- % Mathematical Biosciences and Engineering, 16(2): 701-712
AIMS DOI: 10.3934/mbe.2019033
@ Received: 19 March 2017

Accepted: 02 November 2018
http://www.aimspress.com/journal/ MBE Published: 15 January 2019

Research article

Multiple infection leads to backward bifurcation for a schistosomiasis model

Longxing Qi'*, Shoujing Tian!, Jing-an Cui’ and Tianping Wang?

' School of Mathematical Sciences, Anhui University, Hefei, 230601, P.R.China

2 College of Science, Beijing University of Civil Engineering and Architecture, Beijing 100044,
China

3 Anhui Institute of Schistosomiasis, Hefei, 230061, P.R.China

* Correspondence: Email:qilx @ahu.edu.cn.

Abstract: Based on years of experience in schistosomiasis prevention and treatment, one of the typical
features of schistosomiasis is multiple infection of a human host by parasites, which may dramatically
affect the host’s infectivity. In this paper we establish a schistosomiasis model that takes into consid-
eration multiple infection by separating humans with single and multiple infectious. The disease free
equilibrium is shown to be globally asymptotically stable under certain condition. The model analysis
suggests that a backward bifurcation may occur if the transmission rate from multiple infected humans
to snails is high. This conclusion has not been seen in previous models of schistosomiasis. Such back-
ward bifurcation is not possible without considering multiple infections. This conclusion may provide
a new threshold theory for the prevention and treatment of schistosomiasis. Furthermore, numerical
simulations suggest that effective treatment of humans with multiple infection is important to control
schistosomiasis. Especially, prevention of multiple infection may be critical.
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1. Introduction

Schistosomiasis is one of neglected tropical diseases. On February 25th, 2016, WHO reported that
at least 258 million people required preventive treatment for schistosomiasis in 2014 [16]. More than
61.6 million people were reported to have been treated for schistosomiasis in 2014. People can be
infected by being exposed to infested water during routine agricultural, domestic, occupational and
recreational activities. Especially in the flood period, many people may be infected multiply by in-
fested water [9, 18]. Hence, schistosoma infections remain a serious public health problem worldwide.
Identification of critical factors in the spread of schistosomiasis can be helpful for the control and
prevention of the disease.
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Although drug therapies for treating schistosomiasis are available, multiple infection is still a serious
problem, as it increases the difficulty for schistosomiasis control. Xu et al. reported that more than 90
percent of the schistosomiasis patients were repeatedly exposed to infected water [17]. The study
of Zhao et al. [19] involves a total of 679 people, of which 175 people are uninfected, 226 people
were infected once, 106 people were infected 4 times and 172 people were infected 6 times. Different
number of exposures may lead to various degrees of infection. It is reported in [1] that the infectivity
of an infected human host is dependent on the infection history. Hence, multiple infection may cause
the patient’s condition is more serious.

Studies about treatment-reinfection were done in a region of Philippines where S. japonicum is
endemic. In these studies, the impact of reinfection with S. japonicum after treatment with praziquantel
on the mean hemoglobin level is evaluated. Results show that rapidly reinfected individuals did not
have the positive treatment effect on hemoglobin seen in non-reinfected individuals [11].

From the perspective of epidemiology, multiple infection may greatly influence the transmission
and control of schistosomiasis. Hence, it is important to increase our understanding of multiple in-
fection in schistosomiasis transmission dynamics, which may help identify more effective measures in
containing or eliminating its transmission. Currently, many mathematical models have been developed
for investigating schistosomiasis dynamics[5, 7, 8, 13, 14, 20]. These models have provided useful
information for understanding the mechanics of schistosomiasis transmission.

However, these models use the same threshold quantity to determine whether or not schistosomiasis
is endemic. The threshold quantity is the basic or effective reproduction number. If the reproduction
number is greater than 1, schistosomiasis is persistent and dies out if it is below 1. In this paper,
multiple infection of patients was incorporated in the mathematical model. It is found that a backward
bifurcation may occur if the infectivity of people with multiple infection is sufficiently high. This
suggests the importance of studying the effects of multiple infection on the spread and control of
schistosomiasis. Moreover, such results can help to obtain thresholds for the control of schistosomiasis
in the case when the threshold value of the reproduction number is no longer 1.

The paper is organized as follows. In Section 2 we establish a schistosomiasis model with multiple
infection of human. The dynamics for the model are studied in Section 3. This section includes the
threshold condition, the existence of equilibria, backward bifurcation analysis and the global stability
of the disease free equilibrium. Some numerical simulations are presented in Section 4.

2. Modeling

Based on years of experience in schistosomiasis prevention and treatment, one of the typical features
of schistosomiasis is multiple infection of a human host by parasites, which may dramatically affect
the host’s infectivity. The problem is whether multiple infection may cause greater damage than single
infection or not [11, 17]. Therefore, it is necessary to study the effects of multiple infection on the
spread of schistosomiasis in theory. In this model,one classified human three classes, that is susceptible
S i, single infected Iy and multiple infected My according to the epidemiology of schistosomiasis
[17], respectively. Similarly based on the epidemiology of snail, snails are only separated two classes:
susceptible snail Sy and infectious snail /.

The annual 4-10 month is schistosomiasis epidemic period, and in this period, people contact in-
fected water with high frequency. For example, flooding occurred around July [9, 18]. Due to the good
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effect of drug control, few people died of schistosomiasis [12]. In additional, this epidemic period is
short. Hence, mortality due to illness for human and snail is ignored in this model. The death rate
of three kinds of people is the same py. For human, both single infected and multiple infected can
recovery with different rate due to drug treatment [12]. Reference [11] showed that the treatment effect
of multiple infection is not good with single infection. According to the work experience of the schis-
tosomiasis agency for many years, with the same treatment rate, people with multiple infections My
will enter the lightly infections group I after treatment, while those with single infection 7 will enter
the susceptible group S 5. Here, vy represents the recovery rate. The transmission rate from single
infected snail to human is Ssy. However, once a person is infected, people will be uncomfortable [17].
People may choose to take a break, which will reduce the chance of exposure to infected water. Hence,
we denote w to describe the relative transmission from snail to multiple infected human with 0 < w < 1
[12]. In additional, the number of eggs per gram (EPG) in the body of multiple infected people is more
than in single infected people. Thus multiple infected people has stronger ability to infect snail than
single infected people. Here using € to describe the relative transmission from multiple infected human
to snail with e > 1 [12].
Then the model is as the following

ds
d_tH = AH —,BSHISSH +'}’1—1[H _,UHSH7
dly
—r = BsulsSu=BsulsInw = yuly +yuMy = puly,
dM
d—tH = Bsulslyw — yuMpy — puMp, 1)
ds
d—: = As —BusSsly — PusSsMue — usSs,
dl
E :,BHSSSIH +ﬁHSSSMH8 _,USIS-

All the parameters are listed in Table 1. Our aim was to study the effect of multiple infection on the
dynamic behavior of schistosomiasis. In detail, it is to study the effect of the two parameters w, € on
the dynamics of the schistosomiasis transmission model.

3. Dynamics of the model

It is easy to see that for (2.1) all trajectories in the positive cone enter or stay inside the region

A A
Q=A{Su, 15, My, Ss,1s) | St, Iu, My, Ss,Is 20,8y + Iy + My < _H»SS +15 < —S}-
HH Hs
That means that € is a positively invariant set of (2.1).
The disease free equilibrium (DFE) E, = (’;—I’j, 0,0, 2—:, 0) always exists. According to the concept
of next generation matrix [3] and the technique developed in [4] for calculating the basic reproduction
number, if we follow the notations in [4] and let

0 YH SH/;_Z YH t Hu 0 0
F=| 0 0 0 |,v= 0  yu+ug O
IBHSI;_SS Bus 2—;8 0 0 0 Us
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Table 1. Parameters

Parameters Description Values (per year) References
Ay Recruitment rate of human 8 [6]
Ag Recruitment rate of snail 25 [6]
Transmission rate from
Psu infectious snail to human 0.005 1151
Transmission rate from
Bus infectious human to snail 0.0032 1151
Recovery rate of human from
i lightly infection to uninfected 0.9 1151
Uy Death rate of human 0.014 [6, 14]
w Descripti(?n of the relat‘ive transmission 0.7 Estimated
from snail to severely infected human
. Description of Fhe relative transm1ss19n 10 Estimated
from severely infected human to snail
Us Death rate of snail 0.51 [6, 14]

Then the basic reproduction number for model (2.1) is

AgA\
Ro = p(FV™") = 2H sBsuPus .
Hstu(yn + 1u)

Considering the convenient calculation later, we still denote

_ AuNsBsuPus
ﬂgﬂH(YH + fa)

0

Other equilibria are obtained from (2.1) by equating the right-hand side of (2.1) to zero and solving

the resulting algebraic equations. For any equilibrium E* = (S5, I};, M}, S, I3), its coordinates satisfy

the following relations

. Au+yuly
Su= 7
Bsulg + pn
I Au(yn + pr)Bsuly
T Iyulyn + pw) + Bsuly + ) Bsulyw + yu + wm) s’
ILw
M;I _ ﬁSH S I;I’
Y t HH
gt = As r
g Hs >

and [ is the root of the following equation

A + BI; + C = 0. (3.1)
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Here
A= ﬁ?syw(ﬂsﬂH + Aufuse) > 0,

B = Bsu(yn + ta) (s + AuPus) + Bs nwps g (1 —

AuAsBsuPus
/Jg‘/lH('YH + i)

If Ry > 1, C < 0 and then the equation (3.1) must have a unique root /3. This means that there exists a
unique endemic equilibrium E* if Ry > 1. Note that

eANgAsBsuPus
2 2 )
1212

b

) = (yu + pm) uspu(l — Ro).

C=(nu+ /lH)z,US,UH(1 -

*

E.

>

s (yu + ) (s + AuPBrs) + Hsuzw
AnAsBsuPusw

Moreover, from Ry < 1 one can get & > 1 + % + ﬁ that is €* must be bigger than 1 when
Ry <1.

If Ry = 1, C = 0 and then the equation (3.1) have positive root under the condition that B < 0.
Hence, the equation (3.1) has a unique positive root Ig = —%, which corresponds to the unique endemic
equilibrium E* if and only if € > &*. Otherwise, the system (2.1) has no endemic equilibrium when
e<ég.

Now we consider the case when R, < 1. In this case, the system (2.1) may have endemic equilibria
only when & > &*. Let the discriminant of (3.1) be A, then we obtain

A = B* —4AC = [Bsupspn(yu + pn)(1 — weRo) + AuBsuBus (vu + pu)l’
_4:8§Hw(/15/-1H + AuBus€)yn + ur) uspr(1 — Ry).

It is easy to see that A is a strictly monotone increasing function of R in the right half plane.
Under € > &*, A = 0 is equivalent to B = =2 VAC, that is

B>0o¢

uspr(yn + umwe(l — Ro) + 2(yy + ) Voluspin + AuBuse)sin 1 — Ro
+AuBus (Vi + pu) + wpspgy + pspn(yn + pa)(1 — we) = 0

Let VI -=Ry=p (0 < p < 1), we can get an equation g(p) £ ap?® + bp + ¢ = 0 about p. Here
a = pspn(yn + fn)we,
b =2y + pu) No(us iy + AuPus s i,
¢ = Aufrs (Vi + ) + Wpts iy + tspa (Vi + pe)(1 — we).

From Ry < 1 and € > &%, we have ¢ < 0. In additional, g(1) > 0. Hence, there exists a unique solution
pt = ‘b“éﬁ < 1 for the equation g(p) = 0. That is to say that there exists a unique R} = 1 - p**> < 1
for the equation A = 0 in terms of R, under the condition that € > &*. Then we can obtain the following
equivalence relations:

A<O0Oe Ry<R,<1,
A=0Ry=R,<1,
A>0e Ry <Ry <1

This means that the equation (3.1) may have 0, 1 and 2 roots. In summary, the result about the number
of endemic equilibria is in Theorem 3.1.
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Theorem 3.1. For the system (2.1), with R and &" defined as above, we have

(1) When Ry > 1, there is a unique endemic equilibrium E*.

(2) When Ry = 1 and € > &, there is a unique endemic equilibrium E*.

(3) When Ry < 1 and € < €*, there is no endemic equilibrium.

(4) When Ry < Ry < 1 and & > &, there are two endemic equilibrium E* and E..

(5) When Ry = R and & > £*, E* and E, coalesce at a unique endemic equilibrium of multiplicity 2.
(6) When Ry < R and & > &, there is no endemic equilibrium.

Here, E* = (S}, I}, M}, S5, I5) and E, = (S g, Lye, Hp., S5+, Is.) are the corresponding equilibria,
and

_-B- VA I*_—B+\/Z

Is,
§ 2A § 2A

Remark 3.2. When & > &7, this theorem shows that there exists Ry (0 < R; < 1) such that the system
(2.1) has a unique endemic equilibrium for Ry = R, then the system has two endemic equilibrium for
R < Ry < 1 and a unique endemic equilibrium for Ry = 1. This situation corresponds to a backward
bifurcation which occurs at Ry = 1 (Figure 1). When € < €, at Ry = 1 a forward bifurcation occurs
at Ey. In the prevention and treatment of schistosomiasis, special consideration should be given to the
patient’s multiple infection and the treatment of multiple infectious patients.

Remark 3.3. Here €* need to be greater than 1 + % + m at least, such that there is the possible
backward bifurcation when Ry < 1. Multiple infection caused the human body to be infected by more
schistosoma than single infection. The number of eggs per gram (EPG) in fecal is proportional to the
number of schistosoma in the human body [2]. This means multiple infected patient’s EPG is more
than single infected patient. From the data in [2], O EPG represented uninfected or susceptible, 24-
96 EPG indicated lightly infected, 120-792 EPG represented moderate infection and bigger than 816
indicated severely infected. These data indicate that EPG of patients wj\ith multiple infections have at
HBHS

least 5 times more than single infection patients. Hence, here €* > 1 + e T ﬁ is realistic.

Remark 3.4. Note that the backward bifurcation will not happen if w = 0. That means if there is
not multiple infection, there will be no backward bifurcation. To control schistosomiasis, the basic
reproduction number Ry is only threshold.

Now we study the stability of equilibria. It is easy to calculate that the characteristic equation about
Ey is given by

AuAsBsuPrus =
HsHH

A+ )+ s YA + vy + ) + (v + pg + ps)A+ ps (Yo + pp) — 0.

Then the characteristic roots are —uy, —us and roots of the following equation:

AnuAsBsuPus
MsHH

X+ (Y + pag + ps)A + ps(yy + ) — =0.

It is easy to see that the real parts of all eigenvalues of E are negative if and only if Ry < 1. Hence, the
disease free equilibrium E| of the system (2.1) is locally asymptotically stable if Ry < 1 and unstable

lfR() > 1.
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(a) backward bifurcation for & > &* (b) forward bifurcation for £ < &*

Figure 1. The bifurcation figures

In order to study the global stability of the disease free equilibrium, we use Metzler matrix theory
and the technique of [10]. Consider systems of the following form:

{561 = f(x1, x2),

3.2
X = g(x1, x2), G2

where x; € R}', x, € R??, and f and g are C'. We denote by x = (x, x») the state of the system and
(x},0) is a DFE on the positively invariant set Q C R 2 Now rewritten (3.2) as:

(3.3)

X =A%) - (x1 — X)) + Ap(x) - xo,
fCQ = AQ(X)XQ.

For system (3.3), we make the following assumptions:

(H,): The system is defined on a positively invariant set Q of the nonnegative orthant. The system
is dissipative on Q2.

(H,): The sub-system x; = A;(x) - (x; — x7) is globally asymptotically stable at the equilibrium x}
on the canonical projection of Q on R”'.

(H3): The matrix A,(x) is Metzler and irreducible for any given x € Q.

(H,): There exists an maximum matrix A,, then for any X € Q such that A, = A,(X), ¥ € R}' x {0}.
(Hs): a(A,) <0, i.e., the greatest real part of eigenvalues of A, is nonnegative.

Now we state two lemmas due to [10].

Lemma 3.5. If the above hypothesis H|-Hs are satisfied, then the DFE is globally asymptotically
stable in Q.

Lemma 3.6. If the same notations and hypothesis in Lemma 3.5 hold and if furthermore we have
A, = Ay (x1,0), the DFE is globally asymptotically stable if and only if a(A,) <0.

Next we discuss the global stability of the disease free equilibrium E( using the above two Lemmas.
From the system (2.1), we know

A A
Q=ASu. Iy, My, Ss,Is) | Su, Iy, My, Ss,1s >0,Sy + Iy + My < —H,SS +1Is < —S}
HH Hs
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is a compact positively invariant absorbing set contained in the nonnegative orthant. Thus the system
(2.1) is dissipative on € because the trajectories of (2.1) are forward bounded. Now we shall study the
system (2.1) on Q.

We set for system (2.1) x; = (Sy,S5), xo = (Iy, Hy, Iy) and x] = (’;—:, 2—;). As in [10], we express
the sub-system as x; = A;(x;,0)(x; — x}) and

dSy
— = Ay —ugSy,
dr H — MHO H
dsS
— = Ag¢—ugSy.
dr s —HsOs

This is a linear system and its unique equilibrium (2—5, ‘;—SS) (corresponding to the DFE of (2.1)) is
globally asymptotically stable, hence the assumption H; and H, are satisfied.
The matrix A,(x) is given by

—Bsulsw + yu + un) YH BsuS u — Bsulupw
Ar(x) = Bsulsw —YH — M Bsulpw
BusS s BusS & — s

As required by hypothesis Hj, for any x € Q the matrix A,(x) is irreducible.
Now let us check Hy. There is a maximum which is uniquely realized in Q if Sy = L\—[’;, Sg = /’:—;
which corresponds to the DFE. This maximum matrix is then J;, the sub-block of the Jacobian matrix

at the DFE, corresponding to the matrix A,(x). The matrix J; is given by

—(Yu + Mn) YH SHQ_Z
Jr = 0 —YH — MH 0
A A
Bhs ,TSS BHs /TSS«‘J —HMs

Therefore, we are in the situation of Lemma 3.6 where the maximum is attained at the DFE.
The hypothesis Hs requires that a(J;) < 0. Rewriting J, into a sub-block matrix as J, =

A B
( i b ) Since A is already a Metzler stable matrix, the condition a(J;) < 0 is equivalent
Coxi Do
to a(D — CA™'B) < 0 [10] and this last condition is equivalent to the F,, condition
_ AuAsBsuPus

Mg (Y + Hn)

We have computed F,, and one can see that the hypothesis H;, H,, H;, Hy and H; are all satisfied.
Then by Lemma 3.6, we have proved the following Theorem 3.7.

Theorem 3.7. The disease free equilibrium Ey of the system (2.1) is globally asymptotically stable
when Ry < 1.

In additional, using the Routh-Hurwitz criterion the stability of £* can be obtained through complex
computation.

Theorem 3.8. The unique endemic equilibrium E* of the system (2.1) is locally asymptotically stable
when Ry > 1.
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4. Numerical simulation

Based on some parameter values in the Table 1, numerical simulations are conducted in this section.
Here Ry = 0.98, R = 0.95 and &” = 6.82. First we can find two endemic equilibrium when Rj < Ry < 1
and € > &" and backward bifurcation occurs (Figure 2).

181 1
40
161 1

30

10 - ]
t
h
201 sl 1
[
6 ! |
|
101 a4t : :
i |
2t Ro | 1
N
0 h ‘
0 100 200 300 400 500 08 0.5 F: 1.05 1
t 0
(a) Two endemic equilibrium in the system (b) Backward bifurcation

with different initial values

Figure 2. Backward bifurcation occurs under Ry < Ry < 1 and &£ > &

The following figures show that the unique endemic equilibrium is stable if Ry > 1 (see Figure 3,
4).

250
2001
200 1501
L(1) M, (1)
100
150
\ )
|
1004 ‘ : ‘ : ‘ :
0 5 10 15 0 5 10 15
t t
[— =08 =— w05 0=0.1] =01 — 0.5 — =08
@ I (b) M,

Figure 3. The impact of w on single and multiple infections under Ry > 1

Not only that, the number of single and multiple infectious patients changes as the change of w. If
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the value of w is larger, the number of patients with multiple infection is greater. Although the number
of patients with single infection is lower at the beginning, eventually becomes great. Moreover, very
little change in w can lead to big change in the number of patients. This means multiple infection will
lead to more and more new patients with single and multiple infections.

From Figure 4 we can see the number of single and multiple infected humans also increases when
the value of ¢ is greatly increased. If the amplitude of the value of ¢ increase is small, the impact on
the number of patients is not very large. The main factors that to affect € are feces of the patients who
have repeatedly infected. Therefore, to do a good job of health facilities, especially for patients with
multiple infections, is good to block the spread of schistosomiasis.

180 1804
1704 1601
1601 1404
150 1204
i 140 M, (1) 100
1301 804
1204 60
110+ 401
100+ T T 7 20, T T ¥
0 5 10 15 0 5 10 15
! t
e=].5 == e=5 —¢=10 e=1.5 ——¢e=5——¢=10
@ I, (b) M,

Figure 4. The impact of € on single and multiple infections under Ry > 1

5. Discussion

Multiple infection is a frequent phenomenon in the real life, especially in the process of the trans-
mission of schistosomiasis which is related to water, because people can not live without water. In
this paper, multiple infection of patients was considered into mathematical model. It is found that a
backward bifurcation occurs if transmission rate from multiple infectious human to snail is big. In
additional, if there is not multiple infection, there will be no backward bifurcation. Hence, special con-
sideration should be given to the patient’s multiple infection and the treatment of multiple infectious
patients in the prevention and treatment of schistosomiasis.

Based on the simulations, we found the unique endemic equilibrium is stable when the basic re-
production number is greater than 1. Furthermore, multiple infection will lead to more and more new
patients with single and multiple infections. Therefore, we should vigorously publicize the risk of mul-
tiple infections, to remind people not to contact with water, especially in the flood period. In additional,
If the transformation from multiple infection to snail is bigger than &, to obtain stability of the disease
free equilibrium the basic reproduction number should be smaller than Rj. This means the basic repro-
duction number is not the unique threshold to control schistosomiasis. To eliminate schistosomiasis,
we should do more work to reduce the basic reproduction number to be smaller than R. For example,

Mathematical Biosciences and Engineering Volume 16, Issue 2, 701-712
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. . R
the snail density should be controlled to be less than M
HPBs HPHS

Eggs infected by multiple infected patients can cause serious infection to snail. Numerical simula-
tions show that this serious infection can lead to more new patients, which may lead to schistosomiasis
outbreaks. In addition, multiple infections also cause great harm to the human body. Hence, prevention
of multiple infection is particularly important.
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