avian influenza

attacks; there is a vide scope to strengthen the databanks and to train relief teams to

minimize economic loss, in the event that an outbreak occurs [48]. To complement
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these issues with public health side of research activities, the government could

consider launching large-scale experimental projects to estimate various rates of

spread of H5N1 in different geographical regions, and to come up with a compre-

hensive approach for effective control of an outbreak. Further modeling work is

needed in order to explore the epidemiological dynamics and persistence of avian

influenza viruses, with a view to understanding the respective roles of environmen-

tal transmission and demographic stochasticity.
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