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ABSTRACT

Malaria and typhoid fever pose significant health challenges in endemic
regions, particularly in sub-Saharan Africa, due to environmental factors
such as poor sanitation, stagnant water, and fluctuating temperatures. This
study presents a deterministic compartmental model for co-infection
dynamics of malaria and typhoid fever, incorporating both direct (human-
to-human) and indirect (environment-to-human) transmission. Sub-models
for malaria, typhoid and co-infection are analyzed to establish positivity,
boundedness, and disease-free equilibrium (DFE). The basic reproduction
numbers are derived using the next-generation matrix method. Stability of
the DFE is shown when R, is less than unity(RI* < 1,Ré < 1,RI* < 1),
particularly under the condition, g; < e; and g,, < e,, and unstable when
Ro>1 (RF*>1,R§ > 1,RI™ > 1). Numerical simulations assess the
impact of environmental decay pathogen shedding and breeding vector
growth on disease persistence. Sensitivity analysis reveals key drivers
influencing disease persistence. The results underscore the importance of
integrated interventions targeting both environmental and host-based
transmission pathways to reduce the burden of malaria-typhoid co-
infection.

1. INTRODUCTION

Infectious diseases continue to pose a serious global health burden, particularly in low and middle-
income countries where deteriorating infrastructure and limited access to healthcare persist. In sub-
Saharan Africa, malaria and typhoid fever remain endemic and are frequently implicated in co-
infection scenarios that complicate diagnosis, treatment, and control efforts. Both diseases share
overlapping symptoms, transmission conditions, and risk environments, leading to frequent
misdiagnosis and improper treatment. often with fatal consequences. Malaria, a parasitic disease
transmitted by the female Anopheles mosquito, is responsible for a considerable proportion of
morbidity and mortality, especially among children under five and pregnant women.

“Corresponding author: UYI-OSAGIE QUEEN
E-mail address: gonai70s@gmail.com

https://doi.org/10.60787/jnamp.vol71no.607

1118-4388© 2025 INAMP. All rights reserved

57


mailto:qonai70s@gmail.com
https://doi.org/10.60787/jnamp.vol71no.607
https://nampjournals.org.ng/

Uyi-Osagie et al. - Journal of NAMP 71, (2025) 57-72

[1] in 2021 alone, over 240 million cases of malaria were reported globally, resulting in
approximately 619,000 deaths, with the African region accounting for more than 90% of this
burden. Despite the availability of effective preventive measures, such as insecticide-treated nets
and antimalarial therapies, transmission persists due to environmental factors, such as standing
water that facilitates mosquito breeding, and climatic conditions that favor vector survival.
Typhoid fever, caused by Salmonella enteric serotype Typhi, is a water / fecal-oral and foodborne
bacterial infection, and can be transmitted directly and indirectly. Despite the fact that chronic
typhoid can be transmitted by individual, who do not have history of the illness [2]. Is common in
areas where limited access to safe water, poor hygiene, and inadequate sanitation, typhoid
outbreaks remain common

Co-infection of malaria and typhoid fever is a growing public health concern in regions where both
diseases are endemic. The co-existence of these pathogens in a single host can significantly
complicate clinical management due to symptom overlap and potential drug interactions.
Environmental factors play a pivotal role in the transmission dynamics of both diseases. Stagnant
water, fluctuating temperatures, and poor sanitation create reservoirs for both breeding vectors and
typhoid-causing bacteria. While previous studies have modeled the co-infection dynamics of
various diseases, few have explicitly captured the environmental dependency of malaria-typhoid
co-infection within a unified mathematical framework [3].

In this study, we extend prior work by developing a novel compartmental model that incorporates
both direct and indirect transmission pathways for malaria and typhoid fever [4]. Our model
explicitly accounts for environmental reservoirs, on how vectors such as contaminated water
sources and mosquito breeding sites can be reduced [5], and investigates how these reservoirs
influence disease dynamics. the model is subjected to numerical simulations and sensitivity
analysis to evaluate the impact of key parameters,

The remainder of this paper is structured as follows: Section 2 presents the model formulation,
including all compartments and transmission pathways. Section 3 analyzes the sub-models for
malaria and typhoid infection separately and co-infection. Investigated the Disease Free
Equilibrium (DFE) and Endemic Equilibrium Point (EEP), we derive the basic reproduction
numbers and perform stability analysis. While, Section 4 presents numerical simulations and
discussion.

2.0 MATERIAL AND METHODS

2.1  Model Formulation

We develop a deterministic compartmental model to study the transmission dynamics of malaria
and typhoid fever co-infection within a human population, accounting explicitly for environmental
reservoirs that influence the dynamics of both diseases. The human population is assumed to be
homogeneously mixed, and the total population at time ¢ is denoted as:

Nip = Sp(t) + 1e(t) + Ln(t) + It (t) + Re(8) + Rin (1) + Ripe () + Sy, (1) Ly (1)

Incorporated into the model are the bacterial compartments, where B,(t) is the concentration of
Salmonella Typhi bacteria in the environment and B, (t) is the concentration of aquatic-stage
mosquito vectors. Also we have, S, (t) Susceptible humans, I, (t) infected human with typhoid,
I,(t) infected human with malaria, R:(t) recovered infected human with typhoid, R,,(t)
recovered infected human with malaria, and R,,,; (t) is the susceptible human with co-infection.
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2.2 Transmission Dynamics
a) Typhoid fever infection to susceptible Humans
Direct (person-to-person) and indirect (environment) transmission
1 = Ber (L + 0l ) _ PBr2 Bt
B Ny, "2 TR+ K,
b) Malaria Infection to Susceptible Humans
Direct (person-to-person) and indirect (environment) transmission

2 _ Bm1 (Im+nmIme ) /1 _ B By I
©ormy T Np, v imy T Fma\ gt g, )™M

Cross-Transmission: Typhoid and Malaria Co-Infection
¢) Typhoid to Malaria-infected individual

_ BesUetnelme ) Bta Bt
Aey = Np, » Ay = B+ K¢
d) Malaria to Typhoid-infected individual
Bmz (r Im+nmiIme )
Amg = > N, - '/1m4_ﬁm4 (B+K)m

Where B, denote person to peron typhoid transmissioin, B, is denotes the environment-to-
humans per capital contact rates and the salmonella typhi in the contaminated environment, n, €
(0,1). This assumption is motivated by the fewer numbers of co-infected individuals as compared
to those infected with typhoid only

For malaria, the parameter r, is the total number of mosquitoes bite per day, while £,,; denotes
effective person-to-person malaria transmission rate. The modification parameter n,,, account for
the relative infectious individual in class I,,, relative to individual in class I,,,; we also assume that
n,, € (0,1) , this assumption assumed that there are fewer numbers of co-infected individuals as
compared to those infected with malaria alone. While B,,, denotes environment-to-human
transmission rates of the vectors /pathogens interaction of infection with other compartments, once
humans carries the diseases and move to the environments, also bitten by the parasite, which
become infected too. You can see the interaction in the model figure 1, between compartment
B, and I,,,. Maywhile, the term 4, is the environmental transmission terms for typhoid, while
A, is the environmental transmission terms for malaria as a result of infected human(/,,)-to-
environment transmissions due to interaction.

2.3  Environmental Contamination
Contamination Dynamics in the environmental reservoirs are governed by logistic growth,
shedding and decay:

Salmonella Typhi
dB
— = = g¢B:(1 — _) + Jily + Oclme — eB;

Aquatic-stage (breeding) vectors:
dB, By
= gvB,(1 — K_v) + Joly+0, I — €,B,

dt
where J.J, are Salmonella Typhi bacteria and pathogens/vectors shedding rates from single
infected classes, while 6.6,are co-infection shedding rate of salmonella Typhi and
pathogens/breeding vectors in the environment, and e;e,, are environmental decay rates.
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Figure 1: Schematic Flow Diagram for Malaria and Typhoid Fever Co-Infection

Substituted into the above flow diagram are:

Bt By

x0=geBe (1= 2 )+ Jel +Oclme - eBe, %= 8y By (1= 22) 4 Jy Iy + Oyl — By

It 1s assumed that after treatment of individual with single infection and co-infection, immune
system might likely wane, which make them move to the susceptible compartment to join new
recruitments.

The complete system of differential equations describing the dynamics is:

ds

d_th =Ty + PRy + pmRm + pmtRmt—[/ltfl_Atz + Aml + Amz]s — UsS
dl,

d_tt- = (At A,) S — (Am3 + /1m4)1t —(uptér+a)l;

dlp

T (Aml + Amz)s_ (At3 + At4)lm_ (Up* 6 +b) Iy

dlme

St — (A + Aey) I = (Amg + A, )le = v((F + g+ 1)) e = (i) e

dR,
dr =aly + v(f) e — (Un + pe) Re

dRpm,

ar blLy + v(W) e — Cotn + pm) Rm 1)
dRmy;

ar vg Lpe — (.uh + me)Rmt
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dB, B
d_tt = g¢B:(1 — ;t) + Jeli+0: L — e:By
t
dB, By
dt = ngv(l - K_v) + I, 40,1, — e,B,
das,
— =Tt Ap, By — (e, + 4,,) S,
dl,
d_t = AUZSU — eyl

The Initial condition of the co-infection model
S,(0>0o0, 1,(00=0,1,0)>0,1,(0) = 0,R(0) > 0,R,,(0) = 0,R,,,,(0) = 0,
B.(0) = 0,B,(0) = 0,5,(0) > 0,I,(0) = 0

2.4  Positivity and Boundedness of the Malaria-typhoid fever co-infection Model.
For the model to be epidemiologically meaningful, it is important to examine the following in the

closed set n.
Theorem 1
The solution of the proposed model (1) is bounded

Proof
Let N, denotes the number of total population for humans;

lg%(t) =d55h(t) Z Ilt(t) Jcrulm(tc)”+ Igllt(t) +d Ift(t)d: ngg + Rt (0) (2)
2% _ Lon ar m , 2y Gome , 27 m mt

de  dg + de +dt+dt+ dt+dt+ de + de

dNp

d_t = Ty + Pth + PmRm + PmtRmt - :uhNh - [Utlt + O-mlm + lpo—mtlmt ]

Let Z = PR, +P,R,, + P, and o;, 0,,, oy represent infection induced death rate.

If. there is no mortality of malaria and typhoid fever infection, we get

dN
d_h < T[h+Z—,Lthh
t

Thus, dd_Nth +up Np<my +z (3)

Integrating and simplifying both sides of the inequality, we obtain

Ny () < ™2 4 N, (0) — T222) gnt
al Hn
. . T[h + Z T[h + VA ht T[h + 7
lim supNy(t) < lim sup ( + (Nj, (0) — Yehht
n.—o n—oo " o
+
Pr = {(Sh’lt oIy Iy Ry \Ryp ,Rpne) ERL 10 < Np, < "th} 4)

From equation (1), we consider the environmental bacteria B; :

61



Uyi-Osagie et al. - Journal of NAMP 71, (2025) 57-72

dB
— = = g¢Be(1 — _) + Jelt+0ilm: — e:B:

ﬁ< 9eBe(1 - ;

dt
This is a logistic-type of equation
Thus, B; is bounded above by carrying capacity K;: 0 < B;(t) < K, forallt > 0 (5)

Similarly, we consider the vectors population at a given time t, given by
N,=B, +S, +1,
Differentiating equation (1) with respect to t, we have
dN, _ ds, dr, dBy ©6)
de  d; dy d;
This means that
dn,

d_t = my + Alev + 0yl — U Ny

dy,
d < my+ Alev + Hvlmt - .quv
t

Since B, < K,
Integrating and simplifying both sides of the inequality, we obtain

N (t) < nv+/1,,1B,,+ (N ( ) _ 7t,,+)Lle,, )e_”vt
Taking the I|m|t we have

lim supN,(t) < % :0< N, (t) <
n—-oo v

Ty+Ay, By
Uy

Hence the total vector population N,, is bounded in the region;

={(5,1,,B,) €RY: 0 <N, s’;—} @)
Conclusively;
n={X=R':0<N, < ”h+Zo<Bt<Kt,0<%} (8)

Theorem 2
For the system of differential equation (1) Co-infection model to be epidemiologically
meaningful, permit the basic data of malaria-typhoid Co-infection model equation (1) given as :

$,(0) > 0,1,(0) > 0,1,,(0) > 0,1,,,(0) > 0,R,(0) > 0,R,,(0) > 0,R,,,,(0) > 0,B,(0) >
0, B,(0) > 0,5,(0) > 0 and 1,(0) > 0 . Then the

orbits(sy, (t), It (t), I, (t), Lt (t), Re (t), Ry (t), Ry (1), Be(t), B, (t), S, (t), I,(t)) of the model
with positive basic conditions, will continue to be positive for all time t > 0.

Proof.:
Let t,=sup {t, > 0:5,(0) >0,I.(0) >0,1,(0) >0,I,,(0) > 0,R.(0) > 0,R,,(0) >
0, R,,:(0) > 0,B:(0) > 0,B,(0) >0,5,(0) >0, I,(0) >0}

Consider the first equation of model (1), given below as

dsp(t)

o = Thtz— [Ae,* A, + A, + A, 1S — 1S

Which can be re-expressed as:

it _ [Sh(t)exp{ﬂsst + fot( Atl + Atz + /1m1 + Amz)dt}] =
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t
Ty, + z exp{uSSt +L (A, + Ay + A, + Amz)dt}

L1
Sh(tl)exp {Mtl + f (Atl + Atz + Aml + Amz)dt} - Sh(O)
0

> fﬂnh +z Iexp {usy + fy(atl + A, + A, + Amz)dt}ldy
So that ’ "
Sy(ty) = S, (0)exp [— usts = [ (Aey + Aey + Ay + Amz)dt] + [exp {— Uty —
fotl(/’ltl + A, + A, + Amz)dt}] X fotl mn + 2 [exp{usy + [ (Ae, + A, + Ay +
Am,)dt}]dy >0 (9)
Hence, S, (t) > 0,vt > 0.

Similarly, following same process prove for others in equations (1). We have established
positivity for all the state variables in model (1) for all time t.

2.5 Disease-Free Equilibrium Point (EEP) for Co-infection Model

At the DFE, there are no infections in the system, hence:

Ep = (SR, 12 Iy ;e RE, Riy Rine, BY, BY, $3,19) =(G2,0,0,0,0,0, 0,0,0,—=,0 (10) .
h v

Here, the human population is entirely susceptible, and both environmental reservoirs are free of
pathogens.

2.6 Existence of Endemic Equilibrium Point (EEP) for Co-infection Model
We examine the existence of the endemic equilibrium point (EEP) of the model (1) and this
describes that the disease is currently prevalent in the population [6]

Epr = Sp (0,1 (£, Iy (£), Iine (£, Ry (), RE(©), Rt (), By (8), B (1), Sy (6), 15 (8)  (11)

Solving the right hand side of the equations in (1) for the states variables in terms of the forces of
infection ( A;,) and ( ;) at the endemic steady state, were all the derivatives are set to zero.

(g = 0 and % = 0) , substituting the following equation below, to solve the RHS of the

equation (1) produce our EEP.

/1m = /1m1+ Amz’ At: /1t1+ /1t2' /11 = A‘t3+ At4 ) 12: )l,m3+ Am4

1 Bty (g+nelne) 1 = Bt, Bt 1. = Bmy ( Im+nmInmt) A, =B ( By, )1
t Np, » M2 T gy g, P T Np, » My M2 \By+ K,/ ™
1 _ Btz (IT+nelme ) 1 _ Bty Bt _ Bms (r Im+nmImt ) y) _
ts Np, » Tt Be+ kK, ' T3 Np, v My

B, (B,,T]Kv) Im

2.7 Malaria-Only Model

ds )
d_th =Ty + Bp Ry — (Am1+ﬂ.m2)5 - Us
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Al
T (ﬂm1+/1m2)5— (Upt6m +b) I,

dRy,

szlm_(ﬂh-l' Pm)Rm (12)
dB, B

i = ngv(l - ;Z) + Jul, —eyB,

ds,

ar Ty, + Alev = (Usp + /1172) Sy

dl,

d_t = Ap2Sy — eyl

Np(@®) = Sp(0) + Im() + Rp(t)  Ny(8) = S,(8) + L,(t) + By(t)

2.7.1 Positivity and Boundedness
Hence, the same process as proved above in theorem 1 and 2, malaria-only system is both positive
invariant and bounded in the biologically feasible region:

0= np X 0,CRE X REZL (Sl Roy S 1oy By) € R0 < Ny, <™EE50 <, < "”*lf:lB"}
(13) 2.8 Typhoid-Only Model
% =1y + PeRe — [Ae,+ 4,15 — 1sS
S = (Mgt A) S — (unt Sp + ) I,
dR

—=al,— (up+ PR, (14)
B

Tl geB:(1 — ;Z) +Jiely — eBy

With total human population:

Np.(t) = Sp(t) + t(@) + R,(t) + B(V)

2.8.1 Positivity and Boundedness
Hence, the same process as proved above in theorem 1 and 2 the typhoid-only system is both
positive invariant and bounded in the biologically feasible region:

Th+2zZ

Qt = (Sh’ It, Rt’ Bt) € Ri'Nh S # ;0 S Bt(t) S Kt} fOI‘ all t 2 0 (15)
h

3.0 BASIC REPRODUCTION NUMBERS

The basic reproduction number(R,) is a key threshold parameter in epidemiology, representing
the expected number of secondary infections generated by one infectious individual in a whole
susceptible population. If R, < 1, the disease tends to die out: if R, > 1, the disease may persist
and become endemic.[6]

3.31  Malaria Only Reproduction Number(Rg")

The basic reproduction number(Rj") for malaria Sub- model (12), using Diekmann, et al (2010),
and Sokhamoy, Susmita (2020). The computation of R, is done using next-generation matrix
approach, and the Jacobian (Jeo) matrix of F and V at the DFE evaluated is given as follows:
from the equation (12) and differentiating F and V with respect to the state variables, we have the
equations.

Mathematically, R, is defined as the spectral radius of the matrix product FV! express as
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Ry =p(FV?) (16)
Where p is the spetra radius

X=[nB,L], Vv=Vv--v*

(Am1 + Amz)Sh (,Llh +4; + b)lm
F=|gB(1-2)| AN, V=| “hltel, (18)

0 Av, Sy + eyl

Differentiating with respect to the state variables, Following the jacobian matrix process we have;

T.ﬁml.ﬂ.’h .
1 [HhNh(ﬂh+5m+b) A 0 0
F.v —M=| 0 %—z %%| (19)
l 0 0o o-al
23— (”h+5m+bNhgth v BmyTh )
eyUpNp(Tp+8m+b)  eyup Np(Tp+8m+b)

The eigenvalues of the jacobians(Jg, ) is given as

rf,, T
A=0, A=2, 1= -
ey Ny (p+6m+b)

The effective basic reproduction number of the malaria R{* sub-model (12) is given by
p(FV1) = Max [RIM], with p the spectral radius of FV!

m _ Bm,Th

O UpNp(1tn+8m+b)

(20)

3.3.2 Typhoid- Only Reproduction Number(R{)

The basic reproduction number denoted by (R§),using only the infected compartment I;and Bt
from system (14) , following same method in 3.3.1

X=[I,B], v=v-—-v*

(A, + 2¢,)S

21
_gtBt(l - IZ_Z) + Jil; 21)

[(up + 6, +a)l
v = (l’lh ettBt ) t] (22)
Be,mn 1 —Be,Th
FV=t—Al=| ¥ “ =0
Jt gt _ 4
k et
22— (kuge+mnB, ec)2 n n(ueBe,et+GBey gt)
etuk kGegu
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“/1 = vee [Gkugt + Gy fe e + \/4Gku2]trthﬁtzetz + G%k?u?g? — 2G? kum, B, e.g: + Gznhﬁtlet ” “A =

2 kGetu |

11 Gkuge + Gy Py, e — \/4Gku JemtpBe,ef + G2k?u2 gl — 2G2kumy By e g, + Gznhﬁtlet”

R =p(FV?') =Max [R]], with , the spectral radius of FV, is been given by

R} = [ A= 2kcen [Gkugt + Gy fe e + \/4Gku2]tnhﬁt2et + G2k?u?g} — 2G2kumy e ecge + Gznh[)’tlet]”

(23)
Where:
U= upNp, k=pp+6+a, G=keein

3.3.3  Co-infection Reproduction Number (RJ*)

Following the same method we generated in 3.1.1, the Jacobian matrix of F and V as follows:

Infected compartments I,,,, I, L., I,, B¢, B, from system (1) is differentiated partially with respect
to the state variables follows;

|Iml Itl mt» 117' Btl B |

(l;zl + imzfn C (A, + A¢, ) + (up 0 + b) ]
ot At():n‘:_ (t;?n h+ . (Amy + Amy ) Im + (un+6m + a)
F.= 3 + 0 3 * (24) , V = V(f +g+ h)lmt + (.uh + l/))lmt (25)
9¢B: (1 — i) _AUZS evly
ke —Jelt — ¢t + €:B;
9vuBy (1 - IZ—:) | L —Joly = Oyl + €48,

From our computation, since co-infection contributes new infections, the basic reproduction
number for the co-infection of malaria and typhoid fever, represented byR{)”t IS given as;

p(FV™1) Max<

1 D1++/D2—2D3+Dy+2Ds5+Dg rﬁmlﬂh)
UnNpZikeer " URNRpZm

(26)
Zy=pp+ 6 +a, Zmp=up+06n+Db Di=NyZgikipin + Be,n)eNp + Br,mrkeer

D, = Nth gt kt.“izl + thNf%nthﬁtzgtkt.uh , D3 = Nhﬂhﬁtletgtk?Nh , Dy :]tZNI%T[I%ZtﬁtZZn
Ds = Z(JtNhnizlﬂtlﬁtzetkt)’ D¢ = T[leﬁtzletzkg

3.4 Stability Analysis
3.4.1 Local Stability of the DFE

The disease-free equilibrium E is locally asymptotically stable if:
R'<1,Rf<1,

Proof
Linearizing the full system E, , the Jacobian split into block matrices associated with new infection
and transition terms. The eigenvalues are negative if and only if the spectral radius of the next-
generation-matrix is less than one. This condition is equivalent to require
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RI*<1, RE<1,RI™ <1 (27)

3.4.2 Stability Analysis of the Disease-Free Equilibrium for Typhoid fever infection
Sub-model
Theorem 4

The Jacobian matrix of (14) at the DFE point E? = (% 0,0,0 ,0) is locally asymptotically
stable (LAS) if RS < 1 and unstable if Rf > 1

Proof: The Jacobians matrix of the model (15) at the DFE point Et0 is given by taking first-order
partial derivatives of each equation with respect to each state variable, which give;

-B -
—Hn _.Bt1 Pt #kfh
B
Jhe| 0 Bu—Gm+sta) 0 =0 (29)
0 a —(un + pe) 0
L 0 Je 0 (g — er)

All the infection will become zero, because we are interested in the linearized dynamics near DFE.

[~Hn 0 Pt 0
. | O B, — (up + 6; + ) 0 0 |_O
Ja=| a —tp) 0|7
l o 0 0 (e — 1)

We observed that the Jacobian matrix is a block lower triangular matrix, meaning it has a special
structure:

_ (A B

F= (C D)

Then the eigenvalues of the Jacobian /go matrix is given as:

M=up<0, A, = B, — (up + 6¢ + a) <0 Ifandonly if B¢ < (up + 6, + a) (29)
Az=—(up+p) <0, 24 =(gs—e;) <OlIfandonly if g, < e;

Hence, the system DFE is locally asymptotically stable (LAS) if g, < (u, + 6; + a) and
gt < e , and become unstable if S, >(uy + 6, + a) and g, > e, This complete the proof.

Similarly, stability for R and RJY, is same process.

3.4.3 Global Stability of the Disease Free Equilibrium

Following the method of [7], we analyze the Global stability of the Disease free equilibrium point,
is established under the conditions:

To investigate global stability of the uninfected system at the DFE of equation (1) using the next
generation matrix (NGM),

Solving equation (1) at the DFE, we have;

Th Ty
Sh = —, Sv = =
Un Uy

(30)

Since there is no infection, we say the system is globally asymptotically stable (GAS).

To investigate global stability of the infected system at the DFE of equation (1) using the next
generation matrix (NGM),
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The Jacobian matrix (Jeo) of the infected compartments [I; , L., , Im: , I, ] IS given as: ] =
—(up + 6 +a) 0 0 0
0 —(up + 6, + b) 0 0 1)
At, Am, —w(f+g+h)+@w+y) O '
0 0 0 —e,
Theorem 5

The infected subsystem Z—; = F(X,0) has a globally asymptotically stable equilibrium; if the

infected system’s Jacobian matrix (]EO) has all the off diagonal elements non-negatives and the
diagonal elements are all negative. This further implies that the determinant of the Jacobian matrix
(]EO) Is positive and the trace negative (Conditions for stability)

det (Jgo) = —(up + 6 +a) — (up + 6 +b) —(un + Y +v(f + g+ h)) —e, >0

(4 negative signs = positive) (32)
Trace (Jeo) = —3up — 6 —a—6p, — Y —v(f+g+h) —e, <0

Therefore, the DFE is stable under these thresholds.

Table 1 Baseline Parameters ans variables Values used in the Numerical Experiments

Variables Values Soumrce Parameters | Values Soumrce
S.(t) 118341511 | Assumed Ny, 206553865 | WHO (2023)
Sn(®) 1800 Assumed N, 16800 WHO(2023)
I,(t) 18123413 | Assumed 0, 0.02 Assumed
I,(t) 19234785 | Assumed 0, 0.05 Assumed
| ) 21045767 | Assumed u 20544 World Bank (2022)
I,(t) 500 Assumed Ty 41000 WHO (2010-2023)
R.(t) 9248875 Assumed k¢ 0.006 Okuonghae &
Inyama (2018)
R, (1) 8711883 Assumed k., 0.0065 Okuonghae &
Inyama (2011)
R () 11847571 | Assumed A 0.008 LHT (2025)
e; 0.2 Assumed f 0.5 Assumed
B.(t) 10000 Assumed g 0.01 Junehyul, et al
(2017)
B,(t) 10000 Assumed h 0.8 NACA (2011)
Ay, 0.0006 Assumed Y 2.5 Operah et al.,
(2022)
A, 0.02 Assumed J1 30 Assumed
Am, 0.021 WHO, 2024 Jv 25 Assumed
Am, 0.002 WHO, 2024 B 0.001 Akinyi et al., 2020
Aty 0.021 Assumed Bm 0.003 Okosun et al., 2013
A, 0.1 Assumed Bm, 0.0025 Okosun et al., 2013
Am, 0.01 Assumed Bt, 0.005 Akinyi et al., 2020
Am, 0.02 Assumed Bt, 0.001 Assumed
Ay, 0.1 Assumed Bm, 0.004 Assumed
r 0.3 Okosun et al., ey, 0,05 Assumed
(2013)
Un 0.0004 Assumed Um 0.1429 Assumed
Ot 0.007 Assumed Jt 0.3 Assumed
Om 0.03 Assumed Jv 0.25 Assumed
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4.0 NUMERICAL SIMULATIONS

The system (1) of non-linear ODEs was solved numerically with MATLAB 7.10.0 (R2010a)
Using the ode45 (Runge-Kutta 4,5 method). Simulations time is expressed over time (days) with
relative tolerance 107, the initial conditions for all compartments in equation (1) are given in0.

tablel. The A., and 4,,,were used in the simulations because they are already defined as force of
infection terms in the ODEs

Experiment 1: To determine the effect of varying shedding rate (J,) on the Salmonella Typhi
reservoir in the environment (B;) due to infected humans with typhoid (I;) and co-infected
humans

(Ip), with (J, = 20, 25, 35,50) over time (days).

x 10 Environmental Population for Typoid at Different j1 Values

18 srnay, L
jiL=20
16 | i1=25
...... j1=35
14 ey S Jl - 50
1257 e T e
Bfo —\\\& R,
8 ~\ .................
4
2
0
0 20 40 60 80 100
t (days)

Figure 4.1 The shedding rate (J;) with typhoid-infected (/;) and co-infected (1,,,;) humans over
time (days). This graph initially rises from shedding (I;, I,,,+) later decline due to recovery and
decay, for varying (J;).

Experiment 2: To determine the effect of varying rate of indirect transmission (Atz) on prevalence
of only typhoid fever infection on the Infectious class for (I;)due to interaction of infected
individuals with the environment (4,, = 0.02,0.05,0.08,0.11).
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Effect of Er;yim?nental force of infection on the Infected Typoid class at Different lambda2 Value
5 r

lambda2 = 0.02

ST - lambda2 = 0.05 |
al-i lambda2 = 0.08 ||
W e lambda2 = 0.11
35
3 Fat N
i .:,' \\\\
|12.5 2 “
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05 e——— T
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Figure4.2  Prevalence of Typhoid fever infection (I,) with varying rate of indirect
transmission ()Ltz) from interaction with infected individuals with the environment . This graph
effect of varying indirect transmission rate 4,, on typhoid only infected class (/,); initial rise
followed by decline due to recovery, treatment and decay .

Experiment 3: To determine the effect of varying rate of indirect transmission (Amz)on
prevalence of malaria only infection on the Infectious class of human (1,,,)due to interaction of
infected individuals with the environment(4,,, = 0.03,0.07,0.11, 0.15).

x 10
4.5
...... lambda3 = 0.03
4 T lambda3 = 0.07 |
lambda3 =0.11
35+ R B e o I lambda3 = 0.15 |;
3
2.5 e
I, oo
"/ Sso
T e N
15 . ‘:.":L:.'- .....
\_ -4.“#"“ 'l‘.i--
1 vy,
05
0 5 10 15 20 25 30 35

t (days)

Figure 4.3  Prevalence of Malaria infection (I,,,) with varying rate of indirect transmission
(Amz). This graph varying 4,,, show an initial rise in prevalence due to strong environmental
interaction, but later decline as recovery and control effects dorminate.

Experiment 4: To determine the effect of varying shedding rate (J,,) of the pathogens and breeding
vectors reservoir in the environment (B,) due to infected humans with malaria (I,,,) and co-
infected humans as a result of interaction (J,, = 30, 45, 55, 65)
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Figure 4.4  Concentration of the pathogens and breeding vectors reservoir in the environment
(B,) with malaria (I,,,) and co-infected (I,,,;) humans . This graph varying J,, increases B,, as
vectors bite infected humans (1,,, I,,:), with transmission later decline through decay and control.

DISCUSSION

The findings from our model highlight how both direct and indirect transmission pathways,
together with environmental reservoirs, influence disease spread. We develop a deterministic
model to study this research and investigated the disease-free and endemic equilibria, derived basic
reproduction number, and performed stability analysis to identify the conditions for disease
persistence. Numerical solution shows that environmental factors, such as salmonella typhi
bacteria and breeding vectors/pathogen shedding, significantly affect infection prevalence,
emphasizing the critical role of environmental drivers in shaping disease dynamics.

However, the model demonstrates that strengthening community health interventions by
improving access to clean water, improve sanitation, public health campaigns, along with vector
control could help reduce disease burden. This reflects real-world trends where eradication remains
elusive, but continued efforts produce measurable declines in prevalence and mortality.
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