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Abstract: In this paper, we develop a mathematical model to investigate the impact of dynamic
hygiene behaviour on the transmission dynamics of typhoid fever in the presence of antibiotic
resistance. The model extends existing modelling approaches by integrating behavioural responses
with treatment and resistance dynamics. The model is calibrated using cumulative data on typhoid
cases reported at the Mbandjock District Hospital in Cameroon. The calibrated parameter estimates
give Ry = 2.0754 > 1 and R,. = 1.9509 > 1. These values indicate that the disease can persist
in the population and remains endemic in the region. A sensitivity analysis of the basic reproduction
number is performed to identify the parameters that have the greatest influence on disease transmission.
The results show that the environmental transmission rate 5, and the bacterial decay rate y, in
the environment are among the most influential parameters affecting the value of R,. The model
shows the possibility of backward bifurcation, indicating that reducing the reproduction number below
one may not be enough to eliminate the disease, particularly in settings with poor hygiene or high
levels of antibiotic resistance. Numerical simulations demonstrate that improved hygiene practices
can significantly reduce infections and environmental contamination. In general, the findings show
the importance of combining behavioural interventions with effective treatment strategies to control
typhoid fever.
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1. Introduction

Typhoid fever remains a significant public health concern in many parts of the world, particularly
in regions where access to clean water and proper sanitation is limited. Typhoid fever is an infectious
disease caused by Salmonella typhi, which is mainly transmitted by the faecal-oral route, typically
through contaminated food and water [1]. Despite substantial public-health advances, recent global
estimates indicate that typhoid fever causes millions of cases and tens of thousands of deaths annually,
with the highest burden in South Asia and sub-Saharan Africa [1,2].

Young children and populations living in poor socioeconomic conditions are particularly
vulnerable to infection. Although the global burden of typhoid has declined in some regions, the
disease remains persistent in areas with limited access to safe water, sanitation, and hygiene (WASH)
infrastructure [3,4]. Interventions that improve water quality, sanitation, and personal hygiene are
widely recognized as essential strategies for controlling typhoid fever [5-7]. Studies have shown that
household water treatment, safe storage, access to sanitation, and regular handwashing significantly
reduce infection risk [5-7]. Evidence from meta-analyses also suggests that hygiene practices,
particularly handwashing with soap, can be highly effective in preventing infection when adopted
consistently within communities [6]. However, maintaining a high and sustained level of hygiene
practices remains a major challenge. In many communities, the adoption of hygiene behaviours often
changes over time and may depend on factors such as perceived disease risk, social norms, and
availability of resources [8].

A major challenge in the control of typhoid fever is the emergence of antibiotic-resistant strains of
salmonella typhi [9]. The misuse and overuse of antibiotics have contributed to the development of
resistant infections, making treatment more difficult and increasing the risk of complications [9]. In
addition to medical interventions, preventive measures such as improved hygiene and sanitation play a
critical role in reducing transmission. Therefore, improved diagnostic methods and treatment strategies
are essential for the early detection and effective management of resistant cases [10]. Behavioural
responses, such as increased handwashing and improved awareness of hygiene during outbreaks, can
influence how the disease spreads within a population.

Mathematical modelling has become an important tool for understanding the transmission
dynamics of infectious diseases and for evaluating the potential impact of control strategies. In the
context of typhoid fever, models have been used to examine the roles of environmental transmission,
treatment, and vaccination [11,12]. Compartmental models, in particular, capture key mechanisms
such as human-to-human transmission, environmental contamination, and the effects of treatment on
infectiousness [11,13].

A study by [14] demonstrated the role of contaminated water and poor sanitation in sustaining
disease transmission. Behavioural responses, particularly those related to hygiene practices, can
significantly influence transmission by modifying contact patterns and exposure to contaminated
environments [15, 16]. Behavioural responses within communities can play an important role in
reducing disease transmission. For example, people can adopt improved hygiene practices, such as
handwashing and safe food handling, when awareness of the risk of infection increases. These
behavioural changes can influence how the disease spreads within a population, particularly in
settings where environmental contamination contributes to transmission. However, the interaction
between hygiene behaviour and antibiotic resistance in typhoid transmission remains less explored in
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mathematical modelling studies.

More recent modelling studies have incorporated behavioural responses, demonstrating that
changes in hygiene practices can significantly influence disease dynamics [17, 18]. These approaches
account for risk-driven behaviour, behavioural fatigue, and adaptive responses that can alter
transmission patterns. Models that integrate environmental bacterial dynamics with behaviourally
driven contact or shedding rates are especially relevant for enteric diseases such as typhoid fever.

In addition, several studies have highlighted the growing impact of antibiotic resistance on typhoid
transmission and control. The rise of multidrug-resistant strains has reduced the effectiveness of
commonly used antibiotics and increased the complexity of treatment strategies [19]. Although some
modelling studies have explored the dynamics and resistance of treatment [20], relatively few have
considered the combined effects of behavioural responses and resistance to antibiotics within a
unified framework.

A study by [17] developed a compartmental model to examine the interaction between cholera and
typhoid fever, with particular emphasis on the role of hygiene behaviour in disease transmission. In
their work, the contact rate was formulated as a function of hygiene level, allowing the model to capture
how improved sanitation and behavioural changes can reduce the spread of infection. Their results
show that better hygiene practices significantly lower transmission rates and can contribute to the
control of both diseases. However, our study focuses on typhoid fever alone and extends the analysis
by incorporating antibiotic resistance and treatment dynamics alongside behavioural responses.

In addition, a study by [8] emphasizes that poor water, sanitation, and hygiene conditions remain a
major driver of disease transmission, particularly in many African settings. Furthermore, the study
by [10] discusses modern detection methods, showing how improved diagnostic tools can help in the
early identification of resistant strains and support better treatment decisions. Together, these studies
indicate that effective control of typhoid fever depends on a combination of improved treatment
strategies, better hygiene practices, and enhanced detection of drug-resistant pathogens.

Although several mathematical models have been developed to study typhoid transmission
dynamics, many focus primarily on environmental transmission, vaccination, or treatment
interventions. Only a limited number of studies, such as [17], incorporate behaviour-dependent
transmission mechanisms, and even fewer account for the combined effects of behavioural responses
and antibiotic resistance. This gap is particularly important in endemic settings, where behavioural
changes, such as increased handwashing and hygiene awareness, can reduce exposure to
contaminated environments, while antibiotic resistance may alter disease progression and
transmission patterns, further complicating control efforts.

To address this gap, this study extends existing mathematical models of typhoid transmission by
incorporating dynamic hygiene behaviour into a framework that also accounts for antibiotic resistance
and treatment dynamics. Rather than proposing an entirely new modelling structure, the contribution
lies in examining how behaviour-dependent hygiene and resistance interact within a unified setting.
The model captures human-to-environment transmission, adaptive hygiene responses, and treatment-
related resistance, and is used to provide new insights into how these factors jointly influence disease
dynamics. In particular, the study explores the impact of behavioural changes on transmission, the
role of resistance in shaping endemic outcomes, and the implications for control strategies in resource-
limited settings.

The rest of the paper is organised as follows. Section 2 introduces the mathematical model and
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explains how it is formulated. In Section 3, we examine the positivity and boundedness of solutions,
along with a detailed analysis of the model. Sensitivity analysis and model calibration are discussed in
Section 4, while numerical simulations are provided in Section 5. Section 6 concludes the paper.

2. Model formulation

We develop a deterministic compartmental model to describe the transmission dynamics of typhoid
fever in the presence of antibiotic resistance, treatment switching, and behaviour-dependent hygiene
interventions. The total human population at time ¢, denoted by N(¢), which is assumed to be bounded
over time, is given by

N@) =S®) + I() + 1,(t) + T51 (1) + Ty, (1) + T (1) + T2(1) + R(D).

The model structure is illustrated in Figure 1. The population is divided into susceptible
individuals §(¢), infected individuals with drug-sensitive strain [ (f), infected individuals with
drug-resistant strain /.(f), people receiving first-line treatment (7 (¢),7,1(¢)), people receiving
second-line treatment (7'»(?), T,,(?)), and recovered individuals R(¢). The model also incorporates the
environmental bacterial concentration B.(f) and a behaviour-dependent hygiene variable H().

The hygiene variable H(#) is modelled as a proxy for the behavioural response at the
population-level driven by the perceived risk of infection, represented by the total number of
infectious individuals (I; + I,). This assumption follows a common approach in behavioural
epidemiology, where increasing the prevalence of diseases leads to increased awareness and the
adoption of protective measures. Hygiene behaviour is influenced by multiple factors, including
public health interventions, education, media influence, cultural practices, and access to sanitation
resources. However, explicitly incorporating all of these factors would substantially increase the
complexity of the model and the uncertainty of the parameters.

Therefore, this paper provides a simplified but analytically tractable representation of adaptive
behaviour, which is sufficient for capturing its interaction with transmission and antibiotic
resistance dynamics.

Transmission is assumed to occur through exposure to contaminated environments such as unsafe
water or food. The forces of infection for drug-sensitive and drug-resistant strains are defined as

IBbBc
B. +«

A‘yzw(ﬁb&)(l—w), zr=<1—w>(

B+« )(1 - ¢&H), (2.1

where B, is the effective contact rate with contaminated environments, « is the half-saturation
constant, and w € [0,1] represents the relative contribution of the drug-sensitive strain to
transmission. The term (1 — £H) captures the reduction in transmission due to hygiene behaviour,
where H € [0, 1) denotes the level of hygiene adoption and ¢ € (0, 1] measures the effectiveness of
hygiene in reducing environmental contamination. The environmental contribution to infection is
represented by the saturating function ﬁ‘%‘(, which describes the risk of infection from contact with
contaminated water or food and approaches a maximum as the bacterial concentration increases. To
account for the relative probability of infection with each strain, a weighting factor w is introduced,
where w represents the probability of contracting the sensitive strain and (1 — w) represents the

probability of contracting the resistant strain.
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Transmission is driven by environmental bacterial contamination and influenced by hygiene
behaviour. Infection occurs when susceptible individuals (§) are exposed to a contaminated
environment, after which they may become infected with the drug-sensitive strain (/) at rate A or the
drug-resistant strain (/,) at rate A,. Following works by [20-22], treatment in this model is modelled
using two lines of antibiotics: a first-line treatment (Antibiotic 1), which may be partially ineffective
due to resistance or misdiagnosed, and second-line treatment (Antibiotic 2), which is assumed to be
resistance-free.

Susceptible individuals are recruited into the population at rate A and become infected at rates
Ay and A,. Infected individuals in /; and I, may start first-line treatment at rates oy and o, recover
naturally at rates 6, and 6, or die due to the disease at rates ¢, and J,, respectively. Individuals receiving
first-line treatment (7', 7,1) may recover at rates v, and v,, move to second-line treatment (7', T,,) at
rates p, and p, if treatment fails, or die due to the disease at rates d,; and ¢,;. Individuals in second-line
treatment (7', T),) recover at rates y, and v,, or die due to the disease at rates d,, and ¢,,. Recovered
individuals lose immunity at rate € and return to the susceptible class. All individuals are also subject
to natural death at rate u.

The environmental bacterial concentration B.(¢) is driven by shedding from infectious individuals
(I, I,) and those receiving first-line treatment (7', T,;). Individuals in /; and I, shed bacteria at rates
a, and «,, respectively, while those in (7, T,;) shed at reduced rates a,; and «@,;. Shedding from
individuals receiving second-line treatment is assumed negligible. The bacterial population grows at
rate g and decays at rate u;,, with y, > g, ensuring that environmental bacteria remain bounded. We
assume that first-line treatment (Antibiotic 1) is less effective, which justifies the need for second-line
treatment (Antibiotic 2), thus it is assumed that individuals receiving first-line treatment in classes
(T, and T,;) can continue shedding bacteria due to treatment failure or resistance development. In
addition, individuals in the infectious classes I, and I, shed bacteria at higher rates a, and «,
respectively compared to those receiving first-line treatment in classes 7'; and 7,1, who shed at lower
rates @y and «,;. This reflects the assumption that first-line treatment is less effective, hence allowing
continued shedding from individuals in 75, and T;.

Bacterial shedding from individuals receiving second-line treatment (7, 7,,) is assumed to be
very low and therefore considered negligible. Although some bacteria may still be released during
second-line treatment, the number is minimal because second-line antibiotics are typically more potent
and effective at suppressing bacterial load than first-line drugs. As a result, individuals who receive
second-line treatment contribute very little to environmental contamination compared to those who are
infectious (I, I,) or who undergo first-line treatment (75, T,;). This assumption simplifies the model
without losing biological relevance, as the majority of bacterial shedding and transmission is expected
to occur during earlier stages of infection and treatment when bacterial concentrations are highest.

As infection levels increase, individuals are more likely to adopt protective hygiene at a rate i, in
response to the increased risk. However, in the absence of sustained motivation, these practices decline
at a rate y,. Higher levels of hygiene reduce environmental exposure to the environment, reducing
the likelihood that susceptible individuals become infected. This effect also indirectly influences the
flow of individuals into infected and treatment compartments. In this way, hygiene acts as a dynamic
control measure that helps regulate the overall trajectory of the epidemic.

Shedding into the environment is assumed to be hygiene-dependent because the level of hygiene in
a community strongly affects how much bacteria from infected individuals enters the surrounding
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environment. In settings where hygiene practices are poor such as limited handwashing, inadequate
waste disposal, or absence of proper sewage systems, infected individuals are more likely to
contaminate water sources and food through faecal matter or improper sanitation. This leads to higher
bacterial concentrations in the environment, which increases the risk of indirect transmission.

The term (I + I,)(1 — H) represents the rate at which individuals adopt or improve hygiene
practices in response to increasing infection levels. As the number of infected individuals rises, people
are more likely to adopt protective behaviours such as frequent handwashing and improved sanitation.
The term ¥, H describes the decline in hygiene awareness over time. As infection levels decrease
and the perceived risk becomes lower, individuals tend to relax these behaviours, leading to reduced
compliance with recommended hygiene practices. Therefore, these terms capture the dynamic nature
of human behaviour, in response to disease prevalence, suggesting that hygiene practices improve
during outbreaks but may decline once the threat subsides.

Hygiene adoption is modelled as a population-level response driven by infection prevalence,
represented by I; + I, which is assumed to represent perceived risk in the community. Although
individuals undergoing treatment (7, 7,1, Ty, T),) are influenced by hygiene awareness, as shown
in the model diagram, this effect is not explicitly included in the equations. This is because treated
individuals are assumed to follow prescribed medical guidelines, and the simplification avoids
additional complexity and overlap with treatment effects.
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Figure 1. Schematic diagram of the typhoid fever model (2.2).

Thus, based on the model assumption, formulation, and Figure 1, we have the corresponding system
of ordinary differential equations:

Mathematical Biosciences and Engineering Volume 23, Issue 9, 2904-2941.



2910

ds
I =A—-U;+ A, +u)S +€R,
dl
n = A8 — (o5 + 6+ 6, + i,
dl.
n =4S —(o,+6,+6,+wl,
dT
dt = O-sls - (ps +Vs t+ 551 +/'t)Tsla
dar,
! = O-rlr - (pr TV, + é‘rl +,U)Tr1a
dt
o 2.2)
dt = psTsl - (YS + 632 + /-’l)T329
dTrZ
dr = prTrl - ()/r +0,0+ ﬂ)TrZa
dR
E =0, +01 +v,Tg +v,T, + 7sT32 + )/rTrZ —(e+ /J)R,
dB,
dl = gBC + (1 - fH)(CYsIs + a'rIr + a’slTsl + a’rlTrl) - ,ubBc,
dH
T il + 1,)(1 — H) — ¢ H,
with the initial conditions be
$0)>0, I0)=0, [,0)=0, Tuq0)=0, T,0)=0, Tp0) =0, T,0) =0,
RW0)>=0, B.(0)>0, H@O) =>0. (2.3)

3. Model analysis

This section presents a detailed analysis of the formulated typhoid fever model to understand its
qualitative and epidemiological behaviour. Furthermore, the basic reproduction number, denoted by
Ro, is derived using the next-generation matrix method to determine the threshold condition that
dictates whether the disease will die out or persist in the community. Local and global stability
analyses of the disease-free equilibrium (DFE) are examined to understand the behaviour of the
model around the equilibrium.

3.1. Positivity of solutions

We now analyse the positivity of the model system (2.2). We prove that all state variables remain
non-negative and that every solution of the model system (2.2) with positive initial conditions remains
positive for all # > 0. The following theorem is thus presented.

Theorem 1. All solutions of the typhoid fever model (2.2) defined by the set

Y() = (S@), (1), (), Ts1, T (1), Ta(2), T)2(2), R(t), B.(t), H(t)), with positive initial conditions (2.3)
Y(O) = (S (O)’ IS(O)9 Ir(O), TSI(O)’ Trl(o)’ T52(0)9 T,Q(O), R(O)’ BC(O)’ H(O)): remain pOSitive for all

time t > 0.
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Proof. We need to show that the system solutions remain non-negative for all # > 0. Consider the first
equation of model (2.2) given by

dS
dt
Solving (3.1), we have

dit (S () exp (,ut + f A(s) a’s)) = (A + €R(1)) exp (,ut + f A(s) ds) .
0 0

= A+eR—(u+A,+4)S = A+eR—(u+A)S, where 4= A;+ 4,. (3.1

So, R . R
S (f) exp (,uf + f A(s) ds) -S0) = f (A + €R(1)) exp (,uf + f A(v) dv) dr,
0 0 0

S@ = S(0)exp (— [,uf+ f A(s) ds))
0
+ exp (— (,uf+ f A(s) ds]]f
0 0

From the second equation of model system equations (2.2), we obtain

dI (1)
dt

giving

A

(A + €R(1)) exp (,uf+ f A() dv) df| > 0.
0

=AS — (o, +0,+ 0, + )l > —(0s+ 0, + 65 + Wl
= I(f) > I,exp[—(os+ 0, + 5, + )i 1> 0.

Similarly, using the same method for the other state variables, it can be shown that the solution set
L), T, Tr(t), Tr(1), Tyo(2), R(t), B.(t), and H(f) remains positive for all + > 0, therefore, the
model (2.2) is positively invariant in R!°, and this completes the proof.

3.2. Boundedness of solutions

To ensure that the model is mathematically and epidemiologically well posed, it is necessary to
establish that all state variables remain non-negative and bounded for all time ¢ > 0.

Theorem 2. The feasible region Y of the typhoid fever model (2.2), as defined in (3.2), is positively
invariant and attracting:

A
T = {(S’Isa Ira Tsla Trl7 T327 Tr29R’ BC7 H) € R-IFO cHe [O’ 1)’ N < ) Bc < M}a (32)
M

where

(as + a, + ay + @ )A}
u(p — 8)

Proof. Summing the first order of the linear equation for the rate of change in the total human
population N(7), we have
dN(t)
dt

M = max {BC(O),

=A _/JN(I) - (5sls + 6r1r + 551151 + 5r11r1 + 6s2152 + 5r21r2) <A _MN(Z), (33)
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since the disease-induced death rates are non-negative. Thus, the linear differential inequality has
the solution,

A
N(@) < NO)exp™ +— (1 —exp™),
u

which implies that N(#) is uniformly bounded and that

lim sup N(7) <

—o0

A
u

A
This shows that the total human population is uniformly bounded above by — for all > 0.
u
For the environmental bacteria B., we have

dB,
dt

= (g - :ub)Bc + (1 - é:H)(asIv + arlr + @y Tsl + @y Trl)

< (g - :ub)Bc + (1 - fH)(as ta, + a5+ arl)N(t)-
Since 0 < (1 — éH) < 1 and all state variables are non-negative, it follows that

c

st @+ ag +a)A
y < (g— B, + Lt et O T an)h
t H

Since u;, > g, the we have:

(as ta, + a5 t+ @ )A

B(1) < B.(0)exp #78" + (1 - exp‘(’“"g”)

My — &)
S r S r A
< max {B.(0), (o + CL(;;,Q—lg; @) |

Thus, B.(¢) is uniformly bounded and

(as +a,+a + a,l)A

lim sup B.(¢) <
o ity — 8)

For the hygiene variable H(t), we have

dH
a s+ 1)1 — H) -y H.

dH
Given that H € [0,1), at H =0, o =y Iy + I,) > 0. Therefore, H(¢) remains within the biologically

meaningful interval [0, 1) for all # > 0.
Combining these results, the feasible (positively invariant) region for the system is defined as

A
T = {8,115, T, T, T2, T, R, B, H) € R’ - H € [0,1), N < =, B. < M}.
J7i

Hence, all solutions of the model with non-negative initial conditions remain in Y for all # > 0, ensuring
that the model is biologically and mathematically well-posed.
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3.3. Typhoid-free equilibrium and the basic reproduction number

In this section, we establish the typhoid DFE of the model (2.2) and derive the corresponding basic
reproduction number, denoted by Ry. The DFE represents a steady state in which no infection persists
in the population.

The DFE of (2.2) is denoted by Dy = (S*, I}, I}, T},

infection-related compartments to zero. That is,

T*

rl?

T*

s2° T;

", R*, B}, H"), obtained by setting all

I'=I'=T,=T,=T,=T,=R =B =0.

S r

The hygiene equation at equilibrium becomes
0=y1(0O)1-H)-yH" = H =0.

The susceptible equation reduces to

A
O:/\—(/J)S>k — S*:_.
M

Thus, the DFE is A
Dy = (;,0, 0,0,0,0,0,0,0, o).

The basic reproduction number Ry, is derived using the next-generation matrix approach [23]. This
threshold quantity measures the expected number of secondary cases produced by a single infected
individual in a susceptible population. The value of R, serves as a key determinant of disease dynamics:
If Ry < 1, the typhoid infection will eventually die out, while R, > 1 implies that the disease can invade
and persist in the community. Therefore, computing R, is crucial for identifying the conditions under
which typhoid transmission can be controlled or eliminated.

To derive the basic reproduction number, we follow the standard next-generation matrix approach
(van den Driessche and Watmough) [24]. The method involves identifying the new infection terms F
and the transition terms V for all infected compartments. The infected compartments of the system are
I, I, Ty, Ty, Ty, T, and B.. New infections occur in compartments /; and 7, driven by the force
of infection. The transition terms account for recovery, treatment, switching, resistance development,
and natural mortality.

AsS (U+ 05+ 60+ 6
A8 w+o,+6,+06)I,
0 W+ps+vs+0)T5 — ol
F = 0 ’ V= (u+pr+vr+5rl)Trl _O-rlr
0 (,Ll tYst 632)Ts2 _psTsl
0 (ﬂ + Yr + 6r2)Tr2 _prTrl
0 (wp — @B — (1 = EH)(al + a l, + ag T + anTh)

Let

Z1:ﬂ+0-s+9s+6s» Z2:,u+0_r+0r+6r» Z3:,u+ps+vs+6s1’ Z8:,ub_g’ (34)
Zo=p+pr+v,+05, Ls=p+y;+00, Le=p+y,+0n, Z7=€+u.
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Then
wBpA wPpAa, wPp A
Q XK Q — 0
! 6 UK : UkZ4Zs HkZs
1- A 1- Ao, 1- A
7(5( w)Byp Q, (I — w)BpAay Q. 00 (I — w)By
-1 HK ukZ3Zg ukZs
FV— = 0 0 0 0 0 0 0 ;

0 0 0 0 00 0

0 0 0 0 00 0

0 0 0 0 00 0

0 0 0 0 00 0

where
U),BbA a),BbAas] (1 - a)),BbA (1 - a)),BbACYr]
Q=Ks—, @=———, G=Ke——-—, Qu=—""——, 3.5
1 5 i 7] i Z-Zs 3 6 i 4 ZiZs (3.5)
with
Zsa, + a0 Zut, + a0y
Ks=———"-—, Kgy=———-
T Z1Z:Zs T Z,Z4Zs

The matrix product FV~! captures the expected number of new infections produced in each infection
class by a single infected individual introduced into the DFE. The eigenvalues of FV~!, are given as

_(Q1+Q3)—\/‘? 1 _(Q1+Q3)+\/@
- g =

AM==8L=A4=A=124=0, 24 , ,
1= =43=4=45 =41 7 > 5

where

A A
¥=(@Q -Q) +4 ;wﬁﬂ(s ;(1 — w)BpKs.

Since ¥ > 0, then Ag > 0 and ;7 will be positive if (Q; + Q3) > VW. Given that ¥ > 0, then Ag > A7,
so Ag is the dominant eigenvalue of FV~!. Hence, the basic reproduction number of the model (2.2),
obtained by Ry = p(FV~'), where p is the spectral radius of the product FV~!, is given by

(@ +@) + V¥
Ry = )
2
Let A 1 A A A
R, = 9P g g LZOBA s Do, (G6)
ik ik 7 7

with R, and R, representing the contributions of environmental transmission pathways for sensitive
and resistant strains, respectively. The interaction term R, captures the combined effect of sensitive
and resistance strains through shared environment.
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The basic reproduction number can be rewritten in terms of Ry, R,, and R, as:

_ R+ R+ (R, —R)? + 4R,
= 5 )

It is seen that the basic reproduction number is expressed in terms of contributions from the
sensitive and resistant strains. This decomposition assumes that the two strains are epidemiologically
separable, but still interact through the shared environmental bacterial compartment. R;, represents
this interaction, capturing the indirect link between the strains through the shared environment. This
means that the presence of one strain can increase environmental contamination, which in turn
enhances the transmission potential of the other strain, leading to co-circulation of both strains.

In the absence of hygiene behaviour, R, is assumed to represent the intrinsic transmission capacity
of typhoid fever under natural conditions. In the absence of resistant strains (/, = 0), the transmission
dynamics of the model are driven solely by the sensitive strain. Under this condition, the interaction
term R, = 0, and the basic reproduction number R, in Eq (3.7) reduces to the component associated
with the sensitive strain, that is,

Ro

(3.7)

R, = %, 2P
UK
This quantity represents the expected number of secondary infections caused by a single infectious
individual in a completely susceptible population when only the sensitive strain is circulating.
Similarly, in the absence of the sensitive strain (/; = 0), transmission is driven entirely by the resistant

strain, leading to

(1 - w)BpA

pk
This is assumed to represent the contribution of the resistant strain to new infections through
environmental transmission. In the presence of hygiene behaviour, the effective reproduction number
is reduced due to a decrease in environmental transmission. Specifically, hygiene awareness modifies
the terms of transmission in the force of infection through the factor (1 — £éH), and H € [0, 1)
represents the level of hygiene awareness in the population. We thus have the following Remark 1.

R, = Ky

Remark 1. Role of hygiene in the reproduction number

In this model, hygiene reduces both disease transmission and bacterial shedding. The forces of
infection for the drug-sensitive and drug-resistant strains include the factor (1 — £€H), which represents
how increased hygiene lowers the likelihood of infection.

At the DFE, all infected compartments are zero, and hygiene awareness naturally decays to its
minimum level, H* = 0, because no infections exist to stimulate increased hygiene behaviour.
Consequently, when the basic reproduction number R, is evaluated at the DFE, hygiene parameters
do not appear explicitly. Importantly, this is an emergent property of the model and not an imposed
assumption. In the absence of infections, hygiene awareness naturally decays to zero.

To account for pre-existing hygiene in the population, the model introduces a hygiene-adjusted
reproduction number, Ry, where Hj € [0, 1) represents a baseline hygiene level. This baseline reduces
disease transmission through the factor (1 — £H,), reflecting both the effectiveness of hygiene & and
the proportion of the population practising hygiene (H,). Because this factor scales all infection terms
equally, the next-generation matrix is proportionally scaled, giving

Roe = (1 = &EHp)R,,
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where Ry, given in (3.7), is the basic reproduction number without hygiene effects.

Thus, as Hj increases, the effective reproduction number decreases proportionally, capturing the
important role of hygiene practices in reducing typhoid transmission via environmental contamination.
When £éH = 0 (either no hygiene awareness or ineffective hygiene), the factor (1 —&éH) = 1, so hygiene
has no effect on infection spread.

3.4. Stability of disease-free equilibrium

In this section, the local and global asymptotic stabilities of the DFE of the model (2.2)
are investigated.

Theorem 3. The bacteria-free equilibrium point Dy of system (2.2) is locally asymptotically stable in
T if Ry < 1, and unstable if Ry > 1.

Proof. The basic reproduction number R, is derived using the next-generation matrix approach [23].

When Ry < 1, the matrix F—V is Metzler, and V —F is a nonsingular M-matrix. This ensures that all
eigenvalues of the linearized system have negative real parts, and hence the typhoid-free equilibrium
D, is locally asymptotically stable. Conversely, if Ry > 1, the stability condition is not satisfied and
Dy becomes unstable. Further details of this approach can be found in [23,25].

Theorem 4. The bacteria-free equilibrium point Dy of system (2.2) is locally asymptotically stable in
Y when R, < 1 and R, < 1 and unstable when R, > 1 or R, > 1.

Theorem 4 is sufficient, but not necessary, for stability of the DFE. R, < 1 is not equivalent to
requiring both Ry < 1 and R, < 1 due to the interaction term R,

3.5. Global stability of the disease-free equilibrium

The following theorem establishes the global asymptotic stability of the DFE, demonstrating that
the disease will be eliminated regardless of the initial number of infected individuals whenever R, < 1.
We follow the famous approach of Castillo-Chavez et al. [26], as demonstrated in [27]. To analyse
the global stability of the system (2.2), we rewrite it in the following form. We list two conditions that,
if met, guarantee the global asymptotic stability of the disease-free state.

Define the uninfected class by

X=(S.RH) e
and the infected class by
T
Y= (L1, T, T, T, T2, B:) € R,

A
and the DFE is written in the form Q; = (X*,0), X* = (=, 0). Thus, Eq (2.2) becomes:
yu)

dX

E = F(X,y),
dd;;/ =G(X,Y), GX*,0)=0.

The two conditions that must be satisfied in order for the system to be globally asymptotically
stable are:
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d
H1: For d_)t( = F(X*,0), X" is globally asymptotically stable;
H2: G(X,Y) = AY - G(X,Y), such that G(X,Y) > 0 for (X,Y) € T,

whereby the Jacobian of A = G(X*,0) forms a Metzler matrix M, and T is the region of biological
significance. Then the DFE is globally asymptotically stable provided that Ry, < 1 and the conditions
H1 and H2 are satisfied.

Theorem 5. The DFE, Q, of the model system (2.2), is globally asymptotically stable in the positive
invariant region ' if Ry < 1.

Proof. For the DFE, Q; of the system (2.2), to be globally asymptotically stable within the positively
invariant region ', the system must satisfy the two conditions proposed in the Castillo-Chavez
framework [26]. In this study, we establish that conditions H1 and H?2 are satisfied.

From H1, we have the following system:

AN —puS +e€eR
d
d—)f = F(X,0)=| -Z4R ] (3.8)
—Y.H

—-u € 0
The Jacobian of matrix (3.8) is DxF(X*,0) = [ 0 -Z; 0 )
0 0 -y
We conclude that (X*,0) is a global asymptotically stable equilibrium point of the system (2.2)
since the system is linear, and all the eigenvalues of the Jacobian matrix are negative and real. Thus,
the result holds because tli_)rgllX 0 = X*.

Applying condition H2 to the system, the Metzler matrix M and the column vector G(X,Y) are,
respectively, defined as,

A 1 -¢H)S
-Z, 0 0 0 0 0 by BB, (_ _ ﬁ)
K{J ) KU A BCl + KH ¢
—w —
0 -z 0o o o o 20-0 (1 - w)B, B. (_ - ﬁ)
K K B. +«
5 0o - 0 0 0 0 —~
a=| 7 & GX, ) = 0
0 o 1 -Zs4 O 0 0 0
0 ps 0 -Z 0 0 0
O 0 Pr 0 _Z6 0 0
R ay A1 (73] 0 0 _ZS Q

B, 1
where Q = éH(a,ls + al, + ag Ty + @, T,1). Since B < —,because B. > 0,0 < (1 -¢éH) <1,
c+K K
1-¢éH A A 1-E&éH
d-¢ )S< S <—,thatis,——ﬂ

A
He[0,1),and S < —, it follows that > 0. We
U

B.+kx ~ B.+k T ku KU B. +«

conclude that 5({\’ ,Y) > 01in the biologically feasible region . Since the model system (2.2) satisfies
conditions H1 and H2, it follows from the corresponding global stability theorem that if Ry < 1, the
DFE of (2.2) is globally asymptotically stable. This result guarantees that, under the threshold Ry < 1,
the infection will ultimately be eradicated in the population.
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3.6. Typhoid-persistent equilibria

We compute the possible typhoid-persistent equilibrium points for the system (2.2). There are three
possible endemic equilibria, namely: (1) typhoid-sensitive-only equilibrium, (2) typhoid-resistant-only
equilibrium, and (3) the endemic equilibrium where both typhoid strains exist.

3.6.1. Typhoid-sensitive strain only

We compute the sensitive-strain - only equilibrium, denoted by D, = (S*, I}, T}, T},, R*, B, H").

This is obtained by setting 7, = 0 in system (2.2) and solving the followmg system of equations:

0=A—-(,+w)S" +€eR", 3.9)
0=AS"-ZI, (3.10)
0 =0l - Z5T, (3.11)
0 =p,T5 - ZsT5,, (3.12)
0=06,;+v,T, +vyT,—-2Z:R", (3.13)

= (1 =0 )al§ + anTy) - ZsB,, (3.14)
0=y I'(1 — H*) -y, H". (3.15)

From Egs (3.11), (3.12), and (3.14), we have

T =i, To=¢ol, and H =—"5  with ¢1=2 =20 (16)
Ul + 4o Z3 Zs
Substituting expressions given in (3.16) into Eq (3.14), we have that:
QS + N + N S + S
R =¢sI', and B = (1 - €H)ol', with ¢5= 20O ¥ b2y @t andr
Z7 s
From (3.9), we have
A+ I
S* — € ¢5 S
A+ u
where,
o+ (1 =l (Y2 + (1 = O L)1

A, =

= . 3.17
ST T v P s A= DIl + < T+ ) G-17)

Substituting expression (3.17) into Eq (3.10) leads to the following fourth-order
polynomial equation:
[l + mal* + my I+ mg) = 0. (3.18)

Solving (3.18) gives I; = 0, which corresponds to the DFE, or

m3l> + myl? + myI +my =0, (3.19)
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where the coefficients m; fori =0, 1,2, 3 are

ms = (1 = OYids((1 - EwBileds — Z1) — Zp),

my = Y1(1 = Ewdafs( Ay (1 — &) + 2neds) — Y1 Ziapr(20Bs(1 — &) + u2 = €)) — i Z ik,
m = l//2w¢7ﬁb(21\(1 — W+ ¢2€¢5) — ¥, ('4’2¢7 (WBp + 1) + 2K,U¢1),

mo = 3kuZ (R, = 1),

We clearly note that, my > 0 if and only if R, > 1, and my < O if and only if R; < 1.
We now apply Descartes’ rule of signs to determine the number of possible positive real roots of the
cubic Eq (3.19). The possibilities can be determined in Table 1, indicating the potential for multiple
endemic equilibria.

The application of Descartes’ rule of rigns to the polynomial obtained for the sensitive strain (see
Table 1) indicates that the equation may admit more than one positive real root. Since each positive
root represents a biologically feasible endemic equilibrium, this result suggests the possible existence
of multiple endemic equilibria for the sensitive strain. This implies that the disease dynamics may allow
the persistence of the sensitive infection at different endemic levels under certain parameter conditions.

We show the existence of a backward bifurcation through numerical examples by creating
bifurcation diagram around R = 1 (Figure 2).

25 .
|
|
|
2 -
|
- Stable DFE :
= = = = nstable DFE : .
S 15} ®  Stable Endemic : :
= ®  Unstable Endemic :
(=N
[w] |
[=1
- |
S 1}
(]
4B I
= I
|
0.5t d I
. |
|
|

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Figure 2. Backward bifurcation diagram for the sensitive-strain-only sub-model, using the
parameter values as given in Table 2.
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Table 1. Number of positive roots of the polynomial (3.19). Here, I; denotes the number of
possible roots for the three combination, m; < m; > 0 fori =0, 1,2,3 and m; & m; < 0 for
i=0,1,2,3.

Coefficients of the Polynomial (m3, my, my, mo) | I
+
. mg 0
my
. mg 1
m,
N
mg 2
m,
. my 1
ms;
.
. mg 2
nmy
my 3
m,
.
mg 2
my
mg 1
+
. mg 1
ny
X mg 2
m,
N
mg 3
nmy
mg 2
ny
N
. mg 1
nmy
my 2
m,
+
mg 1
my
my 0

Figure 2 shows the bifurcation diagram of I} as a function of R;, obtained from the cubic equilibrium
equation using the parameter values listed in Table 2. The figure shows the presence of multiple
equilibria for a given reproduction number, including two stable endemic equilibria separated by an
unstable threshold. This means that even when the reproduction number is less than one, the disease
can persist at a low endemic level if the infection is above the unstable threshold.
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Table 2. Parameter values used in the numerical simulations and their descriptions.

Par. Description Range Baseline  Unit Source
Vs Recovery rate for individuals receiving second-line treatment (7',) 0-1 0.4 month~! [20]

Yr Recovery rate for individuals receiving second-line treatment (7',,) 0-1 0.35 month™! [20]

Os Switching rate from first-line to second-line treatment (75, — T,) 0-1 0.25 month™! [20]

or Switching rate from first-line to second-line treatment (7,1 — T2) 0-1 0.25 month™! [20]

K Half-saturation constant for environmental transmission 0<k<l1 0.62 bacteria concentration  [25]

0, Natural recovery rate of individuals in /; 0-1 0.6 month™! [25,30]
0, Natural recovery rate of individuals in 7, 0-1 0.3 month™! [25,30]
0,1 Disease-induced death rate for individuals in T, 0-0.001 0.0001 month™! [25,30]
6,1 Disease-induced death rate for individuals in 7' 0-0.001 0.0002 month™! [25,30]
w Proportion of infections caused by sensitive strains 0<w<l1 0.8 dimensionless [31]

A Recruitment rate into the susceptible population 1-6 2 individuals month™! [32]

u Natural death rate of humans 0.0001-0.021 0.001658 month™! [32]

€ Rate at which recovered individuals lose immunity and become susceptible 0.0833-0.666 0.0834 month™! [32]

O Disease-induced death rate for I, individuals 0.001-0.15 0.001 month™! [32]

o, Disease-induced death rate for 7, individuals 0.0001-0.01  0.0089 month™! [32]

Vg Recovery rate of individuals receiving first-line treatment (7';) 0-0.60012 0.002485 month™! [32]

v, Recovery rate of individuals receiving first-line treatment (7',;) 0-0.60012 0.002485 month™! [32]

05,  Disease-induced death rate for individuals in Ty, 0-0.00001 0.0001 month™! Assumed
0,  Disease-induced death rate for individuals in 7', 0-0.00001 0.0003 month™! Assumed
a,  Bacterial shedding rate from infected individuals () 0-0.15 0.03 bacteria month™! [33]

a,  Bacterial shedding rate from infected individuals (/,) 0-0.15 0.02 bacteria month™! [33]

@, Bacterial shedding rate from individuals in Ty, 0-0.15 0.003 bacteria month™ [33]

a, Bacterial shedding rate from individuals in T, 0-0.15 0.002 bacteria month™' [33]

tp  Natural death rate of bacteria in the environment 0.001-0.15 0.05 month™! [32]

Y1 Rate at which hygiene awareness increases in response to infection 0-1 0.4 month™! Assumed
Y,  Rate at which hygiene awareness decays over time 0-1 0.1 month™! Assumed

The conditions for backward bifurcation are analysed using the center manifold theory described in
Theorem 4.1, as established by Castillo-Chavez and Song [28]. Rather than restating the theorem, we
focus on its application. This approach has been used in several studies, including [25,29].

For the sensitive-strain sub-model, 7, = 0, we thus introduce the following change of variables:

S=xi, Li=x, Ta=x3 To=x4s, R=Xxs5, B.=x5 H=uxy,

5

so that the total sensitive population is defined as Ny = Z x;. We now define the state vector
i=1
X = (x1, X2, X3, X4, X5, X, X7) . With this notation, system (2.2) can be written compactly as a system
of differential equations:

dX
= FCXO) = (1 oS3 o foo 1)

where the components [ for i = 1,2,3,4,5,6,7 correspond to the right-hand sides of the respective
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equations in system (2.2). Explicitly:

% = 03Xy — L3X3 = f3,

% - Ze (3.20)
% = 0,02 + VX3 + Yox4 — Z7Xs = f2,

% = (1 = &x)(asxr + g x3) — Zsxe = [,

% = vl = x) — voxs = [,

In our analysis, we select 5, as the bifurcation parameter and investigate the system dynamics near
the threshold R, = 1. The condition for the sub-reproduction number R, = 1 yields a critical threshold
value g}, given by:
ukZ1Z5Zg

Aw(ZSQ's + a’sla-s) .

By =By =

A
Taking the Jacobian matrix of the system (3.20) in the DFE, denoted by D, = (—, 0,0,0,0,0, 0), and
u

substituting 8, = B8,°, we obtain:

£
LA

—-u 0 0 0 € —w 0
K
£
0 -Zi O 0 0 w— 0
UK
JDo={0 o -Zy 0 0 0 0|,
0 0 Ps _ZS 0 0 0
O gs Vs Vs _Z7 O 0
0 e ag 0 0 -Zs 0
0 0 0 0 0 —¥2)

where Z;, fori = 1,3,5,7, 8 are as defined in (3.4).
The eigenvalues of J(Dy) are:

7_(l = O’ 7_{2 =M, 7-{3 = _Z59 7—{4 = _Z7» 7_{7 = _w29
1
2W,

Hs, 6 = — (Wz + VW, \/Zf(Wl +(Zs = Zg)P* W) =221 (Lra(Zs — Zg) + a0 (g + Z3)) ),

where

Wl = ZSas + a0, (WZ = (ZSas + a’slo-s) (Zl + -ZS + ZS)
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It can be seen that the model system (3.20), with 8, = 8,*, has a simple eigenvalue, hence the center
manifold theory can be used to analyse the dynamics of the sensitive sub-model near 8, = §;°. It can
be shown that J(Dy), has a right eigenvector given by w = (wy, wa, ws, wa, ws, wg, wy)l,
where,

_ Yo (Z3Zs0s€ + Zsevsos + eyp,0y — 21Z3L5Z7) = ¥ e = oW
1 3ZsZwiu ’ w7 Za
e = PsO Y2 s = Y (L3505 + Zsvoy + )’sPsO's)’ e = U (Zsa, + CYs10's)’ wo= 1.
L35 Z3ZsZn L3 s
Furthermore, the left eigenvectors of J(Dyo), associated with the zero eigenvalue at 8, = B,°, are

given by v = (v, va, V3, V4, Vs, Ve, v7)!, where

0 -Z3a’s + @510 51 1
Vi=w=vs=v;=0, = ——F———, V3= —, Vg=1.
1 4 5 7 2 Z1Z3 3 .Z3 6
The sign of a and b determines the type of bifurcation.
7
& fi & fi
= i Ds , and b i Ds ’
a kij_lvkww](9 ax, (Ds0:83) kaw a5 —— (D0, Bp).

For system (3.20), the associated non-zero second-order partial derivatives of F at DFE equilibrium are

Ofi _ Wb P _AB Pfi  WwENET @H W 8 20ABY

0x10x¢ Kk~ Oxg0xg Uk’ Oxe0x7 uk  Oxi0xg  k  Oxg0xe LK?
0*fr A 0 fs 0 fs & fr & fi A
== gﬁ = _gasa = _é:asl? =~V s —wW—,
0x60x7 UKk’ 0x0x7 Ox30x7 0x20x7 0x60p), UK
’fH A

oxeoBy  ux

Clearly, since v; = v4 = v5 = v; = 0, it thus follows that

a= E Ve WiW & fs + E Vo WiW; + E V3 WW; (?2f2
= cWiWj 7—F— 2 j 3 j
by 0x;0x; e 6 ax, ~ Ax,0x; Xi0x;

s a)ﬁ AV2W6 w
= 2(0)717 VoW W — (§W7(a’sW2 +agws) + b’u—(—6 §W7)))

=2(M] - M),
where
kS w *SAV W
M = a)ﬁ—b vowiwe  and M5 = Ewq(awy + agws) + M(ﬁ + §w7),
K UK K
and,

P fi wAwe Aw
b= i——— (D0, B} = - = — > 0.
kZ:l Viw I, ,Bb( 0-8y) i (v2 — V1) e VaWe

We therefore have the following results:
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Theorem 6. If M| > M, then the model (3.20) exhibits a backward bifurcation at R, = 1. Otherwise,
if M} < M, the endemic equilibrium exists and is locally asymptotically stable for R, > 1 near one.

In this case, backward bifurcation implies the existence of a locally asymptotically stable endemic
equilibrium for R; < 1.

Remark 2. The condition M} > M} indicates that the combined effects of transmission and
persistence outweigh the effects of recovery and control. In this case, the disease can persist even
when the basic reproduction number R; is less than one, leading to backward bifurcation, where both
the disease-free and endemic equilibria coexist (see Figure 2).

From a public health perspective, the inequality M; > M implies that reducing R, below one is not
sufficient to eliminate the disease. Additional interventions are required, such as improving hygiene
effectiveness, reducing environmental contamination, and enhancing treatment outcomes.

On the other hand, if Mj < MJ, then control measures dominate transmission, and the standard
threshold result holds: When R; < 1, the disease will eventually die out.

3.6.2. Typhoid-resistant strain only

We compute the resistant-strain- only equilibrium, denoted by D, = (S°, I}, T, T;,, R°, BZ, H®).
This is obtained by setting I; = 0 in system (2.2) and solving the system of equations. We obtain

the following:
Iy

Ty =gsli T =gds, H LR =4
1 3 2 4 w]I: " wz (3 21)
B° _(1 é‘jHO) I° S° = A+€¢6I: I° = 1 /lj (A+€¢6I;>) ’
© Wl S = T hea
with
Yo + (1 = I W2+ (1 =5y 1)) gsl;

X=(-w

il dn 7 Wt (U= UGl + kl; + ) |
Simplifying I7 in Eq (3.21), we have

I(n3I + oI + ny I + ng) = 0. (3.22)
Solving (3.22) gives I7 = 0, which corresponds to the typhoid-resistant- free equilibrium or
I + I + I +ny =0,
where the coefficients n; fori = 0, 1,2, 3 are given (3.23) as
ny = gsyri(1 - f)((l — &1 - w)Bp(ed — Zo) - ﬂZz), (3.23)
ny = gni(1 = &)1 ~ w)Byds(v1 (1~ OA + 2neds) = Zovads(2(1 — w)By(1 = &) + (2 = &) = Y7 Zoku,

n1 = YaPrgs(l — W)(2A(1 = £) Y1 + edeirn) — Za 261 + psia(u + (1 = w)By)),
ny = kuZoh(R, - 1).

We clearly note that ny > 0 if and only if R, > 1 and ny < 0 if and only if R, < 1. Descartes’
rule of signs can be applied to determine the number of possible positive real roots of the quadratic
Eq (3.22).
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Remark 3. The analysis for the resistant strain follows the same general approach as for the sensitive
strain. In particular, the existence of equilibria and their stability can be obtained using the same
approach. The results show that the resistant strain can also persist in the population and is governed
by its own R, (see Eq (3.6)).

3.6.3. Endemic equilibrium for the full model

Let us denote the endemic equilibrium pointby Oy = (§*, I}, I}, T;,, T}, T,,, TS, R*, B}, H"),a

non-trivial equilibrium for the model (2.2). Setting the right-hand side of the model (2.2) to zero gives

I+
RGO 2
A+ e (DsI* + DgIY)

A+ A+
(lﬁz + (1 =&y + Ij)) A+ € (DsI; + D)

T, = @51, Ty, = .1, T,y = D417, H*

S

T:, =

R =@sI'+ DI, B =(1—EHYDI + DsI?),  S* =

1
I =wp, AU IY) —

2

U Z il + 1) + Yo A+ A+
1 (Yo + A=Y+ 1)\ A+ e (Dsl; + Dl
I :<1—w>ﬁbA<1:,1:>—(‘”2 Sk 1041C r’) € (@3]; + Bel})
2 Y5 + 1Y) + Yo A+ A+

(3.24)

with;

A = wBy AU IY) (‘/’2 + (1 -y + 1:))’

il + 1Y) + Yo
o e (2 =L+ )
/lr - (1 w)ﬁb A(Is’ll’ ( wl(l;k + I;k) + lpZ )’
W + (0 = OYn U + I7)) (D715 + Dsl;)
W2 + (1= EWn (I + I7) (O + DIy + k Ui (I; + 17) + )

The system of equations in (3.24) describes the equilibrium conditions for the infected classes (I})
and (I7). However, due to the strong nonlinearity, the resulting equations become highly complex,
making it difficult to obtain an explicit expression for the endemic equilibrium. The trivial solution
I; = 0 and I = 0 corresponds to the DFE. The qualitative behaviour of the full model is further
investigated using global stability analysis and numerical simulations.

A, T) =

s>0r

4. Model calibration and sensitivity analysis

In this section, we first calibrate the proposed typhoid fever model using the available
epidemiological data in order to estimate the key model parameters. We then examine the
identifiability of these parameters to ensure that they can be reliably determined from the data.
Finally, we perform a sensitivity analysis to determine how changes in model parameters influence the
basic reproduction number and other important model outcomes. By combining calibration with
identifiability analysis, this paper ensures that the estimated parameter values are not only capable of
reproducing the observed dynamics but are also supported by sufficient information in the data. This
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integrated approach strengthens the credibility of the model predictions and enhances the reliability of
subsequent analyses, including sensitivity assessment and policy scenario simulations.

4.1. Model calibration

In this section, we calibrate the proposed typhoid fever model using epidemiological data obtained
from Mbandjock, a town in the Centre Region of Cameroon [32]. The dataset consists of records
of diagnostic tests conducted at Mbandjock District Hospital during the period from 01/08/2019 to
31/07/2020. A summary of the data collected is provided in Table 3.

Table 3. Tests carried out to detect the presence of Salmonella typhi in patients attending
consultation at Mbandjock District Hospital from 01/08/2019 to 31/07/2020. These data
were obtained from [32].

Month Year Number of tests Number of Number of

performed positive tests negative tests
August 2019 83 60 23
September 2019 60 50 10
October 2019 56 38 18
November 2019 52 46 6
December 2019 69 62 7
January 2020 76 71 5
February 2020 80 74 6
March 2020 95 43 52
April 2020 68 29 39
May 2020 95 52 43
June 2020 65 38 27
July 2020 58 32 26

In our model (2.2), individuals infected with typhoid are represented by the compartments /; and
I,, corresponding to infections with drug-sensitive and drug-resistant strains, respectively. We assume
that infected individuals are reported to the hospital and begin first-line treatment at rates o5 and o,.
The model (2.2) is calibrated using reported monthly confirmed typhoid cases.

NTC4aa(t;), i=0,1,...,11.

Let us denote the total number of cases reported at time #;, where #, corresponds to August 2019 and
11 corresponds to July 2020. The available epidemiological data (see Table (3)) report only the total
number of confirmed typhoid cases without distinguishing between drug-sensitive and drug-resistant
strains. To capture the role of antimicrobial resistance, the model includes separate compartments for
each strain. Because strain-specific incidence data are not available, several strain-dependent
parameters are assigned values from the literature to ensure model identifiability. As a result,
strain-specific components of the model cannot be directly calibrated using separate datasets. Instead,
they are incorporated through the overall transmission framework of the model. This data limitation
may influence the identifiability and precise estimation of the parameters associated with each strain.
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This approach allows the model to represent the overall burden of the disease, while allowing
exploration of resistance dynamics and intervention scenarios. The model calibration is performed
using the total predicted incidence. The model predicted number of new reported cases is defined as

NTCpregicr(t) = o(1,(1) + 1,(1)),

where oy = 0, = o represents the rate of initiation of treatment, assumed to be the same for sensitive

and resistant infections. Due to limited epidemiological data, only parameters that directly influence

transmission dynamics and case reporting are estimated. The remaining parameters are fixed on the

basis of available literature to ensure structural identifiability and numerical stability of the estimation

procedure. In particular, recovery rates, disease-induced mortality rates, bacterial shedding rates, and

the strain proportion parameter w are not estimated but assigned fixed biologically plausible values.
The vector of estimated parameters is given by:

IT= (ﬁb’ g, &, f)

Parameter estimation is performed by solving the nonlinear least squares problem
. 2
min [NTCpregiee(r: TT) = NTCaua(0) -

The hygiene variable H(¢) represents the level of hygiene behaviour in the population and scaled
between 0 and 1. Since no data on hygiene awareness or behaviour are available, H(¢) is not directly
measured or fitted to the data and is treated as an unobserved variable. Therefore, the parameters
governing awareness dynamics are fixed at plausible values to ensure a stable and identifiable
calibration process.

The system of differential equations of model (2.2) is fitted on the typhoid data of Table 3 using the
nonlinear least squares fitting routine Isqnonlin in the optimization tool box of MATLAB (R2024a).

The initial conditions used in the simulations are the following:

S(0) =21076, [,0)=40, I1.0)=20, T4q0) =2, T,0)=1, 4.1)
Tp(0)=0, T,0)=0, RO)=1, BJ(0)=500, H(O) =0.2.

The initial susceptible population is set at S (0) = 21076, corresponding to the estimated population
served by the Mbandjock District Hospital 2019-2020. The initial concentration of environmental
bacteria, B.(0) = 500, is obtained from [32], based on data from the same geographical setting.

Since direct measurements of the environmental bacterial load were unavailable, this value was
chosen within a biologically plausible range to ensure realistic initial transmission dynamics and
numerical stability during model calibration. The monthly cases reported vary considerably, ranging
from 29 to 74 cases. Calibration is performed using the cumulative confirmed case data instead of the
raw monthly counts. The cumulative number of cases predicted by the model is computed as
Cit) =0 fot(ls(u) + I,(u)) du. This approach improves numerical accuracy and avoids errors that may
arise from manually summing discrete model outputs.

This paper uses a limited dataset (monthly data from August 2019 to July 2020 at Mbandjock
Hospital). The model provides reasonable projections up to September 2021, extending about 80%
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beyond the observed period. The results are consistent with those of a related study conducted at Penka-
Michel Hospital [13], which used a weekly dataset (from December 2019 to January 2023) collected
at Penka-Michel Hospital and projected results up to November 2026. The results of this paper are
in alignment with those reported in [13], although the data was collected from different hospitals,
over different time periods, and in different geographical areas. This suggests that both studies are
capturing similar patterns in the spread of typhoid fever, and that the findings are not limited to one
specific location.
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(a) Model fit on the cumulative number of positive cases (b) Model validation and prediction on the dynamics of
per month (Aug 2019-Jul 2020) typhoid disease for the period up to September 2021.

Figure 3. Model fit and calibration on the dynamics of typhoid fever in Mbandjock city.

Although monthly incidence data are available, the reported case counts are relatively small and
subject to considerable fluctuations. To reduce the impact of this variability and obtain a stable fit, the
model was fitted to cumulative reported cases (see Figure 3). Although incidence data are generally
preferred for statistical inference, cumulative data provide a smoother representation of the outbreak
trajectory. However, this approach may introduce dependencies between observations and potentially
underestimate uncertainty, and results should be interpreted with this limitation.

Before presenting the simulation results, a parameter identifiability analysis is conducted to assess
whether the estimated parameters can be reliably determined from the available data and to justify the
selection of estimated and fixed parameters.

4.2. Parameter identifiability analysis

Given the limited number of observations (12 monthly data points) relative to the number of model
parameters, we assess the practical identifiability of the estimated parameter vector I1 = (5, 0, g, €).
With only » = 12 monthly observations and a model containing more than 20 parameters, direct
estimation of the full parameter set is statistically ill-posed. Following the approach of [34,35], we
therefore partition the parameter space into a small set of estimated parameters II that directly govern
transmission intensity and case ascertainment, and a set of fixed parameters sourced from the literature
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(Table 2). The estimated parameters enter the observation equation

!
Ct I = o’f(]s +1,)du,
0

directly or through the forces of infection, making them the primary drivers of the data-fit. Parameters
governing compartmental transitions (recovery rates, disease-induced mortality, shedding rates) are
obtained from the literature.

4.2.1. Calibration results

The calibrated parameter estimates together with their 95% confidence intervals ( profile likelihood)
are reported in Table 4. The model achieves a strong cumulative fit with R?umu] = 0.9843 close to one
and a small root mean square error, confirming that the four-parameter subset (5, 0, g, €) is sufficient

to reproduce the observed trend in cumulative typhoid burden at Mbandjock District Hospital.

Table 4. Calibration of the model parameters (2.2) using nonlinear least squares fitting
routine Isgnonlin of the optimization toolbox of MATLAB software.

Parameter Lower bound Upper bound Estimated value Source

B 0.0001 1 0.2 Fitted
o 0.001 0.8 0.002 Fitted
g 0.001 0.03 0.014 Fitted
3 0.01 0.99 0.3 Fitted

4.3. Sensitivity analysis

After calibrating the model to observed typhoid data, a sensitivity analysis was carried out to
examine how changes in the model parameters affect the effective reproduction number R.. Although
some parameters were estimated from data, there is still uncertainty in their values, as well as in the
parameters obtained from the literature. Therefore, it is important to assess how variations in
parameter values influence model outcomes.

In this paper, a global sensitivity analysis is conducted using latin hypercube sampling (LHS)
combined with partial rank correlation coefficients (PRCC). LHS is an efficient statistical method that
allows parameters to be sampled simultaneously across their entire ranges [36]. PRCC is then used to
measure the strength and direction of the relationship between each parameter and the model output
while accounting for the effects of other parameters [37]. This approach has been widely used in
infectious disease modelling to identify key drivers of transmission and to guide control strategies.

A positive PRCC indicates that increasing the parameter increases Ro., while a negative PRCC
suggests that increasing the parameter reduces R.. Parameters with high absolute PRCC values are
considered highly influential and may serve as key targets for intervention strategies. Therefore, this
analysis provides information on which biological or treatment-related processes contribute the most
to the spread of typhoid fever and antibiotic resistance dynamics in the model. The results identify
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key parameters, such as the transmission rate, and hygiene effectiveness, that significantly influence
disease dynamics and may inform targeted intervention strategies. The environmental transmission rate
B has the highest positive sensitivity index (see Figure 4), confirming that reducing contact between
susceptible individuals and contaminated water or food is the most impactful for reducing Ry,.
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Figure 4. Partial rank correlation coefficient of Ry, with respect to model parameters.

5. Numerical simulations

Numerical simulations are performed to examine the effects of key parameters, including
transmission, treatment, and hygiene-related factors, on the dynamics of the model. Using the values
of the fitted parameters, together with the fixed parameters in Table 2, the model (2.2) is simulated
over a period of 25 months. The initial conditions are given in (4.1).

5.1. Effect of hygiene effectiveness on transmission

Figure 5 presents a contour plot showing the combined effects of the environmental transmission
rate, 35, and hygiene effectiveness, &, on the effective reproduction number, R.. The results show that
Ro. increases as the transmission rate 3, increases, meaning that higher environmental contamination
may lead to greater disease spread. In contrast, increasing hygiene effectiveness ¢ reduces Ro.. This
indicates that improved hygiene practices, such as safe water use and sanitation, can significantly
reduce transmission. Overall, the results emphasize the importance of environmental control and
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hygiene interventions in reducing transmission and preventing sustained outbreaks.

Figure 6(a) shows the combined effects of the bacterial shedding rate, @, and hygiene
effectiveness, &, on the effective reproduction number, R,.. The results indicate that R, increases as
a, increases. This means that when infected individuals shed more bacteria into the environment, the
potential for disease transmission increases. In contrast, increasing hygiene effectiveness ¢ reduces
Roe, reflecting the important role of hygiene in limiting environmental contamination and
transmission. Figures 6(a),(b) further demonstrate that higher values of a; or @, require stronger
hygiene measures to reduce R, below one. When hygiene effectiveness is low, even moderate
increases in the shedding rate can sustain disease transmission. In general, the findings emphasize the
importance of reducing environmental contamination and improving hygiene practices to control the
spread of infection.

25

03 0.4 05 0.6 0.7 08 0.9 1
£

()

Figure 6. Comparison of the effects of ¢ and «, Figure 6(a) and ¢ and «, Figure 6(b) on the
reproduction number.

Figure 7(c) shows how environmental bacteria B.(f) change over time under two hygiene scenarios,
¢ = 0and € = 0.45. When there is no hygiene, the bacterial concentration increases quickly because
infected and treated individuals continuously shed bacteria into the environment. This leads to a steady
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build-up of contamination, making the environment an important source of infection. In contrast, when
hygiene is improved, the level of bacteria grows much more slowly. This is because hygiene reduces
bacterial shedding by the factor (1 — £H), which limits environmental contamination and reduces the
risk of infection.

Figure 7(a),(b) show that in the absence of hygiene & = 0, both the sensitive and resistant
infections increase rapidly, reaching a higher peaks, and persist for a longer period. When hygiene is
introduced & = 0.5, transmission is reduced through the factor (1 — éH), leading to lower infection
peaks. Therefore, the results indicate that improved hygiene effectiveness reduces environmental
contamination and the force of infection.

Figure Figure 8 shows how changes in behaviour affect the spread of infection. When there is
no increase in awareness (¢; = 0) (Figure 8(a)), people do not change their hygiene practices even
as infections rise. As a result, both sensitive and resistant infections remain high. However, when
awareness increases quickly (¢; = 0.5), people improve their hygiene as infections grow. This reduces
transmission and leads to a faster decline in both types of infections. This shows that responding to
disease risk through better hygiene can significantly reduce the spread of infection.
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Figure 7. Time evolution of resistant infections /,(¢) Figure 7(a), sensitive infections /y(¢)
Figure 7(b), and environmental bacterial concentration B.(f) Figure 7(c) under two hygiene
scenarios, & = 0 and ¢ = 0.45.
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When awareness is maintained (¥, = 0) (see Figure 8(b)), hygiene practices continue, and infection
levels remain low. But when awareness fades quickly (¥, = 0.5), people gradually stop following
good hygiene practices, allowing infections to increase again. The shaded area in the figure shows the
difference between these scenarios, showing how many infections are prevented when people maintain
good hygiene. Overall, the results show that increasing awareness and maintaining it over time are
both important for controlling typhoid transmission.

In Figure 9(b), when a; = a, = 0.003, the shedding rate of infected individuals is relatively low,
meaning that infected people release only a small amount of bacteria into the environment. From the
figure, the basic reproduction number is Ry = 1.17. This value is greater than one, which means that
in the absence of hygiene measures, each infected individual produces more than one new infection on
average. As a result, the disease can spread in the population and persist over time.
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Figure 8. Comparison of the effects of ¢y = 0 and ¢, = 0.5 Figure 8(a) and ¢, = 0 and

¥, = 0.5 Figure 8(b) on the populations of infected individuals /; and /,, respectively.
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Figure 9. Comparison of the effects of @y = @, = 0.3 and H = 0.0001 Figure 9(a) and
as; = a, = 0.0003 and H = 0.6 Figure 9(b) on the contaminated environment B,, respectively.
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However, when hygiene is included (see Figure 9), the effective reproduction number decreases
to Ro. = 0.75. Since Ry, < 1, this means that each infected individual produces less than one new
infection on average. In this case, the disease will gradually decline and eventually die out. The
difference between R, and R, clearly shows the impact of hygiene. While the shedding rates remain
the same (a; = @, = 0.003), the introduction of hygiene reduces transmission sufficiently to move the
system from a growing epidemic (R, > 1) to a controlled situation (Ry, < 1). This demonstrates that
hygiene plays a crucial role in reducing the spread of infection even when bacterial shedding is present.

5.2. Effect of antibiotic switching
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Figure 10. Comparison of the effects of second - line treatment (o, = 0 and p; = 0.5) and
(o, = 0 and p, = 0.5) on sensitive and resistant strains, respectively.

Figure 10 shows the effect of second-line treatment. This is examined by comparing scenarios with
and without switching to second-line treatment. When no switching is allowed (o, = 0 and p, = 0), the
number of infected individuals remains relatively higher over time, indicating that reliance on first-line
treatment alone is not sufficient to control the disease, especially in the presence of resistant strains.
However, when switching is introduced at a moderate level (o, = 0.5 and p, = 0.5), there is a noticeable
reduction in both sensitive and resistant infections, as shown by the shaded regions. The results further
show that switching to second-line treatment leads to a substantial reduction in infection levels for both
sensitive and resistant strains. Therefore, increasing the switching rate enhances disease control.
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5.3. Effect of hygiene behaviour
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Figure 11. Trajectories of the susceptible classes are shown. The area between the two
curves represents an improvement in hygiene.

In Figure 11, the trajectories of two susceptible classes are demonstrated in two hygiene scenarios,
H = 0 and H = 0.45. The results show that higher hygiene levels lead to a slower decline in the
susceptible population, indicating reduced transmission intensity. An increase in H reduces the force
of infection, leading to fewer new infections and a higher proportion of individuals remaining in the
susceptible class. The shaded area represents an improvement in hygiene. It can be seen that as time
goes on, the difference increases, showing that hygiene plays an important role in reducing infection
and protecting the population.
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Figure 12 shows that when there is no hygiene (H = 0), both the sensitive and resistant infected
populations reach higher peak levels. However, when hygiene is improved to H = 0.45, the peak I,(f)
decreases by about 45%, while the resistant infected population 7,(¢) is reduced by approximately 45%.
This means that a substantial proportion of infections, including those that are harder to treat, can be
prevented through improved hygiene practices.

6. Conclusions

Typhoid fever remains a major public health concern in settings with limited access to clean water,
sanitation, and hygiene, and is further complicated by the emergence of antibiotic resistance.
Understanding how behavioural and treatment-related factors interact is therefore essential for
effective control.

In this paper, a mathematical model was developed to examine the combined effects of hygiene
behaviour, antibiotic switching, and environmental transmission. The results show that these
mechanisms interact in ways that can sustain infection. In particular, the presence of backward
bifurcation indicates that reducing the reproduction number below one is not sufficient for
elimination, as the disease may persist if infection levels remain above a critical threshold.

The model was calibrated using monthly reported cases from Mbandjock District Hospital in
Cameroon, yielding a good fit to the data. Simulation results indicate that improved hygiene reduces
both infection levels and environmental contamination, but its effectiveness depends on sustained
behavioural adherence. A high level of awareness leads to a significant decline in cases, whereas a
rapid loss of awareness weakens control efforts and allows transmission to continue.

The simulations suggest that improved hygiene reduces both infection levels and environmental
contamination, but the effect depends on how consistently these practices are maintained. Strong and
sustained awareness leads to a decrease in cases, while a rapid loss of awareness weakens the overall
impact and allows transmission to continue. This highlights the role of behaviour not just as a protective
factor, but as a dynamic process that can either support or undermine control efforts.

The results suggest that improving hygiene behaviour can significantly reduce both sensitive and
resistant infections, as well as the level of environmental bacterial contamination. The study also
shows that behavioural parameters play an important role; a higher rate of awareness leads to a stronger
reduction in infections, whereas a faster loss of awareness weakens the impact of hygiene interventions
and allows the disease to persist. These findings confirm that sustained behavioural change is essential
for effective disease control.

A key contribution of this study lies in demonstrating that the interplay between hygiene
behaviour, antibiotic switching, and resistance dynamics can fundamentally change typhoid
transmission patterns. While existing studies have established that improved hygiene reduces disease
spread, the present model shows that this effect is not sufficient in isolation when treatment-related
factors are considered. In particular, the results indicate that inappropriate or delayed switching
between treatment lines, combined with declining behavioural adherence, can sustain transmission
even under improved hygiene conditions. Moreover, the coexistence of sensitive and resistant strains
introduces additional complexity, such that control efforts targeting only environmental or behavioural
factors may fail to eliminate the disease.

These findings provide new insight into how coupled behavioural and clinical processes drive
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persistent transmission dynamics, and show that control success depends on the interaction between
behaviour, treatment strategies, and resistance evolution. This emphasizes the need for integrated
intervention strategies that simultaneously promote sustained hygiene practices and ensure
appropriate and timely antibiotic use.

A limitation of this study is the use of a relatively small dataset from a single location, without
strain-specific information. As a result, some model parameters were obtained from the literature
or assumed. In addition, although incidence data were available, the model was fitted to cumulative
reported cases to reduce the effect of fluctuations in the data and obtain a more stable fit. However, this
approach introduces dependence between observations and may underestimate uncertainty. Access to
more detailed epidemiological data, particularly on resistant infections, would improve the accuracy
of the model and enhance its predictive capability.

Overall, the findings suggest that sustained hygiene behaviour, together with effective treatment
strategies, plays a critical role in reducing transmission. Their interaction is important, as it can either
support or undermine disease control. The model could be extended to include vaccination strategies,
which remain an important component of typhoid control in endemic regions. In addition, allowing
hygiene behaviour to vary over time or across subpopulations may provide a more realistic
representation of behavioural responses. Finally, integrating optimal control techniques could help
identify cost-effective intervention strategies that combine treatment, sanitation, and
behavioural measures.
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Appendix

Appendix A. Endemic equilibrium point coefficients for Section 3.6.3
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Appendix B.  Endemic equilibrium point for Section 3.6.2
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