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Abstract6

Clonorchiasis is a zoonotic disease mainly caused by eating raw fish and shrimp, and there is no vac-7

cine to prevent it. More than 30 million people are infected worldwide, of which China alone accounts8

for about half, and is one of the countries most seriously affected by Clonorchiasis. In this work, we9

formulate a novel Ordinary Differential Equation (ODE) model to discuss the biological attributes of10

fish within authentic ecosystems and the complex lifecycle of Clonorchis sinensis. This model includes11

larval fish, adult fish, infected fish, humans, and cercariae. We derive the basic reproduction number12

and perform a rigorous stability analysis of the proposed model. Numerically, we use data from 2016 to13

2021 in Guangxi, China, to discuss outbreaks of Clonorchiasis and obtain the basic reproduction number14

R0 = 1.4764. The fitted curve appropriately reflects the overall trend and replicates a low peak in the15

case number of Clonorchiasis. By reducing the release rate of cercariae in 2018, the fitted values of16

Clonorchiasis cases dropped rapidly and almost disappeared. If we decrease the transmission rate from17

infected fish to humans, Clonorchiasis can be controlled. Our studies also suggest that strengthening18

publicity education and cleaning water quality can effectively control the transmission of Clonorchiasis19

in Guangxi, China.20

Keywords: Clonorchiasis; Fish-human transmission; Larval fish; Basic reproduction number; Global21

stability; Sensitivity analysis.22

1. Introduction23

Clonorchiasis is a highly neglected global foodborne disease, with a high incidence in East Asia [27].24

Initially, the infection only causes digestive discomfort. As it prolongs or worsens the infection, it may25

lead to disorders such as biliary tract disease and bile duct lesions [17, 45], which can sometimes lead26

to death. Patients with Clonorchiasis are 4.47 times more likely to develop cholangiocarcinoma than27

the general population [25]. Nonetheless, the disease has received limited attention in the medical com-28

munity. In 2010, the World Health Organization (WHO) incorporated it into the category of neglected29

tropical diseases. Currently, the standard tests used to diagnose Clonorchiasis include hematology, im-30

munology, parasitology, ultrasound, and Computed Tomography (CT) [10]. Detection of liver fluke eggs31

or specific DNA fragments in stool or bile samples is a definitive diagnostic sign [15]. Eggs can usually32

be detected in the feces about four weeks after infection [27]. However, even experts have difficulty33

differentiating the diagnosis of liver fluke eggs from other micro flukes [14, 15]. Therefore, it is essential34

to take precautions, detect early, and seek medical advice.35

The hosts of Clonorchis sinensis commonly comprise humans, cats, and dogs [45]. The life cycle36

of Clonorchis sinensis mainly includes four stages: egg, cercaria, metacercaria, and adult. Every time it37

enters a new host, it needs a development period to continue transmission. The complex life cycle further38

exacerbates the complexity of the disease transmission cycle. The eggs enter the water with the feces39
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of the infected individual and are ingested by the first intermediate host (the freshwater snail). After a40

development period, the eggs become cercaria and escape from the snail into the water. Cercariae in41

the water encounters a second intermediate host (freshwater fish) and invades the muscle tissue of the42

fish, where they develop into metacercariae [18, 27, 34]. The main cause of Clonorchiasis infection43

is consuming raw fish and shrimp with metacercariae or drinking infected water [37]. In Guangxi and44

Guangdong, sashimi is a delicacy for guests of honor [6, 25]. From the local Chaoshan raw marinade to45

the raw fish slices in Japanese cuisine, these raw foods are on the table of every household and spread46

parasitic diseases to more families.47

Since the first discovery of Clonorchis sinensis in an ancient corpse in Hubei Province, China, in 197548

[3], scholars in various fields have studied Clonorchiasis from multiple perspectives [20, 21, 25, 27, 35,49

38, 42, 43]. In order to consider the impact of death and disability with different symptoms on population50

health, the WHO has initiated a global burden of disease assessment for foodborne diseases, including51

Clonorchiasis [1]. The burden of disease is often measured by disability-adjusted life years (DALY)52

[39]. Sun Yat-sen University and Guangdong Provincial Center for Disease Control and Prevention53

have estimated the burden of Clonorchiasis in various provinces in China, and the three provinces with54

the largest DALY are Guangxi Zhuang Autonomous Region, Guangdong Province and Heilongjiang55

Province, showing a continuous upward trend [36]. This is closely related to the local climate, geography,56

dietary habits, other factors, and the need for more awareness of the disease and the imperfect disease57

prevention and control measures [5, 36, 46]. Moreover, the infection of Clonorchiasis also has gender58

and age differences. It was found that men are more likely to be infected with Clonorchiasis than women59

[25, 27, 43], which may be related to the fact that men favor raw freshwater fish more than women60

[2, 24]. Qian et al. [27] found that the prevalence of the disease was positively proportional to age, and the61

prevalence of infection was highest in the age group of 50-59 years old. Qian et al. [26] conducted a cross-62

sectional survey in two secondary schools in Qiyang County, Hunan Province. They found that children’s63

knowledge of Clonorchiasis is relatively blank, and their families strongly influence their raw food habits.64

Knowledge education should be strengthened to increase children’s alertness to Clonorchiasis.65

The development of dynamics based on mathematical modeling has provided a more comprehensive66

range of ideas for studying infectious diseases [13, 19, 30, 34, 41, 44]. Dai et al. [41] established an67

ODE model to study the dynamics of Clonorchiasis transmission. Yuan et al. [30] constructed a model68

for the transmission of Clonorchiasis in humans, snails, and fishes, then proposed that it would be highly69

feasible to break the cercariae-fish transmission cycle. Zhang et al. [34] considered the dynamic behavior70

during the development of Clonorchis sinensis to construct a Partial Differential Equation (PDE) model,71

and predicted the future development trend of Clonorchiasis in Guangxi through numerical simulations.72

Mainul et al. [13] proposed four mathematical models to study the dynamics of Clonorchiasis with human73

treatment and fish vaccination with snail control, demonstrating that fish fry control is an effective control74

method. Vaccination of fish can largely protect fish from Clonorchis to a great extent and cut off the75

transmission of the disease from fish to humans. The rapid development of the genomics of Clonorchis76

sinensis provides a new opportunity for the research and development of vaccines [47]. Fish of different77

ages may have different behaviors and living conditions in natural ecosystems. Larval fish may be more78

susceptible to infection by Clonorchis sinensis because they typically live in shallow waters and are79

more likely to come into contact with environments infected with Clonorchis sinensis eggs [8, 28]. Most80

existing models assumed that the fish was homogeneous, and the stage structure was not considered,81

which may lead to an overestimation of disease transmission rates. The main cause of human disease is82

the consumption of sashimi, but the production of sashimi will have some requirements on the weight of83

the fish, so we assume that only adult fish are involved in the spread of disease. Our subdivision of fish84

into larval and adult fish can better model these transmission dynamics, help to study the transmission85

patterns more accurately, and provide a scientific basis for preventing and treating Clonorchiasis.86
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The paper is structured as follows. Considering the biology of fish in natural ecosystems and the life87

cycle of Clonorchis sinensis, we divide the fish into two different life stages (larval and adult). In Section88

2, we propose and study an ODE model that covers the critical factors of larval fish, adult fish, infected89

adult fish, humans, and caecilians. The model describes the linked dynamics between the cercaria-fish90

interaction and the fish-human interaction. We calculate the basic reproduction number of the system91

and analyze the stability of the disease-free and vector-free equilibrium, and disease-free equilibrium in92

Section 3. We discuss the stability of the endemic equilibrium in Section 4. In Section 5, we present a case93

study of the transmission of Clonorchiasis in Guangxi, China, by numerical studies, and the fitting curve94

is consistent with the development trend of the actual data. We also perform some sensitivity analysis on95

R0 according to the model parameters and observe the change of the fitting curve by changing the values96

of some parameters. Some concluding remarks are presented in Section 6.97

2. Model Formulation98

Clonorchiasis is a multi-host parasitic disease, which increases the difficulty of disease control and99

poses a great challenge to public health planning. Mathematical modeling has become an effective tool100

to transform complex systems into mathematical structures, improve understanding of Clonorchiasis, and101

help establish better long-term effective disease prevention and control systems and rational allocation of102

available resources.103

We establish a mathematical model to describe the transmission dynamics of Clonorchiasis between104

human and fish hosts, using cercariae as vectors. Fig 2.1 depicts the transmission of Clonorchiasis be-105

tween different hosts. We divide the total population Nh into the following epidemiological categories,106

reflecting the immune response to infection: susceptible humans Sh which are free of Clonorchiasis and107

are at risk of contracting it from cercariae in the environment, infected humans Ih who have been infected108

with Clonorchiasis and can shed eggs into the environment, people who have been cured of Clonorchiasis109

Rh. The total population is given as110

Nh = Sh + Ih +Rh.

G is the concentration of cercariae in water that survived and was infective. We divide the life cycle of111

fish into larval stage L f and adult stage N f .112

From an epidemiological view, fry control is a vital vector control measure. We consider that infec-113

tivity does not affect vector fecundity b and mortality µ f . The natural mortality and maturity rates of114

larval fish are σ and λ f , respectively. As noted by [9, 28], larval crowding or competition has a general115

effect on population development. We use α to denote the density dependence of larval developmental116

mortality. Based on the modeling idea of the classic Ross-MacDonald model [29], adult fish were divided117

into susceptible fish S f and infected fish I f , then we have118

N f = S f + I f .

Susceptible humans are recruited at a positive constant rate Λ, and µh is the natural mortality rate.119

Since infected humans may die from the disease, δh is set to be the disease-induced mortality rate for120

humans. The infected population recovers and gains immunity at a rate of γh. Susceptible humans are121

infected by eating fish infected with Clonorchiasis, and we use βh to represent the transmission rate122

between susceptible people and fish multiplied by the probability of transmission of infected fish to123

susceptible people. The infection rate per unit of susceptible population is given by124

βhShI f

Nh
.
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Figure 2.1: Flowchart of the transmission of Clonorchiasis in system (2.1). Solid lines indicate direct transmission between the
same species and dashed lines indicate transmission between different species. Different colours represent different meanings:
blue for humans, orange for freshwater fish and green for cercariae.

Infected humans excrete eggs at a rate of s1, which enters the first host (freshwater snail) at a rate of125

s2 per unit of time, develop and survive in the snail at a rate of s3, and are ultimately released into the126

aquatic environment as cercariae. Thus, we define127

λg = s1s2s3

as the concentration of cercariae that are produced through the human population, in which these cer-128

cariae survive, and are released into the aquatic environment and removed from the water at a rate of µg.129

β f is the transmission rate from cercaria to fish.130

These assumptions together with the schematic diagram for Clonorchiasis transmission (Fig 2.1) lead131

to the following ODE model:132 

dL f (t)
dt

= bN f −λ f L f −σL f −αL2
f ,

dS f (t)
dt

= λ f L f −β f S f G− (µ f +P)S f ,

dI f (t)
dt

= β f S f G− (µ f +P)I f ,

dG(t)
dt

= λgIh −µgG,

dSh(t)
dt

= Λ−
βhShI f

Nh
−µhSh,

dIh(t)
dt

=
βhShI f

Nh
− (µh +δh + γh)Ih,

dRh(t)
dt

= γhIh −µhRh.

(2.1)

Using N f = S f + I f , system (2.1) can be described by the following system:133
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dL f (t)
dt

= bN f −λ f L f −σL f −αL2
f ,

dN f (t)
dt

= λ f L f − (µ f +P)N f ,

dI f (t)
dt

= β f (N f − I f )G− (µ f +P)I f ,

dG(t)
dt

= λgIh −µgG,

dSh(t)
dt

= Λ−
βhShI f

Nh
−µhSh,

dIh(t)
dt

=
βhShI f

Nh
− (µh +δh + γh)Ih,

dRh(t)
dt

= γhIh −µhRh,

(2.2)

with the following initial conditions:134

L f (0) = L0
f ≥ 0, N f (0) = N0

f ≥ 0, I f (0) = I0
f ≥ 0, G(0) = G0 ≥ 0,

Sh(0) = S0
h ≥ 0, Ih(0) = I0

h ≥ 0, Rh(0) = R0
h ≥ 0.

The detailed biological considerations and experimental values of all parameters are given in Table 1.135

Table 1: Parameter values of system (2.2).
Symbol Description Unit Value
b Birth rate of larval fish 45 year−1 Fitting
λ f Natural maturity rate of adult fish 0.3 year−1 Fitting
σ Larval fish mortality 0.3 year−1 Fitting
α Density-dependent development mortality of larval fish 0.0014 year−1 Fitting
µ f +P Death rate and predation rate of fish 0.2846 year−1 [34]
λg Rate of release of cercariae into the water 1014 year−1 [31]
µg Clearance rate of cercariae in the water 2.607 year−1 [34]
Λ Recruitment rate of human 2126468 year−1 Fitting
βH Transmission rate from infected fish to human 4×10−6 year−1 Fitting
µh Natural mortality rate of human 1/77 year−1 [34]
δh Disease-induced mortality rate of human 0.00505 year−1 [36]
γh Recovery rate of human 0.73 year−1 [34]
β f Transmission rate from cercaria to fish 3.59×10−10 year−1 [34]

Theorem 2.1 System (2.2) has a unique and bounded solution with the initial value136

(L0
f ,N

0
f , I

0
f ,G

0,S0
h, I

0
h ,R

0
h) ∈ K :=

{
(L f ,N f , I f ,G,Sh, Ih,Rh) ∈ R7

+ : Sh + Ih +Rh > 0, I f ≤ N f
}
.

Moreover, the compact set137

Γ :=

{
(L f ,N f , I f ,G,Sh, Ih,Rh) ∈ K : L f ≤

bλ f

α(µ f +P)
, N f ≤

bλ 2
f

α(µ f +P)2 , Sh + Ih +Rh ≤
Λ

µh
, G ≤

Λλg

µhµg

}
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attracts all positive solutions in K.138

Proof. It follows from [12, Theorem 5.2.1] that system (2.2) admits a unique nonnegative solution139

(L f (t),N f (t), I f (t),G(t),Sh(t), Ih(t),Rh(t)) through an initial value (L0
f ,N

0
f , I

0
f ,G

0,S0
h, I

0
h ,R

0
h) ∈ K with140

the maximum interval of existence [0, ι) for 0 < ι ≤ ∞.141

Adding the last three equations in system (2.2), we obtain142

d(Sh(t)+ Ih(t)+Rh(t))
dt

=
dNh(t)

dt
= Λ−µhNh −δhIh

≥ Λ− (µh +δh)Nh,

and thus143

Nh(t)≥
Λ

µh +δh

(
1− e−(µh+δh)t

)
+Nh(0)e−(µh+δh)t > 0

if Nh(0)> 0 and t ∈ [0, ι). For t ∈ [0, ι), we have144

Λ− (µh +δh)Nh ≤
dNh(t)

dt
≤ Λ−µhNh.

Then145

Λ

µh +δh
+

(
Nh(0)−

Λ

µh +δh

)
e−(µh+δh)t ≤ Nh(t)

≤ Λ

µh
+

(
Nh(0)−

Λ

µh

)
e−µht .

We can see that Nh(t) is bounded for t ∈ [0, ι). Now we introduce146

dG(t)
dt

≤ λgNh −µgG.

Then according to the comparison principle, G(t) is bounded on [0, ι).147

By [40, Corollary 3.2], we have that148 
dV1(t)

dt
= bV2 −αV 2

1 ,

dV2(t)
dt

= λ fV1 − (µ f +P)V2,

exist a globally asymptotically stable equilibrium
(

bλ f
α(µ f+P) ,

bλ 2
f

α(µ f+P)2

)
with respect to all initial values149

in R2
+\{(0,0)}. By system (2.2), we obtain150 

dL f (t)
dt

≤ bN f −αL2
f ,

dN f (t)
dt

= λ f L f − (µ f +P)N f .
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According to the comparison principle, there exist M1 and M2 such that151

L f (t)≤ M1, N f (t)≤ M2, ∀t ∈ [0, ι).

Thus, we see that ι = ∞ and the solution of system (2.2) exists globally. From the previous arguments,152

we can see that153

lim
t→∞

sup(L f (t),N f (t))≤

(
bλ f

α(µ f +P)
,

bλ 2
f

α(µ f +P)2

)
,

which completes the proof.154

From system (2.2), we have the following system:
dL f (t)

dt
= bN f −λ f L f −σL f −αL2

f ,

dN f (t)
dt

= λ f L f − (µ f +P)N f .

(2.3)

By [44], we define the vector reproduction number as155

Rv =
bλ f

(σ +λ f )(µ f +P)
.

System (2.3) has always one trivial equilibrium (0, 0). The positive equilibrium (L∗
f ,N

∗
f ) of system (2.3)156

exists when Rv > 1, where157

(L∗
f , N∗

f ) =

(
λ f +σ

α
(Rv −1),

λ f (λ f +σ)

α(µ f +P)
(Rv −1)

)
. (2.4)

From [44, Lemma 2.1], we have the following result.158

Lemma 2.2 The following statements are valid:159

(i) If Rv ≤ 1, the trivial equilibrium (0,0) of system (2.3) is globally asymptotically stable in R2
+ ;160

(ii) If Rv > 1, the positive equilibrium (L∗
f ,N

∗
f ) of system (2.3) is globally asymptotically stable in161

R2
+\{(0,0)}.162

Remark 2.3 Lemma 2.2 shows that if the vector reproduction number is less than or equal to one, the163

vector population will become extinct, while if the vector reproduction number is greater than one, the164

vector population will eventually stabilize at a positive equilibrium (L∗
f ,N

∗
f ).165

166

3. Stability Analysis of E00 and E0167

System (2.2) always exists one disease-free and vector-free equilibrium E00 = (0,0,0,0,S0
h,0,0) with168

S0
h =

Λ

µh
. And system (2.2) admits one disease-free equilibrium E0 = (L∗

f ,N
∗
f ,0,0,S

0
h,0,0) when Rv > 1.169

Following [4, 23], when Rv > 1, the basic reproduction number of system (2.2) is given by170

R0 = ρ(F1V−1
1 ) =

βhβ f λgN∗
f

µg(µ f +P)(µh +δh + γh)
,
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where171

F1 =

 0 β f N∗
f 0

0 0 0
βhS0

h
Nh

0 0


and172

V1 =

µ f +P 0 0
0 µg −λg
0 0 µh +δh + γh

 .

Here, 1
µh+δh+γh

is the average life span of a human, 1
µg

represents the average life span of a cercaria,173

λgβ f N∗
f

µg
denotes the rate at which the cercariae infect the fish, 1

µ f+P represents the average life span of an174

adult fish, and βh
µ f+P is the rate at which the infected fish infect the susceptible people.175

3.1. Local asymptotic stability176

The Jacobian matrix taken at E00 = (0,0,0,0,S0
h,0,0) is177

J00 =



−(λ f +σ) b 0 0 0 0 0
λ f −(µ f +P) 0 0 0 0 0
0 0 −(µ f +P) 0 0 0 0
0 0 0 −µg 0 λg 0
0 0 0 0 −µh 0 0
0 0 0 0 0 −(µh + γh +δh) 0
0 0 0 0 0 γh −µh


.

Let −J00 = (ai j), where i, j = 1,2,3,4,5,6,7. Clearly, aii > 0 and ai j ≤ 0. The leading principal178

minors of −J00 are λ f +σ , (λ f +σ)(µ f +P)(1−Rv), (λ f +σ)(µ f +P)2(1−Rv), µg(λ f +σ)(µ f +179

P)2(1−Rv), µhµg(λ f +σ)(µ f +P)2(1−Rv), µhµg(µ f +P)2(µh+γh+δh)(λ f +σ)(1−Rv), µ2
h µg(µ f +180

P)2(µh + γh + δh)(λ f +σ)(1−Rv). We easily find that they are all positive if and only if Rv < 1. By181

the M-matrix theory [22], we find that −J00 is an M-matrix when Rv < 1, implies that all eigenvalues of182

−J00 have positive real parts. Accordingly, all eigenvalues of J00 have negative real parts when Rv < 1.183

We then conclude that E00 is locally asymptotically stable when Rv < 1.184

Theorem 3.1 If Rv < 1, the disease-free and vector-free equilibrium E00 = (0,0,0,0,S0
h,0,0) of system185

(2.2) is locally asymptotically stable. If Rv > 1, E00 is unstable.186

As the proof in Sec. 2, system (2.2) has one disease-free equilibrium E0 = (L∗
f ,N

∗
f ,0,0,S

0
h,0,0) when187

Rv > 1. The characteristic polynomial of E0 is188

(λ +µh)
2det(λ I − J01) = 0,

where189

J01 =


−(λ f +σ +2αL∗

f ) b 0 0 0
λ f −(µ f +P) 0 0 0
0 0 −(µ f +P) β f N∗

f 0
0 0 0 −µg λg

0 0 βhS0
h

Nh
0 −(µh + γh +δh)

 .
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Let −J01 = (bi j), where i, j = 1,2,3,4,5. Clearly, bii > 0 and bi j ≤ 0. The leading principal minors190

of −J01 are λ f +σ + 2αL∗
f , (λ f +σ)(µ f +P)(Rv − 1), (λ f +σ)(µ f +P)2(Rv − 1), µg(λ f +σ)(µ f +191

P)2(Rv−1), µg(λ f +σ)(µ f +P)2(µh+γh+δh)(Rv−1)(1−R0). Hence, they are all positive if and only192

if R0 < 1. Clearly, −J01 is an M-matrix when Rv > 1 and R0 < 1, which means that all eigenvalues of193

−J01 have positive real parts. Accordingly, all eigenvalues of J01 have negative real parts when Rv > 1194

and R0 < 1. We then conclude that E0 is locally asymptotically stable when Rv > 1 and R0 < 1.195

Theorem 3.2 If Rv > 1 and R0 < 1, the disease-free equilibrium E0 = (L∗
f ,N

∗
f ,0,0,S

0
h,0,0) of system196

(2.2) is locally asymptotically stable.197

3.2. Global stability198

Theorem 3.3 If Rv < 1, the disease-free and vector-free equilibrium E00 = (0,0,0,0,S0
h,0,0) of system199

(2.2) is globally asymptotically stable in K.200

Proof. As the conclusion in Theorem 3.1, when Rv < 1, E00 is locally asymptotically stable. It is201

necessary to prove that u(t) = (L f (t),N f (t), I f (t),G(t),Sh(t), Ih(t),Rh(t)) → E00, as t → ∞, for u(0) =202

(L f (0),N f (0), I f (0),G(0),Sh(0), Ih(0),Rh(0))∈K. As Lemma 2.2, when Rv < 1, we have (L f (t),N f (t))→203

(0,0), then I f (t)→ 0, where t → ∞. Then, we have204

lim
t→∞

(G(t),Sh(t), Ih(t),Rh(t)) = (0,
Λ

µh
,0,0).

By [44, Theorem 2.6 ], we know that (0, Λ

µh
,0,0) is globally attractive in R4. Thus, E00 is globally205

attractive in K.206

Theorem 3.4 If Rv > 1 and R0 < R1 := µh
µh+δh

, the disease-free equilibrium E0 = (L∗
f ,N

∗
f ,0,0,S

0
h,0,0) of207

system (2.2) is globally asymptotically stable in K with L f (0)> 0 and N f (0)> 0.208

Proof. As Lemma 2.2 and Rv > 1, we have limt→∞(L f (t),N f (t)) = (L∗
f ,N

∗
f ), where L f (0) > 0 and209

N f (0)> 0, then system (2.2) has the following limiting system:210 

dI f (t)
dt

= β f (N∗
f − I f )G− (µ f +P)I f ,

dG(t)
dt

= λgIh −µgG,

dSh(t)
dt

= Λ− βhSh

Nh
I f −µhSh,

dIh(t)
dt

=
βhSh

Nh
I f − (µh +δh + γh)Ih,

dRh(t)
dt

= γhIh −µhRh.

(3.1)

Adding the last three equations of system (3.1) gives211

Λ− (µh +δh)Nh ≤
dNh(t)

dt
= Λ−µhNh −δhIh

≤ Λ−µhNh.
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This implies that φ1 ≤ lim
t→∞

infNh(t)≤ lim
t→∞

supNh(t)≤ S0
h, where φ1 =

Λ

µh+δh
.212

By system (3.1), for sufficiently large t,213 

dI f (t)
dt

≤ β f N∗
f G− (µ f +P)I f ,

dG(t)
dt

= λgIh −µgG,

dIh(t)
dt

≤
βhS0

h
φ1

I f − (µh +δh + γh)Ih.

(3.2)

Define the following auxiliary linear system by (3.2):214 

dĨ f (t)
dt

= β f N∗
f G̃− (µ f +P)Ĩ f ,

dG̃(t)
dt

= λgĨh −µgG̃,

dĨh(t)
dt

=
βhS0

h
φ1

Ĩ f − (µh +δh + γh)Ĩh.

(3.3)

The right-hand side of system (3.3) has coefficient matrix J given by215 −(µ f +P) β f N∗
f 0

0 −µg λg
βhS0

h
φ1

0 −(µh +δh + γh)

 .

The leading principal minors of −J are µ f +P, µg(µ f +P) and βhβ f N∗
f λg

(
1

R0
− µh+δh

µh

)
. Hence, they216

are all positive if and only if217

R0
µh +δh

µh
< 1.

Namely, R0 < R1 := µh
µh+δh

. Obviously, we obtain −J is an M-matrix when R0 < R1, which means that218

all eigenvalues of −J have positive real parts. Consequently, any eigenvalue of J lies in the left half219

plane. Thus, any nonnegative solution of system (3.3) satisfies limt→∞(Ĩ f , G̃, Ĩh) = (0,0,0). Since system220

(3.3) is a linear system, the zero solution (0,0,0) of system (3.3) is globally asymptotically stable. As221

a consequence of the comparison principle, we obtain that any nonnegative solution of system (3.2)222

satisfies limt→∞(I f ,G, Ih) = (0,0,0). Sh and Rh in system (3.1) satisfy the following limiting system:223 
dSh(t)

dt
= Λ−µhSh,

dRh(t)
dt

=−µhRh.

It then follows that limt→∞(Sh(t),Rh(t)) = (S0
h,0) and E0 = (L∗

f ,N
∗
f ,0,0,S

0
h,0,0) is globally asymptoti-224

cally stable when Rv > 1 and R0 < R1.225
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4. Global Stability of the Endemic Equilibrium226

4.1. The endemic equilibrium227

Let

λ1 =
βhI f

Nh
, λ2 = βhG. (4.1)

We consider the case when Rv > 1, in which case (L f ,N f ) = (L∗
f ,N

∗
f ). The other components of the228

endemic equilibrium require to satisfy the following conditions:229

Λ = λ1Sh +µhSh,

λ1Sh = (µh +δh + γh)Ih,

γhIh = µhRh,

λgIh = µgG,

β f (N∗
f −L f )G = (µ f +P)I f .

(4.2)

Solving Eq. (4.2) in terms of λ1 and λ2, we have230

I f =
λ2N∗

f

µ f +P+λ2
, G =

λgΛλ1

µg(λ1 +µh)(µh +δh + γh)
, Sh =

Λ

λ1 +µh
,

Ih =
Λλ1

(λ1 +µh)(µh +δh + γh)
, Rh =

γhΛλ1

µh(λ1 +µh)(µh +δh + γh)
.

(4.3)

Then231

Nh =
Λ

λ1 +µh

(
1+

λ1

µh +δh + γh
+

γhλ1

µh(µh +δh + γh)

)
. (4.4)

Substituting Eqs. (4.3) and (4.4) into Eq. (4.1), we obtain232

λ1 =
λ1λgβhN∗

f K3

λ1K3λg +K2(λ1 +µh)

λ1 +µh

K1 [µh(µh +δh + γh)+λ1µh + γhλ1]
, (4.5)

λ2 =
K3λ1λg

µg(λ1 +µh)
, (4.6)

where233

K1 =
Λ

µh(µh +δh + γh)
, K2 = µg(µ f +P), K3 =

Λβ f

µh +δh + γh
.

Substituting Eqs. (4.6) into (4.5) and dividing by λ1, we let234

1 =
λgβhN∗

f K3

λ1K3λg +K2(λ1 +µh)

λ1 +µh

K1 [µh(µh +δh + γh)+λ1µh + γhλ1]
. (4.7)

From Eqs. (4.3) and (4.6), we can show that for λ1 > 0, and system (2.2) has an endemic equilibrium.235

We begin by discussing the case when δh = 0, in which case Eq. (4.7) can be written as236

1 =
λgβhN∗

f K3

λ1K3λg +K2(λ1 +µh)

µh(λ1 +µh)(µh + γh)

Λ [µh(µh + γh)+λ1µh + γhλ1]

=
λgβhN∗

f K3

λ1
λ1+µh

K3λg +K2

µh(µh + γh)

Λ [µh(µh + γh)+λ1µh + γhλ1]
.

(4.8)
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Let M(λ1) represent the right side of Eq. (4.8), it is clearly to see that M(λ1) is a decreasing function for237

λ1 ∈ (0,∞), which implies that M(λ1) approaches zero when λ1 → ∞. Hence, if M(0) > 1, or, equiva-238

lently, R0 > 1, (4.8) has a unique positive root such that system (2.2) has a unique endemic equilibrium.239

In contrast, there is no endemic equilibrium if M(0) ≤ 1 or, equivalently, R0 ≤ 1. Then we obtain the240

following result.241

Theorem 4.1 Assume that δh = 0. If Rv > 1 and R0 > 1, then there is a unique endemic equilibrium of242

system (2.2). Otherwise, there is no endemic equilibrium for system (2.2).243

For δh ≥ 0, we reorganise the terms in Eq. (4.7) gives244

D1λ
2 +D2λ +D3 = 0, (4.9)

where245

D1 = (µh + γh)(K1K3λg +K1K2),

D2 = K1K2µh(2µh +δh + γh)+K1K3λgµh(µh +δh + γh)−K3λgβ f N∗
f ,

D3 = K1K2µ
2
h (µh +δh + γh)(1−R0).

(4.10)

It is clear that D1 > 0 and D3 has the same sign as 1−R0. Define246

h(z) = D1z2 +D2z+D3, (4.11)

then the roots of Eq. (4.11) can be expressed as247

z1,2 =
−D2 ±

√
D2

2 −4D1D3

2D1
=

−D2 ±
√

∆

2D1
.

If ∆ ≤ 0, then Eq.(4.11) does not have a positive solution, and Eq. (4.10) has no positive real roots. If248

∆ > 0 and h(0) = D3 < 0, then Eq. (4.11) has a unique positive root, and Eq. (4.10) exists a unique249

positive solution.250

Summarizing the above discussions, we have the following theorem.251

Theorem 4.2 Assume that Rv > 1, let ∆ be defined by (4.11).252

(i) If ∆ > 0 and R0 > 1, then system (2.2) has a unique endemic equilibrium;253

(ii) If ∆ ≤ 0, then system (2.2) has no endemic equilibrium.254

255

4.2. Global stability of the endemic equilibrium256

Theorem 4.3 If ∆ > 0, Rv > 1 and R0 > 1, the endemic equilibrium E∗ = (L∗
f ,N

∗
f , I

∗
f ,G

∗,S∗h, I
∗
h ,R

∗
h) of257

system (2.2) is globally asymptotically stable in Int(K).258

Proof. By Lemma 2.2, the vector population will eventually stabilize at a positive equilibrium (L∗
f ,N

∗
f )259

if Rv > 1. Hence, the variables I f , G, Ih and Rh satisfy the following limiting system:260
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dI f (t)
dt

= β f (N∗
f − I∗f )G− (µh +P)I f ,

dG(t)
dt

= λgIh −µgG,

dIh(t)
dt

=
βh(S0

h − Ih −Rh)I f

S0
h

− (µh +δh + γh)Ih,

dRh(t)
dt

= γhIh −µhRh.

(4.12)

Let V = [0,N∗
f ]×

[
0, λg

µg
S0

h

]
× [0,S0

h]×
[
0, γh

µh
S0

h

]
, it then follows that ω(I f (0),G(0), Ih(0),Rh(0)) ∈ V ,261

where ω(I f (0),G(0), Ih(0),Rh(0)) is the omega limit set of (I f (0),G(0), Ih(0),Rh(0)) ∈ R4
+ for the solu-262

tion semiflow of system (4.12). It is easy to verify that V is positively invariant for system (4.12).263

Let264

j(u) =


β f (N∗

f −u1)u2 − (µ f +P)u1

λgu3 −µgu2
βh(S0

h−u3−u4)u1

S0
h

− (µh +δh + γh)u3

γhu3 −µhu4

 ,

then j : R4
+ →R4 is a continuously differentiable map. Clearly, j(0) = 0 and jm(u)≥ 0 for all u ∈V with265

um = 0, m = 1,2,3,4. Since266

D j(u) =
∂ jm
∂un

=


−β f u2 − (µ f +P) β f (N∗

f −u1) 0 0
0 −µg λg 0

βh(S0
h−u3−u4)

S0
h

0 −βhu1
S0

h
− (µh +δh + γh) −βhu1

S0
h

0 0 γh −µh

 ,

then ∂ jm
∂un

≥ 0, (m ̸= n) for u ∈V , thus j is cooperative on V . Clearly, D j(u) is irreducible for every u ∈V .267

For any ρ ∈ (0,1) and (u1,u2,u3,u4) ∈ Int(R4
+), we have268

j1(ρu1,ρu2,ρu3,ρu4) =β f (N∗
f −ρu1)ρu2 − (µ f +P)ρu1

>β f (N∗
f −u1)ρu2 − (µ f +P)ρu1

=ρ j1(u1,u2,u3,u4).

Similarly, we can show that jm(ρu1,ρu2,ρu3,ρu4)= ρ jm(u1,u2,u3,u4), m= 2,4 and j3(ρu1,ρu2,ρu3,ρu4)>269

ρ j3(u1,u2,u3,u4). Thus, j is strictly sublinear on V . Since270

D j(0) =


−(µ f +P) β f N∗

f 0 0
0 −µg λg 0
βh 0 −(µh +δh + γh) 0
0 0 γh −µh

 , (4.13)

the leading principal minors of −D j(0) are µ f +P, µg(µ f +P) and βhβ f N∗
f λg

(
1

R0
−1
)

. Obviously,271

βhβ f N∗
f λg

(
1

R0
−1
)
< 0 when R0 > 1. By the M-matrix theory [22], we get −D j(0) has at least one272
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eigenvalue with negative real part, which means D j(0) has at least one eigenvalue with postive real part.273

Then the spectral bound of D j(0), s(D j(0) := max{Reλ : det(λ I−D j(0)) = 0}> 0. It then follows from274

[40, Corollary 3.2], the positive equilibrium (I∗f ,S
∗
h, I

∗
h ,R

∗
h) for system (4.12) is globally asymptotically275

stable in R4
+\{(0,0,0,0)}. Therefore,276

lim
t→∞

Sh(t) = lim
t→∞

(Nh(t)− Ih(t)−Rh(t)) = S0
h − I∗h −R∗

h = S∗h.

We finally obtain that the endemic equilibrium E∗ = (L∗
f ,N

∗
f , I

∗
f ,G

∗,S∗h, I
∗
h ,R

∗
h) of system (2.2) is globally277

asymptotically stable in Int(K).278

Table 2 summarizes the existence and stability conditions for equilibria E00, E0 and E∗.279

Table 2: . Summary of the existence and stability for E00 and E0.
Equilibrium Existence LAS GAS
E00 = (0,0,0,0,S0

h,0,0) always Rv < 1 Rv < 1
E0 = (L∗

f ,N
∗
f ,0,0,S

0
h,0,0) Rv > 1 Rv > 1, R0 < 1 Rv > 1, R0 < R1

E∗ = (L∗
f ,N

∗
f , I

∗
f ,G

∗,S∗h, I
∗
h ,R

∗
h) ∆ > 0, Rv > 1, R0 > 1 ∆ > 0, Rv > 1, R0 > 1 ∆ > 0, Rv > 1, R0 > 1

5. A Case Study280

In this section, we perform some numerical simulations based on a real case of Clonorchiasis trans-281

mission in Guangxi, China.282

5.1. Model validation283

In 2016, the region with the highest burden of Clonorchiasis disease in China was the Guangxi, China.284

We simulate the Clonorchiasis transmission case in Guangxi, China based on the data from the Table 3.285

Table 3: Population data related to clonorchiasis in Guangxi, China from 2016 to 2021 [11].
Year 2016 2017 2018 2019 2020 2021

Population size
(
∗104) 4838 4926 4960 5019 5037 5013

Number of infectious humans 2791332 1442345 2721221 2534064 2165916 2435271

According to the analysis of the disease burden of Clonorchiasis [36], the DALY in Guangxi, China,286

is 5.05. We assume the disease-induced mortality rate for humans δh = 0.00505. For convenience, we287

define βH = βh
Nh

. Over 100 freshwater fish species have been identified as intermediate hosts of clonorchis288

sinensis [32]. Different fish have different effects on disease transmission in the ecological environment.289

Usually, it takes 3-4 years for fish to become reproductively capable from birth, so we chose λ f = 0.3.290

The lifespan of the larvae fish is about three years, and we choose σ = 0.3. Table 1 summarises these291

parameters. We select the initial values: G0 = 3× 105, S0
h = 35000, I0

h = 2791332, I0
f = 12080, Nh =292

23261104 from [34], and assume that L0
f = 30800, N0

f = 20800.293
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Figure 5.1: The simulation result of Clonorchiasis cases from 2016 to 2021 in Guangxi, China.
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Figure 5.2: The simulation result of Clonorchiasis cases from 2016 to 2021 in Guangxi, China. The black curve is the system
simulation. Colored lines is the system simulation when we take control of βH .
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Figure 5.3: The simulation result of Clonorchiasis cases from 2016 to 2021 in Guangxi, China. The black curve is the system
simulation. Colored lines is the system simulation when we take control of λg.

According to the above-estimated parameter values and the initial values, we fitted the Guangxi,294

China Clonorchiasis cases by system (2.2). The reported data and the simulation result based on our295

model, are shown in Fig. 5.1. As we can see, they match very well. We compute the basic reproduction296

number in this case, Rv = 79.0583 and R0 = 1.4764 > 1. To explore the impact of control measures on297

long-term trends in Clonorchiasis, we adjust the values of βH and λg. In Figs. 5.2 and 5.3, we observe298

that reducing λg is the most effective method, and just a single control of βH cannot eradicate the disease.299

Reducing the concentration of cercariae in the water environment can effectively decrease the rate of300

disease in fish, then control the spread of Clonorchiasis in the population.301

5.2. Sensitivity analysis302

The basic reproduction number reflects the outbreak potential and severity of the disease. In order303

to take more targeted and effective measures to control the prevalence of Clonorchiasis, we evaluate the304

influence of parameters on R0 by sensitivity analysis of the model. Therefore, we use the Latin Hyper-305

cube Sampling (LHS) method to evaluate partial rank correlation coefficients (PRCC) for various input306

parameters against output variables, to determine which parameters can be adjusted to more effectively307

intervene in the transmission of Clonorchiasis [33]. Parameters with larger absolute values of PRCC have308

a more significant effect on disease, where the positive PRCC value represents a positive effect on the309

basic reproduction number and a negative impact on disease control, and the negative PRCC value is the310

opposite.311

We obtain the sensitivity index of R0 to all the parameters of the system in Table 4 and plot the312

sensitivity analysis of R0. Fig. 5.4 shows the global sensitivity analysis of R0. µ f +P, λ f and β f are313

the parameters that affect R0 to a large extent, suggesting that fish play a vital role in the propagation314

of Clonorchiasis. Obviously, R0 is an increasing function of parameters b,λ f ,λg,βH ,β f , respectively.315

As µ f +P,µg,µh,γh,δh increase, R0 is reducing but insensitive to the parameters µh and δh. It means316

that when controlling the transmission of Clonorchiasis, effective measures need to be taken, such as317

purifying water quality, cultural education, or strengthening treatment, to reduce λg,βH , β f , and increase318

µg, γh, δh.319
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Table 4: Sensitivity index of R0.
Input parameter PRCC Input parameter PRCC

b 0.193729 βH 0.272050
λ f 0.356660 µh -0.016188

µ f +P -0.552336 γh -0.194397
λg 0.217804 δh -0.013166
µg -0.212093 β f 0.311500

b
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g g H h h h f
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Figure 5.4: Sensitivity analysis diagram of R0.

5.3. R0 and long-term behaviors320

To simulate the long-term behavior of Clonorchiasis, we change some parameters to satisfy the theo-321

rem in Section. 3. In Fig. 5.5, we change b, λ f and µ f +P, then we get Rv < 1 and R0 < 1. By Theorem322

3.3, the disease-free and vector-free equilibrium E00 is globally asymptotically stable. In Fig. 5.7, we323

change λg, µg, βH , β f and µ f +P, then we get Rv > 1 and R0 < 1. Theorem 3.4 implies that the solution324

converges to the disease-free equilibrium E0, and the disease eventually becomes extinct.325

Then, we explore the effect of different parameters on the basic reproduction number R0. From Fig.326

5.6 (a), we have R0 = 1.2655 when the disease recovery rate γh = 1. This means that the disease is still327

prevalent even if all patients can recover. It can be seen that prevention is better than cure for Clonorchi-328

asis. Larval fish have relatively weak immune mechanisms and are more susceptible to infection by329

caecilians in the water. In fact, regular water system cleaning is feasible. To introduce water system330

cleaning in system (2.2), we replace λg with (1−π)λg, where π ∈ [0.2,1] denotes the degree of comple-331

tion of water system cleaning. Keeping other parameter values the same as in Table 1, Fig. 5.6 (b) shows332

that R0 decreases with increasing π . Therefore, to improve the water quality monitoring system, regular333

clean water, and dismantle toilets at the edge of ponds may effectively control Clonorchiasis.334

The infection rate of the host by the parasite plays an important role in disease transmission. Fig.335

5.8 simulates the effect of βH and β f on R0, which is an increasing function with respect to βH and336

β f , respectively. A sufficiently small basic reproduction number can be achieved by controlling either337

βH or β f . Although there is no commercially produced vaccine against Clonorchiasis, the possibility of338
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developing a fish vaccine has been proposed [47]. To reduce the basic reproduction number to less than339

one, we need to reduce the prevalence of Clonorchiasis infection in fish by at least 56%. In addition to340

enhancing cultural education to reduce the consumption of raw fish, using non-polluted water for fish341

farming may also be a reasonable measure to reduce β f and βH effectively.342

In Fig. 5.9, we demonstrate the relationship between R0 and (βH , β f ) in three-dimensional space. We343

can observe the value of R0 by changing the value of the parameter βH and β f with the other parameters344

unchanged. We can see that even if βH is large, R0 can be smaller than one as long as the value of β f is345

small enough. Meanwhile, when β f is large, R0 can be smaller than one as long as βH is small enough.346

The parameters βH and β f are important in Clonorchiasis transmission, and they determine the trend of347

R0 together. Fish health is a key factor affecting the prevalence of Clonorchiasis, and cultural education348

should be strengthened to avoid eating raw freshwater fish.349
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Figure 5.6: The effect of parameters π and γh on R0.
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Figure 5.7: Long-term behavior of L f , I f , G and Ih when Rv > 1 and R0 < 1. Blake line: λg = 60, R0 = 0.3591. Blue
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Figure 5.8: The effect of parameters βH and β f on R0.

(a) (b)

Figure 5.9: The contour plot of the R0 as a function of βH and β f . (a) The red plane represents R0 = 1, above the red lane
R0 > 1 , below the red plane R0 < 1. (b) The dashed line represents the value of R0.

6. Concluding Remarks350

Based on the mechanisms of transmission and related studies of Clonorchiasis, fish is the most essen-351

tial link in transmitting the disease to humans. In this work, we propose a novel mathematical model to352

study the dynamics of Clonorchiasis around humans and vectors. Due to their biological considerations,353

fish are divided into two stages: larval and adult. Larval fish may be more susceptible to Clonorchiasis354

because they usually live in shallow waters and are more likely to come into contact with environments355

contaminated with Clonorchis sinensis eggs. The mathematical results show that (i) the disease-free and356

vector-free equilibrium E00 is GAS if Rv < 1 holds; (ii) if Rv > 1, the disease-free equilibrium E0 exists357

and is GAS for R0 < R1 := µh
µh+δh

; (iii) the endemic equilibrium E∗ exists and is GAS if ∆ > 0, Rv > 1358

and R0 > 1.359

To demonstrate the practical value of the parameters of system (2.2), Fig. 5.1 conducted a case study360

on the transmission dynamics of Clonorchiasis from 2016-2021 using data from Guangxi, China. We361
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obtain the basic reproduction number as R0 = 1.4764, which means that the disease will persist if no362

action is taken. Figs. 5.2 and 5.3 predict the development of Clonorchiasis in Guangxi, China under the363

control of βH and λg, respectively.364

The basic reproduction number plays a decisive role in the spread of infectious diseases, and only365

by figuring out which factors affect the basic reproduction number can we better provide reasonable366

control measures. We conduct a sensitivity analysis of the parameters that may affect R0 in Fig. 5.4. The367

results show that fish is a key factor influencing the spread of disease and λg, βH , and β f are important368

in influencing the spread of disease. After that, we explore the effect of these parameters on R0 in Figs.369

5.6 (b), 5.8 and 5.9. Fig. 5.6 (a) implies that improving medical care is not enough and that integrated370

prevention and treatment measures must be taken. Clonorchis sinensis cannot attack humans directly371

to cause infection. They must invade the human body through food such as fish and shrimp, and the372

only way for organisms such as fish and shrimp to become infected is through caecilians in the water.373

Therefore, to eliminate Clonorchiasis, attention must be paid to controlling the concentration of cercariae374

in the water to reduce the probability of fish becoming infected with Clonorchiasis. This can be achieved375

through water purification and vaccination of fish.376

The current treatment of Clonorchiasis is mainly praziquantel, but praziquantel is associated with377

serious adverse effects [7]. Studies have shown that Clonorchiasis can be prevented to a large extent by378

controlling the health status of fish. Raw fish consumption and cutting boards that do not distinguish379

between raw and cooked food can lead to disease infection, which requires the health sector to strengthen380

the culture and education of the people to raise their awareness and vigilance against Clonorchiasis. Pre-381

ventive chemotherapy can be administered for risk groups such as schoolchildren and fishermen [25].382

The entire life cycle of Clonorchis sinensis is limited by temperature and rainfall, and the growth state of383

the cercariae also heavily depends on temperature [33]. For future study, it would be interesting to incor-384

porate these environmental drivers into the model and study their impact on Clonorchiasis transmission.385
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