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Abstract The widespread impact of avian influenza
viruses not only poses risks to birds, but also to humans.
The viruses spread from birds to humans and from human
to human In addition, mutation in the primary strain will
increase the infectiousness of avian influenza. We devel-
oped a mathematical model of avian influenza for both bird
and human populations. The effect of half-saturated inci-
dence on transmission dynamics of the disease is investi-
gated. The half-saturation constants determine the levels at
which birds and humans contract avian influenza. To pre-
vent the spread of avian influenza, the associated half-
saturation constants must be increased, especially the half-
saturation constant H,, for humans with mutant strain. The
quantity H,, plays an essential role in determining the basic
reproduction number of this model. Furthermore, by
decreasing the rate f3,, at which human-to-human mutant
influenza is contracted, an outbreak can be controlled more
effectively. To combat the outbreak, we propose both
pharmaceutical (vaccination) and non-pharmaceutical
(personal protection and isolation) control methods to
reduce the transmission of avian influenza. Vaccination and
personal protection will decrease f,,, while isolation will
increase H,. Numerical simulations demonstrate that all
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proposed control strategies will lead to disease eradication;
however, if we only employ vaccination, it will require
slightly longer to eradicate the disease than only applying
non-pharmaceutical or a combination of pharmaceutical
and non-pharmaceutical control methods. In conclusion, it
is important to adopt a combination of control methods to
fight an avian influenza outbreak.

Keywords Avian influenza - Half-saturated incidence -
Personal protection - Isolation - Vaccination

Introduction

Recently, the WHO (World Health Organization) has urged
the world to monitor the outbreak of avian influenza and
possible mutation of influenza viruses (World Health
Organization 2011). The 1918 pandemic was one of the
deadliest public health menaces of recorded human history,
claiming over 20 million lives (Stuart-Harris 1979).
Although subsequent pandemics in 1957 (Asian Flu) and
1968 (Hong Kong Flu) resulted in milder outbreaks
(Kilbourne 2006), the recent emergence of the highly
pathogenic avian HSN1 influenza A viruses in wild bird
populations in several regions of the world, together with
recurrent flu cases of H5N1 viruses in humans (arising
primarily from direct contact with poultry), have triggered
a major scare for a pending pandemic influenza. The cur-
rent projections of the potential impact of a prospective
pandemic are alarming. The highly pathogenic HS5N1
influenza A viruses are now endemic in avian populations
in Southeast Asia, and human cases continue to rise. HSN1
represents a serious pandemic threat owing to the risk of a
mutation generating a virus with increased transmissibility.
In humans, avian influenza virus causes similar symptoms
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as other types of influenza. These include fever, cough,
sore throat, muscle aches, conjunctivitis and, in extreme
cases, severe breathing problems and pneumonia that may
be fatal (Centers for Disease Control and Prevention 2010;
World Health Organization 2011, 2012).

Avian influenza, being an emerging infectious disease in
humans, is now receiving significant attention from the
mathematical community. Faced with the HSN1 pandemic
threat, strategies designed to contain an emerging pandemic
should be considered a public health priority. Studies have
documented the most significant risk factors for human
H5NI1 infection to be direct contact with sick or dead
poultry or wild birds, or visiting a live poultry market
(Centers for Disease Control and Prevention 2007). Since
its emergence, a number of mathematical modeling studies,
using stochastic as well as deterministic formulations, have
been carried out to quantify the burden of a potential flu
pandemic and assess various interventions (Alexander et al.
2004, 2008; Chowell et al. 2005; Doyle et al. 2006; Lips-
itch et al. 2007; Longini et al. 2004). Nuiio et al. (2006)
analyzed a model to examine the role of hospital and
community control measures, antiviral drugs and vaccina-
tion in combating a potential flu pandemic in a population,
while a study by Gumel (2009) considered the dynamics of
a two-strain influenza model and concluded that the influ-
enza-related burden in humans increased as the mutation
rate increased. Although many of these studies tend to
emphasize the use of pharmaceutical interventions, it is
generally believed that such interventions (antivirals and
vaccines) would not be readily and widely available at the
onset of the pandemic (Gumel 2009).

Nowadays, the spread of HSNI1 virus is known to be
under control, but the infection could re-emerge anytime in
the future. HSN1 may mutate into a strain capable of effi-
cient person to person transmission (Centers for Disease
Control and Prevention 2007). However, none of the
mathematical models of avian influenza have considered
saturated incidence, which describes the effect of suscep-
tible humans coming into contact with infected birds and or
infected humans when effects such as crowding of infec-
tives or protection measures taken by susceptibles are taken
into account (Kaddar 2010). Moreover, there will be a
potential threat of an uncontrollable outbreak, especially in
developing countries where drugs and adequate health
facilities for quarantine and isolation are not generally
available. Hence it is instructive to carry out modeling
studies that focus on the combination of pharmaceutical and
non-pharmaceutical interventions with saturated incidence.

Several types of epidemic models have been studied,
most of which have investigated the transmission rate of
susceptible individuals who have been exposed to infected
individuals (Gao et al. 2006; Kaddar 2009; Ruan and Wang
2003). Various incidence functions have been employed in
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epidemic models, of which the most popular are bilinear
and saturated incidences. The bilinear (or mass-action)
incidence rate is formulated by SSI where f is a positive
constant, and S and [ are the number of susceptible and
infected individuals, respectively (Zhang et al. 2008; Zhou
and Liu 2003). Bilinear incidence is based on the law of
mass action, which requires a well-mixed population so
that each infected individual has equal probability of
infecting each susceptible individual. It has been employed
for communicable diseases such as cholera, chickenpox
and influenza (Du and Xu 2010). If a population is crowded
or saturated with infectives, then saturated incidence is a

better option (Gao et al. 2006; Yang et al. 2007). The

saturated incidence rate takes the form ﬁi or 2SI
1+a; S 1+4op1 0

o, o are positive constants. The saturated incidence rates

pSI pSI
140§ 1401

ease and saturation effect of the infective and susceptible
individuals, respectively, when their numbers increase
(Capasso and Serio 1978; Liu and Yang 2012; May and

Anderson 1978; Wei and Chen 2008). That is, when S or
BSI_ op BSI
> 14 S 1+onl

saturation point.

In this paper, we consider the half-saturated incidence
rate 5—_5:, The parameter > 0 is the transmission rate and
H is the half-saturation constant, i.e., the density of infected
individuals in the population that yields 50 % possibility of
contracting avian influenza. The main goal of this study is
to formulate a deterministic mathematical model to inter-
pret the spread of avian influenza from birds to humans
using saturated incidence. We assess the potential impact
of avian influenza in both the bird and the human popu-
lations because two types of outbreak of avian influenza
may occur (Gumel 2009; Iwami et al. 2007). Therefore, the
specific objectives are: to formulate and analyze a mathe-
matical model of avian influenza that includes both the bird
and human populations; to determine the threshold
parameter that measures initial disease transmission; and to
investigate the effect of saturated incidence on the trans-
mission dynamics of the disease.

where

and

describe the behavioral change of the dis-

I is large

will respectively converge to a

The model

The population of birds and humans are represented by
Ny (1) and Ny, (1), respectively, at time ¢. The bird population is
divided into two sub-populations: susceptible (S,) and
infected (I,) birds. The number of susceptibles for the bird
population is increased by new recruitment (birth), but
reduced through natural death and infection (moving to class
I,). On the other hand, the infected bird population is
increased by the infection of susceptible birds whereas
reduction is caused by natural mortality and death due to
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Fig. 1 Flowchart of the model
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avian influenza. The total bird population at time ¢ is for-
mulated by N, = Sy, + I,. The human population is sub-
divided into those who are susceptible (S},), infected with
avian strain ([,), infected with mutant strain (/,), and
recovered from avian and mutant strains (Ry). The total
population of humans at time ¢ is given by
Ny, = Sy + I, + I, + R, The number of susceptibles for
the human population is increased by recruitment, but
diminished by infection (moving to class I, or I,,,) and natural
death. The number of infected humans with the avian strain is
increased by the infection of susceptible humans and reduced
through mutation (moving to class I,), recovery from the
disease (moving to class Ry,), natural death and disease death.
The growth of the population of infected humans with
mutant strain is caused by the infection of susceptible
humans and mutation of infected humans with the avian
strain, but reduced by recovery from the disease (moving to
class Ry,), natural death and disease death.

A schematic flowchart of this model is depicted in
Fig. 1. The descriptions of the variables and associated
parameters are given in Table 1.

Model equations

Considering the above formulations and the flow diagram,
we have the following system of nonlinear ordinary dif-
ferential equations:

BuSulb
(1) =Ap — -
Sy (1) = Ab — 14,Sp A
BoSulb
I'(t)= — )i
b (1) Ho+ 1 (1t + 0p) 1y
Sula  BuiSulm Sul
S;l(t):Ah*,uhShfﬂah 7ﬁ h 7ﬁbh hib
Ha""]a Hm+1m th+1b (21)
PonSnle . BaSula
L(t) = E2E  (uy+d+ety)lh
2(1) Ho 1 TH. L (1 Va)
Sl
1) =25 g 4 ot )

Hpy +1In
RL(Z‘) = ydla + Vm[m - :uth'

The feasibility of the solution in model (2.1) is given in
Appendix 1. In addition, the stability analysis of the avian-

only and avian—human models are given in Appendices 2
and 3, respectively.
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The effect of half-saturated incidence
on the transmission dynamics of the disease

To investigate the effect of half-saturated incidence on the
transmission dynamics of avian influenza, we would like to
make a comparison of the total number of infected indi-
viduals using our model (2.1) and the following bilinear
incidence model:

Sp(t) = Av — 11,Sb — PpSols

(3.1)

where fig, PA, fm and Py are, respectively, the rates at
which avian influenza is contracted by birds, human-to-
human avian influenza is contracted, human-to-human
mutant influenza is contracted and avian influenza is con-
tracted from infected birds. All other parameters are
defined in Table 1.

The unit measurements for all four infection rates
(BB, Pa, P and Ppy) are [number of individu-
als]™! x [days]_l. The transmission parameters of model
(3.1) are fixed at fg = f5 = 550555 per individual per day,
Pmv = 0.3 5 per individual per day (Gumel 2009) and
Peu :% per individual per day (Iwami et al. 2007),
whereas the remaining parameter sample values in models
(2.1) and (3.1) are as in Table 2. For both models (2.1) and
(3.1), we assume the initial populations satisfy
Sp(0) = 2.06 x 10° and S,(0) = 10°. In addition, the basic
reproduction number of model (3.1) is defined as follows:

Be Ao BaAn BrAn }
o (K +0b) ty (ptn Hd+-e+7,) iy (0 +90) |
(3.2)
Figure 2 illustrates the effects of avian influenza trans-
mission dynamics using bilinear incidence (model 3.1) and
half-saturated incidence (model 2.1) It is worth mentioning
that the total number of infected humans of the bilinear
incidence model is known to decrease exponentially, and
both models achieve the outcome of disease eradication.
Model (3.1) produces an enormous number of infected
humans compared to model (2.1); numerical simulations of
model (3.1) produced around 65 % more than the maxi-
mum number of infected humans simulated by model (2.1).
To achieve the state of disease eradication, half-saturated
incidence typically requires more time than bilinear
incidence.
Figure 3 describes the effects of the rate of transmission
in models (2.1) and (3.1) with respect to each term of R, in

RAH:max{
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(5.3) and Ry in (3.2). If the natural logarithms of all terms
in R, and Ry are equal to or less than zero, then the
disease will die off, whereas if one of these terms is greater
than zero, then the disease will persist. Figure 3 shows that
Pm and Sy play an essential role in controlling R, and
Ran, respectively. This is because these two parameters are
the coefficients of the nonlinear terms in both bilinear and
half-saturated incidences. A small change in f,,, or iy will
produce a disproportionate change in the outcome. By
decreasing f3,, and fy in both models (2.1) and (3.1), the
disease will be eradicated. Hence we conclude that
hl’n/;m_,() Rah =0 and lim[gM_,() RAH =0.

Sensitivity analysis of R,;,

We performed a sensitivity analysis of R,, (given by
Eq. 5.3) using Latin Hypercube Sampling with 2,000
simulations per run. The ranges of the parameters are
shown in Table 2 while the results are shown in Figs. 4 and
5. From Fig. 4, it can be observed that there are 7 param-
eters out of 16 to be considered: Ay, Hy, f,,, Ha, o, d and
fa. These parameters are chosen as they have the greatest
effect on the outcome. Figure 5 illustrates the sensitivity
analysis of R,,, which is highly dependent on the particular
seven parameters. From these figures, the simulations
suggest that control of avian influenza is most likely to be
achieved by lowering the values of Ay and f,,,. On the other
hand, increasing H,, H,,, o or d, or decreasing [, is unli-
kely to eradicate the disease.

Figure 6 illustrates the effect of half-saturation con-
stants (Hy,, H, and H,,) with respect to each term of Ry, in
(5.3). If all three terms (i.e., In Ry, In R;,; and In R),) are
equal to or less than zero, then the disease will die off.
Conversely, if one of these terms is greater than zero,
then the disease will persist. Figure 6 shows that, within
our given ranges, In R, always has the largest value
compared to In R, and In Ry, for every half-saturation
constant. Hence, H,, plays an important role in controlling
the parameter R,,. For instance, increasing H,, will lead
us to disease eradication; that is, whenever H,, —
0, both ha — 0 and Rah - 0.

Control strategies

To control the transmission of avian influenza, some
control strategies such as pharmaceutical or/and non-
pharmaceutical protections have to be considered
(Bowman et al. 2005; Yang et al. 2009). For non-phar-
maceutical protection, we implement personal protection
and isolation, whereas we adopt vaccination for phar-
maceutical protection.
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Table 1 Description of the variables and associated parameters

Symbol Description

Sp(1) Susceptible birds
L(1) Infected birds

Sh(t) Susceptible humans

I(1) Infected humans with avian strain

I.() Infected humans with mutant strain

R(1) Recovered humans from avian and mutant strains

Np(?) Total bird population
Nu(?) Total human population

Ay Bird inflow

An Human recruitment rate

s Natural death rate of birds

Un Natural death rate of humans

Pa Rate at which human-to-human avian influenza is
contracted

P Rate at which human-to-human mutant influenza is
contracted

Pon Rate at which bird-to-human avian influenza is contracted

Po Rate at which birds contract avian influenza

H, Half-saturation constant for humans with avian strain

H, Half-saturation constant for humans with mutant strain

Hy Half-saturation constant for birds with avian strain

Hyy, Half-saturation constant for humans with avian strain
contracted from infected birds

o Additional death rate mediated by mutant strain

€ Mutation rate

d Additional disease death rate due to avian strain in humans

Op Additional disease death rate due to avian strain in birds

Ya Recovery rate of humans with avian strain

Ym Recovery rate of humans with mutant strain

Va Rate of isolation of humans with avian strain

Vm Rate of isolation of humans with mutant strain

Personal protection

There are several potential modes of avian influenza
transmission such as the consumption of raw or under-
cooked infected poultry products, contact with oral/nasal
mucous membrane or conjunctiva (for example, through
swimming or bathing in a contaminated pond/pool), inha-
lation of contaminated dust or fine water droplets and
human-to-human transmission (Food and Agriculture
Organization of the United Nations 2008). Although the
exact mode of human-to-human transmission remains
unclear, there is reason to believe that unprotected contact
with an infected person, respiratory secretions, body fluids
or waste poses a higher risk for transmission, especially for
health-care workers (HCWs) who are first responders
(Food and Agriculture Organization of the United Nations
2008; World Health Organization 2006).

To reduce the mortality and infection rate of avian
influenza, the general public—especially HCWs, and
workers and employers who are involved in poultry agri-
culture or have frequent contact with wild birds—is
advised to follow strict guidelines for personal protection.
For example, one should take precautions for hygiene,
using gloves, masks and other protective gear (Centers for
Disease Control and Prevention 2012; Government of
Ontario 2006; World Health Organization 2006).

As personal protection plays an essential role in pre-
venting an outbreak, we investigated the impact of personal
protection on controlling the spread of this disease in
humans. We rescaled the transmission coefficients,
(ﬁa’ ﬁms ﬁbh)s to (1 - CQ) (ﬁav ﬁm’ ﬁbh)’ where 0 =c= 1
is the fraction of population that has adopted personal
protection and 0 < g < 1 is the efficiency of personal
protection. For ¢ = 1, all the people in a particular com-
munity employ personal protection, whereas ¢ = 0 means
there is no one practicing personal protection. Further, the
value ¢ = 1 shows that the efficiency of personal protec-
tion is 100 %. Hence, the values of ¢ and ¢ are reciprocal to
the rate of avian influenza transmission (Bowman et al.
2005).

The number of infected humans with respect to the
avian (I,(f)) and mutant strains (I;,(#)) are depicted in
Figs. 7 and 8, respectively, with ¢ € [0.1, 0.5, 0.9]. Fig-
ures 7a and 8a show results for the case of 30 % of the
population employing personal protection, whereas
Figs. 7b and 8b show results for the case of 80 % of the
population employing personal protection. From Figs. 7
and 8, it can be observed that the values of ¢ and g are
reciprocal to the maximal points of 7, and I,,,. Moreover,
more people employing personal protection will reduce the
values of I, and I, drastically compared to the efficiency of
personal protection. Hence, we can conclude that although
the efficiency of personal protection plays a role in
reducing the rate of avian influenza infection, public
awareness is the most effective method for controlling the
spread of the disease. See Tchuenche et al. (2011) for more
discussion.

Isolation

Before an H5N1 vaccine is ready to be administered to
the community to reduce the rate of avian influenza
infection, isolation is one of the best choices of control
strategy to reduce the transmission rate (World Health
Organization 2007). Although the strategy of isolation
might not lead to disease eradication, it can reduce the
chance of a person making contact with an infected
human (Gumel 2009). Hence we consider our model for
the population of birds (S;(¢) and [{(r)) and humans with
isolation as follows:
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Table 2 Model parameters

Parameter Sample value References Range
Ay 1,000 per day Bowman et al. (2005) [100, 2,000]
An 30 per day Bowman et al. (2005) [1, 30]
Iy ﬁ per day (Gumel 2009) [0.0005, 0.1]
Hn To363 per day Bowman et al. (2005) [755565» 55583)
Pa 0.4 per day Gumel (2009) [0.05, 2.5]
Pm 0.3 x f, per day Gumel (2009) [0.01, 0.5]
H, 150,000 individuals Assumed [10,000, 500,000]
H,, 150,000 individuals Assumed [10,000, 500,000]
o 0.06 per day Iwami et al. (2007) [0.01, 0.1]
€ 0.01 per day Gumel (2009) [0.005, 0.05]
d 1 per day Iwami et al. (2007) [0.05, 2.5]
o 5 per day Iwami et al. (2007) [1, 10]
Ya 0.05 per day Gumel (2009) [0.01, 0.1]
Ym 0.01 per day Gumel (2009) [0.005, 0.05]
Po 0.4 per day Gumel (2009) [0.05, 2.5]
Hy 180,000 individuals Assumed [10,000, 500,000]
Pon 0.2 per day Iwami et al. (2007) N/A
Hy, 120,000 individuals Assumed N/A
Fig. 2 Comparison between the 25
effects of avian influenza
transmission dynamics in 'g Tinear incid
—Bilinear incidence
models (2.1) and (3.1) g - - -Half-saturation incidence
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Inlt) = Hy, + I, ela = (i + 0+ Y ) (5.1) Several numerical simulations have been performed to

validate the effect of the parameters ¥/, and ¥/,; see Figs. 9

(1)

Ti(t) = Yo — (1, +d + 7,)Ta
(1)
(

The quantities T,(7) and T,,(¢) represent the populations
of isolated humans with avian strain at a rate of \, and
mutant strain at a rate of , at time #, respectively. The
basic reproduction number of (5.1) can be expressed as
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and 10. Assuming that the parameters /, and V,, are equal,
we observe from Fig. 9 that the isolation of infected
humans will lead to the reduction of the total number of
infected humans (i.e., I,(f) + Iz(t) + Ta(¥) + Tin(?)). Thus,
the values of ¥, and ,, are reciprocal to the number of
infected individuals. However, increasing the rate of
isolation will not lead to eradication of the disease.
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Fig. 3 The effect of the 6
transmission parameters on R,
and RAH
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Fig. 4 Sensitivity of R,, to all parameters. Parameters with positive partial rank correlation coefficients will increase R,, when they are
increased, while parameters with negative partial rank correlation coefficients will decrease R,;, when they are increased

Furthermore, we studied the impact of only isolating
infected humans with one strain (i.e., either the avian or
mutant strain). Figure 10 shows that increasing the rate of
isolation of infected humans with the avian strain gives a
better performance in controlling the spread of the disease
compared to isolation of those with the mutant strain. From
Figs. 9 and 10, we can conclude that the transmission of
the disease can be controlled much more efficiently by
isolating infected humans with avian and mutant strains.
This works better than the countermeasure of isolating
infected humans with only one strain; however, it does not
lead to disease eradication.

Vaccination

Controlling and diminishing the spread of avian influenza
is a challenging task, as the disease is very infectious and

able to mutate into highly pathogenic strains (Marangon
et al. 2008). Consequently, vaccination of poultry or
humans as a tool to manage, prevent or eradicate the dis-
ease has been recommended by the United Nations (Food
and Agriculture Organization of the United Nations 2004).
Here, we consider our model for the population of birds
(8'y(f) and I'y(¢)) and vaccination of humans as follows:

BaSula  PuShlm  PonSulb

Sﬁ(t) = (1 _P)Ah — UpSh —

Ha +Ia Hm +Im th +Ib
B Vh]m
VI(t) =pAn— (1 — ) -2 v,
h(t) =pAn — ( ¢)Hm+lm Hn Vi
Bindm
I' (1) =225 1—9)V I, — L.
() = G S (1= )Vl + ey — (st 4 )

(5.2)

In this model, Vy(r) represents the population of
vaccinated humans, whereas p and ¢ denote the
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Fig. 5 Sensitivity analysis of R, to the seven parameters which have the most significant effects on the outcome

prevalence rate of the vaccination program and the efficacy BoAv BaAn

of the vaccine, respectively. Further, we assume that Ry = max{ Hopty (1, + 00) Hapty (g +d + €+ 7,)’
vaccinated humans are fully protected from the avian B An[l 4+ p(1 — $)]

strain, but partially protected from the mutant strain with a Hoottr (i + % + 7 }

loss of protection effectiveness of the vaccination (Iwami mén Ym
et al. 2009). The basic reproduction number for this model We performed several numerical simulations to examine
(5.2) is as follows: the effect of ¢ and to compare various control strategies
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Fig. 8 The effects of personal e x10
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(personal protection, isolation and vaccination). From
Fig. 11, we find that the higher the efficacy of vaccine,
the fewer the number of infected humans. After 90 days,
there is very little reduction in the number of infections,
even if 90 % of the population is vaccinated. After 150
days, the number of infections is low if both the efficacy of
the vaccine and the vaccination coverage are high.
However, if the vaccine only has moderate efficacy (less
than 70 %), then very little is gained by vaccinating a large
proportion of the population.

In addition, Fig. 12 shows that, if there is an absence of
control strategies, then we will need more time to combat
the disease compared to those populations which have
undergone vaccination. Note that by “combatting” the
disease, we mean applying control strategies once infection
has begun. Moreover, we cannot guarantee that the disease
will not attack the population again in the future if there are
no control strategies employed. From the same figure
again, we can see that the number of infected humans
begins to increase after day 450.

On the other hand, Fig. 13 shows that, by employing
non-pharmaceutical interventions (personal protection and
isolation) and all of the proposed control methods, less time
will be needed to eradicate the disease compared to only
employing a pharmaceutical (vaccination) control strategy.
In conclusion, the non-pharmaceutical control strategy is
more effective than vaccination in battling the disease.

Discussion

In this paper, we have conducted a study focusing on the
effect of half-saturated incidence on the transmission
dynamics of avian influenza. When half-saturated inci-
dence is included (model 2.1), the effect is a significantly
lower peak of the total number of infected humans

Rate of isolation

compared to the case when half-saturated incidence is not
included (model 3.1). However, when half-saturation is
included, the disease takes longer to die off. Furthermore,
the results of the sensitivity analysis of R, suggest that
increasing the half-saturation constants, especially H,,,, will
lead to disease eradication. Particularly in this case, we
obtain Ry, < 1.

To control the outbreak, we proposed both non-phar-
maceutical (personal protection and isolation) and phar-
maceutical (vaccination) control strategies. From the
outcomes that we have obtained, the total number of
infected humans is reciprocal to the following: the fraction
of the population that has adopted personal protection, the
efficiency of personal protection, the rate of isolation of
humans with the avian strain, the rate of isolation of
humans with the mutant strain and the efficacy of the
vaccine. Hence, by increasing these parameter values, we
can control the spread of the disease more effectively and
less time is required to battle the outbreak. Although vac-
cination gives better control of avian influenza transmis-
sion than any control strategies not employing vaccination,
it takes longer to eradicate the disease compared to
employing only non-pharmaceutical or all proposed control
methods. However, adopting either pharmaceutical, non-
pharmaceutical or all of the proposed control strategies will
lead to disease eradication.

The recent HIN1 pandemic provided important lessons
for future pandemics. Personal protection and isolation
were judged to be successful in Singapore, when well
implemented (Hospital Influenza Working Group 2009),
but less so in other Asian countries (Chan et al. 2010).
Conversely, even once a vaccine became available, distri-
bution was problematic due to hoarding and underutiliza-
tion (Fisher etal. 2011). This suggests that the
recommendations we make here nevertheless need careful
implementation once a pandemic occurs.
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Fig. 11 The impact of ¢ on the
total number of infected humans
at day 90 (fop figure) and day
150 (bottom figure)

Fig. 12 The effect of
vaccination compared to no
control methods
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This model has several limitations, which should be infected with avian influenza from humans and infected
noted. We have used constant human recruitments and bird birds will remain infected (i.e., infected birds will not move
inflow. We have also assumed that birds will not be to, for example, a recovered or susceptible class). For the
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human population, we assumed that immunity was
permanent.
If the half-saturation constant, H- = {H,, H,,, Hy, Hy,}

tends to infinity, then ﬁ*S*HI—i;L tends to zero, where we

denote S+ = {fa Pm> Po> Pon}> S+ = {Sp, Sp} and [« =
{IL, I, I,}. That is, the infection does not occur. Thus, the
number of susceptibles, S+, will increase while the number
of infected, I+, will decrease. Moreover, if H- approaches
zero, then we will obtain the peak of infection. It is worth
mentioning that the half-saturation constant for humans
with the avian strain contracted from infected birds in this
model is irrelevant. This is because there are no infected
birds to infect humans if the half-saturation constant for
birds with the avian strain approaches infinity. Hence, in
this case, humans will not contract avian influenza from
infected birds.

For future work, we propose a model which incorporates

the saturation incidence rate, %, where o is a positive
constant. In this case, we wish to study the role of the
parameter o, in controlling the epidemic.

In summary, modeling avian influenza with half-satu-
rated incidence gives insights into disease management that
cannot be gleaned from mass-action (bilinear) modeling.
By increasing the half-saturation constant for the mutant
strain (through isolation techniques such as quarantine), in
addition to other protection measures such as vaccination
and personal protection, we can make the disease-free
equilibrium globally stable and hence theoretically eradi-
cate the disease. A comparison of the two models suggests
that eradication is slower in the case of half-saturation. It
follows that mass-action models may be overestimating the
speed with which we might bring the disease under control.

Acknowledgments NSC acknowledges support from the Ministry
of Higher Education, Malaysia, and the Department of Mathematics,
University of Malaysia Terengganu. For citation purposes, please note
that the question mark in “Smith?” is part of his name.

200 300 400 500 600
Time (day)

Appendix 1: Feasibility of the solution

Since the model parameters are non-negative, it is impor-
tant to show that all state variables remain non-negative for
all non-negative initial conditions for ¢ > 0. From
Eq. (2.1), we have

dmv

d_tb = Ap — Ny — duly <Ay — 1, Ny

dmv

dith = A]’l — /,thh — dIa — O(Im SAh - ‘uhNh.

The closed set

A A
D= {(Sb>lbaSh71aaIm) ER) 1N, < 2N < —h}
Hy Uy

is a feasible region of the model.

Proposition 1  The closed set D is bounded and positively
invariant.

Proof Because % < Ap — 4Ny, Ny is bounded above by
% <0 whenever Ny(r) > ’;—: Using an inte-

grating factor, we have

M Hence
Mo

A
No(t) < Np(0)e " + #—b (1 —e ).
b

As t — oo, e "' — 0 and hence lim, ., Np(t) < %

The other case is similar. Thus D is bounded and pos-
itively invariant in Ri.

Appendix 2: Stability analysis of the avian-only model

We consider the avian-only model, given by the first two
equations of the Eq. (2.1)
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A feasible region is defined as

A
Dy = {(Sbe) ER2: Sy + 1< —b}.
Hy
It can be shown from Proposition 1 that Dy, is bounded and
positively invariant over Ri. The DFE (disease-free
equilibrium) is

B = (5. = (520

Hy
and the EE (endemic equilibrium) is
Ey = (S, 1)
_ <Ab + Ho(py + 0) BoAv — i (i + 5b))
ty + By (o + Bo) (t + Sb)
The basic reproduction number (see Li et al. 2011; van den

Driessche and Watmough 2002 for further details and some
complications) for the avian-only model is thus

B
L Hy (1t 4 0v)
Next, we would like to determine whether or not the model

achieves global stability of the DFE or EE with respect to
positive initial conditions.

Ry

Theorem 2 (Global stability of the DFE for the avian-
only model) Let E§ = (3,19) = (%.,0). If Ry <1, then

the DFE, EQ, s globally stable in the interior
Iy, = {(Sb,lb) S Ri : Sb, Ip SNb}
Proof Consider a Lyapunov function, L(Sy, 1) =

A A
sy - At the DFE, we have L(s{, 19) = L(%,0)
0. Its derivative is
ar Ay [ BySoly

dt  wHy(w, + ov) [Ho + 1o
Iy Aply

Hy+1, wHy

Iy  Aphy

<RpSp— —
<Ry be 1o Hy

<R Ay (Ib ) Aply
NN (L
Hy UpHy

A A
No< 2= §< =2
Uy My

= Ry, —1
#be( ’ )
<0 if Ry<l1

— ( + 5b)[b}

= RySp

where at the DFE, we have

Thus a periodic solution for this avian-only model does not
exist for (Sp, 1) € I'y. Therefore, the global stability of the
DEFE is satisfied. O

@ Springer

Theorem 3 (Global stability of the EE for the avian-only
model) Let Ej = (Si, ). If R, > 1, then the EE, Ey, is
globally stable in Ty = {(Sp, Iy) € Ri 2 Sy <Np, Iy <Np}.

Proof Let  fi =Ap — t4Sp — ,’i‘ﬁﬁ,fz = % = (p +
5b)Ib and B(Sb,lb) :i
V(B) = (Bfi) + —(Bf)
s, Y o,
Hy By BuSo
=—|2+ + <0 V (Sp,Ip) €T.
Ib Hb+]b (Hb+[b)2 ( b b) b

As V(Bf) <0V (Sy, ) € I'y, then by Bendixson’s Negative
Criterion (Perko 2001), no periodic orbit can lie entirely in
I'y. Since Ry, > 1, the DFE is unstable and hence, in a two-
dimensional system, the EE is globally stable in I'},. O

Appendix 3: Stability analysis of the avian—-human
model

Since Ry, decouples from the remaining equations in model
(2.1), we consider the first five equations of model (2.1).
We denote this as the avian-human model.

The transmission matrix, F, and transition matrix, V, of
this model are

PoHb Sy
(Ho+1y)* 0 0
_ | BwfwSn _BuHaSh
F= (Hn+l)*  (HotL)? 0
ﬁmHmSh
0 0 (Hm+In)?
iy + O 0 0
V= 0 uy,+d+e+y, 0
0 —€ iy + %+ Y
Thus we have
Fv=! =
PoHoSo
(o 00) (Hy 1) 0 0
PonHibSh BoHaSh 0
(1o +00) (Hon+1y)° (ytdtety,) (Hot 1)
0 BinHimSh ﬂ PrinFmSh

(+d+et7,) (tn+at7m) HntHn)® (y+0+7m) (Hu )

The DFE of this model is

Ay, A
B = (st ) = (32.0.52.0.0).

At the DFE, we have

Boo
Hb#{t;(#},\+5b) /;?\ 0
717 bh/}h a/Mh
FV = Hon tty (14 +0b) Hypy (py+d+e+7,) 0
0 BnAn BumAn

Hunpty (B Hd+e+7,) (n+0+7m) - Hinftn (0471 )
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and
A A
Rip = max{ Poo Pun
Hy iy (1t + 0v) " Hapty (1, +d +€+7,)
y PmAn } (5.3)
Hun by (fty + %+ 71n)
= Ran = max{Ry, Rn1,Rn2 }
BuA JY

Where Rhl H.n“h( h+dh+€+"/a) and Rh2 Hupty (llh+1;‘+/n1> :
Theorem 4 (Global stability of the DFE for the avian—

h’»*a’*m )Hh

0,0). If Ryy < 1, then the DFE, EY,, is globally stable in the
interior Ty = {(So, Io, Shy Lay Im) € R, t Sp, Iy < Np, S, T,
Iy <Np}.

human model) Let EY = (S0,10,80,10,1°) = (A" 0,2

Proof Consider a Lyapunov function,

Ay
711)
Hyp, (4 + )

Ay
+ Ia
Hapiy (pty +d + € +7,)
Ay
In
Hnpty (i + % + V)

L(Sb7]b7 Sh7 Ia7 Im) -

At the DFE, we have L(8?, 10,50, 10, 10) = L(& 0,% 0 0)

hotarim 00

= 0. Its derivative is

dL o Ab I, + Ah 1/
i Homy(tty+00) " Hapy(y +d +e+7,)
+ Ah I/ _ Ab
Hinpty (1 + 004 75) ™ Hoptyy (1 + )
ﬁbSbIb :| Ah
X — + 01y | +
{Hbﬂb R A R R ey
BonSnls | BaSula
Hpyw+1, H,+1,

n Ay l:ﬂmsh]m
Hun gty (g + 0+ V) [ + I
Ib AbIb Ia Ahla
R Sh -
Hy + I Hb,ub H,+1, Ha,uh
Iy Anl,
+ RipSp e —
Hyn+1In Hm,uh
Aply Apli Anl. Anl.
gy Aefo  Avly o Anka Anki
fHy  Hopty Uy Hapy
Anln
Hin
Apli AplL Anl,,
_ Dol gy Anda gy An
UHp H, H
<0 if RbaRh] ,Rh2 <1

—(u+d+e+y)L

+ely — (uy + o+ vm)lm]

<RySp———

AhI m
MnHm

(Rn2 — 1)

Thus, a periodic solution for this avian—-human model does
not exist for (Sb,lb, Sh,la,lm) € Ian. ]
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