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ABSTRACT

Schistosomiasis is a chronic and debilitating neglected tropical disease (NTD), second only to malaria as one of
the most devastating parasitic diseases. Caused by a parasitic flatworm of the genus Schistosoma, infection occurs
when skin comes in contact with contaminated freshwater that contains schistosome-hosting snails. The disease
continues to be endemic in many regions of the Philippines, where it poses a significant public health challenge
due to a lack of healthcare resources. In the Philippines, additional mammalian reservoirs for the S. japonicum
parasite, especially bovines such as carabaos, also facilitate the spread of schistosomiasis. We extend existing
compartment models to include human, snail, bovine, and free-living Schistosoma for a comprehensive look at the
transmission dynamics of the disease. Sensitivity analysis of model parameters shows that the carabaos them-
selves can sustain the endemicity of schistosomiasis. Thus, we consider the control method of farming mecha-
nization to avoid contaminated freshwater sources. We find that a reduction of contaminated water contacts by
at least 77% will break the transmission cycle and eliminate the disease. However, reducing the contact by about
70% will still result in decrease of human schistosomiasis prevalence to under 1% in 15 years or less. Achieving
such high reduction of contact rates could be a daunting task, especially in rural areas. Still, the potential to
eliminate or at least reduce the schistosomiasis prevalence should be considered an additional benefit of
mechanization efforts in the Philippines.

1. Introduction

Schistosoma. Among the 23 known species of Schistosoma, three main
species, namely S. mansoni, S. haematobium, and S. japonicum, primarily

Schistosomiasis, commonly known as bilharziasis, is a chronic and
debilitating neglected tropical disease (NTD), second only to malaria as
one of the most devastating parasitic diseases (Siddiqui et al., 2023). The
disease is particularly prevalent in regions where access to clean water,
proper sanitation, and adequate healthcare is limited. In 2021, it was
estimated that 251.4 million individuals required treatment for schis-
tosomiasis (WHO, 2023). Schistosomiasis claims the lives of almost 12,
000 individuals each year; however, this is likely an underestimate of
the disease’s impact (WHO, 2023). Thus, implementing preventive
measures is of utmost importance in addressing schistosomiasis.

The disease is caused by a parasitic flatworm belonging to the genus
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infect humans (CDC, 2020) but also other mammals (Chen et al., 2010;
Riley et al., 2008). The parasites have a complex life cycle, requiring an
intermediate snail host before they can infect humans; see Fig. 1. The
exposure occurs when the human or animal skin comes into contact with
contaminated freshwater inhabited by specific freshwater snail species
carrying schistosomes.

Schistosomiasis remains a significant public health challenge in the
endemic regions of the Philippines (Olveda and Gray, 2019). In 2018
alone, around 800,000 individuals were diagnosed with Schistosoma
infection, and 12 million people remain at risk of contracting the dis-
ease. The prevalence of schistosomiasis is widespread across the three
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major island groups of Luzon, Visayas, and Mindanao, spanning 28
provinces, 190 municipalities, and 2230 barangays (Olveda et al.,
2014). These regions, characterized by non-dry seasons, are predomi-
nantly rice-growing areas that facilitate interactions between humans
and freshwater snails, contributing to disease transmission. S. japonicum
remains the predominant species responsible for human infections
(Chan et al., 2021). The transmission dynamics of S. japonicum are
known to involve additional mammalian hosts (Chen et al., 2010; Riley
et al., 2008). The substantial presence of water buffaloes, commonly
referred to as carabaos, plays a significant role in the widespread
transmission of the disease in the country.

The primary method of treating schistosomiasis in the Philippines is
mass drug administration (MDA) of paraziquantel (PZQ), with mollus-
cicides serving as a supplementary approach (Leonardo et al., 2016).
However, PZQ is most effective against the adult worm and requires the
presence of a mature antibody response to the parasite; it is not a pre-
ventative treatment and does not affect immature worms (CDC, 2020).
Moreover, despite the availability of treatment, many areas in the
Philippines face challenges in accessing it. Limited accessibility is
compounded by remote locations and inadequate infrastructure, hin-
dering the delivery of treatment and healthcare services (Leonardo et al.,
2016). Furthermore, there is a shortage of healthcare professionals and
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medical equipment, further impeding the effective management of
schistosomiasis in the country.

The use of carabaos by rice farmers in the endemic areas is a sig-
nificant factor in a transmission of the disease (Rinon et al., 2022). The
mechanization level of the agriculture sector in the Philippines is 2.679
hp/ha which is classified as a low mechanization level (Carino, 2023).
However, there are government initiatives and programs to encourage
the mechanization of farming practices, with a goal of reaching at least
4 hp/ha to match other countries in the Association of Southeast Asian
Nations (ASEAN) (Tacio, 2022). The increase of mechanization level
will reduce the contact of people and carabaos with the freshwater
sources which has a potential to reduce the disease prevalence. Our goal
is to create a mathematical model that will quantify this relationship.

Numerous mathematical models have been developed for the dy-
namics of schistosomiasis. Woolhouse (1991) provides an overview of
modeling natural transmissions, Woolhouse (1992) focuses on controls.
Recently, Lowe et al. (2023) systematically reviewed modeling efforts
since 2000 and identified 19 papers. Only two, Ishikawa et al. (2006)
and Riley, Carabin, Bélisle, Joseph, Tallo, Balolong, A. L. W., F., Gon-
zales, Olveda, McGarvey, 2008 modeled the situation in the Philippines.
The remaining 17 papers considered provinces in China.

As nicely illustrated in Lowe et al. (2023), the modeling concepts can

NN &
( 4
’DC]

s

Cercariae
penetrate skin

o Cercariae lose tails during
penetration and become
schistosomulae

e Circulation

Migration to portal blood
in liver and maturation
into adults

@ Paired adult worms migrate to:

A Mesenteric venules of bowel/rectum
(laying eggs that circulate to the
liver and shed in stools)

Venous plexus of bladder; eggs shed
C inurine

Fig. 1. Life cycle of Schistosoma spp. Only a human definitive host is shown. For S. japonicum, bovines and other mammals can serve as definitive hosts as well (Chen
et al., 2010; Riley et al., 2008). Image courtesy of Public Health Image Library, Centers for Disease Control and Prevention, CDC (2019).
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be traced back to the modeling frameworks of helminth infections in
general (Anderson and May, 1985; 1991) and schistosomiasis in
particular (Barbour, 1996). Five studies, Gao et al. (2013), Li et al.
(2017), Liang et al. (2002), Spear et al. (2002) considered human and
snail hosts only. Ten studies, Zou and Ruan (2015), Williams et al.
(2002), Da’Dara et al. (2008), Gray et al. (2008), Williams et al. (2019),
Gao et al. (2017), Guo et al. (2006), Xiang et al. (2013), Chen et al.
(2010), Zhou et al. (2011) included humans, snail and bovine hosts.
Finally, the remaining four studies included humans, snails and either
(a) rats Ishikawa et al. (2006), (b) two to extra host classes for bovines
and other hosts (Zhou et al., 2016), or (c) a multitude of separate classes
of hosts like dogs, rats, goats, cats, buffaloes, and pigs (Riley et al., 2008;
Rudge et al., 2013).

Finally, Kadaleka et al. (2021a) performed an optimal control anal-
ysis for a model with human and bovines, Kadaleka et al. (2021b)
created a model with treatment and mullusticides, and Kadaleka et al.
(2022) created model that included contaminated environment.

Our objective is to develop a comprehensive mathematical model
that effectively captures the dynamics of schistosomiasis in the context
of the Philippines. This model will consider the interplay between the
human, snail, and bovine (carabao) populations to accurately simulate
the transmission of the disease. We will focus on the effects of freshwater
contact reduction on the schistosomiasis transmission. We demonstrate
that when the contacts are substantially reduced, for example by
increasing the mechanization level, the disease can be eliminated.

2. Model
2.1. Compartmental model

Here we describe the compartmental model of schistosomiasis
transmission. We consider three host populations: (1) humans (subscript
H), (2) bovines, specifically Carabao (subscript B), and (3) snails (class
Gastropoda, subscript G). Humans and bovines act as definitive hosts
and snails as intermediate hosts. We also consider the following “free-
ranging” stages of schistosoma: eggs (E), miracidia (M) and cercariae
©.

The human population is divided into the following compartments:
Susceptible (Sy) - no parasite and no immunity, Latent infection (Ly) -
infected by schistosoma but not discharging any eggs, Infectious (Iy) -
infected and discharging eggs, and Recovered (Ry) - previously infected
but now with natural immunity and no longer discharging eggs. Humans
are born susceptible at a rate Ay. All individuals die at the natural death
rate yy and we assume no disease-related mortality. The susceptible
individuals become latently infected at a rate f;C after coming into
contact with cercariae in contaminated freshwater sources (Chiyaka and
Garira, 2009; Gao et al., 2011; Madubueze et al., 2022b); here C is the
concentration of cercariae and f; is the transmission rate, i.e., a product
of the contact rate and a probability of infection during a contact. To
model the effect of freshwater contact avoidance, we assume Sy
= (1 —ru)Pyo where ry € [0, 1] signifies the proportions at which human
populations implement the control method of avoiding contaminated
freshwater sources and Sy, corresponds to the transmission rate at the
baseline.

There is no vertical transmission (Chiyaka and Garira, 2009). The
worms need time oy to mature, i.e., the latently infected humans
become infectious at a rate oy. The infectious humans shed eggs at rate
ny-. Infectious humans slowly develop immunity at a rate py; and move to
the recovered class. For our model, we assume that the naturally dying
worms are the main source of antigens that stimulate a strong immune
response (Kura et al., 2021). The natural immunity wanes at rate 6. The
human population is treated by mass administration of PZQ at a rate ¢p.
However, the treatment affects only mature worms and does not offer
immunity (CDC, 2020; Stylianou et al., 2017; WHO, 2023); thus only
individuals in the infectious compartment move to the susceptible

Acta Tropica 249 (2024) 107084

compartment.

The bovine population follows a similar progression. Bovines are
born susceptible at a rate Ag, become latently infected at a rate fzC and
then infectious at a rate op. As with the human population,
P = (1 —1g)pgy where rg € [0,1] is the reduction of the freshwater
contacts and fp, is the transmission rate at the baseline. Infectious bo-
vines shed schistosoma eggs at a rate 7. The bovines live for an average
time uz' which is too short to develop an immunity. Thus, we do not
consider recovered compartments for the bovines. While PZQ can be
used as a treatment, it is uneconomically expensive to do so (Yogesh-
priya, 2022) and we thus do not consider it in our model.

The human and bovine populations together release eggs (E) at a rate
nyla + ngls. The eggs have a natural mortality rate y; and hatch at a rate
v After hatching, they become miracidia (M) which can live for a time
pg'

Snails are born as susceptible at a rate Ag. They can become latently
infected only through the contact with miracidia (Gao et al., 2011)
which happens at a rate f;M. Within snails, the larvae develop into
sporocysts and asexually reproduce. This takes a time og!. The snails
then become infectious and shed cercariae (C) into the water at a rate &¢.
We assume that the snails cannot be reinfected and cannot recover
(Anderson et al., 2021; Chiyaka and Garira, 2009). The snails’ mortality
rate is yi; and we assume no additional disease-related mortality.

Cercariae are released from snails at a rate 5gl. The cercariae have a
natural mortality rate p, and can infect humans and bovines as
described above. This concludes the transmission cycle shown as a di-
agram in Fig. 2.

2.2. System of differential equations

The model described above yields the following system of differen-
tial equations:
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Fig. 2. Model for Humans (orange compartments), Snails (green compart-
ments), Bovine (purple compartments), Miracidia (navy blue compartments),
and Cercariae (white compartment). The solid arrows represent transitions
between compartments with an appropriate per capita rate. The dashed arrows
represent influences on the rates. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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We will consider the above system with the initial conditions at the
current endemic equilibrium (Iy/Ny ~ 0.02, I;/Ng~ 0.007, I
/Ng =~ 0.75; see the next section).

2.3. Model calibration

The model parameters are summarized in Table 1. Based on the data
from the Philippines (The World Bank, 2021a; 2021b) we use a birth rate
of 22 births per 1000 people, per year and a death rate of 7 deaths per
1000 people per year.

We will consider the snail Oncomelania hupensis quadrasi, a very
small tropical freshwater snail, as the snail intermediate host of
S. japonicum in the Philippines (Leonardo et al., 2020). Their life span
ranges from 4 to 6 months in the wild (Australian Government, 2017),
we thus use 5 months as an average giving yg! = 5/12 year. The birth
rate was estimated as 0.0097 per day from Ishikawa et al. (2006), giving
Ag = 3.54 per year.

We consider the bovine host Bubalus bubalis (carabao). Their birth
rate was estimated by Rinon et al. (2022), which data-fitted this rate
using data from the carabao population in Agusan del Sur, Mindanao,
Philippines to obtain 0.0046889 per week, i.e., A = 0.244 per year. The
death rate 0.0049 per week, i.e., g = 0.255 per year was adopted from
Mingala and Gundran (2008).

The eggs die within 1-2 weeks after being released by the adult
worm (Colley et al., 2015). We thus assume pz! = 1.5/52 years. In sunlit
conditions, most eggs hatch within 6 h, i.e., typically within a day of
entering fresh water (Wanlop et al., 2022). Since there is typically a
period between the egg being released by the worm and the egg entering
the fresh water, we assume the total hatching time is 2 days, i.e., yz! = 2
/365 years.

Miracidia are reported to survive on average for 9-10 h, depending
on the water temperature; with the optimal time for snail exposure being
less than 10 h after hatching (Sun et al., 2000). We thus assume the
lifespan of 9 h, i.e., ;! ~ 1073 years. The parasite requires 4-6 weeks in
the snails before infectious cercariae are released (Sun et al., 2000). We
thus assume the incubation period is 5 weeks, i.e., 65! =5 /52 years.
The cercaria can survive about 2 days (in 20C water) but the survival
decreases sharply for higher temperatures (Jones and Brady, 1947).
Furthermore, their energy levels are typically depleted within a few
hours (Sun et al., 2000). Thus, we estimate the lifespan as about 1/2 day
similar to Lopez et al. (2023). Once cercariae enter the definitive host,
they require about 5-7 weeks to mature and start producing eggs (Sun
et al., 2000). We thus use 6 weeks as the incubation period for both the
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humans and bovines, i.e., 65! = 63! = 6/52 years.

Humans acquire natural immunity through the presence of dying

worms in their bodies (CDC, 2020; Kura et al., 2021). Since the schis-

tosomas live on average 4 years (Doumenge and Mott, 1984), we use

pit = 4 years. Kura etal. (2021) estimated that the immunity lasts about
5 years, i.e., it is lost at a rate 0y = 0.2 per year.

The shedding rate of eggs is 84,000 eggs per day from an individual
carabao (Tenorio and Molina, 2020), i.e., n; = 3.07 x 107 eggs per year.
The number of eggs shed by the humans was estimated from a study on
mice (Cheever et al., 1994) and other small mammals. The worms
produce about 1000 eggs per day, but most get caught in the tissue
rather than excreted. Based on Cheever et al. (1994) and references
therein, we assume the shedding rate is 300 eggs per day, i.e., ; = 1.1 x
10° eggs per year. Qian et al. (1997) observed cercaria shedding in
snails; the averages were 13 and 26 cercaria per snail per day
(depending on the isolate). We adopt the average of the two, 19.5
cercaria per snail per day, which yields the rate 6 = 7.1 x 10° eggs per
snail per year.

The MDA (PZQ) treatment rate, was adopted from Rinon et al.
(2022) as ¢y = 0.3242 per year; it was calculated as a rate of adminis-
tering MDA (once a year), times the efficacy of the treatment (0.999)
times the coverage of the treatment (0.3245).

To find values of the transmission rates, we assumed that the controls
(avoidance of freshwater) are initially set as ry = rg = 0 and the popu-
lation is in the endemic equilibrium. We matched the model predictions
with the reported prevalence of infections in humans, bovines and snails
as follows. Magalhaes et al. (2014) found 718 infections in 35,754
people, giving the overall prevalence I{,—’L = 0.02. There was a regional
variation of the prevalence from 0.006 to 0.041 but we will adopt the
overall prevalence of 0.02 for our purposes. Fornillos et al. (2019) found
a total of 44 infected snails amongst a total of 6279 snails Oncomelania
hupensis quadrasi giving a total prevalence 1{1% = 0.007. Based on the
location, the prevalence varied from 0 to 1.51%. Jiz et al. (2021) found
an almost universal prevalence, 97% of schistosoma infections in their
region. Other studies (Gordon et al., 2015; 2012; Olveda et al., 2014; Wu
etal., 2010) found the prevalence between 0.51 and 0.91. We thus adopt
If,—‘; = 0.75 for our study. With these data and using formulas (25) and
(31)-(42), we obtain a set of three equations for three unknowns, f,fs,
Peo- We used Matlab to solve those equations and obtained

Puo = 0.1214, 14)
fe =1.1255x 107, (15)
P = 8.596. 16)
3. Analysis

3.1. Disease-Free equilibrium

The Disease-Free Equilibrium (DFE) is a 13-tuple of constant solu-
tions to the system (1)-(13) for which there is no parasite in the popu-
lation.Thus,LH :IH :RH :E:M:LG :IG :C:LB :IB = 0.

— A

— Ay — Ac =
Consequently, Sy = e Sg e and Sp e

3.2. Basic reproduction number

The local stability of the DFE will be determined using the basic
reproduction number, Ry. We find Ry by the next-generation matrix
method (van den Driessche and Watmough, 2002) as shown in
Appendix A. It follows that

Ry = R{VRYORGC (RS"RY™ + RGPRYT), a7

where
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Note that RE™ corresponds to the number of miracidia resulting from
a single egg (as the egg hatches with probability ,-"-). Similarly, RMG
corresponds to the number of snails a single miracidia can infect on

average; t is the expected time the miracidia lives and during that time

it infects the snails at rate §;N;. Using analogous reasoning, we see that
R§C is the expected number of cercaria from a single latently infected
snail, R§" and R§® are the expected numbers of humans and bovines,
respectively, infected by a single cercaria. Finally, RE¥ and REE are the
expected number of eggs produced from a single latently infected human
and bovine, respectively.

It follows that when Ry < 1, then, on average, one egg generates
fewer than one new egg in the next generation, preventing schistoso-
miasis from spreading. Formally, when Ry < 1, then DFE is locally
asymptotically stable (van den Driessche and Watmough, 2002). While
we do not explicitly investigate the global stability of DFE, we believe
that the global stability of DFE for Ry < 1 can be shown by constructing
a suitable Lyapunov function as done for a similar model in Kadaleka
et al. (2021b).

By plugging our parameter values into (17), we get Ry ~ 4.42 at the
baseline.

3.3. Endemic equilibrium
The endemic equilibrium (EE) is an equilibrium where the parasite is

still present in the population. The calculations are outlined in
Appendix B. It follows that
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Since the constant coefficient of the quadratic equationisc = 1 — Ry and
the leading coefficient a > 0, it follows that the (26) has a positive root if
and only if Ry > 1.

Once L, is given by (25), the other compartments are evaluated by
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Table 1

Parameter notation and values. The times are in years, the rates are per capita
per year. The details behind estimating the parameter values are shown in
Section 2.3.

Symbol  Description Value Reference
A Birth rate of h 0.022
" irth rate of umans The World Bank
(2021a)
Ag Birth rate of snails 3.54 .
Ishikawa et al.
(2006)
Ap Birth rate of carabaos 0.244 .
Rinon et al. (2022)
Hu Natural death rate of humans 0.007
The World Bank
(2021b)
-1 Lifespan of snails 5/12
He P / Australian
Government (2017)
Hg Natural death rate of carabaos 0.2548 .
Mingala and
Gundran (2008)
-1 Lifespan of eggs 1.5/52
HE P 88 Colley et al. (2015)
—1 Lifespan of miracidia 0.001
Hu P Sun et al. (2000)
P Life f i 0.5/365
He ifespan of cercariae / Whitfield et al.
(2003)
Pro Transmission rate in humans at 0.1214 Fitted
the baseline
ra Control method, proportion of variable Assumed to be the
time the human contact with same as rg
freshwater is avoided (compared
to the baseline)
Pu Transmission rate in humans (1- Assumed
(with control) T4)Pro
Be Transmission rate in snails 1.1255 x Fitted
106
Pro Transmission rate in carabaos 8.596 Fitted
without control
B Control method, proportion of variable Assumed 0 at
time the human contact with baseline
freshwater is avoided (compared
to the baseline)
P Transmission rate in carabaos (1- Assumed
(with control) 78)Po
=1 Schistosoma e roduction 4
Pr . 88 P Doumenge and Mott
period
(1984)
6, Rate of losing immuni 0.2
" & v Kura et al. (2021)
MDA (PZQ) treatment rate of 0.3242
Z (PZQ) Olliaro et al. (2020);
humans
Rinon et al. (2022)
-1 Schistosoma latency periods in 6/52
OH yP / Colley et al. (2014)
humans
-1 Schistosoma latency periods in 5/52
% B Y P / Sun et al. (2000)
snails
-1 Schistosoma latency periods in 6/52
B Y P / Yang et al. (2012)
carabaos
n Shedding rate of eggs for humans 1.1 x 10°
" g 88 x 10 Cheever et al. (1994)
B Shedding rate of eggs for carabaos ~ 3.07 x 107 . .
Tenorio and Molina
(2020)
Hatching rate of miracidia 365/2
YE J / Wanlop et al. (2022)
¢ Cercariae release rate 7100 .
Qian et al. (1997)
Ap
Sy =—=—(Ly+1), (39)
Hp
Ag
S, = w Ly + 1), (40)
G

B o= Nl + Nplp

(41)
Ye T HE
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Table 2
Sensitivity index of Ry for different parameters.

Parameters Sensitivity indices
Ag 1

P 1

o¢ 1

Ap 0.99993

Pro 0.99993

ng 0.99993

oG 0.1875

YE 0.15963

op 0.028564

Ay 7.4914e-05
Prio 7.4914e-05
Ny 7.4914e-05
ol 6.0458e-08
Oy 0

H 0

B 0

Pu — 3.2224e-05
ou — 4.1788e-05
Hy — 7.5877e-05
HE — 0.15963
Hm -1

He -1

Hp — 2.0284

He — 2.1875

1¢
HUB
Ho
Har

-2 -1 0 1

Fig. 3. Sensitivity indices of Ry on various parameters; only the parameters for
which the absolute value of the sensitivity index is larger than 0.05 are shown.

* VE 1
M MME . (42)

We did not explicitly consider stability analysis of the endemic
equilibrium. However, we believe that the equilibrium is globally
asymptotically stable when Ry > 1; this kind of result has been shown,
for example, in Diaby (2015). Similarly, Madubueze et al. (2022a) also
showed the stability of the endemic equilibrium for a similar system
using the center manifold theory by Castillo-Chavez et al. (2002).

4. Results

At the baseline, the reproduction number is Ry =~ 4.42, meaning that
in a completely susceptible population, a typical fertile adult worm
would on average produce 4.42 female worms during its life.

We conducted sensitivity analysis of Ry based on Arriola and Hyman

(2009); the sensitivity index of Ry on a parameter p is defined as R%-%.

Table 2 shows the numerical values of the sensitivity indices and Fig. 3
shows the indices graphically for all the significant parameters. The
actual dependence of Ry on rp and ry is plotted in Fig. 4 and the
dependence of Ry on all other parameters can be seen in Appendix C.
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TH

Fig. 4. Dependence of Ry on rg (left) and ry (right). Parameters that are not varied are as specified in Table 1. Left: As rp increases, Ry decreases and eventually, for
large enough rp, Ry < 1. This means that schistosimiasis can be eliminated by reducing bovine contact with water. In contrast, Ry is almost constant in ry, i.e.,

schistosomiasis cannot be eliminated by reducing human contact with water.
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Fig. 5. The evolution of the prevalence of human (left) and bovine (right) infection for different values of rz based on the numerical simulation of the system (1)-(13)
with initial conditions at the current endemic equilibrium (Iy/Ng ~ 0.02,Ig/Ng ~ 0.007,I3/Ng = 0.75). The parameter values are as specified in Table 1.

For completeness, we also performed uncertainty and sensitivity
indices based on LHS-PRCC sampling scheme based on Blower and
Dowlatabadi (1994), similarly to what has been done in Madubueze
et al. (2022a). The results are qualitatively similar to the sensitivity
analysis by Arriola and Hyman (2009) and are shown in Appendix C in
Figs. 6-10.

The effect of snail-related parameters is most profound. Decreasing
the number of snails, i.e., Ag /i or decreasing the transmission rate f§;
would result in significant decrease of Ry. The effect of human related
parameters on the reproduction number is negligible. The control
strategy of freshwater avoidance by humans has almost no effect on Rg.
This is in sharp contrast with the same control strategy for carabaos.

We are primarily interested to see whether it is possible to eliminate
schistosomiasis by avoiding contact with fresh water. Since the effects of
ry on Ry are negligible, we set, for simplicity, ry = rz. Then, we get, by
an,

Ro(rg) = (1= rp)Ro(0). (43)

Thus, to eliminate schistosomiasis, we need rg > rf, where

~0.77. (44)

EL
rg=1- Ro(0)
In other words, at least 77% of the bovine population must avoid
contaminated freshwater sources in order to break the schistosomiasis
cycle and eliminate the disease.

Fig. 5 demonstrates the time component of the elimination. If the
contact between bovines and freshwater is reduced by about 80%, the
prevalence of human infection would decrease by over 50%

approximately every 10 years. In other words, the current prevalence of
2% could be reduced to under 1% in 10 years and to under 0.5% in 20
years from now. Reducing the contact between bovines and water by
90% would speed up the elimination even more; the prevalence of 0.5%
could be reached in about 10 years. Even a contact reduction by 70%
still results in disease prevalence under 1% in about 10 years although
this reduction would not eliminate schistosomiasis completely. On the
other hand, we can see that reducing the contact by 50% will reduce the
disease prevalence by about 25%. While this effect could be felt within
10 years, no further significant decrease of prevalence would follow
afterwards.

5. Conclusion

We formulated and analyzed a compartmental model depicting
schistosomiasis disease dynamics in the Philippines. We expanded on
existing schistosomiasis models to consider the different life stages of
S. japonicum, the human, snail, and bovine populations, latent periods of
S. japonicum in the three host populations, and recovery and acquired
immunity in humans.

We derived the formula for the reproduction number and, based on
model calibrations, we estimated the reproduction number to be
approximately 4.42. Our strategy for effectively combating disease
transmission focuses on reducing infection rates by reducing the con-
tacts with freshwater sources. We have shown that the reduction of
bovine contact with water by about 77% can eliminate schistosomiasis.
While this reduction seems significant, we argue that it could be ach-
ieved by increasing the mechanization level which is already planned in
the Philippines.
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Our numerical simulations also demonstrate that the effects of the
contact reduction could be felt within 10 years. The water contact
reduction does not even have to be the full 77% required for the com-
plete elimination. When the water contact reduction is 50%, the disease
prevalence in humans will drop from the current 2% to about 1.5% in 10
years (but will not change much afterwards). The water contact reduc-
tion by 70% would achieve the disease prevalence under 1% in slightly
more than 10 years.

Overall, we argue that the potential elimination of schistosomiasis
should be considered as an additional benefit of the mechanization ef-
forts in the Philippines.

Our proposed compartmental model extends previous models of
schistosomiasis in the Philippines. Chen et al. (2010) use a conceptually
similar model, although they involve only susceptible and infectious
compartments for each population and did not explicitly consider
miracidia and cercariae. The model in Ishikawa et al. (2006) is similar,
but considers rats instead of bovines and does not consider a recovered
compartment. On the other hand, their model considers low and high
shedding snails.

For simplicity, we considered only human, bovine and snail pop-
ulations. However, other hosts are involved in the transmission and
incorporating those hosts would make the model more precise. At the
same time, Rudge et al. (2013) showed that bovine is the most critical to
transmission. Thus, incorporating other hosts thus does not substantially
alter the qualitative results; it would only result in the necessity for even
bigger reduction of bovine contact with water to eliminate the disease.
Also, for simplicity we assumed a simple relationship between the
density of miracidia, the force of infection in snails as well as between
the density of cercaria and the force of infection in humans and bovines.
Chiyaka and Garira (2009) considered Holling II type response, Gao
et al. (2011) considered Holling III type response. These differences
could play a role in the model calibration, but overall should not in-
fluence the analysis of the reproduction number at the disease-free
equilibrium. Finally, in our model, we assumed that seasonal and
weather variations do not affect the snail, miracidia, and cercariae
populations. Incorporating seasonality would significantly improve the
model realism.

Appendix A. Basic reproduction number
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We follow the next-generation matrix procedure described in van den Driessche and Watmough (2002). The compartments associated with
infection in our model are {Ly, Iy, Lg, I, Lg, Is, C,E, M} and we will keep them in this order.

The rate of appearance of new infections are

PuSuC
0
BeSeM
0

F =1 pSiC
0
6(;1@
Nulu + 1l
0

(45)

and the net outflow (outflow minus inflow) from the compartments carrying the pathogen is

oyly + pylLy

bulu + pyly + pyly — only
ogLg + pugLc
Hele — ocle

7" = opLlp + pgly

”BIB — UBLB

HcC
HeE + 7pE
M —ygE

(46)
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This gives the Jacobian matrices

0000 00 Plnygy
1%
000000 0 0 0
000000 o oPdhe
He
0 0 0 0 0
F= (47)
0000 00 PPy
Hp
000000 0 0 0
00 06 00 0 0 0
0my 00 0m O 0 0
00 00O0O0O 0 0 0
and
(0w + Hy 0 0 0 0 0 0 0 0]
6y dytpytuy O 0 0 0 0 0 0
0 0 66 +ug O 0 0 0 0 0
0 0 N 0 0 0 0
v=1_ o 0 0 0 os+uy O O 0 0 (48)
0 0 0 0 —o5 py 0 0 0
0 0 0 0 0 0 ue 0 0
0 0 0 0 0 0 0 pptye O
L0 0 0 0 0 0 0  —y
Thus,
_ 1 .
0 0 0 0 0 0 0 0
on + py
on ! 0 0 0 0 0 0 0
(by + oy + 1) 0y +py) by +py + 1y
0 0 L 0 0 0 0 0
06 + g
0 _ 9% 1 0 0 0 0 0
ﬂc(ﬂc+56) He
1
v = 0 0 0 0 0 0 0 (49)
op + Up
1
0 0 0 % 0 0
up(os +pg)  Hg
1
0 0 0 0 0 0o — 0 0
He
1
0 0 0 0 0 0 0 0
Mg+ e
, 1
0 0 0 0 0 o o — " 2
MM(/"E+yE) Hu

and
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_ A ;
0 0 0 0 0 o Pl 0 0
Helu
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 7P Pl
Hobu (e +7E) Pk
0 0 0 0 0 0 0 0 0
A
FV' = 0 0 0 0 0 o Psha 0 0 (50)
HpHc
0 0 0 0 0 0 0 0 0
O 1
0 0 _ %% % 0 0 0 0 0
He(06 + Hg) Mo
NuOH NMu 0 0 1508 LB 0 0
(0n + uu)( Py + Py +Hy) Sy + Py + by Hg(08 +Hg) My
| 0 0 0 0 0 0 0 0 0
The spectral radius of FV1, is given by
p(FV™) = {/REVRYCRS (RSRI" + RE"RYY) (5
where
REM  — Ve 7 59
0 YetHe 52)
1 A
RYC =—p—C, (53)
Hu Mg
RGC oG 1 5 (54)
—0G,
’ 06t Hg Hg
1 A
RS =—p, ", (55)
0 He HﬂH
1 A
R® =—py—, (56)
c Hp
RFE  _ On 1 . (57)
0 on +py $y+ Py +/4HIHI
BE op 1
R (58)

C e

Because we model the life-cycle of schistosoma through four stages (eggs/miracidia, snails, cercaria, humans/bovines), this yields

Ry = R{"RY°RS" (RyCHR{" + R"RE"™). (59

Note that REM corresponds to the number of miracidia resulting from a single egg (as the egg hatches with probability nifms' Similarly, RYS corresponds
to the number of snails a single miracidia can infect on average; ﬁ is the expected time the miracidia lives and during that time it infects the snails at

rate f;Ng. Using analogous reasoning, we see that RoXY is the expected number of parasites at stage Y caused by a single parasite at stage X.

Appendix B. Solving for endemic equilibrium

The endemic equilibrium, E* = (Sy, L}, I;, Ry, E*, M*, S§;, Lg, I, C*, Sy, Ly, I) is found by setting the right-hand sides of the equations to 0 and
solving the resulting system of algebraic equations.
Separately adding the equations for the humans, snails, and bovines, yields

0 = Ay —uyNy, (60)
0 = Ag—ughg, (61)
0 = Ap— pughy, (62)
where

NH :SH +LH+1H —"RH7 (63)

10
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N¢ =S¢+ Lg + Ig,and

Np =Sp+Lg+1p

are the total population sizes. Thus, at equilibrium,

A
Ny ==%,
Hu
A
N, ==%
Hg
A
Ny =-%
Hp

We also easily find

B = Nly + Nplp
YE T He
o= Tepe _VE (1l + ns15)
Hu Hy(vE + HE)
oG
. =%
G o O
1] 1]
He He Ko
Op
rr =2
B e
oy
AL —
" ¢y + Py + Hy "
R = Pa__p _ OnPu It
" .”H+9HH (#y + Ou) by + Py + 1) "
Thus,
Sy =Ny — (L + 1 + Ry)
=N;, — Lyxy
where
OH oupy
xy =1+ + .
" bu+ oyt iy (g +Ou)(by + Py + py)
Similarly,

Sy =Ny — (L +1}) :Nz;sz(u@),

Hp

%:%—@+@:W—QO+@)

Hg

By (2) and (72),

5(;0'(;
L. — (UH +u )L* .
Hetg © e

0=FuSy

By (77), this yields

660G

0=7py (NE 7LLXH)' Lg; — (on + py)Ly

Hcke

and thus
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+ 0GOG T *
. PulifeL REMRSCL,
H — 5GOG T * 1 pGC OHtin"
ﬂ,_,xH G "L +on + py ﬂHxH;RO L; + THZ

By (12) and (72),

0= B,S} 5600

o+
ﬂcc (e w)Ls

By (79), this yields

0= /3{ L*<1+ﬂ )} 069G 5y 4 up)Ls

Heke
and thus
I = PoNigcsel _ RSPRGCL,
‘B =
ﬁs(l +Z—z) 5(,0(;["‘ + o5 + Uy ﬁB(l +Z_§> ”l_CRgCLZ;_,'_xiZi
By (9),
+ YE Ne0n N50s, . .
0="7dS ( 0t > — (06 +Ho)L
G GﬂM(J’E"'ﬂs) ¢H+PH+ﬂH g G 6) G
Substituting formulas for S, Lj; and L}, yields
0=72 {N* L (1 + ”_G)} 143 Nuou RSHRSCLy,
e ¢ He Hu(ve + He) | bu + Py + By B fR(’CL* +()'H + py
he 06 + Hg
o RCBRGC| * )
}’73 B o1 0 Lo — (06 + H)Ls
He | p (1 +@) A gocps 4 081 My
? Hg/) Hc 0 e oG + Ug

This yields either Ly = 0 or we can substitute for appropriate Rgs and get

0 — REM MG Rac (| L o6 +ug ‘R(C)VHRSIE ‘RgBRgE 1
0 70 70 & He PuxaRSCLE (06+uG) +1 PeRECLE (06+Hg) +1 :
He(on+ig) Hhe

Temporarily substitute y = R§CLE (o6 +ug)/pc and we get

RCHRHE RCBRBE
0 = R;RY°REC (1 - N*iac k) Brxy + ﬂ:y o
Ro™ #e/) | G+ 1 T+
This yields

O:REMRMGRGC(I Y :MC) (RCHRHE<@+1) _'_RCBRBE(ﬂHXHy +1))
0 0 0 N*RGC U 0 0 Up 0 0 on +HH
)
On + py Hp
which becomes a quadratic equation
ay* +by+c=0
where

a REMRMGRGC (R RHbﬁB n RCBRBbﬂHXH> He n BePuxn
+ pGC )
Hp On + Hy NGRy Hg (On + 1y )pp
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RS"RIEB,  RSEREEB, xy

Hp Oy + iy

b —-remense( s
G0 G

c :l_RO

When y is solved from (92), we have

YHc

L,=—_2c
N

Appendix C. Sensitivity Graphs
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Fig. 6. Dependence of Ry on parameters related to bovines. Dependence of Ry on rg was already shown in Fig. 4. Parameters that are not varied are as in Table 1.
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Fig. 7. Dependence of Ry on parameters related to humans; Ry is nearly constant with respect to all of them. Dependence of Ry on ry was already shown in Fig. 4.
Parameters that are not varied are as in Table 1.
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Fig. 9. Dependence of Ry on parameters related to free ranging stages of the parasite. Parameters that are not varied are as in Table 1.
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Fig. 10. Uncertainty and sensitivity indices based on LHS-PRCC sampling scheme based on Blower and Dowlatabadi (1994). Only the parameters for which the

absolute value of the sensitivity index is larger than 0.05 are shown.
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