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Abstract
Until recently, intensified efforts in China to suppress the transmission of Schistosoma japonicum
relied principally on routine praziquantel treatment, extensive use of molluscicides and health
education programs. These efforts, now supplemented by a broader range of control measures,
have been quite successful in reducing the prevalence and intensity of human infection to very low
levels. However, re-emergent transmission has occurred in formerly endemic areas of several
provinces, signaling the need for more locally effective, integrated control strategies. We argue
that these low but persistent levels of transmission also require important changes in both the
tactics and strategy of disease surveillance to move forward towards elimination. Here we present
recent data exemplifying the low transmission environment which suggests that we are reaching
limits of detection of current diagnostic techniques used for human infection surveillance in these
communities. both epidemiological data and theoretical results indicate that i) transmission in the
human population can persist at very low infection intensities even in the presence of routine
control activities; ii) the parasite can be reintroduced into parasite-free environments by very
modest external inputs; and iii) transmission at these low infection intensities exhibits very slow
inter-year dynamics. These observations motivate the need for new, sensitive tools to identify low-
level infections in mammalian or snail hosts, or the presence of S. japonicum in environmental
media. Environmental monitoring offers an alternative, and perhaps more efficient, approach to
large-scale surveillance of human infections in low transmission regions.
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China’s national schistosomiasis control program, established in the 1950s, has resulted in
tremendous reductions in Schistosoma japoncium prevalence and disease morbidity
throughout the historically endemic regions of the country (Zhou et al., 2010). During the
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early years, the program focused on health education and various types of environmental
modification including snail control. The introduction of praziquantel in the 1980s, and a
subsequent World Bank Loan in the 1990s to promote its widespread use, provided both the
necessary economic resources and effective tools to reduce infections and morbidity in the
endemic areas where schistosomiasis disease burden has been highest (Utzinger et al.,
2010). More recently, China’s remarkable economic development has resulted in increased
internal resources for control programs and a comprehensive national policy aimed at
sustainably interrupting schistosomiasis transmission (Wang et al., 2009). Current thinking
is that the necessary elements to move towards elimination will focus on improved disease
surveillance systems, better integrated intervention approaches, and a more rigorous and
quantitative evaluation of program effectiveness (Utzinger et al., 2010).

The history of schistosomiasis control in the hilly and mountainous transmission areas of
Sichuan Province, China, where most of our work has been concentrated, follows a similar
historical pattern. Recent efforts have been quite successful in reducing prevalence and
intensity of human and cattle infections to very low levels, but re-emergent transmission has
occurred in formerly endemic areas of Sichuan as well as in other provinces (Li et al., 2004;
Wang et al., 2004; Liang et al., 2006). The potential for persistent or re-emergent
transmission, which has now been realized, was the motivation for our early focus on
environmental determinants of transmission intensity (Spear et al., 2004). Our
environmental focus evolved into studies of locally effective integrated intervention
strategies (Liang et al., 2007) and in development of indices to guide these interventions
(Spear, 2011).

The nature and effectiveness of integrated intervention strategies are likely to be quite
different for the hilly and mountainous ecology of Sichuan versus the lakes and plains
ecology of the lower Yangtze. For example, the development of a bovine vaccine, while
useful in both settings, would clearly be a major advance towards elimination in the lower
Yangtze environment (Da’Dara et al., 2008; Rudge et al., 2009; Gray et al., 2010). However,
the challenges associated with disease surveillance in the low transmission environment are
very similar. Here, we focus on the surveillance challenge and present recent data from the
irrigated agricultural environments of Sichuan Province to illustrate the nature of the
challenge in low transmission environments. We then offer our opinion as to the key
technical advances that would contribute to the surveillance element of the program
necessary to achieve the 2015 goal of eliminating schistosomiasis transmission in the
Province and the 2020 goal of elimination in all endemic areas of China.

During the last decade the World Health Organization (WHO) convened two expert panels
to consider the elimination of schistosomiasis from low transmission areas (WHO, 2001,
2009). The earlier report summarized the recommended strategic approach:

“As the parasite reservoir decreases, focusing on sustainable transmission control
using hygiene and sanitation improvements and environmental snail control should
become the major consideration.”

And, a challenge:

“Where elimination is aimed for, case detection may be a problem, as the
commonly used clinical and parasitological diagnostic procedures may lack
sensitivity in these instances.”

The recommendations of the most recent group appeared in 2009 and were generally
consistent with the earlier report although two new emphases emerged: a caution that drug
treatment alone may have little impact in low transmission environments, and an expanded
discussion of molecular methods of diagnosis and environmental monitoring likely to be
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particularly important in these environments. As noted above, current national policy in
China supports the importance of these themes. However, it is useful to bring some
specificity as to what constitutes a low transmission environment and, in particular, to
illustrate its challenging characteristics. A stringent definition of a low transmission
environment is offered by Chinese public health authorities who consider transmission
‘control’ as transmission suppressed to below 1% prevalence in humans and domestic
bovines (specifically cattle and water buffalo) and with the detection of no infected snails
for at least two consecutive years. Re-emergent transmission is often defined as re-
emergence from controlled status. For example, in Sichuan in 2004 it was found that
transmission had re-emerged in eight counties between two and 15 years after having
reached that status (Liang et al., 2006).

In 2007, we conducted baseline studies in 53 villages that originally attained transmission
control status between 1985 and 1995, 25 of which had previous evidence of re-emergent
transmission and 28 without. The details are presented in Carlton et al. (2011), but the
essential findings for present purposes are that targeted infection surveys were conducted in
humans and bovines with the results that:

i. Of the 3,009 humans tested, 6.5% were infected. Infections were found in 18 of the
25 villages that were previously known to have re-emergent transmission and 17 of
the 28 where re-emergence had not previously been detected. However, the mean
intensity in the villages with transmission was only 1.6 eggs per gram of feces
(epg).

ii. At least one infected bovine was detected in 23 villages, with an average village
prevalence of 13.4% and a village maximum of 65.4%. However, the highest mean
village infection intensity among infected animals was 0.11 epg.

In this survey, average egg excretion among those tested using the Kato-Katz procedure was
1.6 epg and the highest village average infection intensity was 10.6 epg. Only seven
individuals had infection intensities greater than 100 epg. While such low infection
intensities indicate the success of efforts to curb morbidity, the sensitivity of the two
coprological diagnostic methods, the miracidial hatch test and the Kato-Katz thick smear
procedure, declines with infection intensity (Yu et al., 2007). In 2007, of the 157 people
testing positive using three hatch tests (each conducted using a stool sample from a different
day), we found only 52 (33%) tested Kato-Katz positive by examining a single stool sample
using three slides. Of the people testing positive based on at least one of their three hatch
tests producing miracidia, 81% had at least one of their hatch tests showing negative results.
Further, the standard snail surveys conducted as part of these studies found only one infected
snail among the 7,515 collected in 2007 despite the human and animal infections rates.

Despite treatment of those found infected in 2007, a follow-up survey conducted in 2010 in
36 of the villages found human infections in 21 and bovine infections in 10. Village
prevalence ranged from 0 to a rare prevalence as high as 30%, but infection intensities
remain low, as observed in 2007. Clearly, ongoing low-level transmission continues in this
region and another survey in Xichang County, which is approximately 400 kilometers
southwest of the provincial capital of Chengdu, shows a very similar picture among the
human population, based on targeted surveys in 2009, with average village infection
intensity levels of approximately 1–2 epg. These data illustrate that the diagnostic
capabilities of public health agencies for routine surveillance are reaching their limit in this
region and there is reason to believe these low-level transmission dynamics will be
persistent.

Viewing the issue from a theoretical perspective, it is widely recognized that for parasites
which involve sexual pairing in the definitive host the transmission system has two stable
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equilibrium states, the zero state where infection is not present in either snails or mammalian
hosts and the endemic state where medium to high transmission persists. These two states
are separated by a third unstable equilibrium point, often called the breakpoint, which
controls whether the infection level goes to zero or to the endemic state (May, 1977). This
behavior is also called the ‘strong Allee effect’, a concept originating in conservation
biology (Hilker et al., 2009). Fig. 1 illustrates the situation for a deterministic mathematical
model of transmission in an isolated village based on our earlier work which tracks mean
worm burden in humans and the density of infected snails in the village irrigation system
(Liang et al., 2007; Spear, 2011). The horizontal lines are the inverse of the basic
reproductive number, R0, and the curved line a function of the system non-linearities. The
intersection of the horizontal and curved lines occurs at w̄ = 0, the breakpoint at 2–3 epg,
and the endemic level at approximately 35 epg in this case. Clearly, as R0 increases, the
breakpoint decreases and the endemic level increases. For schistosomiasis generally, this
breakpoint is very near the zero state which implies that even where no residual infection is
present in the community, re-emergent transmission can be initiated by a very modest input
of cercariae or miricida from external sources.

Equally important for maintaining residual infection is the behavior of the system in the
neighborhood of this breakpoint. Fig. 2 shows the behavior of the model at very low
transmission levels over a 20 year period. This fictitious village is assumed to be without
infection until a wandering infected bovine spends a month in residence beginning at time
(t) = 0 (Fig. 2). The results demonstrate that i) transmission in an uninfected human
population can be initiated by a very modest parasite introduction and can persist at very low
infection intensity; and ii) transmission dynamics in the neighborhood of the breakpoint
exhibit very slow inter-year dynamics. Thus, while the breakpoint is unstable, system
dynamics are sufficiently slow near the breakpoint so as to make the system resistant to state
change. This implies that, from a practical control perspective, bringing low-level
transmission to no transmission is more challenging than bringing high transmission to
medium or even low transmission given the constraints of currently used surveillance tools.
Gambhir and Michael (2008) have found similar effects in their model of lymphatic
filariasis and suggestive evidence of slow dynamics based on field data. In both cases, the
use of deterministic models can be questioned at these low infection levels but we have
conducted preliminary investigations with stochastic models that have also shown this
effect. We suspect that system dynamics at low levels, near the breakpoint, describe a good
deal of what is being seen in our epidemiological data and this picture is consistent with the
high rates of re-infection following praziquantel treatment that have been observed for all
three major schistosome species (Zhou et al., 2007; Garba et al., 2009).

In the low transmission regions described above, three issues arise with respect to the
elimination of transmission. First, the egg excretion of reservoir hosts other than bovines, of
which there are many in China, almost certainly become much more significant than at
endemic levels. That is, in a low transmission environment, parasite input from human and
bovine sources is likely to be well below 10% of that at endemic levels due mainly to
praziquantel treatment, while the input from untreated reservoir hosts may be largely
unaltered, at least in the short term. Second, while the foregoing example pertains to a single
village isolated from its neighbors except for the wandering bovine, villages are seldom so
isolated, being connected hydrologically and from the intra-village movement of humans,
animals and reservoir hosts. Guararie and Seto (2009) have shown theoretically that endemic
transmission can exist among networks of villages where those villages would not sustain
transmission individually. It seems likely that any of these forms of connectivity could
exacerbate the persistence of low-level transmission.
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Third, low-level transmission is likely to persist in the presence of continued selective
treatments. Combinations of praziquantel and the molluscicide niclosamide have historically
been successful in achieving transmission control and, no doubt, the elimination of
schistosomiasis transmission in some environments. Clearly, the situation underscores the
WHO committee’s caution that elimination will likely be difficult to achieve using drug
treatment and molluscicide-based snail control and strengthens the case for integrated
control. Moreover, it is questionable whether villagers will comply with continued
treatments without obvious signs of morbidity (Guo et al., 2005), and continued treatments
raise the specter of selective pressure and resulting parasite resistance to praziquantel,
although to date there is little evidence for epidemiologically relevant levels of drug
resistance in China (Seto et al., 2011). Targeting treatments to those infected is crucial, yet
as we noted above, current diagnostic tools lack adequate specificity or sensitivity and are
logistically challenging due to the processing of stool samples. Mass treatment is unlikely to
be a feasible long-term strategy for maintaining control even if the elimination of
transmission was not the goal (Gray et al., 2010).

New diagnostic tools are being developed that should provide the sensitivity needed to better
identify low-level infections in human hosts. Immunoassays are widely used in China as
testing is relatively inexpensive and technically simple, however the specificity of
immunoassays is low enough to require a second, confirmatory test (Xu et al., 2010, 2011).
In contrast, nucleic acid-based techniques using PCR and loop-mediated isothermal
amplification (LAMP) show promise (Xia et al., 2009; Kumagai et al., 2010: Xu et al.,
2010), but issues of cost, sampling design, villager acceptance of continued surveys
involving fecal samples, laboratory capacity and real-world performance in detecting early
signs of re-emergence need to be evaluated in the field. In China, where resources no longer
constrain the development and deployment of new methods to the degree that remains the
case in many other parts of the world, the rate of development of these new methods is
likely to be rapid, but the rate of deployment will be slower and probably controlled by
needs for training of personnel at the county level.

An alternative, and perhaps more efficient, solution to large-scale surveillance of human
infections in low transmission regions is to acknowledge and exploit the environmental
phases of the parasite’s lifecycle. The same methods being developed to provide better
diagnostics in the human host can be employed for environmental monitoring. Monitoring
for presence of the parasite in the village environment is based on the premise that human
diagnostics are, by their nature, reactive public health instruments, while environmental
monitoring allows for early warning and preventative measures. This benefit has been
recognized in the design of surveillance systems to monitor emerging arboviruses and
waterborne pathogens such as poliovirus (Manor et al., 1999; Eidson et al., 2001). Yet the
development of environmental diagnostics for the infective stage of parasites such as
schistosomes is stunningly behind those of other parasites present in water. Populations at
risk of infection by Cryptosporidium and Giardia, for example, have benefited tremendously
from recent standardization of reliable environmental monitoring techniques (Zarlenga and
Trout, 2004), while the much larger populations at risk of contracting schistosome parasites
have no standardized, direct measure of cercarial or miracidial numbers in water—although
new approaches are under development (Hung et al., 2008; Worrell et al., 2011).
Environmental monitoring could be carried out on surface water samples, specimens from
human and animal wastes collected for recycling as fertilizer or composited snail samples as
shown by Kumagai et al. (2010).

The need for environmental monitoring is particularly important to define the scale of the
transmission process in the low transmission environment. Where villages are connected to
neighbors via hydrological connections and by mobile human and animal hosts, a very
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modest external input may be adequate to re-initiate transmission (Fig. 2), but very little is
known of the scale at which infected hosts may travel (Seto et al., 2007) or parasites move in
irrigation systems (Lowe et al., 2004). There is mounting indirect evidence that these
connections are important, particularly in the low transmission environment (Xu, 2006;
Spear, 2011). Clearly, an ability to detect the parasite in water or in other environmental
media would greatly aid in identifying the scale of transmission and in tracking infection
sources.

In summary, we advocate an approach to eliminating the transmission of S. japonicum in
China that rests on the development of new tools for the detection of infections in humans,
snails and environmental samples, and the use of these tools to guide integrated and
sustainable control efforts. However, we believe that effective integrated and sustainable
efforts extend well beyond those that can be managed or funded by public health authorities.
In China, there is considerable ongoing change in rural villages in endemic areas, often
unmotivated by schistosomiasis control considerations, that effectively and sustainably
reduce human or snail exposure to parasites. In Sichuan, for example, the provision of piped
water into villages lessens water contact in irrigation ditches for food preparation or clothes
washing. Biogas digesters installed by rural energy improvement programs provide both gas
for cooking as well as waste treatment that greatly diminishes the parasite egg content of the
waste used for crop fertilization. Concrete lining of irrigation ditches for improved system
performance reduces snail habitat as does the replacement of intensively fertilized row crops
with fruit trees, which reduce surface water demand and human exposures. The costs of
these rural development projects generally transcend the levels available to public health
authorities. As a consequence, an important role for public health officials is to identify and
advocate for high priority sites for such improvements based on their importance to disease
control objectives. Hence, new tools to identify and prioritize sites for opportunistic
interventions are an essential first step.

Highlights

In many areas of China, schistosomiasis transmission has been eliminated or
suppressed to very low levels.

Semi-stable transmission at low levels in humans, bovines and snails can persist for
long periods.

Current diagnostic methods are insufficient to move from low transmission to
disease elimination.

Extending new diagnostic methods to environmental monitoring may be a significant
step towards disease elimination.
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Fig. 1.
Equilibrium states of a deterministic mathematical model of schistosomiasis transmission
showing the interaction of the basic reproductive number (R0) of the system and its non-
linear functions describing mating in the definitive host, , the worm establishment limitation
in vivo, f, and effects of acquired immunity in humans, H.
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Fig. 2.
Mean worm burden in humans in a fictitious village expressed as eggs per gram of feces
(epg) over a 20 year period (expressed in days) as a result of one infected bovine in
residence for 1 month following time (t) = 0.
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