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Abstract

Paragonimiasis, commonly referred to

as Lung �uke disease, is a neglected

tropical disease that poses a serious

risk to public health in endemic areas.

Eating uncooked or undercooked freshwater

crustaceans that contain Paragonimus

larvae is the primary way that the

disease is spread. This paper develops a

system of nonlinear ordinary di�erential

equations that model the interaction

between de�nitive and intermediate host

populations with constant control, in order

to better understand its transmission. Basic

reproduction numbers (R0) were calculated

for the subpopulations in order to assess

transmission potential and create essential

threshold conditions for disease persistence

or extinction. Similarly, under certain

conditions, the Castillo-Chavez, Feng, and

Huang framework was used to establish

the global asymptotic stability of the
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DFE. A sensitivity analysis on R0 was

carried out to determine the key variables

in�uencing transmission. The analytical

results were supported by numerical

simulations, which showed that vaccination

and treatment together signi�cantly

lower the number of infected classes

and can eventually eradicate the

disease. Thus, this framework o�ers

important epidemiological insights, showing

that increasing vaccination, enhancing

treatment and hygiene can successfully

lower environmental contamination and

manage the spread of Paragonimiasis in

human population.

1 Introduction

Paragonimiasis a parasitic disease caused by Paragonimus species, continues to pose a

signi�cant public health threat, particularly in regions where the consumption of raw

or undercooked freshwater crustaceans is common. The parasite's transmission cycle,

involving multiple hosts humans, snails, cercariae, and crustaceans adds complexity

to the disease's epidemiology and complicates e�ective control measures. Although

Paragonimiasis exerts substantial health and socio-economic impacts, it remains largely

underreported worldwide, with many transmission drivers still poorly understood. As a

Neglected Tropical Disease (NTD), Paragonimiasis also referred to as lung �uke disease,

mostly a�ects populations in tropical areas (WHO, 2022). The disease has attracted

little attention from the international scienti�c community, especially in the African

context, despite recent research showing extensive transmission in Nigeria Iboh (2018);

Ibanga (2003). In Nigeria, a comparable pattern emerged. The disease was �rst

recognized as endemic in 1964 but became a public health issue during the Nigerian

Civil War (1967�1970). Socioeconomic collapse during the war exacerbated the disease's

spread, leading to a high number of cases. However, following the war, a well-organized

eradication campaign eliminated Paragonimiasis by 1980. No cases were reported from

1980 to September 2007 Enwereji (2010). In October 2007, the disease resurfaced in

Nigeria, mimicking the resurgence noted in Japan. This reemergence underscores the

challenges of maintaining long-term disease control in resource-limited settings. The

reemergence of Paragonimiasis in Nigeria poses important public health issue, particularly

given its limited awareness and resources for addressing the disease.

When Paragonimus miyazakii cases suddenly increased in Japan in 2000, it turned

out that people were consuming raw wild boar meat. When praziquantel was administered

to patients, they discovered that in roughly 71% to 77% of cases, the infection was

resolved after just one day of medication. That increased to 86% to 100% by day two,

and they achieved a �awless 100% cure rate by day three. That is quite impressive

Nawa (2000). The most important thing to keep in mind is this: It is not advisable

to ignore Paragonimiasis. It can seriously damage the lungs, resulting in conditions

like recurrent pneumothoraces, empyema, and chronic pleural e�usions, if we don't treat

it or don't treat it strongly enough. Patients may require VATS, chest drainage, or

even lung resections in extreme circumstances. If the parasite enters the brain, it may

©2026 Department of Mathematics, Modibbo Adama University.



16 Yakoko et al. (2026). Int. J. Dev. Math. Vol. 3 Issue 3 j014�042j

cause eosinophilic meningoencephalitis, hydrocephalus, and visual loss. Although some

patients may feel well and remain asymptomatic for years, we shouldn't wait if their

serology results are positive. It's not only good practice to give them the regular two-

to three-day course of praziquantel; it's crucial to prevent these unpleasant neurological

and pulmonary consequences before they arise.

Mathematical modeling has increasingly become an essential tool in investigating

the dynamics of infectious diseases, particularly those caused by food-borne trematodes.

Yan et al. (2004) outlined the core principles behind the mathematical modeling

of food-borne disease transmission and farm-level intervention strategies. Their study

highlights how mathematical models can be used to assess the emergence and spread of

antimicrobial resistance, especially during antimicrobial treatment in livestock. The use

of such medications can leave residual levels in the gastrointestinal tract, fostering the

selection and ampli�cation of resistant bacterial strains. By integrating pharmacokinetic

(PK) and pharmacodynamics (PD) models with bacterial population dynamics, these

models can predict how drug concentrations a�ect both resistant and susceptible bacterial

populations. A �owchart included in their study details a comprehensive model that

combines PK/PDmodeling with bacterial dynamics accounting for the interactions between

susceptible bacteria and those carrying plasmid-borne resistance. Furthermore, the spread

of resistance is ampli�ed by bacterial proliferation and horizontal gene transfer, the latter

of which can be mathematically modeled as an infectious process Lili et al. (2007). The

term used to describe how susceptible bacteria gain plasmids through interaction with

resistant bacteria is analogous to the concept of transmission in SIR models �NsNr

N
; where

� is the conjugation rate represents the frequency at which plasmid transfer occurs, with

the variables Ns, Nr and N denoting the populations of sensitive, resistant, and total

bacteria, respectively. Most mechanisms of antimicrobial resistance are associated with

a �tness cot (�), often re�ected as a growth rate (r) in bacteria. This can be modeled by

assuming that the growth of resistant bacteria is proportional to that of sensitive bacteria,

adjusted by a factor of one minus the �tness cost [r(1-�)]. However, it's important to note

that antimicrobial resistance does not always entail a �tness cost Zhang et al. (2006).

Yuang et al. (2018) developed a deterministic model for Clonorchiasis transmission

among human-snail-�sh populations, o�ering critical insights into infection dynamics and

intervention strategies. Similarly, Yakoko et al. (2024) made a signi�cant contribution

by formulating a mathematical model that captures the transmission mechanisms of

Paragonimiasis among humans, snails, and crustaceans. Their model e�ectively employed

sensitivity analysis and computational simulations to predict disease prevalence and

evaluate the potential impacts of control interventions. The strength of Yakoko et

al. (2024) model lies in its clarity, structure, and ability to simulate realistic disease

behaviors, laying a strong foundation for future research and policy development. However,

despite its insightfulness, the model created by Yakoko et al. (2024) falls short of

capturing the complexities of the transmission of Paragonimiasis since it leaves out

important elements such as vaccinations, symptomatic stages, treatment plans, and

optimal control measures. Recognizing this gap, the World Health Organization WHO

(2022) stressed the need for integrated approaches to Paragonimiasis control, highlighting

the roles of vaccination, systematic, treatment and optimal control interventions. Building

on this momentum, the present study extends the Yakoko et al. (2024) framework by
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incorporating additional disease compartments: vaccinated, symptomatic, and treated

human classes, as well as latent and incapacitated stages for snail and cray�sh populations.

By simulating a more detailed transmission process and applying optimal control strategies,

this research seeks to enhance the predictive capacity of Yakoko et al. (2024) models,

identify e�ective intervention strategies and o�er practical recommendations for the

disease prevention and e�orts to curb the disease and its associated socio-economic burden

particularly in resource-limited and endemic areas.

2 Formulation of Paragonimiasis model

The system was built around �ve major transmission nodes humans, eggs, snails, cercariae,

and cray�sh the mathematical model described here e�ectively represents the intricate

lifecycle of Paragonimiasis. Each of these populations is further divided into compartments

that re�ect di�erent stages of parasite development or clinical infection status in order

to demonstrate the biological reality of the disease.

1. Human Population Dynamics: The following compartments comprise the human

population: Vaccinated humans Vh(t), Susceptible humans Sh(t), Exposed humans

Eh(t), Asymptomatically infected humans IA(t), Symptomatically infected humans

IS(t), Chronically infected humans IC(t):, Treated humans Th(t) and Recovered

humans with immunity Rh(t). The total number of humans is represented by:

Nh(t) = Vh(t) + Sh(t) + Eh(t) + IA(t) + IS(t) + IC(t) + Th(t) +Rh(t)

Vaccinated humans compartment Vh(t) experiences growth due to vaccination at

� rate and decreases due to waning of vaccine at ! rate and �h natural death

rate. Compartment for susceptible human Sh(t) grow due to recruitment at a

steady rate �h, Increase through recovery of treated individuals with permanent

immunity at rates � and waning of vaccine at the rate ! due to imperfection of

vaccine. Decrease due to infection from consuming improperly cooked cray�sh,

a�ected by �hShIc
Nh

force of infection is, where �h represents the rate at which

Paragonimiasis is transmitted from infected cray�sh to humans, accounting for

the e�ect of vaccination administered at a given rate �, also as a result of natural

death at �h rate. Exposed Humans compartment Eh(t) increase due to the rate at

which susceptible individuals transition to the infected human compartment due

to exposure at �hShIc
Nh

rate, decrease as individuals progress to the asymptomatic

infectious human stage IA(t) at rEh(t) rate and as a result of natural mortality

occurring at a rate �h. Asymptomatic infected human compartment IA(t) increases

as exposed individuals progress at a rate rEh. Decrease as a result of progression to

Th(t) and IS(t) at a rate  1r1IA and (1� 1)r1IA respectively and natural death at �h
rate. Symptomatic infected human compartment IS(t) Increase due to progression

from asymptomatic infectious human compartment IA(t) at (1 �  1)r1IA rate.

Decrease due to progression to treated human compartment Th(t) and chronically

infectious human compartment IC(t) at  2r2IS and (1� 2)r2IS rates respectively.

Similarly, it also decreases as a result of disease-related mortality and natural death

occurring at a rate of d1 and �h. Chronically infectious human compartment IC(t)

Increase due to progression from symptomatic infected human compartment IS(t)

at rate (1�  2)r2Is . Decrease due to progression to Treated human compartment
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Th(t) at  3r3IC(t) rate, declines due to disease-induced mortality at a rate of d2
and natural death at a rate �h.

Treated human compartment Th(t) Increase due to progression from asymptomatic

infected human compartment IA(t) symptomatic infected human compartment IS(t)

and chronically infected human compartment IC(t) at a rate  1r1IA,  2r2IS, and

 3r3IC , respectively. Decreases due to progression to recovered human compartment

Rh(t) at 
Th rate and natural death at �h rate. Recovered human compartment

Rh(t) Increase due to progression from treated human compartment Th(t) at 
Th
rate, decrease due to progression to susceptible human compartment Sh(t) at � rate

and natural death at �h rate.
2. Egg Population Dynamics: The egg population G(t) is introduced by infected

humans into the environment. Recruitment into G(t) compartments occurred when

Pg portion of the eggs is expelled from the infectious host through sputum, feces,

or urine, and a portion at rate �g successfully enters freshwater, susceptible aquatic

snails that come into contact with these eggs become exposed and begin the process

of developing cercariae. After an incubation period following the initial contact, the

exposed snails transition to the infected state. These infected snails then release

a second larval form, known as cercariae, with a fraction Pc being discharged into

freshwater at a rate �c. When susceptible aquatic snails come into contact with these

released eggs, they become exposed to the infection and begin producing cercariae

after an incubation period. Once the exposed snails mature, they transition to the

infected class and begin releasing a second type of free-swimming larval stage, known

as cercariae, at a release rate �g�sSsG

Ns
. However, a fraction of the larvae (miracidium)

is ingested by susceptible snails without causing infection. This indicates that only

a fraction of the egg population contributes to the infection dynamics within the

snail population.

3. Snail Population Dynamics: The following comprises the snail population: Ss(t)

susceptible snail at given time t, Es(t) exposed snail at given time t, Ls(t) latent

snail at given time t, Is(t) infected snail at given time t and Ds(t) Incapacitate snail

at given time t. The total number of snail population is represented by:

Ns(t) = Ss(t) + Es(t) + Ls(t) + Is(t) +Ds(t)

Susceptible snail compartment Ss(t) Growth through the recruitment of individuals

into the population at a steady rate �s, reduction is caused by infection through

contact with eggs G(t) at �sSsG

Ns
force of infection rate, where �s is the rate at

which eggs are transferred to snails and �s natural mortality rate. The exposed

snail compartment Es(t) Increase due to infection from susceptible snail at rate
�sSsG

Ns
, decrease due to Progress to latent compartment at "1 rate and natural death

at �s. Latent snail compartment Ls(t) Increase due to progression from exposed

snail compartment Es(t) at rate "1 decrease due to Progress to the Infected snail

compartment Is(t) at a rate � and natural death at a rate �s. Infected snail

compartment Is(t) Increase due to progression from Latent snail compartment Ls(t)

at rate �, decrease due to Progress to the dead/incapacitated compartment at a

rate � and natural death at �s rate. Dead/incapacitated snail compartment Ds(t)

Increase due to progression from Infected snail compartment Is(t) at rate � and
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decrease due to natural death at �s rate.

4. Cercariae Dynamics: TThe cercariae population C(t) is released by infected snails:

Increase due to release from infected snails at rate �CPCIs(t). Decrease as a result

of infection of susceptible cray�sh, natural decay at �c�cScC

Nc
rate and natural death

at �C rate.

5. The cray�sh population dynamics are structured across four compartments governed

by constant recruitment (�c), predation (pc), and natural mortality (�c). Susceptible

cray�sh (Sc) enter through recruitment and decrease upon contact with cercariae

(C) at force of infection �cScC

Nc
to join the exposed class (Ec). Exposed individuals

transition into latency at rate "2, after which latent cray�sh progress to the infected

compartment (Ic) at rate �1. Finally, infected cray�sh advance to the dead/incapacitated

class (Dc) at rate �1, with all classes exiting the system via predation and natural

death.The total number of cray�sh population is represented by:

Nc(t) = Sc(t) + Ec(t) + Lc(t) + Ic(t) +Dc(t)

Table 1. Paragonimiasis model parameters.

Variable Description
�h Recruitment rate into susceptible human compartment
�s Recruitment rate into susceptible snails compartment
�c Recruitment rate into susceptible cray�sh compartment
�h Transmission rate from infected cray�sh to humans
�s Transmission rate from eggs to snails
�c Transmission rate from cercariae to cray�sh
! Waning rate of vaccine in human
� Vaccination rate
�h Death rate of human
�s Death rate of snail
�c + p Death rate and predation rate of cray�sh
�g Death rate of meta cercariae eggs
�C Death rate of cercariae
Pc Number of cercariae in every infected snail
Pg Number of embryonated eggs passed by each infected human
�g Rate of eggs in fresh water
�c Rate of cercariae released from infected snails
d1 Disease induced death in symptomatically infection
d2 Disease induced death in chronically infection
r Progression rate from exposed to asymptomatic infectious human
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Table 1: Paragonimiasis model parameters Cont.
Variable Description
r1 Rate of progression to symptomatic infected individual
r2 Rate of progression from symptomatic to recovered
r3 Rate of progression from chronic to recovered
�c Per consumption rate of the eggs by cray�sh
�g Per consumption rate of the eggs by snail
"1 Proportion of snails in latent that become infectious
"2 Proportion of cray�sh in latent that become infectious

 Rate of progression from treated human to recovered human
� Rate at which recovered individuals lose immunity and become susceptible
 i(i = 1; :::; 3) Rate of infected human that are receiving treatment
� Progression rate from latent snail to infected snail
�1 Progression rate from latent cray�sh to infected cray�sh
� Progression rate from infected snail to dead/incapacitated cray�sh
�1 Progression rate from infected cray�sh to dead/incapacitated cray�sh
Ni(i = h; s; c) Total population of human, snail and cray�sh respectively

Figure 1. schematic model diagram.
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The Paragonimiasis model equations with constant control are:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

dVh
dt

= �Sh � (! + �h)Vh
dSh
dt

= �h + !Vh + �Rh �
�
�+ �hIc

Nh
+ �h

�
Sh

dEh
dt

= �hShIc
Nh

� (r + �h)Eh
dIA
dt

= rEh � (r1 + �h)IA
dIS
dt

= (1�  1)r1IA � (r2 + d1 + �h)IS
dIC
dt

= (1�  2)r2IS � ( 3r3 + d2 + �h)IC
dTh
dt

=  1r1IA +  2r2IS +  3r3IC � (
 + �h)Th
dRh
dt

= 
Th � (�+ �h)Rh

dG
dt

= �gPg(IA + IS + IC)�
�
�g�sSs
Ns

+ �g

�
G

dSs
dt

= �s �
�
�sG

Ns
+ �s

�
Ss

dEs
dt

= �sSsG

Ns
� ("1 + �s)Es

dLs
dt

= "1Es � (� + �s)Ls
dIs
dt

= �Ls � (� + �s)Is
dDs

dt
= �Is � �sDs

dC
dt

= �cPcIs �
�
�c�cSc
Nc

+ �c

�
C

dSc
dt

= �c �
�
�cC

Nc
+ pc + �c

�
Sc

dEc
dt

= �cScC

Nc
� ("2 + pc + �c)Ec

dLc
dt

= "2Ec � (�1 + pc + �c)Lc
dIc
dt

= �1Lc � (�1 + pc + �c)Ic
dDc

dt
= �1Ic � (pc + �c)Dc

(1)

with the initial conditions:(
Vh(0 > 0; Sh(0) > 0; Eh(0) � 0; IA(0) � 0; IS(0) � 0; IC(0) � 0; Th(0) � 0; Rh(0) � 0; G(0) � 0; Ss(0) > 0;

Es(0) � 0; Ls(0) � 0; Is(0) � 0; Ds(0) � 0; C(0) � 0; Sc(0) > 0; Ec(0) � 0; Lc(0) � 0; Ic(0) � 0; Dc(0) � 0

(2)
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2.1 Basic properties of Paragonimiasis

Theorem 2.1. For all t > 0, the solutions Vh; Sh; Eh; IA; IS; IC ; Th; Rh; :::; Dc of the

model system (1) with non-negative initial conditions satisfy Vh > 0; Sh > 0; Eh > 0; IA >

0; IS > 0; IC > 0; Th > 0; Rh; ::; Dc > 0. likewise the region 
 2 R20
+ is attractive and

positively invariant with regard to the solution (1).

To establish Theorem 1 solutions, considering the di�erential inequality obtained from

(1). By the Nagumo�Bony�Brezis theorem on invariant regions (which states that a closed

set is positively invariant if the vector �eld at any boundary point, points inward) Menner

(2024), a standard contradiction argument con�rms that the non-negative orthant is an

invariant region of the system. we demonstrate using exactly the same reasoning that

state variables stay non-negative for all t > 0 and we obtained:

t1: Vh(t1) = 0; dVh
dt1

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t1

t4: IA(t4) = 0; dIA
dt4

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t4

t5: IS(t5) = 0; dIS
dt5

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t5

t6: IC(t6) = 0; dIC
dt6

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t6

t7: Th(t7) = 0; dTh
dt7

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t7

t8: Rh(t8) = 0; dRh
dt1

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t8

t9: G(t9) = 0; dG
dt9

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t9

t10: Ss(t10) = 0; dSs
dt10

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t10

t11: Es(t11) = 0; dEs
dt11

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t11

t12: Ls(t12) = 0; dLs
dt12

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t12

t13: Is(t13) = 0; dIs
dt13

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t13

t14: Ds(t14) = 0; dDs

dt14
< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t14

t15: C(t15) = 0; dC
dt15

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t15

t16: Sc(t16) = 0; dSc
dt16

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t16

t17: Ec(t17) = 0; dEc
dt17

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t17

t18: Lc(t18) = 0; dLc
dt18

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t18

t19: Ic(t19) = 0; dIc
dt19

< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t19

t20: Dc(t20) = 0; dDc

dt20
< 0; Sh(t) > 0; Eh(t) > 0; :::; Dc(t) > 0 for 0 < t < t20.

Therefore, it follows that all solutions of the model equations (1) remain positive for

all non-negative initial conditions, thereby satisfying the necessary biological feasibility

condition.

Similarly, lim sup
t!1

Nh(t) �
�h
�h

, lim supt!1Ns(t) �
�s
�s

and lim supt!1Nc(t) �
�c
�c
. In

addition, if Nh(0) �
�h
�h
, Ns(0) �

�s
�s
,and Nc(0) �

�c
�c
, then Nh(t) �

�h
�h
, Ns(t) �

�s
�s

and

Nc(t) �
�c
�c

are the feasible region for system (1):


 =

�
(Nh; G;Ns; C;Nc) 2 R

20
+ : Nh(t) �

�h
�h
; Ns(t) �

�s
�s
; and Nc(t) �

�c
�c

�
(3)

that (3) is attractive and positively invariant with regard to the system (1).

Proof: Consider the human sub population (Nh) from the system (1), we have the
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following

dNh(t)

dt
� �h � �hNh(t) (4)

at t = 0, using comparison criterion (4) to get

Nh(t) �
�h
�h

+

�
Nh(0)�

�h
�h

�
e��ht: (5)

lim
t!1

Nh(t) =
�h
�h
: (6)

using similar approach for the other sub populations we obtained:

As t ! 1, the limiting bounds for the intermediate host populations satisfy Ns !
�s
�s
,

Nc !
�c

pc+�c
, G ! �gPg�h

�h�g
, and C ! �CPC�s

�s�C
. Based on these biological interpretations,

system (1) is analyzed within the feasible domain 
. Furthermore, all state variables

(Vh(t); Sh(t); : : : ; Dc(t)) remain strictly non-negative for all t > 0. Following equation (3),

we con�rm that 
 is a positively invariant set and a global attractor, ensuring that

solutions remain bounded within this manifold. Consequently, Theorem 1 con�rms that

system (1) is mathematically well-posed and biologically feasible in 
.

3 Paragonimiasis model analysis

This section provides a detailed analytical framework for the Paragonimiasis model.

We computed the disease-free and endemic equilibrium states, the basic reproduction

number (R0); and analyze the local and global stability of Paragonimiasis model at

disease free.
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3.1 Equilibria states

By setting system (1) to zero, the equilibrium points of system (1) are determined:8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

dVh
dt

= �Sh � (! + �h)Vh = 0
dSh
dt

= �h + !Vh + �Rh �
�
�+ �hIc

Nh
+ �h

�
Sh = 0

dEh
dt

= �hShIc
Nh

� (r + �h)Eh = 0
dIA
dt

= rEh � (r1 + �h)IA = 0
dIS
dt

= (1�  1)r1IA � (r2 + d1 + �h)IS = 0
dIC
dt

= (1�  2)r2IS � ( 3r3 + d2 + �h)IC = 0
dTh
dt

=  1r1IA +  2r2IS +  3r3IC � (
 + �h)Th = 0
dRh
dt

= 
Th � (�+ �h)Rh = 0

dG
dt

= �gPg(IA + IS + IC)�
�
�g�sSs
Ns

+ �g

�
G = 0

dSs
dt

= �s �
�
�sG

Ns
+ �s

�
Ss = 0

dEs
dt

= �sSsG

Ns
� ("1 + �s)Es = 0

dLs
dt

= "1Es � (� + �s)Ls = 0
dIs
dt

= �Ls � (� + �s)Is = 0
dDs

dt
= �Is � �sDs = 0

dC
dt

= �cPcIs �
�
�c�cSc
Nc

+ �c

�
C = 0

dSc
dt

= �c �
�
�cC

Nc
+ pc + �c

�
Sc = 0

dEc
dt

= �cScC

Nc
� ("2 + pc + �c)Ec = 0

dLc
dt

= "2Ec � (�1 + pc + �c)Lc = 0
dIc
dt

= �1Lc � (�1 + pc + �c)Ic = 0
dDc

dt
= �1Ic � (pc + �c)Dc = 0

(7)

In the absence of Paragonimiasis, system (7) admits a disease-free equilibrium

(DFE), which characterizes the steady-state of the model in which no infection persists.

The local stability of this equilibrium is established by linearizing the system about the

DFE and evaluating the corresponding Jacobian matrix. By examining the eigenvalues

of the Jacobian, the disease-free equilibrium is locally asymptotically stable whenever

all eigenvalues have negative real parts. Hence, the Paragonimiasis-free equilibrium of

system (7), denoted by E0 is expressed as:

E0 =

�
��h

(�+ ! + �h)�h
;

�h(! + �h)

(�+ ! + �h)�h
; 0; 0; 0; 0; 0; 0; 0;

�s
�s
; 0; 0; 0; 0; 0;

�c
(pc + �c)

; 0; 0; 0; 0

�
(8)

Therefore, the total human population at the disease-free equilibrium is:

N0
h = S0

h + V 0
h =

�h
�h
: (9)
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This result shows that, in the absence of infection, the equilibrium size of the human

population depends only on the recruitment rate �h and the natural mortality rate �h.

Similar population balances can be obtained for the snail and cray�sh populations.

The Paragonimiasis Present Equilibrium point (PPE), denoted by E�, is obtain by

equating Eh 6= 0; IA 6= 0; IS 6= 0; IC 6= 0; Th 6= 0; Rh 6= 0; G 6= 0; Es 6= 0; Ls 6= 0; Is 6=

0; Ds 6= 0; C 6= 0; Ec 6= 0; Lc 6= 0; Ic 6= 0; Dc 6= 0: of the model (1). At equilibrium state,

the total population N� = V �h + S�h +E�h + I�A + I�S + :::+D�
c , solving system (1) at PPE

state yields8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

V �h = �h�K6

(K6K7K8)�(!�K6)���1�1K8
;

S�h =
�hK6K8

(K6K7K8)�(!�K6)�(��1�1K8)
;

E�h =
�h�1K6K8

(K2K6K7K8)�(!�K2K6)�(��1�1K2K8)
;

I�A = �h�1rK6K8

(K2K3K6K7K8)�(!�K2K3K6)�(��1�1K2K3K8)
;

I�S = (1� 1)�h�1rr1K6K8

(K2K3K4K6K7K8)�(!�K2K3K4K6)�(��1�1K2K3K4K8)
;

I�C = (1� 1)(1� 2)�h�1rr1r2K6K8

(K2K3K4K5K6K7K8)�(!�K2K3K4K5K6)�(��1�1K2K3K4K5K8)
;

T �h = �h�1rr1K6K8

K1K2K3[K6K7K8�!�K6���1�1K8]

�
 1
1
+ (1� 1) 2r2

K4
+ (1� 1)(1� 2) 3r3r2

K4K5

�
;

R�h =
�h�1rr1
K8

K6K7K8�!�K6���1K8

�
 1

K1K2K3
+ (1� 1) 2r2

K1K2K3K4
+ (1� 1)(1� 2) 3r3r2

K1K2K3K4K5

�
;

G� = �gPg
�g

 
�h�1rK6K8

(K2K3K6K7K8)�(!�K2K3K6)�(��1�1K2K3K8)

!
S�s =

�2
s�g

�s((�s�gPg�2)+�s�g)
;

E�s =
�gPg�s�s�2

K11((�s�gPg�2)+�s�g)
;

L�s =
�gPg�s�s"1�2

K10:K11((�s�gPg�2)+�s�g)
;

I�s =
�gPg�s�s"1��2

K9:K10:K11((�s�gPg�2)+�s�g)
;

D�
s =

�
�s

�
�gPg�s�s"1��2

K9:K10:K11((�s�gPg�2)+�s�g)

�
;

C� = �cPc
�c

�
�gPg�s�s"1��2

K9:K10:K11((�s�gPg�2)+�s�g)

�
;

S�c =
�2
cK9:K10:K11((�s�gPg�2)+�s�g)

�c�s�s"1��cPc�gPg�2
;

E�c =
�c
K12

;

L�c =
�c"2

K12K13

I�c =
�c"2�1

K12K13K14

D�
c =

�c"2�1�1
(pc+�c)K12K13K14

(10)

Therefore, (10) de�ne the Paragonimiasis Present Equilibrium (PPE), representing the

steady state at which the infection persists across all host and compartments.

where,

K1 = (
+�h); K2 = (r+�h); K3 = (r1+�h); K4 = (r2+d1+�h); K5 = ( 3r3+d2+�h);

K6 = (�+ �h); K7 = (�+ �1 + �h); K8 = (! + �h);

K9 = (� + �s); K10 = (� + �s); K11 = ("1 + �s); K12 = ("2 + pc + �c);

K13 = (�1 + pc + �c); K14 = (�1 + pc + �c);

�1 =
 1
rr1

(K1:K2:K3)
+  2
rr1r2(1� 1)

(K1:K2:K3:K4)
+  3
rr1r2r3(1� 1)(1� 2)

(K1:K2:K3:K4:K5)
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�2 =
�h�1rK6K8

(K2K3K6K7K8)�(!�K2K3K6)�(��1K2K3K8)
+ (1� 1)rr1�h�1K6K8

(K2K3K4K7K8)�(!�K2K3K6)�(��1�1K2K3K8)

3.2 Threshold dynamics/ Basic reproduction number

The basic reproduction number, R0; represents the average number of secondary

infections generated by a single infectious individual in a wholly susceptible population. It

is derived for system (1) using the Next Generation Matrix (NGM) method based on the

framework of Diekmann et al. (2010). The derivation identi�es the infected compartments

and dominant transmission pathways to quantify the transmission potential of the disease.

The Paragonimiasis epidemiological threshold given by R0 = �(FV �1), � represents

the dominant eigenvalue, F (the new infectious term) and V (the transfer term). For

analytical convenience, the model is partitioned into its principal transmission components.

Consider the given infectious population:

(X): Eh; IA; IS; IC ; G;Es; Ls; Is; C; Ec; Lc; Ic

The respective R0 is obtained as:

F =

2666666666666666666664

�hShIC
Nh

0

0

0

0
�sSsG

Ns

0

0

0
�cScC

Nc

0

0

3777777777777777777775

; V =

26666666666666666666664

(r + �h)Eh
�rEh + (r1 + �h)IA

�(1�  1)r1IA + (r2 + d1 + �h)IS
�(1�  2)r2IS + ( 3r3 + d2 + �h)IC

��gPg(IA + IS + IC) +
�
�g�sSs
Ns

+ �g

�
G

("1 + �s)Es
�"1Es + (� + �s)Ls
��Ls + (� + �s)Is

��cPcIs +
�
�c�cSc
Nc

+ �c

�
C

("2 + Pc + �c)Ec
�"2Ec + (�1 + pc + �c)Lc
��1Lc + (�1 + pc + �c)Ic

37777777777777777777775
To obtain the matrices F and V at the Paragonimiasis-free equilibrium E0, we di�erentiate

F and V partially w.r.t each of the infected state variables. Evaluating the resulting

Jacobians at the disease-free equilibrium yields:

F =
@fi

@xj
=

266666666666666666664

0 0 0 0 0 0 0 0 0 0 0 ah
0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 as 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 ac 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

377777777777777777775

(11)
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where;

ah =
�hS

0

h

N0

h

; as =
�sS

0
s

N0
s

and ac =
�cS

0
c

N0
c

V =
@vi

@xj
=

266666666666666666664

a1 0 0 0 0 0 0 0 0 0 0 0

�r a2 0 0 0 0 0 0 0 0 0 0

0 �b1 a3 0 0 0 0 0 0 0 0 0

0 0 �b2 a4 0 0 0 0 0 0 0 0

0 �b3 �b4 �b5 a5 0 0 0 0 0 0 0

0 0 0 0 0 a6 0 0 0 0 0 0

0 0 0 0 0 �"1 a7 0 0 0 0 0

0 0 0 0 0 0 �� a8 0 0 0 0

0 0 0 0 0 0 0 �b6 a9 0 0 0

0 0 0 0 0 0 0 0 0 a10 0 0

0 0 0 0 0 0 0 0 0 �"2 a11 0

0 0 0 0 0 0 0 0 0 0 ��1 a12

377777777777777777775

(12)

where;

a1 = (r + �h); a2 = (r1 + �h); a3 = (r2 + d1 + �h); a4 = ( 3r3 + d2 + �h)); a5 =�
�g�sSs
Ns

+ �g

�
G; a6 = ("1 + �s); a7 = (� + �s); a8 = (� + �s); a9 =

�
�c�cSc
Nc

+ �c

�
;

a10 = ("2 + pc + �c); a11 = (�1 + pc + �c); and a12 = (�1 + pc + �c):

b1 = (1�  1)r1; b2 = (1�  2)r2; b3 = �gPg; b4 = �gPg; b5 = �gPg and b6 = �cPc:

Taking the inverse of equation (12) we have:

V�1 =

266666666666666666666666666664

1
a1

0 0 0 0 0 0 0 0 0 0 0

r
a1a2

1
a2

0 0 0 0 0 0 0 0 0 0

rb1
a1a2a3

b1
a2a3

1
a3

0 0 0 0 0 0 0 0 0

rb1b2
a1a2a3a4

b1b2
a2a3a4

b2
a3a4

1
a4

0 0 0 0 0 0 0 0

ra3a4b3+rb1a4b4+rb1b2b5
a1a2a3a4a5

a3a4b3+b1a4b4+b1b2b5
a2a3a4a5

a4b4+b2b5
a3a4a5

b5
a4a5

1
a5

0 0 0 0 0 0 0

0 0 0 0 0 1
a6

0 0 0 0 0 0

0 0 0 0 0 "1
a6a7

1
a7

0 0 0 0 0

0 0 0 0 0 �"1
a6a7a8

�
a7a8

1
a8

0 0 0 0

0 0 0 0 0 �"1b6
a6a7a8a9

�b6
a7a8a9

b6
a8a9

1
a9

0 0 0

0 0 0 0 0 0 0 0 0 1
a10

0 0

0 0 0 0 0 0 0 0 0 "2
a10a11

1
a11

0

0 0 0 0 0 0 0 0 0 �1"2
a10a11a12

�1
a11a12

1
a12

377777777777777777777777777775
(13)

Thus,
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FhVh
�1 =

266666666666666666666666666664

0 0 0 0 0 0 0 0 0 0 0 ah
a1

0 0 0 0 0 0 0 0 0 0 0 rah
a1a2

0 0 0 0 0 0 0 0 0 0 0 rb1ah
a1a2a3

0 0 0 0 0 0 0 0 0 0 0 rb1b2ah
a1a2a3a4

0 0 0 0 0 0 0 0 0 0 0 ah(ra3a4b3+rb1a4b4+rb1b2b5)
a1a2a3a4a5

0 0 0 0 as
a6

0 0 0 0 0 0 0

0 0 0 0 "1as
a6a7

0 0 0 0 0 0 0

0 0 0 0 �"1as
a6a7a8

0 0 0 0 0 0 0

0 0 0 0 �"1b6as
a6a7a8a9

0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 ac
a10

0 0 0

0 0 0 0 0 0 0 0 "2ac
a10a11

0 0 0

0 0 0 0 0 0 0 0 �1"2ac
a10a11a12

0 0 0

377777777777777777777777777775
(14)

The spectral radius �(FV �1) = R0. Therefore, the basic reproduction number for

Paragonimiasis, which is the dominant eigenvalue is given as:

R0 =

"�
�h(! + �h)

�+ ! + �h

�
(�gPg)

�
�s�s
�sN0

s

�
(�cPc)

�
�c�c

(pc + �c)N0
c

�
�

r(1�  1)r1(1�  2)r2
(r + �h)(r1 + �h)(r2 + d1 + �h)( 3r3 + d2 + �h)

�
"1�

("1 + �s)(� + �s)(� + �s)
�

"2�1

("2 + pc + �c)(�1 + pc + �c)(�1 + pc + �c)

�
1�

�g�sS0s
N0
s

+ �g

��
�c�cS0c
N0
c

+ �c

�# 1

3

(15)

at DFE all infected compartments are equated to zero, only the susceptible compartments

are at steady states i.e,

S0
h = N0

h = �h
�h
;
S0h
N0

h

= (!+�h)
�+!+�h

; S0
s = N0

s = �s
�s

and S0
c = N0

c = �h
(pc��h)

, Therefore;
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R0 =

"�
(�gPg)(�CPC)�s�c

(�g�s + �g) (�c�c + �c)

��
�h(! + �h)

�+ ! + �h

�
�

r(1�  1)r1(1�  2)r2
(r + �h)(r1 + �h)(r2 + d1 + �h)( 3r3 + d2 + �h)

�
"1�

("1 + �s)(� + �s)(� + �s)
�

"2�1

("2 + pc + �c)(�1 + pc + �c)(�1 + pc + �c)

# 1

3

(16)

3.3 Global stability for Paragonimiasis-free equilibrium

To investigate the global asymptotic stability of the Paragonimiasis-free equilibrium

in system (1), we apply the methodology proposed in Castillo et al. (2002). This

framework o�ers adequate criteria for proving the global stability of the disease-free

equilibrium.

Lemma 3.1. writing system (1) in the form(
dX
dt

= F (X;Z)
dZ
dt

= G(X;Z; ); (X; 0) = 0
(17)

where X = (Vh; Sh; Th; Rh; Ss; Ds; Sc; Dc) and Z = (Eh; IA; IS; IC ; G;Es; Ls; Is; C; Ec; Lc; Ic; )

and components of X 2 R8 represent the population that are not infected and components

of Z 2 R12 represent the population that are infected Castillo et al. (2002). Giving the

Paragonimiasis-free equilibrium as E0 = (X0; 0), where

X0 =

�
��h

(�+ ! + �h)�h
;

�h(! + �h)

(�+ ! + �h)�h
; 0; 0; 0; 0; 0; 0; 0;

�s
�s
; 0; 0; 0; 0; 0;

�c
(pc + �c)

; 0; 0; 0; 0

�
(18)

The conditions outlined below are necessary to guarantee global asymptotic stability:

H1 :
dX
dt

= F (X0; 0); X0 is (GAS.

H2 : G(X;Z) = AZ � Ĝ(X;Z); Ĝ(X;Z) � 0 for (X;Z) 2 
, where A = DzG(X
0; 0) is

an M-matrix and 
 is the biological feasible region. Hence, E0 is (GAS) if R0 < 1.

Theorem 3.2. The Paragonimiasis free equilibrium state at DFE is globally asymptotically

stable when R0 < 1 and the following two requirements are met.

Proof: Recall that

X = (Vh; Sh; Th; Rh; Ss; Ds; Sc; Dc)
T )

Z = (Eh; IA; IS; IC ; G;Es; Ls; Is; C; Ec; Lc; Ic; )
T
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H(X;Z) =

0BBBBBBBBBBB@

�Sh � (! + �h)Vh
�h + !Vh + �Rh � (�+ �h)Sh;

�(
 + �h)Th

Th � (�+ �h)Rh

�s � �sSs
��sDs

�c � (pc + �c)Sc
�(pc + �c)Dc:

1CCCCCCCCCCCA
(19)

H(X; 0) =

0BBBBBBBBBBB@

�Sh � (! + �h)Vh
�h + (�+ �h)Sh;

0

0

�s � �sSs
0

�c � (pc + �c)Sc
0

1CCCCCCCCCCCA
(20)

Solving for equation (20) using IF Yielded:

As t!1; Vh(t) =
��h

(�+ ! + �h)�h
(21)

As t!1; Sh(t)!
�h(! + �h)

(�+ ! + �h)�h
(22)

As t!1; Ss(t)!
�s
�s

(23)

As t!1; Sc(t)!
�c

pc + �c
(24)

Therefore, Condition (H1) of the Castillo-Chavez stability criterion for (GAS) is satis�ed.

Recall that H2 : G(X;Z) = AZ � Ĝ(X;Z);
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G(X;Z) =

0BBBBBBBBBBBBBBBBBBBBB@

�hShIc
Nh

� (r + �h)Eh
rEh � (r1 + �h)IA

(1�  1)r1IA � (r2 + d1 + �h)IS
(1�  2)r2IS � ( 3r3 + d2 + �h)IC

�gPg(IA + IS + IC)�
�
�g�sSs
Ns

+ �g

�
G

�sSsG

Ns
� ("1 + �s)Es

"1Es � (� + �s)Ls
�Ls � (� + �s)Is

�cPcIs �
�
�c�cSc
Nc

+ �c

�
C

�cScC

Nc
� ("2 + pc + �c)Ec

"2Ec � (�1 + pc + �c)Lc
�1Lc � (�1 + pc + �c)Ic

1CCCCCCCCCCCCCCCCCCCCCA

(25)

where

A = DZG(X
�; 0) is an M-matrix (all o�-diagonal entries are non-negative) and bG(X;Z) �

0. Hence, for the infected compartment state vector:

Z = (Eh; IA; IS; IC ; G;Es; Ls; Is; C; Ec; Lc; Ic)
T ; the linearized infected subsystem at the

DFE becomes: dZ
dt

= AZ; where the structural matrix A is de�ned as the linearized

infected subsystem at the DFE.

A =

0BBBBBBBBBBBBBBBBBBBBB@

�e1 0 0 0 0 0 0 0 0 0 0 �h
S0h
N0

h

r �e2 0 0 0 0 0 0 0 0 0 0

0 m1 �e3 0 0 0 0 0 0 0 0 0

0 0 m2 �e4 0 0 0 0 0 0 0 0

0 �gPg �gPg �gPg ��g 0 0 0 0 0 0 0

0 0 0 0 �s
S0s
N0
s
�e5 0 0 0 0 0 0

0 0 0 0 0 "1 �e6 0 0 0 0 0

0 0 0 0 0 0 � �e7 0 0 0 0

0 0 0 �cPc 0 0 0 0 ��c 0 0 0

0 0 0 0 0 0 0 0 �c
S0c
N0
c
�e8 0 0

0 0 0 0 0 0 0 0 0 "2 �e9 0

0 0 0 0 0 0 0 0 0 0 �1 �e10

1CCCCCCCCCCCCCCCCCCCCCA
(26)

where;

e1 = (r + �h); e2 = (r1 + �h); e3 = (r2 + d1 + �h); e4 = ( 3r3 + d2 + �h); e5 = ("1 + �s);

e6 = (�+ �s); e7 = (� + �s); e8 = ("2 + pc + �c); e9 = (�1 + pc + �c); e10 = (�1 + pc + �c);

m1 = (1�  1)r1; m2 = (1�  2)r2

All o�-diagonal entries are non-negative; hence A is veri�ed to be a Metzler matrix. Recall

that the infected subsystem can be expressed as G(X;Z) = AZ � bG(X;Z); solving the

system, we obtained:
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AZ �G(X;Z) =

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

�hIc

�
S0
h

N0
h

�
Sh

Nh

�
0

0

0
�g�sSsG

Ns

�sG

�
S0
s

N0
h

�
Ss

Ns

�

0

0
�c�cScC

Nc

�cC

�
S0
c
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G(X;Z) =
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Since Ĝ1(X;Z); Ĝ2(X;Z); Ĝ3(X;Z); Ĝ4(X;Z); Ĝ6(X;Z); Ĝ7(X;Z); Ĝ8(X;Z); Ĝ10(X;Z);

Ĝ11(X;Z); Ĝ12(X;Z) � 0 also,
Sh

Nh

�
S0
h

N0
h

,
Ss

Ns

�
S0
s

N0
s

, and
Sc

Nc

�
Sch
N0
c

and Ĝ5(X;Z); Ĝ9(X;Z) �

0 and Ss � 0, G � 0 and Sc � 0 C � 0 are within the feasible region. Thus, the non-

negativity condition in (H2) is satis�ed. Since condition (H1) has also been established,
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all the hypotheses of the Castillo-Chavez, Feng, and Huang (2002) theorem are ful�lled.

Therefore, whenever R0 < 1; the PFE of the model is GAS in the feasible region 
.

3.4 Sensitivity analysis of Paragonimiasis model parameters

The model's key parameters were subjected to a sensitivity analysis to determine

their in�uence on the basic reproduction number R0 in the Paragonimiasis transmission

dynamics. The sensitivity indices were determined by partially di�erentiating R0 with

respect to each parameter in model equation (16), using the method described in Section

2. The normalized forward sensitivity index for a parameter � was calculated using


R0

� = @R0

@�
: �
R0
, and every parameter in R0 was subjected to the same methodology and it

was observed that the parameters in table 2 driven by parameters associated with disease

transmission, infection progression, and environmental shedding. The transmission parameters

�h, �s, and �c, together with r, r1, �g, Pg, �c, and Pc, recorded the highest positive

sensitivity indices of approximately+0:33. This suggests that increases in these parameters

can substantially enhance the spread and persistence of the disease. The parameters r2
and "2 also showed appreciable positive e�ects, with sensitivity indices of +0:29 and

+0:27, respectively, whereas "1 and r3 had comparatively small positive e�ects. In

contrast, the vaccination rate, �, had a negative sensitivity index of �0:08, indicating

that increasing vaccination coverage contributes to a reduction in R0, although the

e�ect is relatively limited. Overall, the �ndings emphasize the importance of reducing

transmission and environmental contamination, promoting early detection and treatment,

and disrupting the snail�cray�sh�human transmission pathway. Therefore, a coordinated

control strategy that simultaneously targets several highly sensitive parameters is likely

to be more e�ective than relying on a single intervention. The sensitivity analysis

results also shows that the progression of infection within snails is the strongest positive

contributor to R0, with � recording a sensitivity index of +0:35. On the other hand,

several parameters have negative sensitivity indices, notably the natural human mortality

rate �h (�1:10), cray�sh mortality or harvesting rate pc (�0:25), and the treatment rates

 3,  2, and  1. The negative indices associated with the treatment parameters indicate

that prompt and e�ective treatment of infected individuals can contribute to reducing

disease transmission. However, the negative sensitivity of �h should not be taken to imply

that increasing human mortality is a control measure; instead, it re�ects the importance

of shortening the duration of infection and reducing the amount of infectious material

released into the environment. The results obtained strongly suggest that e�ective control

of Paragonimiasis should combine interventions that slow snail infection progression,

regulate cray�sh availability, improve treatment of infected individuals, and reduce human

contamination of the environment.
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Table 2. Sensitivity indices for Paragonimiasis model R0

.
Parameter Baseline values References Sensitivity Index Remarks

�h 0.000969 Yuang et al. (2018) 0.3333 Positive
! 0.3 Assumed 0.0181 Positive
� 0.5 Assumed -0.0784 Negative
�g 1 �10�2 Yuang et al. (2018) 0.3333 Positive
�c 0.1564 Yuang et al. (2018) 0.3333 Positive
Pg 1.46 �106 Yuang et al. (2018) 0.3333 Positive
Pc 452 Yuang et al. (2018) 0.3333 Positive
r 0.2405 Yakoko et al. (2024) 0.3268 Positive
r1 0.0111 Chen et al. (2011) 0.3297 Positive
r2 0.01667 Assumed 0.2954 Positive
r3 0.001 Assumed -0.0001 Negative
 1 0.083 Stauch (2011) -0.0302 Negative
 2 0.333 Stauch (2011) -0.1664 Negative
 3 0.033 Stauch (2011) -0.0001 Negative
d1 0.1 Yakoko et al. (2024) -0.2045 Negative
d2 0.12 Yakoko et al. (2024) -0.1176 Negative
�h 0.00014 Yakoko et al. (2024) -1.0528 Negative
�s 3.12 �10�3 Yuang et al. (2018) 0.3325 Positive
"1 0.234 Yakoko et al. (2024) 0.0266 Positive
� 1 Stauch (2011) 0.3391 Positive
� 0.001 Rahman (2010) -0.0467 Negative
�s 0.203 Yuang et al. (2018) -0.0810 Negative
�c 3.59 Yuang et al. (2018) 0.3333 Positive
"2 0.65 Yakoko et al. (2024) 0.2726 Positive
�1 0.690 Yakoko et al. (2024) -0.0068 Negative
�1 0.3 Islam et al. (2013) -0.0993 Negative
pc 452 Yuang et al. (2018) -0.0928 Negative
�c 2.614 Yuang et al. (2018) -0.0001 Negative

4 Numerical simulations

This section presents the numerical simulation results illustrated in Figures 1(a�d),

2(e�h), 3(i�l), 4(m�p), and 5(q�t), which describe the time-dependent behaviour of the

various compartments in the Paragonimiasis transmission model. The discussion focuses

on the evolution of each epidemiological class over the simulation period, highlighting the

e�ects of providing a clearer understanding of how infection is transmitted, reduced, and

eventually controlled within the modeled populations.
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Table 3. Initial values for the variables.

Variables Description Values Sources
Vh(0) Vaccinated humann at time t 50 Assumed
Sh(0) Susceptible human at time t 1.9�105 Yuang et al.

(2018)
Eh(0) Exposed human at time t 2,882 Yuang et al.

(2018)
IA(0) Asymptomatic infected human at t 360 Yakoko et al.

(2024)
IS(0) Symptomatic infected human at

time t
450 Assumed

IC(0) Chronically infected human at time
t

430 Yakoko et al.
(2024)

Th(0) Treated human at time t 510 Assumed
Rh(t) Recovered human at time t 568 Yuang et al.

(2018)
G(t) Embryonated eggs at time t 25 Yuang et al.

(2018)
Ss(t) Susceptible snail at time t 5 �105 Assumed
Es(t) Exposed snail at time t 20 Yakoko et al.

(2024)
Ls(0) Latent snail at time t 25 Assumed
Is(t) Infected snail at time t 12 Yuang et al.

(2018)
Ds(t) Dead/incapacitated snail at time t 5 Assumed
C(t) Number of cercariae at a given time

t

14 Yuang et al.
(2018)

Sc(t) Susceptible cray�sh at time t 9.99 Yuang et al.
(2018)

Ec(t) Exposed cray�sh at time t 2.13 Yakoko et al.
(2024)

Lc(t) Latent cray�sh at time t 14 Assumed
Ic(t) Infected cray�sh at time t 1.9 Yuang et al.

(2018)
Dc(t) Dead/incapacitated cray�sh at time

t

1.9 dye (1996)

4.1 Behavior of Vh, Sh,Eh and IA plotted against time (week).

This Figures 1(a�d), demonstrate the e�ectiveness of the recommended intervention

strategies in preventing the development of Paragonimiasis. As seen by the rapid decline

of symptomatically infected, chronically infected, treated, and recovered populations

to negligible levels, the combined interventions successfully suppress current infections,

eliminate chronic cases, and reduce the need for extended treatment. These �ndings

suggest that regular immunization, early diagnosis, e�ective treatment, and other suitable

management strategies might greatly reduce the incidence of Paragonimiasis and establish

ideal conditions for its eventual elimination. This aligns closely with the work of Huang
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(2020), they developed a multi-group dynamic transmission model for Clonorchis sinensis

and found that combinations of interventions such as preventive chemo and environmental

modi�cation were substantially more bene�cial than single measures applied in isolation.

Their work underscores the importance of sustained, combined strategies for achieving

infection control, this supported our �ndings on integrating interventions which can

interrupt Paragonimiasis transmission.

(a)Pro�le of Vh(t) (b)Pro�le of Sh(t)

(c)Pro�le of Eh(t) (d)Pro�le of IA(t)

Figure 1: Dynamics of Vh, Sh, Eh and IA population against time (week).

4.2 Behavior of IS, IC, Th and Rh plotted against time (week).

The dependent trajectories of the symptomatically infected (IS), chronically

infected (IC), treated (Th), and recovered (Rh) human compartments are illustrated in

Figures 2(e�h). Over the initial �ve-week period, all four compartments experience a

sharp decline, subsequently remaining near zero throughout the rest of the simulation.

Speci�cally, the symptomatic and chronic infection classes plummet from initial levels of

approximately 450 and 430 individuals, respectively, to near-elimination. This dramatic

drop demonstrates that integrating vaccination, prompt diagnosis, and e�ective therapeutic

interventions markedly suppresses both acute and persistent disease stages. Concurrently,

the treated compartment decreases from around 510 individuals to negligible levels,

re�ecting a diminishing demand for clinical care as new infections drop. The recovered

population similarly contracts from roughly 560 to minimal levels due to the reduced
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in�ux of infected individuals moving through the recovery pipeline. Collectively, these

�ndings con�rm that the evaluated control strategies successfully interrupt transmission

and mitigate the overall burden of Paragonimiasis, consistent with observations by Edward

(2025) regarding the impact of proactive preventive measures in disease control.

(e)Pro�le of IS(t) (f)Pro�le of IC(t)

(g)Pro�le of Th(t) (h)Pro�le of Rh(t)

Figure 2: Dynamics of IS, IC,Th and Rh population against time (week).

4.3 Behavior of G, Ss,Es and Ls plotted against time (week).

The 45-week simulation trajectories of the parasite egg population (G), susceptible

snail population (Ss), exposed snail population (Es), and latent snail population (Ls)

are presented in Figures 3(i�l). The parasite egg population initially increases sharply

before gradually declining, indicating a reduction in environmental contamination as

the implemented control measures limit active infection and parasite egg shedding. In

contrast, the susceptible snail population increases steadily over the simulation period,

while the exposed and latent snail populations exhibit an initial rise followed by a gradual

decline to negligible levels. Overall, these numerical results suggest that the integrated

intervention strategies e�ectively reduce environmental transmission and suppress infection

among the intermediate snail hosts. This �nding is consistent with Yuan-Han (2024), who

demonstrated through a multi-group transmission model that sustained and integrated

control measures can substantially reduce the long-term transmission of parasitic diseases.
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(i)Pro�le of G(t) (j)Pro�le of Ss(t)

(k)Pro�le of Es(t) (l)Pro�le of Ls(t)

Figure 3: Dynamics of G, Ss,Es and Ls population against time (week).

4.4 Behavior of Is, Ds,C and Sc plotted against time (week).

Figures 4(m�p) present the 45-week temporal dynamics of the infected snail

population (Is), dead/incapacitated snail population (Ds), cercariae population (C),

and susceptible cray�sh population (Sc). The infected snail population initially rises

to approximately 2:1�106 before gradually declining, while the dead/incapacitated snail

population increases more slowly, re�ecting the delayed e�ects of infection. The cercariae

population reaches an early peak of about 1;050 before rapidly decreasing to near zero,

indicating a substantial reduction in cercarial production and persistence in the aquatic

environment. In contrast, the susceptible cray�sh population declines sharply during

the �rst 10�12 weeks, corresponding to the period of high cercarial abundance. Overall,

these patterns suggest that the implemented control measures reduce infection among

snail hosts and subsequently limit cercarial transmission to cray�sh, thereby disrupting

the aquatic transmission cycle of Paragonimus. This �nding is consistent with Huang

(2020), who demonstrated that sustained and targeted interventions can substantially

reduce infection levels in trematode transmission systems and emphasized the importance

of controlling intermediate hosts to limit continued parasite transmission.
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(m)Pro�le of Is(t) (n)Pro�le of Ds(t)

(o)Pro�le of C(t) (p)Pro�le of Sc(t)

Figure 4: Dynamics of Is, Ds,C and Sc population against time (week).

4.5 Behavior of Ec, Lc,Ic and Dc plotted against time (week).

The dynamic trajectories of exposed (Ec), latent (Lc), infected (Ic), and dead or

incapacitated (Dc) cray�sh populations over the 45-week simulation timeline are depicted

in Figures 5 (q�t). The exposed and active infection classes exhibit swift early declines

toward near-elimination, with the infected compartment dropping to approximately 3:304�

10�6 by week 45. The latent population displays a transient initial spike, peaking at

roughly 5�104 individuals within the �rst two weeks before rapidly vanishing. Similarly,

the dead/incapacitated cray�sh class reaches a maximum of approximately 2:2 � 104

around week 3 before tapering o�. Collectively, these simulation pro�les con�rm a

systematic clearance of infection within the crustacean reservoir and eventual convergence

toward the disease-free equilibrium, demonstrating that the control framework successfully

halts intermediate transmission. These �ndings align with those of Huang (2020),

who demonstrated that targeted control interventions signi�cantly suppress transmission

intensity and parasite burdens within trematode host systems.
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(q)Pro�le of Ec(t) (r)Pro�le of Lc(t)

(s)Pro�le of Ic(t) (t)Pro�le of Dc(t)

Figure 5: Dynamics of Ec, Lc,Ic and Dc population against time (week).

5 Conclusion

This study investigates the threshold dynamics and stability analysis of a mathematical

model for Paragonimiasis dynamics, supported by numerical simulations. The basic

reproduction number, R0; was derived using the next-generation matrix approach to

establish the conditions governing disease persistence or elimination. Stability analysis,

based on the Routh�Hurwitz criterion and the Castillo�Chavez framework, demonstrated

that the disease-free equilibrium is globally asymptotically stable whenR0 < 1: Sensitivity

analysis further identi�ed the key parameters that signi�cantly in�uence R0. In addition,

numerical simulations illustrated the temporal behaviour of the model populations and

showed that the combined application of appropriate intervention measures can certainly

reduce disease transmission and accelerate its elimination. This �ndings provide useful

biomathematical insights for developing e�ective public health strategies for the control

and eventual elimination of Paragonimiasis in endemic society.
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