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Abstract In this paper, a non-linear model is proposed and analyzed to study the
effects of habitat characteristics favoring logistically growing carrier population
leading to increased spread of typhoid fever. It is assumed that the cumulative den-
sity of habitat characteristics and the density of carrier population are governed by
logistic models; the growth rate of the former increases as the density of human
population increases. The model is analyzed by stability theory of differential equa-
tions and computer simulation. The analysis shows that as the density of the infec-
tive carrier population increases due to habitat characteristics, the spread of
typhoid fever increases in comparison with the case without such factors.
ª 2013

1. Introduction

Typhoid fever is a bacterial disease caused by Sal-
monella typhi. It is considered as a burden with the
highest incidence rates of the disease in Africa and
Asia [1]. It is transmitted through the ingestion of
food or drink contaminated with bacteria which
may be transported by carriers such as flies from
the feces or urine of infected people. Typhoid fe-
ver spreads in the population because of two fac-
tors: (i) carriers such as flies, which transport

bacteria of disease from excreta of those infected
to susceptible individuals; and (ii) direct contact
between those infected and susceptible individuals
[2]. The changes in the cumulative density of hab-
itat characteristics, such as plant and vegetation in
residential areas, open drainage, garbage dumps,
water storage tanks, ponds, etc., provide a very
conducive environment for breeding, growth and
survival of carriers such as flies leading to the in-
creased spread of typhoid fever [3]. It is noted that
the cumulative density of these habitat character-
istics may increase due to human population den-
sity-related factors such as lack of proper
sanitation, water contamination, etc.
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It is pointed out here that the study of habitat
characteristics representing ecological and envi-
ronmental factors such as the above-mentioned
and their effects on the growth of the carrier pop-
ulation is very complex [4–13]. In this paper, a sim-
ple non-linear model is proposed to study this
aspect on the spread of typhoid fever.

The modeling and analysis of various infectious
diseases have been conducted by many researchers
in the past [14–23]. Although some research has
been conducted on the carrier-dependent infectious
diseases [21], the effect of the cumulative density of
habitat characteristics on the carrier population has
not been considered. It is noted that very little
attention has been paid to the study of typhoid fever
by considering effects of the carrier population, the
density of which increases due to natural as well as
human population density-related habitat charac-
teristics. Therefore, in this paper, a SIR (suscepti-
ble-infected-recovered) model with constant
immigration for carrier-dependent infectious dis-
ease is proposed and analyzed by considering explic-
itly the effects of habitat characteristics. To be
specific in the modeling process, the cumulative
density of habitat characteristics (such as biomass
of leaves in bushes and plants, etc.) is considered
to be governed by a logistic model, the growth rate
of which increases as the density of the human pop-
ulation increases. It is assumed further that the den-
sity of carriers is also governed by a logistic model,
the growth rate ofwhich increases as the cumulative
density of habitat characteristics increases.
Although there are multiple other factors besides
habitat characteristics that are associated with the
spread of typhoid fever, such as seasonality, water
contamination, sanitary practices, etc., the model
focuses solely on the role of habitat characteristics
on the spread of typhoid fever.

2. SIRS model with ecological effects

Let time total human population density N(t) be di-
vided into three sub-classes: the susceptible den-
sity X(t), the infected density Y(t) and the
recovered density R(t), thus N = X + Y + R. Let B(t)
be the cumulative density of habitat characteris-
tics favorable to the growth of the carrier popula-
tion. It is assumed that this density B(t) is governed
by a logistic model and growth rate of which in-
creases as the human population density increases.
Further, let C(t) be the carrier population density
also governed by a logistic model whose growth
rate is favored by habitat characteristics. Also,
Ci(t) is the fraction of the carrier population

density C which carries infective agents to the sus-
ceptible individuals.

Keeping in mind the above factors, and by
assuming simple mass action interaction, a SIR
model is proposed as follows:

dX=dt ¼ A� bXY � kXCi þ v1R� dX;

dY=dt ¼ bXY þ kXCi � ðv þ aþ dÞY
dR=dt ¼ vY � ðv1 þ dÞR;
dCi=dt ¼ s1C� s10Ci;

dC=dt ¼ s0ðC� C2=LÞ � s1Cþ s2BC;

dB=dt ¼ r0B� r0B
2=K � r1Bþ r2BN:

ð2:1Þ

In model (2.1), A is the constant immigration rate
of the human population; d is the natural death
rate constant; b and k are the transmission coeffi-
cients due to the infected human population [2]
and the infected carrier populations respectively;
v1 is the fraction of R becoming susceptible again;
a is the disease-related death rate constant; v is
the recovery rate constant; s1 is the rate at which
carriers become infected carriers; and s10 is the
death rate coefficient of infected carriers due to
natural factors as well as by control measures.
Also, s2 is the growth rate of carriers because of
the conductive habitat characteristics. Further, r0
is the natural growth rate coefficient of B(t); r1 is
the natural depletion/control rate of B(t); r2 is
the growth rate coefficient of B(t) due to human
population density-related factors; and K is the
carrying capacity of B(t), which is assumed to be
a constant. Similarly, s0 is the growth rate, and L
is the carrying capacity of the carrier population.

3. Equilibrium analysis

For analysis of the model (2.1), the following re-
duced system is considered (using X + Y + R = N):

dY=dt ¼ bðN � Y � RÞY þ kðN � Y � RÞCið � ðv þ aþ dÞY ;
dR=dt ¼ vY � ðv1 þ dÞR;
dN=dt ¼ A� dN � aY ;

dCi=dt ¼ s1C� s10Ci;

dC=dt ¼ s0ðC� C2=LÞ � s1Cþ s2BC;

dB=dt ¼ r0B� r0B
2=K � r1Bþ r2BN:

ð3:1Þ

To analyze the model (3.1), the following lemma is
needed which is stated without proof. This lemma
establishes a region of attraction for the system.

Lemma 3.1. The set

X ¼ fðY ;N;C;BÞ : A=ðaþ dÞ 6 Y þ R 6 N 6 A=d; 0 6 Ci

6 s1Cm=s10; 0 6 C 6 Cm; 0 6 B 6 Bmg
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