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Abstract

Background: Schistosomiasis japonica, caused by infection with Schistosoma japonicum, is still recognized as a
major public health problem in the Peoples’ Republic of China. Mathematical modelling of schistosomiasis
transmission has been undertaken in order to assess and project the effects of various control strategies for
elimination of the disease. Seasonal fluctuations in transmission may have the potential to impact on the
population dynamics of schistosomiasis, yet no model of S. japonicum has considered such effects. In this paper, we
characterize the transmission dynamics of S. japonicum using a modified version of Barbour's model to account for
seasonal variation (SV), and investigate the effectiveness of the control strategy adopted in Liaonan village of Xingzi
county, Jiangxi Province.

Methods: We use mathematical tools for stability analysis of periodic systems and derive expressions for the basic
reproduction ratio of S. japonicum in humans; we parameterise such expressions with surveillance data to
investigate the conditions for persistence or elimination of the disease in the study village. We perform numerical
simulations and parametric sensitivity analysis to understand local transmission conditions and compare values of
the basic reproductive ratio with and without seasonal fluctuations.

Results: The explicit formula of the basic reproduction ratio for the SV-modified Barbour's model is derived. Results
show that the value of the basic reproduction ratio, Ry, of Liaonan village, Xingzi county is located between 1.064
and 1.066 (very close to 1), for schistosomiasis transmission during 2006 to 2010, after intensification of control
efforts.

Conclusions: Our modified version of the Barbour model to account for seasonal fluctuations in transmission has
the potential to provide better estimations of infection risk than previous models. Ignoring seasonality tends to
underestimate Ry values albeit only marginally. In the absence of simultaneous Ry estimations for villages not under
control interventions (such villages do not currently exist in China), it is difficult to assess whether control strategies
have had a substantial impact on levels of transmission, as the parasite population would still be able to maintain
itself at an endemic level, highlighting the difficulties faced by elimination efforts.
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Background

Human schistosomiasis japonica is caused by infec-
tion with Schistosoma japonicum, a parasitic flatworm
(Platyhelminth: Trematoda), and a significant cause of
morbidity in oriental Asia, including the People’s Republic
of China (P.R. China), the Republic of the Philippines and
Indonesia [1]. The disease is a serious threat to human
health and contributes to poverty in endemic regions, and
has been prevalent in P.R. China for more than two mil-
lennia [2]. Schistosomiasis was endemic in 12 provinces
of P.R. China, with an estimated 11.6 million people
infected as indicated by epidemiological data from the
1950s [3]. Over the last few decades, the prevalence and
burden of disease in P.R. China has dropped significantly
as a result of sustained efforts and updated intervention
strategies within the context of the national schistosomia-
sis control programme [4,5]. However, the programme is
facing new challenges due to the rebound of transmission
in some areas, probably influenced by changes in envi-
ronmental and social factors, particularly in lake regions,
which exhibit more ecological complexity than other re-
gions [6]. One of the obvious complexities of S. japonicum
is that it is a multiple host—parasite system, with many
possible non-human, mammal (wild and domestic) re-
servoirs potentially playing a role in transmission [7]. The
results of a nationwide schistosomiasis survey in 2003
revealed that there were still more than 800,000 people
infected with S. japonicum in P.R. China, with an average
infection prevalence of 2.5% [8]. Since then, the national
control programme has intensified its efforts, imple-
menting an integrated control strategy aiming to interrupt
transmission by focusing on the elimination of infectious
sources [9].

The possibility to eliminate schistosomiasis transmis-
sion in P.R. China has spurred much debate and
discussion on the operational feasibility of such an
endeavour. At the same time, mathematical modelling of
S. japonicum has been crucial to help understand its
transmission dynamics and the effects on such dynamics
of the interventions implemented [10-14]. Further inves-
tigations on the threshold of schistosomiasis transmis-
sion, measured by the basic reproduction ratio (R,) have
been undertaken to understand the feasibility of, and
effort involved in the shifting of the current strategy
from transmission and morbidity control to elimination
of the infection reservoir [15,16].

The concept of the basic reproduction ratio can be
traced back to the work of Alfred Lotka, Ronald Ross,
and others [17-20], but its first application in modern
epidemiology was by George MacDonald in 1952, who
constructed population models of the spread of malaria
[21]. It is often denoted by R, and has received much
attention in mathematical epidemiology [22-27]. The
basic reproduction ratio is typically defined in the
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epidemiology literature as the average number of second-
ary cases resulting from a single infected primary case, in-
troduced into a completely susceptible population, during
the entire infectious period [28]. This threshold criterion
states that when Ry< 1, each infected individual produces,
on average, less than one new infected individual, and the
infection would be cleared from the population. If Ry> 1,
the infection will become endemic in the population pro-
viding that susceptibles are replenished. In an endemic in-
fection, we can determine which control measures, and at
what magnitude, would be most effective in reducing R,
below one, providing important guidance for public health
initiatives [29].

Mathematical modeling of schistosomiasis transmis-
sion, which began with the work of MacDonald in 1965
[30], has been undertaken extensively over the years,
both from a theoretical standpoint [31-35], and from
the perspective of developing operational research tools
for evaluation of control programmes [36-38]. By simu-
lating control interventions, models are used to make
theoretical predictions and/or projections about the
future trends of schistosomiasis.

Broadly, mathematical models for schistosomiasis can
be divided into those describing the intensity of infection
(the worm burden per host), such as the early frameworks
of MacDonald (1965) and others [28,34,39,40], and those
describing the prevalence of infection [32,41-44]. In par-
ticular, Barbour (1996), to which we refer here as the
Barbour’s model, compares the performance of both ap-
proaches for the calculation of Ry and concludes that in-
tensity of infection frameworks which include density
dependence in the snail component alone may lead to its
underestimation. The interactions between definitive hosts
and snail intermediate host in multihost—parasite systems
are more complex than that has been described in
Barbour’s model [41] (Table 1). In model (1.1), 2 and b are
composite parameters. Parameter a, involving much biol-
ogy and sociology, represents the rate at which a single de-
finitive host becomes infected at unit density of infected
snails and is difficult to estimate. Parameter b is the rate at
which snails become infected. For each definitive host,
Barbour [41] indicates that the force of infection acting
upon a single definitive host species is equal to aAy, where
A is the density of snails, and y is the prevalence of infected
snails (Table 2). Barbour [41] defines Ry’ =abX/(gu)
as the basic reproduction ratio for the autonomous
dynamical system (1.1), where X is the density of hosts, g
the recovery rate for definitive host infections, and y the
per capita mortality rate of snails. It is shown that if Ry < 1,
the only equilibrium is P = y = 0, with P and ¥ denoting,
respectively, the average prevalence of infection in hosts
and snails, and no endemic infection is possible. If Ry>1,
infection leads to an endemic steady state. An extended
Barbour’s two-host model system that was also described
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Table 1 Interpretation of model (1.1) from Barbour (1996)
[41]
Code

Model

dp

7 = 9y(-P)-gP,
(1.m pe

ly 2

—=b(—|P(1-y)—

p ( A) (1=y)-wy,
The dynamics of schistosome

transmission is represented by this
set of coupled differential equations

Parameters Interpretation

P the prevalence of infection in the
definitive host population

the proportion of infected snails

the rate of incidence for a
single definitive host at unit
density of infected snails

b the rate at which an infected
definitive host causes snail infections

g the recovery rate for definitive
host infections

the density of snails
the density of definitive hosts

u per capita death rate of infected snails

by Barbour 1996 for S. japonicum, was used to study
human-bovine transmission of schistosomiasis in Jiangxi
Province, P.R. China [14]. The analysis showed that treat-
ment of humans that eliminates a fraction of adult worms
according to drug efficacy and coverage has an immediate
and large effect on human prevalence of infection, whereas
treatment or vaccination of bovines with an anti-S
Jjaponicum fecundity vaccine of imperfect efficacy impacts
on human incidence in the longer term [2,45].

In the aforementioned framework, the coefficients of
the Barbour’s model and its extensions are reasonably
simplified. Those coefficients are considered as con-
stants, which are approximated by average values. Our
field observations indicate, by contrast, that infection of
definitive hosts occurs at different rates every month of
a year in the endemic areas, with a high re-infection rate

Table 2 Model of force of infection with a and b as
composite parameters

Code Model
(From 1.1)  a = {rate of a host contacting contaminated water per unit
time} x { density of cercariae} x {probability that a
cercarial encounter leads to the establishment
of an adult parasite}
(From 1.1) b = {rate of egg-laying} x {probability of an egg developing

into a miracidium} x {probability that a miracidium

penetrates a snail} X {probability that a miracidial

penetration into an uninfected snail develops into
patent infection}
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[46]. In fact, natural factors, such as seasonal changes in
moisture and temperature, affect the abundance and
activity of the intermediate snail host, Oncomelania
hupensis, and the transmission dynamics of schistoso-
miasis are in a constant state of flux [47]. Moreover,
there are many social factors related to human behav-
iours accounting for the change of schistosomiasis inci-
dence, such as marked changes of contact rates caused
by daily production activities [48]. Therefore, periodic
fluctuations in schistosomiasis transmission occur and
vary according to local settings, yet such fluctuations
have not yet been incorporated into mathematical
models of schistosomiasis japonica.

The objectives of the present study are, therefore, (i)
to modify the prevalence framework presented by
Barbour by incorporating seasonally fluctuating dynam-
ics, (ii) to derive expressions for the basic reproduction
ratio with seasonality and compare them with those
ignoring seasonality, (iii) to parameterize the model with
surveillance data from a study village in Liaonan in
Xingzi county, Jiangxi Province, and (iv) to discuss the
impact of the interventions implemented on the stability
and persistence of S. japonicum in the study area.

Methods

To incorporate seasonal variation with multiple factors
into mathematical models, a reasonable method is to
assume that some parameters of the model behave as
periodic functions [3,49]. In order to overcome the
shortages of Barbour’s model as discussed above, we
modify the mathematical model for S. japonicum trans-
mission by including periodic coefficients. Taking the
rates of change with respect to time of infected humans
and of infected snails as our variables of interest (thus
ignoring non-human definitive hosts), the following
assumptions are made: (i) the human population is con-
sidered a constant closed system in which it is taken that
the death rate is equal to the birth rate and is much
smaller than the recovery rate, and hence it is ignored in
the corresponding equation, (ii) a snail, whether infected
once or several times, releases cercariae at the same rate,
(iii) the infectivity of an infected definitive host is not
influenced by the number of subsequent infections or by
the current parasite burden of such a host. Under these
assumptions our aim is to assess the effect of the new
integrated control strategy, which has been implemented
since 2005, in terms of temporal trends in the magnitude
of schistosomiasis transmission measured by R, based on
surveillance data collected at our study site.

Mathematical formulation

The incidence of schistosomiasis in the real world tends
to vary due to seasonal ecological fluctuations. With the
aim of assessing the effect of periodic fluctuations on
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transmission of schistosomiasis, we modify the transmis-
sion coefficients, a and b of Barbour’s framework to re-
flect seasonality, namely they become functions of time
rather than fixed constants, a(f) and b(f). Our mathem-
atical model is given by the following equations, with P
denoting the prevalence of infection in humans and y
the prevalence of infection in snails (and the remaining
parameters as defined above and in Table 1) to keep
consistency with Barbour’s model,

dap
il Av(1-P)—
o7 a(t)4y(1-P)-gP,

(2.1)
% =b(t) (j) P(1-y)-py.

Here, the incidence rate at which a single definitive
host acquires infection at unit density of infected snails,
a(t), and the rate at which an infected definitive host
causes snail infections, b(t), are periodic positive con-
tinuous functions of ¢ with period w = 365 (days). Sys-
tem (2.1) is called the seasonal variation (SV)-modified
Barbour’s model. In this study, we choose the composite
functions as follows,

{a(t) = ayo| sin (7t/365)],

b(t) = by sin (1t/365)], (2.2)

1 f(3)65a(t)dt and b = -1 f(3)65b(t)dt. Thus, ag

365 365
=2a, by =Zb, and a(t) = Zal|sin Z%|, b(t) = Zb|sin ZZ|.

with a =

The basic reproduction ratio (Ro)

For the SV-modified Barbour’s model, we use operator
theory in functional analysis and the monodromy matrix
of linear periodic system theory to derive a biologically
meaningful threshold index, the basic reproduction ratio
Ry. The method, which is motivated by the work of
Wang and Zhao [50], presents the R, formulation for
the SV-modified Barbour’s model first. Numerical com-
putation of the basic reproduction ratio was then
conducted using the mathematical programming lan-
guage MATLAB 7.1.

Study area and estimation of model parameters

Liaonan village in Xingzi county, Jiangxi province, was
selected as our study area. This village had implemented
an integrated control strategy, with emphasis on infec-
tion source control, since 2005. Calibration of the model
was based on parameters from the literature and prelim-
inary analysis of the data collected. The data were
obtained from the annual report surveillance data, and
included data from 2003 to 2010. Therefore, data from
2003 to 2005 represent a period prior to implementation
of the integrated control strategy, with data from 2006
to 2010 representing the period of intensified interven-
tion. The prevalence data of human, bovine and snail
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were estimated based on the routine surveillance [51]. In
the routine surveillance, the residents were screened by
antibody-based indirect hemagglutination assay (IHA)
and then the positives with dilution titers over 1:10 in
IHA were confirmed by Kato-Katz stool examination
[52,53]. Infected bovines were detected by the faecal
hatching test, briefly, bovine faecal samples (50 g per
cattle) were stirred and precipitated with clean water for
several times, water was added to the supernatant in a flask
and transferred to an incubator maintained at 25+3°C
for observation after 1-3 hours to check if any miracid-
ium had hatched in the top surface of water in the
flask [54]. The snail intermediate host, O. hupensis, was
detected on the marshland near the study village
connecting to the Poyang Lake, using the methods of ran-
domized sampling with a sampling iron-frame (0.1 m?).
All of snails inside each sampling iron-frame were
collected and dissected under a microscope to check
whether the snails were infected with cercaria of S.
japonicum [55]. The infection rate of humans or snails
was calculated based on how many infected residents
or infected snails there were out of the numbers ex-
amined [56]. The densities of human and bovines were
collected from census data in human and bovines, re-
spectively, and snail density was estimated based on
the average number of snails in each sampling iron-
frame.

For models (1.1) and (2.1), composite parameters a
and b, and composite functions, a(£) and b(t) are difficult
to measure directly, as they involve contact rates be-
tween hosts and snails and the probability of the infec-
tion establishing successfully in humans and snails. The
difficulty in estimating these composite parameters for
schistosomiasis lies in the large amount of unobserved
data inherent in the disease process. Here, we use the
approach of Wu [57] to define composite parameters as
annual average values. Expressions for the functions a(f)
and b(¢) are difficult to determine from reported data, so
in Eqn (2.1) they are represented by periodic functions
to signify seasonal variation. In our study, optimized ex-
pressions of a(f) and b(t) are obtained by using the trig-
onometric functions shown above, with a period 365
days. The values of parameters a and b are equivalent to
the average values of functions a(t) and b(t) in one year
(365 days), respectively.

The reciprocal of the recovery rate, 1/g, is equivalent
to the average duration of infection in human hosts. The
death rate of infected snails was estimated as the recip-
rocal of the snails’ life expectancy [57]. The life expect-
ancy of infected snails and the duration of infection of
humans were estimated based on data from [14]. It was
assumed that the average duration of infection in
humans is 4 years. Snail infections were assumed to last
an average of 6 months and since snails do not recover
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from infection, this was assumed to be the life expect-
ancy of infected snails. Thus, we have g = 1/4 per year =
1/(4 x 365) per day=0.00068 per day, and p=1/6 per
month = 1/(6 x 30) per day= 0.0055 per day.

The density of snails, A(/ m?), and the density of defini-
tive hosts, X(/m?), were estimated from annual report
surveillance data (Table 3). The surveillance data was
collected in July or August each year, rather than
monthly, this was one month after mass drug adminis-
tration with praziquantel for the residents. This yearly
data is often used as an annual average value (therefore
masking any monthly fluctuations that may have oc-
curred). Therefore, for the purpose of modelling (1.1), it
is assumed that schistosomiasis transmission remains in
a steady state throughout the year in endemic areas.

By setting equations of the model (1.1) to zero we find
steady-state (equilibrium) values for the prevalence of
infection in humans and snails,

p= (1—Rl,0>/(1 +i),
2

It is assumed that ¥ is the equilibrium infected snail
prevalence and P is the equilibrium prevalence of infec-
tion in humans for each year.

(2.3)

(2.4)

Results

Calculation of Ry

The mathematical details of the derivation of expres-
sions for the basic reproduction ratio can be found in
the Additional file 1: Derivation of Ry and the proof of
the main results.

Prevalence of infection in humans and snails

The values for the equilibrium infected snail prevalence
and the equilibrium prevalence of infection in humans
are shown in Table 3. Combining these with the steady-
state values of the model, composite parameters a and b
of model (1.1) can be derived from equations (2.3) and
(2.4) and are shown in Table 4.
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Numerical simulation and sensitivity analysis
Based on the annual report data in Xingzi county during
2003 to 2010, where a control strategy which focused on
control of the infection source was implemented in 2005
[58,59], we investigated the effectiveness of the strategies
adopted in Liaonan village of Xingzi county. Table 5
gives the results from the calculation of the basic
reproduction ratios for each year comparing the values
obtained by using model 1.1 (denoted R,) with those
obtained with model 2.1 (denoted R,). The values of R,
are consistently (but not markedly) higher than those of
R,. The values of R, are located in the range from 1.064
to 1.089 for schistosomiasis transmission from 2003 to
2010 in the Liaonan village of Xingzi county, which are
close to 1 (Figure 1). The values of R, obtained with the
non-SV model lay between 1.020 and 1.081.
Furthermore, the sensitivity analysis on parameters a
and b, a =2ay, b=2by and parameters a, and b, are
related to the magnitudes of the seasonal fluctuation a(t)
and b(¢), respectively, showing that parameters, a and b
vary with the basic reproduction ratio. It is also shown
that Ry is linearly related to both a and b with the pat-
tern that R, decreases to a relatively small value (less
than 1) only when a and b are very small (Figure 2).

Discussion

Recently, much attention has been given to developing
schistosomiasis transmission models that can be used to
assess and project the effects of control measures. A
biologically-motivated model of S. japonicum transmis-
sion has been described in detail that incorporates
human hosts, adult parasites, uninfected and infected
snails, free-living miracidia, and free-living cercariae
[60]. A mathematical model for the transmission dynam-
ics of S. mansoni was also presented, in which the dy-
namics of miracidia and cercariae were incorporated
[16]. The model was analyzed to gain insights into the
qualitative features of endemic equilibrium and to allow
for determination of the basic reproduction ratio (using
the spectral radius of an appropriate matrix as described
by Van den Driessche et al [61]). In another study,
thresholds for the survival of schistosomes were
established after more than two human habitats sharing

Table 3 The data for A, X, P, and y from annual report data in Liaonan village, Xingzi county, Jiangxi Province, P. R.

China

Parameter 2003 2004 2005 2006 2007 2008 2009 2010
AUm?) 280 339 91.5 1335 411 175 1.3 24
S(/m?) 0.030 0.020 0.048 0.017 0.031 0.018 0.031 0.018
P (%) 0.0671 0.0533 0.0631 0.0454 0.0454 0.0454 0.0453 0.0457
y (%) 0.00021 0.00005 0.00013 0.00014 0.00018 0.00050 0.00077 0.00002

Note: A means the density of snails,  means the density of definitive hosts, P means the average prevalence of infection in hosts in one year, ¥ means the

average prevalence of infection in snails in one year.
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Table 4 The calculated values of composite parameters a and b from Model 1.1

Parameter 2003 2004 2005 2006 2007 2008 2009 2010
a 0.0085 0.0226 0.0038 0.0017 0.0044 0.0037 0.0037 0.0088
b 0.0157 0.0088 0.0224 0.1344 0.0287 0.0598 0.0341 0.0254

Note: a refers the infection rate at which an infected snail makes an susceptible definitive host to be infected per unit time (1 day) and per square meter waters,
b refers the rate at which an infected definitive host causes the snail population to be infected per unit time (1 day) and per square meter waters.

the same contaminated water resource were observed
[15], then control strategies were discussed in the light
of these thresholds [15]. Many of these studies, however,
have not yet solved the problems associated with esti-
mating Ry, which is remarkably difficult, particularly for
vector-borne and indirectly-transmitted diseases, based
on field surveillance data [62,63].

In general, the difficulty lies in the large number of
parameters necessary to obtain or estimate the basic
reproduction ratio. So decisions as to which parameters
are the most important are crucial. In this study, we
modified the framework presented by Barbour in 1996,
adapted for S. japonicum transmission, by incorporating
periodic functions into those parameters that include
the contact rates, to evaluate the effect of control mea-
sures in one village in Xingzi county. Parameters g
(the recovery rate from infection in the humans), u
(the mortality rate of snails), A (the density of snails per
unit water area), and X (the density of definitive hosts),
can be directly obtained from the reported data. How-
ever, there is no information available for the values of
parameters a(f) and b(t), the transmission coefficients
from snails to humans and from humans to snails, re-
spectively, in model (2.1). For simplicity, we employed
trigonometric functions for the expressions of a(t) and
b(t). While detailed information is still lacking, there is
little doubt that the composite parameters change over
time. The method we used to estimate the composite
parameters of model (2.1) in this paper takes into con-
sideration realistic features of the disease and is prefera-
ble to the constant coefficients used in other models.
However, although our values of the basic reproduction
ratio obtained with the SV-model were consistently
higher than those obtained with the non-SV model, the
difference was only marginal.

Often, the basic reproduction ratio is a useful indicator
of both the risk of an epidemic and the effort required
to control an infection. Here, we define the basic
reproduction ratio R, of the SV-modified Barbour's
model (2.1) and confirm that the disease would be con-
trolled if Ry < 1 or sustained at an endemic level if Ry > 1.

On the basis of the surveillance data collected, we ob-
served that the basic reproduction ratio of S. japonicum
in Liaonan village under control lies in the range of
1.064 to 1.066 after 2005, with slight year-to-year fluctu-
ations. It is shown that although Liaonan village has
achieved good results by implementing integrated con-
trol strategies, with emphasis on infection source con-
trol, the results are not very different from those
between 2003 and 2005, before the intensification of
control efforts, suggesting that the infection is still able
to maintain itself at a low, yet quasi-steady state equilib-
rium. Other modelling studies have shown that after re-
peated treatment, and conditioned to non-elimination,
the prevalence distribution, in those villages where infec-
tion persists at a very low level, it reaches a stationary
(termed a quasi-stationary) distribution [31,64-67]. Mod-
elling studies for lymphatic filariasis have also shown
that in the vicinity of transmission breakpoints, parasite
resilience and the specificities of the host-parasite system
and distribution among hosts may make elimination
hard to achieve [68].

The composite parameters in our SV-modified
Barbour’s model are naturally subject to fluctuation in
time, that is, the SV-modified Barbour model is non-
autonomous. It should be more realistic than the
autonomous system, as seasonal variation in the dy-
namics of snails and humans occur in the field.
Moreover, from our results of numerical computation,
we can see that transmission elimination policies,
based on computation of the basic reproduction ratio
using time-averaged transmission coefficients, may
underestimate (albeit slightly) the infectious risk in-
herent to periodic disease transmission.

Note that the values computed for the basic repro-
duction ratio depend on model parameters, which can
be influenced by the control strategies implemented in
the study areas. For better control and elimination of
schistosomiasis japonica, it is necessary to obtain a
better knowledge of the relationship between control
strategies and model parameters, particularly those com-
posite parameters that include the contact rates. The

Table 5 Numerical results for the annual basic reproduction ratio values according to Models 1.1 and 2.1

Basic reproduction ratio 2003 2004 2005 2006 2007 2008 2009 2010
RL) 1.0705 1.0582 1.0811 1.0202 1.0433 1.0531 1.0424 1.0519
Ro 1.0890 1.0729 1.0843 1.0642 1.0642 1.0646 1.0648 1.0660

Note: R;) corresponds to the original Barbour’s model (1.1), Rocorresponds to the seasonal variation (SV)-modified Barbour’s model (2.1).
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Figure 1 Changes in the basic reproduction ratio in the
Liaonan village from 2003 to 2010.

main interventions for schistosomiasis include prevent-
ive chemotherapy using praziquantel which impacts on
the duration of infection, health education that affects
contact rates, mollusciciding which decreases snail
survival, environmental management that influences
exposure, and sanitation improvement which decreases
contamination rates of water sites. On the whole, elimin-
ation of schistosomiasis is based on protection of water
sources, limitation of water contact, and eradication of
intermediate snail hosts [69]. Treatment with praziquan-
tel, which reduces egg output, should reduce contamin-
ation rates and impact on b (the rate at which humans
infect snails). However, it has also been suggested that
praziquantel treatment, by killing adult worms and re-
leasing antigens otherwise not seen by the immune
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system [70], can have a ‘vaccination’ effect by these anti-
gens eliciting some protective immunity (thus impacting
on a) [71]. The frequency of contact with infected water
by humans in the lake and embankment areas can be
high. Health education can reduce the frequency of con-
tact with possibly contaminated water, also impacting on
a. Sanitation improvement should reduce the probability
of faeces reaching water sites and therefore the probabil-
ity of an egg developing into a miracidium, also decreas-
ing b. However, sanitation improvement may also reduce
exposure and hence a. It is well known that reducing
the number of snails with extensive mollusciciding, and
modifying snail habitats by draining rivers and ditches
will reduce contact rates. Chemical mollusciciding in the
study village was generally carried out annually. But
snails re-appeared in certain environments still suitable
for snail breeding. Thus, environmental modification
was also carried out in an effort to control transmission
more effectively [72].

Conclusions

Limitations of our study

The SV-modified Barbour's model for schistosomiasis
transmission proposed here has the following limita-
tions. Firstly, in fact, S. japonicum is a zoonosis with
over 40 species of mammals acting as possible reservoir
hosts as stated earlier [73,74]. Bovines are thought to be
particularly important for harbouring and transmitting
S. japonicum in lake and marshland regions of southern
China [74-77]. Diagnosis and control of bovine schisto-
somiasis is vitally important for reducing the prevalence
of the disease [14]. Thus, it will be important to be able
to include transmission from non-human definitive
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Figure 2 The relationship between a, b and R,. The graph demonstrates the sensitivity of the basic reproduction ratio to the changes of composite
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hosts into the model for evaluation of the efficacy of
control programmes in many other disease-endemic
areas. Our present model attempts to incorporate sea-
sonal fluctuations of transmission, but in the future we
will extend Barbour's two-host model to investigate a
multihost model with seasonal fluctuations. Secondly,
the basic reproduction ratio completely determines the
long-term behaviour of the disease only in theory. We
computed yearly basic reproduction ratios according to
the expressions derived from our model and the previ-
ous non-SV model. Although indicative, this is not
sufficient; formulation of stochastic models that allow
the feasibility of elimination to be explored, and analysis
of empirical studies in near elimination scenarios to
determine operational thresholds for elimination will
also be required [78]. Thirdly, as transmission rates vary
according to time and circumstances, it is difficult to
obtain accurate estimates of time-varying composite
parameters due to lack of data [79]. In this paper, trig-
onometric functions with a period of 365 days were pro-
posed to simulate these composite functions. However,
more accurate estimation of the composite functions will
be important for describing and analyzing the behaviour
of the model. Thus the model will be combined with
time series data in the future [80].

Actually, a defensible set of parameter estimates is
difficult to determine because the intensity of control
strategies differentially affects model parameters. The
credibility of our conclusions relating to control strat-
egies is weakened by only using annual report data.
However, the collected data under trial conditions with
relatively stable intervention measures can help us to as-
sess the effectiveness of control strategies. The evalu-
ation of a control strategy usually involves a group with
intervention and a group without intervention, yet there
are no villages in P.R. China under no intervention.
However, in our study village, the fact that our estimates
before (2003-2005) and after (2006—2010) intensifica-
tion of control intervention do not reveal a substantial
trend, indicates that estimation of the basic reproduction
ratio alone may be insufficient to assess the impact of
control strategies effectively.

Finally, we assumed that the study village was a closed
system, whilst the issue of connectivity between villages
either by movement of hosts or snails (the latter through
hydrological connectivity) is central to the discussion of
control strategies in low transmission settings in P.R.
China [81]. Feng et al. (2005) considered this issue in
the literature [15], but the models proposed are complex
and difficult to parameterise. However, there is no doubt
that a metapopulation approach for the understanding
of disease persistence in P.R. China will shed light on
the landscape of schistosomiasis japonica elimination
efforts.
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