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Abstract

Background

Human waste is used as an agricultural fertilizer in China and elsewhere. Because the eggs
of many helminth species can survive in environmental media, reuse of untreated or partial-
ly treated human waste, commonly called night soil, may promote transmission of human
helminthiases.

Methodology/Principal Findings

We conducted an open cohort study in 36 villages to evaluate the association between
night soil use and schistosomiasis in a region of China where schistosomiasis has re-
emerged and persisted despite control activities. We tested 2,005 residents for Schisto-
soma japonicum infection in 2007 and 1,365 residents in 2010 and interviewed heads of
household about agricultural practices each study year. We used an intervention attribut-
able ratio framework to estimate the association between night soil use and S. japonicum in-
fection. Night soil use was reported by half of households (56% in 2007 and 46% in 2010).
Village night soil use was strongly associated with human S. japonicum infection in 2007.
We estimate cessation of night soil use would lead to a 49% reduction in infection preva-
lence in 2007 (95% CI: 12%, 71%). However, no association between night soil and schisto-
somiasis was observed in 2010. These inconsistent findings may be due to unmeasured
confounding or temporal shifts in the importance of different sources of S. japonicum eggs
on the margins of disease elimination.

Conclusions/Significance

The use of untreated or partially treated human waste as an agricultural fertilizer may be a
barrier to permanent reductions in human helminthiases. This practice warrants further at-
tention by the public health community.
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Author Summary

Many people use human waste as an agricultural fertilizer, often called “night soil.” If the
waste is not properly treated, the use of night soil may promote the spread of infectious
diseases. We suspected that night soil use may facilitate the spread of the water-borne dis-
ease, schistosomiasis, as some schistosomiasis eggs can survive in the environment for
weeks. We conducted a study in 36 villages in rural China in order to see if the amount of
night soil used in a village was associated with schistosomiasis. The study was conducted
in an area where schistosomiasis reemerged and persisted despite an aggressive disease
control program. We found half of households reported using night soil—it was used on
all major crops and by people across the socio-economic spectrum. We also found that
night soil use was strongly associated with schistosomiasis infection in 2007, but not in
2010. Our findings show the use of human waste as an agricultural fertilizer is common in
our study region and may increase schistosomiasis infections. The extent to which night
soil is used and risks of this practice should be evaluated as part of disease control pro-
grams targeting schistosomiasis and other human helminthiases.

Introduction

For centuries, people have collected human waste and used the material, called night soil, to fer-
tilize agricultural crops [1, 2]. The use of human fecal waste as an agricultural fertilizer has the
potential to improve crop yields without the expense, environmental risk or transportation in-
frastructure required of synthetic fertilizers. However, if the waste is not properly treated, the
practice may promote fecal-borne diseases [3].

High temperatures, high pH, desiccation and the introduction of additives such as leaf litter
and ash can reduce pathogen loads in human waste products, allowing use on agricultural com-
modities. But fresh human waste or waste that has been stored under suboptimal conditions,
may contain human pathogens, presenting risks to individuals that handle night soil and to
those who may come into contact with food, soil or water in areas where night soil is applied
[3]. Helminth eggs are particularly hardy and may require longer storage and/or higher tem-
peratures and pH for destruction relative to other pathogens found in human stool [4].

The use of night soil may be particularly hazardous in the context of schistosomiasis, a
water-borne infection that causes anemia, fibrosis of the liver and kidneys and impairs growth
and cognitive development [5, 6]. The eggs of Schistosoma japonicum, the parasite that causes
intestinal schistosomiasis in Asia, and S. mansoni, which causes intestinal schistosomiasis in
the Americas, Africa and the Middle East, are excreted in stool. Upon contact with water, eggs
hatch into miracidia and then must mature within a snail host before the parasite can infect hu-
mans. Schistosome eggs can survive for several days (S. mansoni) or weeks (S. japonicum) in ex-
creted stool [4]. Schistosome host snails thrive in irrigation ditches and rice paddies [7-9].
Thus, the application of human waste to agricultural crops can transport schistosome eggs
from stool pits directly to snail habitat, facilitating the schistosome life cycle.

The use of night soil may be a barrier to permanent schistosomiasis control in China. Chi-
nese public health officials are attempting elimination of schistosomiasis using a multi-pronged
control effort that includes anti-helminthic treatment, reduction of snail populations and im-
provements to water and sanitation infrastructure [10]. While schistosomiasis disease burden
has declined in China and transmission has been eliminated in five provinces, pockets of trans-
mission persist and reemergence has been detected in previously controlled areas [11-13]. The
challenge of sustained interruption of schistosomiasis is increasingly relevant outside of China
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as endemic countries adopt antihelminthic treatment programs and look towards permanent
reductions in schistosomiasis infections and morbidity [14].

The reemergence and persistence of schistosomiasis may depend, in part, on the internal po-
tential of an area, the set of conditions that make an area hospitable (or inhospitable) to the
schistosome lifecycle such as the availability of snail habitat, human water contact patterns and
waste disposal practices [15, 16]. The output of S. japonicum eggs into the environment and ef-
forts to reduce egg output through improved sanitation have been previously shown to impact
long-term disease patterns in endemic areas [15]. Improving sanitation access is a priority for
the schistosomiasis control program in China, and the importance of safe sanitation is recog-
nized by global programs to reduce human helminthiases [10, 14]. However, night soil use has
not been a focus of schistosomiasis control activities.

Here, we evaluate the association between night soil use and human schistosomiasis in a re-
gion where schistosomiasis reemerged and persisted in the presence of ongoing disease control
programs. Because information about the use of human waste as an agricultural fertilizer is
limited in the public health literature, we first document night soil practices in 36 villages in
rural China. We then test the hypothesis that greater night soil use in a village is associated
with increased human S. japonicum infection prevalence.

Methods
Study population

This research was conducted in two rural counties in Sichuan, China where schistosomiasis re-
emerged following the reduction of human and bovine infection prevalence below 1%, the Chi-
nese Ministry of Health threshold for transmission control [12]. In 2007, we selected 53
villages in 3 counties where schistosomiasis had reemerged for a longitudinal study of social
and environmental determinants of schistosomiasis reemergence [17]. One county was exclud-
ed from follow-up because it was severely impacted by the 7.9 magnitude earthquake that
struck Sichuan May 12, 2008. The analysis presented here includes the 36 villages in the two
counties followed through 2010. The names and exact locations of the study villages have been
withheld to protect the privacy of study participants and promote candid reporting.

In rural Sichuan, populations fluctuate due to rural-to-urban migration, as well as mar-
riages, births and deaths. We therefore employed an open cohort design, conducting a census
in 2007 and 2010 in order to identify all residents living in the study villages, age 6 and older.
All individuals identified in each census were recruited for S. japonicum infection testing and
household surveys. In 2007, we identified 2,891 eligible residents. In 2010, we identified 2,287
residents, including 1,875 identified in the previous census and 412 new residents. Of the 1,016
people identified in 2007 that were no longer residents in 2010, 760 had left their village for
work, 203 had left to attend school, 33 had died and 20 had left for marriage.

The research protocol was approved by the Sichuan Institutional Review Board and the Uni-
versity of California, Berkeley, Committee for the Protection of Human Subjects. All partici-
pants provided written, informed consent before participating in this study. All children
provided assent and their parents or guardians provided written, informed permission for
them to participate in this study. Everyone testing positive for S. japonicum was notified and
provided treatment with 40 mg/kg praziquantel by the anti-schistosomiasis control station.

Data collection

Household interviews. In the summer of 2007 and 2010, the head of each household was invit-
ed to complete a structured interview about agricultural practices, sanitation access and socio-
economic status (SES). Survey instruments were pilot tested in the study region and
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administered by trained public health workers fluent in the local dialect. We interviewed 1,156
households in 2007 and 951 households in 2010.

Participants reported all crops planted in the past 12 months, the quantity of night soil ap-
plied to each crop and whether chemical fertilizers were used. The amount of night soil used by
each household was calculated as the total quantity of night soil applied to all crops in the past
12 months. An additional metric of night soil use was also developed for supplemental analyses
in light of evidence that improved toilet designs reduce the number of viable helminth eggs in
effluent [18, 19]. Households with a working anaerobic biogas digester or triple compartment
septic tank were classified as having improved sanitation, and night soil applied by such house-
holds was classified as coming from improved sanitation sources. Night soil applied by all
other households was classified as coming from unimproved sources.

SES was assessed using an asset-based approach. Household assets can provide a more stable
estimate of long-term wealth than monetary income in agrarian regions, where income is epi-
sodic and includes agricultural products [20, 21]. The index included ownership of eight dura-
ble goods (car, motorcycle, tractor, computer, television, air conditioner, washing machine and
refrigerator), reported by the head of household. Principal components analysis was used to
create an aggregated SES score, deriving weights from the first principal component which ex-
plained 28% of the total variance between measures.

Multiple imputation by chained equations was used to impute missing household survey
data. Multiple imputation avoids biases due to exclusion of incomplete cases and reduces the
variance introduced by the uncertainties of imputation through the generation of multiple
datasets [22, 23]. The method assumes that data are missing at random—that missingness can
be explained by the other, observed variables used in the imputation. We imputed the quantity
of night soil used, the number of bovines owned by the household, SES score, whether the
household had an improved toilet and the area of land cultivated by the household. Because
the volume of night soil used and the number of bovines per household were highly right-
skewed, predictive mean matching was used for the imputation of these variables. We imputed
the missing data using the aforementioned variables, including observations from prior/future
time points and county of residence, generating 20 imputed datasets. Imputed values were used
for the 19% of households missing each of these survey measures, including the 482 households
not interviewed and 13 households with incomplete survey data.

S. japonicum infection testing. Everyone identified in each census was invited to submit
three stool samples on three consecutive days in November/December of 2007 and 2010 for S.
japonicum infection testing. Each sample was examined using the miracidium hatching test
[24]. Briefly, 30 g of stool were suspended in aqueous solution, strained with copper mesh to
remove large particles and strained with nylon mesh to concentrate schistosome eggs. The sedi-
ment was re-suspended in water and left undisturbed in a room with ambient temperatures be-
tween 28 and 30°C. Samples were examined two, five and eight hours after sample preparation
for the presence of miracidia. One stool sample per person was also examined using the Kato-
Katz thick smear procedure [25]. Three slides were prepared from each sample, using 41.7 mg
stool per slide. Slides were allowed 24 hours to clear and were examined for S. japonicum eggs
by trained technicians using a dissecting microscope. Stool samples were delivered to county
laboratories daily for analysis. A person was classified as infected if any test was positive for
S. japonicum.

Estimation of village-level night soil use

Because night soil use by one household may impact the S. japonicum infection risk of other
village residents, we wanted to include both village- and household-level night soil use in our
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statistical models. However, using a village-level measure that is an average of all household-
level measures results in a given individual’s household night soil use appearing in the model
twice—once as part of the average, and again as an individual-level variable. This endogeniety
leads to theoretical challenges. Using an outcomes based causal framework, we typically define
the effect of an exposure, X, on an outcome as the difference in mean outcomes when the popu-
lation is uniformly at X = a vs. X = b (where a and b are any combination of exposure levels,
only one of which is observable) for some target population with a specific distribution of con-
founders [26]. But the overlap of household and village-level variables makes it difficult to eval-
uate changes in one without changes in the other. To avoid this problem, we defined village-
level night soil use as the average amount of night soil applied by all households in the village
excluding the index household. This allows for theoretical considerations of the effect of
changes in village-level night soil use holding an individual’s household-level night soil use
constant and vice versa.

Statistical analysis

We employed a two-step approach to evaluate the relationship between night soil use and
human infection. First, we examined the association between village-level night soil use and
human S. japonicum infection using a multi-level, fixed-effect logistic regression model, model-
ing village-level night soil use as a categorical variable to allow for non-linear relationships be-
tween the explanatory variable and the outcome. Tests for trend were conducted by treating
the categorical variable as ordinal. Models were run separately for each study year. Potential
confounding variables were selected a priori based on prior evidence and the plausibility of a
relationship with both the outcome of interest and night soil use. Models adjusted for partici-
pant age, county, household night soil use, bovine ownership, village bovine density (the mean
number of bovines per household), area of land cultivated by the household in the past year,
agricultural intensity in the village (mean area cultivated in the past year per household),
household SES score and village SES (mean household SES score). Village SES, bovine density
and agricultural intensity were estimated separately for each household, excluding the index
household, as described above. Occupation was not included as a potential confounder, as
greater than 95% of adults in the region reported their occupation as farmer in 2007 [17].
Given the large set of potential confounders and the uncertainties in variable selection, we de-
fined a reduced set of variables that we strongly suspected to be confounders (age, sex, county
and household-level night soil use) and ran all models twice, once using the reduced set and
once using the full set of confounders. We accounted for correlation within villages using gen-
eralized estimating equations and exchangeable working correlation, calculating robust vari-
ance estimates [27].

Second, we evaluated the potential impact of interventions to reduce the use of night soil on
schistosomiasis. To do this, we estimated a parameter akin to attributable risk using a popula-
tion intervention model approach [28, 29] that we call the intervention attributable ratio. The
intervention attributable ratio is defined as E(Y 4)/E(Y), where E(Y ,) is the expected prevalence
of infection in the study population if night soil use were eliminated, and E(Y) is the observed
prevalence of infections at the observed levels of night soil use. For the purpose of the model,
we assume that all infections were acquired recently (a reasonable assumption given the fre-
quency of mass and targeted chemotherapy in this population), that our measure of night soil
use is relevant to the infection risk period, and that the observed statistical associations between
night soil use and schistosomiasis prevalence represent a causal relationship. We explore the
strengths and limitations of these assumptions in the discussion. G-computation was used
[28-30]. We fit a fixed-effect logistic regression model assuming an independent correlation
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structure to allow for a population-level prevalence estimate. Based on the results of the first
analysis, we included the limited set of potential confounders, modeled each year separately
and modeled village night soil use as a continuous variable. This model was used to calculate
infection probabilities for each individual surveyed when household and village night soil use
were reduced to zero. Inference was estimated by bootstrapping: the population was sampled
with replacement by village to obtain a 36 village population, the model was re-fit, E(Y) was es-
timated as the observed infection prevalence in the resampled population and E(Y 4) was esti-
mated as the predicted infection prevalence when household and village night soil use were set
to zero, as above, repeating this procedure 1,000 times. The 25" and 97.5™ percentile values
used to estimate the 95% confidence interval. All analyses were conducted using Stata version
12 (College Station, TX).

Results
Night soil use

Human waste was used as an agricultural fertilizer in 56% and 46% of households surveyed in
2007 and 2010, respectively. Night soil was applied to all major summer and winter crops and
by households across SES categories (Table 1). In 2007, 99% of households that planted one or
more crops used chemical fertilizers. Night soil was usually gathered from sources within the
household: in 2007, 8% of households with improved sanitation and 7% of households without

Table 1. The use of human waste as an agricultural fertilizer in 36 villages in Sichuan, China.

2007 (n = 1,156) 2010 (n = 951)
No. households Pct. using night soil No. households Pct. using night soil

Crops planted®

Rapeseed 1007 47 786 25

Rice 875 37 598 22

Wheat 701 30 425 9

Corn 673 54 731 23

Peanuts 221 33 592 8

Vegetables 194 65 503 63
Planting by season®

Summer 1102 51 851 48

Winter 1094 47 821 26
Socio-economic status®

Low 596 61 208 49

Medium 403 52 199 46

High 157 44 544 44
Improved sanitation®

No 965 56 689 44

Yes 190 55 251 49

@ Crops planted by at least 10% of households in a given season are listed.

b Rapeseed and wheat are grown in the winter season (typically October to April); rice, corn, vegetables and peanuts are grown in the summer season
(typically May to September).

¢ Socio-economic status was calculated based on ownership of eight durable goods, aggregated using principal components analysis. Categories were
defined by tertile.

9 Households were classified as having improved sanitation if they had a working anaerobic biogas digester or triple compartment septic tank.

doi:10.1371/journal.pntd.0003444.t001
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improved sanitation reported using night soil from other households. Night soil was collected
from all toilet types. Of those that used night soil in 2010, 91% of households with an anaerobic
biogas digester, 94% with a triple compartment septic tank and 96% with an unimproved toilet
reported removing waste from their toilet system to use as an agricultural fertilizer.

The mean quantity of night soil applied per household declined from 67 buckets per house-
hold in 2007 to 32 buckets per household in 2010 (Table 2). Access to improved sanitation in-
creased over the study period, but most night soil applied came from unimproved sources: 79%
and 72% of all night soil was applied by households without improved sanitation in 2007 and
2010, respectively.

Schistosomiasis prevalence and infection intensity

We tested 2,005 people in 36 villages for S. japonicum infection in 2007 and 1,365 people in the
same villages in 2010 (69% and 60% of the eligible populations identified in the census in 2007
and 2010, respectively). Participation in the infection surveys was higher among older popula-
tions and, particularly in 2010, among residents in County 2 (S1 Table). S. japonicum infection
prevalence was 8.4% in 2007 and 7.4% in 2010. Among infected individuals, infection intensity
was low. The mean eggs per gram of stool among infected was 24 in 2007 and 18 in 2010. S.
japonicum infections were detected in 28 villages in 2007 and 20 villages in 2010.

The association between night soil use and schistosomiasis

Categorical analysis. Village night soil use was associated with increased prevalence of human
S. japonicum infection in 2007 but not in 2010. Table 3 shows the relationship between night
soil use and S. japonicum infection when village night soil use was categorized into quartiles. In
2007, individuals in areas where village night soil use was in the highest quartile were 10.8
times more likely to be infected with S. japonicum compared to the lowest quartile, adjusting
for the full set of potential confounders (95% CI 3.25, 35.87). Infection prevalence increased
with village night soil use in 2007 (test for trend, adjusting for the full set of potential con-
founders, p = 0.009). Village night soil use was not associated with S. japonicum infection in
2010. Household-level night soil use was not associated with S. japonicum infection regardless
of year and the set of confounders included in the model. Estimates and inference were similar
using the limited vs. full set of confounders. Estimates and inference were also similar when we
limited the analyses to the 1,577 individuals in 2007 and 747 individuals in 2010 with complete
infection testing data (3 stool samples examined using the miracidium hatching test and 3
Kato-Katz slides examined) (S2 Table).

Intervention attributable ratio. The estimated intervention attributable ratio was 0.51
(95% CI 0.29, 0.88) in 2007 and 1.44 (95% CI 0.85, 2.01) in 2010. If night soil use were eliminat-
ed, we estimate infection prevalence would be reduced by 49% of the observed infection preva-
lence in 2007. No reductions in infection prevalence were estimated if the same intervention
were to have occurred in 2010.

Night soil from unimproved and improved sanitation sources

In 2007, the amount of night soil applied in a village from both improved and unimproved
sources applied was positively associated with S. japonicum infection (Fig. 1). The prevalence
of S. japonicum infection was higher in areas where night soil from improved or unimproved
sources were in the highest vs. lowest quartiles (unimproved sources OR 3.56, 95% CI: 1.19,
10.63; improved sources OR 4.87, 95% CI 1.79, 13.26). The positive trend was significant across
quartiles of night soil from improved sources (test for trend, p = 0.008) but not for unimproved
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Table 2. Description of study participants in 36 villages in Sichuan, China.

2007 2010
Individuals tested for S. japonicum infection n = 2,005 n = 1,365
Positive for S. japonicum infection (%) 8.4 7.4
Mean infection intensity (EPG) 2.1 1.3
Male (%) 49.0 46.7
Mean age 42.3 46.4
Live in County 2 (%) 431 442
Households surveyed n=1,156 n = 951

Use night soil 55.5 45.5
Night soil applied in the past year (buckets/household) 67.4 31.9
Have an improved toilet (%)? 16.5 26.7

Have a working anaerobic biogas digester (%) 11.1 20.4

Have a trip compartment septic tank (%) 5.8 6.2
Have an unimproved toilet 81.8 72.4
No toilet in the household 1.7 0.9
Use chemical fertilizers (%)° 95.0
Own bovines (%) 45.4 27.7
Mean number of bovines per household 0.58 0.39
Cultivated land in the past year (%) 95.8 90.8
Mean area cultivated in the past year (hectares) 0.3 0.3
Own a car (%) 2.0 7.3
Own a tractor (%) 2.0 1.6
Own a motorcycle (%) 35.0 57.1
Own a computer (%) 0.5 11.3
Own a television (%) 94.1 95.8
Own a washing machine (%) 47.7 75.3
Own an air conditioner (%) 15 6.0
Own a refrigerator (%) 12.8 57.7

EPG—Eggs per gram of stool
 Includes households with a working anaerobic biogas digester or a triple compartment septic tank.
b Asked only in 2007.

doi:10.1371/journal.pntd.0003444.t002

sources (test for trend, p = 0.118). In 2010, there was no association between S. japonicum in-
fection and village-level night soil from improved or unimproved sources.

Discussion

This study is, to our knowledge, the first epidemiological study to estimate the association be-
tween human schistosomiasis and the use of human waste as an agricultural fertilizer. Human
waste is used as an agricultural fertilizer in many areas including Asia [31, 32], West Africa
[33], Central America and Northern Europe [1]. The global extent of this practice is not well
documented. We found approximately half of households in our study applied human waste to
their crops. A study in Vietnam estimated over 90% of farmers in the study region used night
soil [32]. In our study, night soil was applied to all major crops, in both growing seasons and by
household across the socio-economic spectrum. Night soil was extracted from improved and
unimproved sanitation systems. Chemical fertilizer use was ubiquitous, demonstrating night
soil is used in conjunction with rather than in place of chemical fertilizers.
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Table 3. The association between night soil use and S. japonicum infection in 36 villages in Sichuan, China, 2007 and 2010.

2007 (n = 2,005)
Village night soil use®
Very low
Low
Medium
High
Test for trend®
Household night soil use
No
Yes
2010 (n = 1,365)
Village night soil use®
Very low
Low
Medium
High
Test for trend®
Household night soil use
No
Yes

Unadjusted OR (95% CI)?

1.00

5.32 (1.95, 14.51)
4.69 (1.96, 11.20)
5.29 (2.04, 13.70)
p =0.106

1.00
0.96 (0.72, 1.29)

1.00
0.98 (0.43, 2.25)
0.80 (0.27, 2.35)
0.30 (0.06, 1.54)
p = 0.370

1.00
0.80 (0.46, 1.38)

Adjustment A® OR (95% CI)?

1.00

7.14 (2.18, 23.38)
8.12 (2.83, 23.28)
10.38 (3.39, 31.82)
p=0.010

1.00
0.98 (0.72, 1.33)

1.00
0.95 (0.44, 2.08)
0.78 (0.26, 2.40)
0.35 (0.06, 2.15)
p =0.388

1.00
0.76 (0.43, 1.33)

Adjustment B° OR (95% CI)?

1.00
5.67 (1.98, 16.22)
8.50 (2.85, 25.35)
10.80 (3.25, 35.87)
p = 0.009

1.00
0.92 (0.65, 1.30)

1.00
1.45 (0.65, 3.24)
1.32 (0.41, 4.23)
0.31 (0.06, 1.58)
p = 0.536

1.00
0.68 (0.37, 1.25)

80dds ratios and 95% Cls were estimated using a multi-level fixed-effect logistic regression model. All models accounted for unmeasured within-village

correlation.

bAdjusted for age (categorized in 10-year increments), sex and county of residence.
°Adjusted for all variables in Adjustment A as well as whether anyone in the household owned bovines, village bovine density (the mean number of
bovines per household), household and village SES, the area cultivated by household members in the past year and village agricultural intensity (the
mean area cultivated per household in the past year).
dvillage-level night soil use describes the mean buckets of night soil applied per household in the village, calculated excluding the index household. It is
categorized by quartiles: very low (0—19 buckets), low (20-33 buckets), medium (34-68 buckets) and high (69-245 buckets).

®Tests for trend were conducted by modeling the categorical variable as ordinal.

doi:10.1371/journal.pntd.0003444.t003

We found a strong positive association between the amount of night soil used in a village
and human schistosomiasis in 2007, but not in 2010. We estimated a 49% reduction in schisto-
somiasis prevalence if night soil were eliminated using data from 2007 and the descriptive

models suggested an exposure-response relationship, but we estimated no reduction in 2010.

We explored several possible explanations for these contradictory findings.

First, we suspected that increased access to improved sanitation in 2010 may have reduced

S. japonicum egg content in night soil and, subsequently, the risks of this practice. But this does
not appear to be the case. While access to improved sanitation increased, the fraction of night
soil that came from unimproved sources changed minimally from 2007 to 2010 (from 79% to
72%). Further, the use of night soil from unimproved sources, which we suspect to be most
likely to contain S. japonicum eggs, was positively associated with S. japonicum infection in

2007 but not 2010.

Second, unmeasured confounding may either lead to a spurious association between village
night soil and schistosomiasis infection in 2007 or mask a true association in 2010. We at-
tempted to control for a large set of potential confounders including agricultural practices, SES
and demographic variables. The similarity of estimates across models using a limited set of
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Figure 1. The relationship between S. japonicum infection and night soil from improved and unimproved sources. Figure shows odds ratios (points)
and 95% confidence intervals (lines) estimating the association between S. japonicum infection and night soil application from improved sanitation systems
(dashed lines) and unimproved sources (solid lines) in 2007 (A) and 2010 (B). A household was classified as having improved sanitation if they reported
having a working anaerobic biogas digester or triple compartment septic tank. Models were adjusted for age (categorized in 10-year increments), sex, county
of residence and household night soil use. Village night soil use was defined as the average quantity of night soil used by all households in the village
excluding the index household and was categorized by quartiles, with the lowest quartile serving as the reference group. Unimproved night soil categories:
very low (0—10 buckets), low (11-22 buckets), medium (23—48 buckets) and high (49-244 buckets). Improved night soil categories: very low (0 buckets), low
(0.1-2 buckets), medium (3—11 buckets) and high (12—-100 buckets).

doi:10.1371/journal.pntd.0003444.9001

confounders (age, sex and county of residents) vs. the full set of confounders suggests the addi-
tional agricultural and socio-economic variables were not strong confounders. To explore this
further, we conducted a sensitivity analysis to evaluate the impact of additionally controlling
for the types of crops planted in each village. We re-ran our categorical analyses, additionally
adjusting for the percent of cultivated land dedicated to rice at the village level, as well as an in-
dicator as to whether the household planted rice in the past year. Rice was included because
moist rice paddies can provide snail habitat and farmers often have contact with surface water
during rice planting. There were no meaningful changes in estimates or inference with the ad-
dition of these potential confounders (S3 Table). While we cannot rule out unmeasured con-
founding, our findings are stable across three sets of potential confounders.

Third, the inconsistent associations between night soil use and infection may reflect shifts in
the relative importance of different schistosome sources in a changing environment. There are
a number of sources of schistosomes that can contribute to human infection risk including
both within-village sources and parasites imported from external sources [16]. In this study, we
focused on a single internal source of schistosomes: night soil use within the village. Other po-
tential sources of schistosomes include bovines, which produce large quantities of waste and
are used to plow fields, placing them in close proximity to irrigation ditches where snails live.
Bovines have been shown to play an important role in S. japonicum transmission in the lakes
region of China [34], and we previously found high prevalence of bovine infections in our
study region [17]. Other non-human hosts as well as open defecation practices and leaky stool
pits may also serve as internal sources of schistosomes, although we assume their contributions
are modest. We know little of external sources, but they may include larval stages transported
over hydrological pathways and/or eggs imported by mobile human or animal hosts. There
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were a number of notable changes in the study region from 2007 to 2010: a modest decline in
human infection prevalence and intensity, a decline in the frequency and quantity of reported
night soil use, a 39% decline in bovine ownership, an increase in SES and ongoing schistosomi-
asis control activities—changes that could have shifted the dominant drivers of human infec-
tion. Hence one interpretation of the lack of association between night soil use and infection in
2010 is that human schistosomiasis infection risk in 2010 is dominated by external sources
and/or bovines, due to the decline in night soil use and human infections from 2007 to 2010.
We suspect schistosomiasis transmission at low infection intensities is highly stochastic—when
parasite loads are low, small environmental and behavior changes can lead to substantial shifts
in transmission dynamics—creating both challenges and opportunities for elimination.

Forth, we assumed that all infections were acquired recently and therefore night soil use in
the past year is a reasonable exposure window, but treatment failure due to non-compliance or
resistance may have led to violations of these assumptions [35]. All participants testing positive
for S. japonicum in this study were promptly treated and county health officials implemented
several mass and targeted chemotherapy campaigns during the study period. While there is no
conclusive evidence that praziquantel resistance is occurring in China, we have previously
found the same individuals repeatedly test positive for S. japonicum and it is possible these in-
dividuals harbor uncured infections [36, 37]. We do not know to what extent treatment failure
is occurring, or the extent to which it is caused by praziquantel resistance vs. non-compliance
due to populations tiring of repeated treatment campaigns. This issue warrants further exami-
nation. If treatment failure is occurring, it is possible observed infections may be due to expo-
sures outside of the one-year exposure window we considered.

We were surprised to find that night soil from households with improved sanitation was
positively associated with S. japonicum infection prevalence in 2007. If night soil use does con-
tribute to S. japonicum infection risk, effluent from both improved and unimproved sources
may be contributing to this risk. Controlled studies have demonstrated that anaerobic biogas
digesters, the predominant improved sanitation system in the region, remove viable S. japoni-
cum eggs from effluent through chemical inactivation and sedimentation [18, 19]. However,
ambient temperatures can impact biogas digestion, particularly in household level systems
such as the ones found in our study region with low thermal mass [38] and the length of S.
japonicum survival in biogas systems increases at lower temperatures [19]. Anecdotally, some
farmers in our study villages report little or no methane production in the winter months,
which suggests night soil extracted in the winter or spring may not be sufficiently digested and
may contain viable S. japonicum eggs. Newer rural development programs have promoted con-
struction of biogas digesters that serve multiple families. The greater size and waste input may
lead to year round removal of viable S. japonicum eggs from effluent.

Toward permanent reductions in schistosomiasis

While access to antihelminthic treatment remains a major global challenge [39], programs
such as China’s national schistosomiasis control program and the multinational Schistosomia-
sis Control Initiative have greatly reduced morbidity and infection intensities in the regions
where these interventions have been implemented [13, 40]. In Sichuan, for example, a survey
of 20 villages conducted in 2000 found S. japonicum infection prevalence was 29% and mean
infection intensity, 26 EGP, with village prevalence and intensity as high as 73% and 104 EPG
[9]. Today, schistosomiasis transmission has been interrupted in 41 counties in Sichuan [41].
The study sites described here provide an example of the schistosomiasis transmission pockets
that remain—areas where few individuals are infected and those that are infected are shedding
few parasites.
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We suspect the dynamics of transmission in such areas differ from areas with high infection
prevalence and intensity [42]. Despite the low infection prevalence and intensities, schistoso-
miasis in our study sites has been remarkably robust to efforts to eliminate schistosomiasis in-
fections. Following the reemergence of schistosomiasis in the region, the study area has been
the focus of control efforts including snail control through the application of molluscicides to
snail habitat (applied up to 3 times annually from 2007 to 2010), health education, improved
sanitation construction and both mass and targeted chemotherapy in addition to the
treatment provided following positive infection testing in our infection surveys. These
control activities have yielded only modest declines in infection prevalence and intensity—
infection prevalence declined from 8.4% in our study population in 2007 to 7.4% in 2010 and
infection intensity from 2.1 to 1.3 EPG—a decline far less dramatic than observed following
the initiation of control programs in highly endemic areas. In these areas of disease emergence
and persistence, interventions that can permanently interrupt the transmission cycle are
needed.

Improvements to sanitation have been one of the strategies adopted by the Chinese schisto-
somiasis control program, and the World Health Organization and others have recognized the
importance of improvements to water and sanitation in the control of human helminthiases
[10, 14, 43]. Improvements to sanitation infrastructure can reduce the potential of a schisto-
some to complete its life cycle by preventing human fecal waste from contaminating snail habi-
tat and thereby preventing schistosome infections in snails. The Chinese government has
subsidized sanitation improvements in schistosomiasis endemic areas and the increase in ac-
cess can be observed in the study sites: improved sanitation access increased from 16.5% of
households in 2007 to 26.7% in 2010. However, the extraction of human waste from stool pits
to apply as an agricultural fertilizer may compromise sanitation investments.

Conclusions

In our study of 36 villages in rural China, we found that human waste is commonly used as an
agricultural fertilizer. This practice was strongly associated with schistosomiasis prevalence in
2007 but not in 2010. The inconsistent relationship may be due to the stochastic nature of
schistosomiasis transmission on the margins of disease elimination. Our findings suggest a
possible link between schistosomiasis and the use of human waste as an agricultural fertilizer.
Further evaluation of the relationship between human helminthiases and night soil use is war-
ranted, particularly in areas where helminthiases persists despite disease control programs.

Supporting Information

S1 Checklist. STROBE checklist.
(PDF)

S1 Table. Demographic characteristics of residents in 36 villages in Sichuan, China sur-
veyed in 2007 and 2010.
(PDF)

S2 Table. The association between night soil use and S. japonicum infection in 36 villages
in Sichuan, China, 2007 and 2010 among people with complete infection testing.
(PDF)

$3 Table. The association between night soil use and S. japonicum infection in 36 villages
in Sichuan, China, 2007 and 2010, adjusted for rice cultivation.
(PDF)

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003444  January 15, 2015 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003444.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003444.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003444.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003444.s004

@ PLOS | TRSricat biseases

Night Soil Use and Schistosomiasis

Acknowledgments

We gratefully acknowledge Dr. Dongchuan Qiu and the field research team members from the
Institute of Parasitic Diseases and the county anti-schistosomiasis control stations for their ef-
forts in collecting the data presented here.

Author Contributions

Conceived and designed the experiments: EJC BZ RCS. Performed the experiments: EJC YL
BZ. Analyzed the data: EJC AH. Contributed reagents/materials/analysis tools: AH. Wrote the
paper: EJC YL BZ AH RCS.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Esrey SA, Gough J, Rapaport D, Sawyer R, Simpson-Hebert M, et al. (1998) Ecological Sanitation.
Stockholm: SIDA.

Johnson S (2006) The Ghost Map. New York: Riverhead Books.

National Research Council (2002) Biosolids Applied to Land:Advancing Standards and Practices: The
National Academies Press.

Feachem RG, Bradley DJ, Garelick H, Mara DD (1983) Sanitation and disease: health aspects of ex-
creta and wastewater management. New York: World Bank.

Friedman JF, Kanzaria HK, McGarvey ST (2005) Human schistosomiasis and anemia: the relationship
and potential mechanisms. Trends Parasitol 21: 386—-392. doi: 10.1016/j.pt.2005.06.006

King CH, Dickman K, Tisch DJ (2005) Reassessment of the cost of chronic helmintic infection: a meta-
analysis of disability-related outcomes in endemic schistosomiasis. Lancet 365: 1561—1569. doi:
10.1016/S0140-6736(05)66457-4 PMID: 15866310

Barboza DM, Zhang C, Santos NC, Silva MM, Rollemberg CV, et al. (2012) Biomphalaria species distri-
bution and its effect on human Schistosoma mansoni infection in an irrigated area used for rice cultiva-
tion in northeast Brazil. Geospat Health 6: S103—109. PMID: 23032275

Steinmann P, Keiser J, Bos R, Tanner M, Utzinger J (2006) Schistosomiasis and water resources de-
velopment: systematic review, meta-analysis, and estimates of people at risk. Lancet Infect Dis 6:
411-425. doi: 10.1016/S1473-3099(06)70521-7 PMID: 16790382

Spear RC, Seto E, Liang S, Birkner M, Hubbard A, et al. (2004) Factors influencing the transmission of
Schistosoma japonicum in the mountains of Sichuan province of China. Am J Trop Med Hyg 70:
48-56. PMID: 14971698

Wang LD, Chen HG, Guo JG, Zeng XJ, Hong XL, et al. (2009) A strategy to control transmission of
Schistosoma japonicum in China. N Engl J Med 360: 121-128. doi: 10.1056/NEJMoa0800135 PMID:
19129526

Zhou YB, Liang S, Jiang QW (2012) Factors impacting on progress towards elimination of transmission
of schistosomiasis japonica in China. Parasit Vectors 5: 275. doi: 10.1186/1756-3305-5-275 PMID:
23206326

Liang S, Yang C, Zhong B, Qiu D (2006) Re-emerging schistosomiasis in hilly and mountainous areas
of Sichuan, China. Bull World Health Organ 84: 139—144. doi: 10.2471/BLT.05.025031 PMID:
16501732

Zhou XN, Guo JG, Wu XH, Jiang QW, Zheng J, et al. (2007) Epidemiology of schistosomiasis in the
People’s Republic of China, 2004. Emerg Infect Dis 13: 1470-1476. doi: 10.3201/eid1310.061423
PMID: 18257989

WHO (2013) Sustaining the drive to overcome the global impact of neglected tropical diseases: second
WHO report on neglected diseases. Geneva: WHO.

Liang S, Seto EY, Remais JV, Zhong B, Yang C, et al. (2007) Environmental effects on parasitic dis-
ease transmission exemplified by schistosomiasis in western China. Proc Natl Acad Sci USA 104:
7110-7115. doi: 10.1073/pnas.0701878104 PMID: 17438266

Spear RC (2012) Internal versus external determinants of Schistosoma japonicum transmission in irri-
gated agricultural villages. J R Soc Interface 9: 272-282. doi: 10.1098/rsif.2011.0285 PMID: 21752808

Carlton EJ, Bates MN, Zhong B, Seto EY, Spear RC (2011) Evaluation of mammalian and intermediate
host surveillance methods for detecting schistosomiasis reemergence in southwest China. PLoS Negl|
Trop Dis 5:€987. doi: 10.1371/journal.pntd.0000987 PMID: 21408127

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003444  January 15, 2015 13/15


http://dx.doi.org/10.1016/j.pt.2005.06.006
http://dx.doi.org/10.1016/S0140-6736(05)66457-4
http://www.ncbi.nlm.nih.gov/pubmed/15866310
http://www.ncbi.nlm.nih.gov/pubmed/23032275
http://dx.doi.org/10.1016/S1473-3099(06)70521-7
http://www.ncbi.nlm.nih.gov/pubmed/16790382
http://www.ncbi.nlm.nih.gov/pubmed/14971698
http://dx.doi.org/10.1056/NEJMoa0800135
http://www.ncbi.nlm.nih.gov/pubmed/19129526
http://dx.doi.org/10.1186/1756-3305-5-275
http://www.ncbi.nlm.nih.gov/pubmed/23206326
http://dx.doi.org/10.2471/BLT.05.025031
http://www.ncbi.nlm.nih.gov/pubmed/16501732
http://dx.doi.org/10.3201/eid1310.061423
http://www.ncbi.nlm.nih.gov/pubmed/18257989
http://dx.doi.org/10.1073/pnas.0701878104
http://www.ncbi.nlm.nih.gov/pubmed/17438266
http://dx.doi.org/10.1098/rsif.2011.0285
http://www.ncbi.nlm.nih.gov/pubmed/21752808
http://dx.doi.org/10.1371/journal.pntd.0000987
http://www.ncbi.nlm.nih.gov/pubmed/21408127

@ PLOS | TRSricat biseases

Night Soil Use and Schistosomiasis

18.

19.

20.

21.

22,
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Remais J, Chen L, Seto E (2009) Leveraging rural energy investment for parasitic disease control:
schistosome ova inactivation and energy co-benefits of anaerobic digesters in rural China. PLoS One
4: e4856. doi: 10.1371/journal.pone.0004856 PMID: 19293926

McGarry MG, Stainforth J, editors (1978) Compost, Fertilizer, and Biogas Production from Human and
Farm Wastes in the People’s Republic of China: International Development Research Centre.

Montgomery MR, Gragnolati M, Burke KA, Paredes E (2000) Measuring living standards with proxy var-
iables. Demography 37: 155—174. doi: 10.2307/2648118 PMID: 10836174

Filmer D, Pritchett LH (2001) Estimating wealth effects without expenditure data—Or tears: An applica-
tion to educational enroliments in states of India. Demography 38: 115-132. doi: 10.2307/3088292
PMID: 11227840

Rubin D (1987) Multiple Imputation for Nonresponse in Surveys. New York: John Wiley & Sons.

White IR, Royston P, Wood AM (2011) Multiple imputation using chained equations: Issues and guid-
ance for practice. Stat Med 30: 377-399. doi: 10.1002/sim.4067 PMID: 21225900

Department of Diseases Control (2000) Textbook for Schistosomiasis Control. Shanghai: Shanghai
Publishing House for Science and Technology.

Katz N, Chaves A, Pellegrino J (1972) A simple device for quantitative stool thick-smear technique in
schistosomiasis mansoni. Rev Inst Med Trop Sao Paulo 14: 397—400. PMID: 4675644

Little RJ, Rubin DB (2000) Causal effects in clinical and epidemiological studies via potential outcomes:
concepts and analytical approaches. Annu Rev Public Health 21: 121-145. doi: 10.1146/annurev.
publhealth.21.1.121 PMID: 10884949

Zeger SL, Liang KY, Albert PS (1988) Models for longitudinal data: a generalized estimating equation
approach. Biometrics 44: 1049-1060. doi: 10.2307/2531734 PMID: 3233245

Greenland S, Drescher K (1993) Maximum likelihood estimation of the attributable fraction from logistic
models. Biometrics 49: 865-872. doi: 10.2307/2532206 PMID: 8241375

Ahern J, Hubbard A, Galea S (2009) Estimating the effects of potential public health interventions on
population disease burden: a step-by-step illustration of causal inference methods. Am J Epidemiol
169: 1140-1147. doi: 10.1093/aje/kwp015 PMID: 19270051

Robins J (1986) A new approach to causal inference in mortality studies with a sustained exposure peri-
od—application to the control of the healthy worker survivor effect. Mathematical Modeling 7:
1393-1512. doi: 10.1016/0270-0255(86)90088-6

Oinam SS, Rawat YS, Kuniyal JC, Vishvakarma SC, Pandey DC (2008) Thermal supplementing soil
nutrients through biocomposting of night-soil in the northwestern Indian Himalaya. Waste Manag 28:
1008-1019. doi: 10.1016/j.wasman.2007.03.004 PMID: 17490873

Needham C, Kim HT, Hoa NV, Cong LD, Michael E, et al. (1998) Epidemiology of soil-transmitted nem-
atode infections in Ha Nam Province, Vietnam. Trop Med Int Health 3: 904-912. doi: 10.1046/j.1365-
3156.1998.00324.x PMID: 9855404

Seidu R, Stenstrom TA, Lofman O (2013) A comparative cohort study of the effect of rainfall and tem-
perature on diarrhoeal disease in faecal sludge and non-faecal sludge applying communities, Northern
Ghana. Journal of Water and Climate Change 4: 90-102. doi: 10.2166/wcc.2013.032

Gray DJ, Williams GM, Li Y, McManus DP (2008) Transmission dynamics of Schistosoma japonicum in
the lakes and marshlands of China. PLoS One 3: e4058. doi: 10.1371/journal.pone.0004058 PMID:
19115007

Wang W, Wang L, Liang YS (2012) Susceptibility or resistance of praziquantel in human schistosomia-
sis: a review. Parasitol Res 111: 1871-1877. doi: 10.1007/s00436-012-3151-z PMID: 23052781

Carlton EJ, Hubbard A, Wang S, Spear RC (2013) Repeated Schistosoma japonicum infection follow-
ing treatment in two cohorts: evidence for host susceptibility to helminthiasis? Plos Neglected Tropical
Diseases 7: €2098. doi: 10.1371/journal.pntd.0002098 PMID: 23505589

Xiao N, Remais JV, Brindley PJ, Qiu DC, Carlton EJ, et al. (2013) Approaches to genotyping individual
miracidia of Schistosoma japonicum. Parasitol Res 112: 3991-3999. doi: 10.1007/s00436-013-3587-9
PMID: 24013341

Rosenblum J (2013) The Relationships of Pathogenic Microbes, Chemical Parameters, and Biogas
Production During Anaerobic Digestion of Manure-based Biosolids. (Doctoral Dissertation). Columbus,
OH: Ohio State University.

Hotez PJ, Engels D, Fenwick A, Savioli L (2010) Africa is desperate for praziquantel. Lancet 376:
496-498. doi: 10.1016/S0140-6736(10)60879-3 PMID: 20709217

Garba A, Toure S, Dembele R, Boisier P, Tohon Z, et al. (2009) Present and future schistosomiasis
control activities with support from the Schistosomiasis Control Initiative in West Africa. Parasitology
136: 1731-1737. doi: 10.1017/S0031182009990369 PMID: 19631007

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003444  January 15, 2015 14/15


http://dx.doi.org/10.1371/journal.pone.0004856
http://www.ncbi.nlm.nih.gov/pubmed/19293926
http://dx.doi.org/10.2307/2648118
http://www.ncbi.nlm.nih.gov/pubmed/10836174
http://dx.doi.org/10.2307/3088292
http://www.ncbi.nlm.nih.gov/pubmed/11227840
http://dx.doi.org/10.1002/sim.4067
http://www.ncbi.nlm.nih.gov/pubmed/21225900
http://www.ncbi.nlm.nih.gov/pubmed/4675644
http://dx.doi.org/10.1146/annurev.publhealth.21.1.121
http://dx.doi.org/10.1146/annurev.publhealth.21.1.121
http://www.ncbi.nlm.nih.gov/pubmed/10884949
http://dx.doi.org/10.2307/2531734
http://www.ncbi.nlm.nih.gov/pubmed/3233245
http://dx.doi.org/10.2307/2532206
http://www.ncbi.nlm.nih.gov/pubmed/8241375
http://dx.doi.org/10.1093/aje/kwp015
http://www.ncbi.nlm.nih.gov/pubmed/19270051
http://dx.doi.org/10.1016/0270-0255(86)90088-6
http://dx.doi.org/10.1016/j.wasman.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17490873
http://dx.doi.org/10.1046/j.1365-3156.1998.00324.x
http://dx.doi.org/10.1046/j.1365-3156.1998.00324.x
http://www.ncbi.nlm.nih.gov/pubmed/9855404
http://dx.doi.org/10.2166/wcc.2013.032
http://dx.doi.org/10.1371/journal.pone.0004058
http://www.ncbi.nlm.nih.gov/pubmed/19115007
http://dx.doi.org/10.1007/s00436-012-3151-z
http://www.ncbi.nlm.nih.gov/pubmed/23052781
http://dx.doi.org/10.1371/journal.pntd.0002098
http://www.ncbi.nlm.nih.gov/pubmed/23505589
http://dx.doi.org/10.1007/s00436-013-3587-9
http://www.ncbi.nlm.nih.gov/pubmed/24013341
http://dx.doi.org/10.1016/S0140-6736(10)60879-3
http://www.ncbi.nlm.nih.gov/pubmed/20709217
http://dx.doi.org/10.1017/S0031182009990369
http://www.ncbi.nlm.nih.gov/pubmed/19631007

@' PLOS | \EStecTED
~z7 TROPICAL DISEASES Night Soil Use and Schistosomiasis

41. LiSZ, ZhengH, Gao J, Zhang LJ, Zhu R, et al. (2013) Endemic status of schistosomiasis in People’s
Republic of China in 2012 [in Chinese]. Chin J Schisto Control 25: 557-563.

42. SpearRC, Seto EY, Carlton EJ, Liang S, Remais JV, et al. (2011) The challenge of effective surveil-
lance in moving from low transmission to elimination of schistosomiasis in China. Int J Parasitol 41:
1243-1247. doi: 10.1016/j.ijpara.2011.08.002 PMID: 21920366

43. Campbell SJ, Savage GB, Gray DJ, Atkinson JA, Soares Magalhaes RJ, et al. (2014) Water, Sanita-
tion, and Hygiene (WASH): A Critical Component for Sustainable Soil-Transmitted Helminth and Schis-
tosomiasis Control. PLoS Negl Trop Dis 8: e2651. doi: 10.1371/journal.pntd.0002651 PMID: 24722335

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003444  January 15, 2015 15/15


http://dx.doi.org/10.1016/j.ijpara.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21920366
http://dx.doi.org/10.1371/journal.pntd.0002651
http://www.ncbi.nlm.nih.gov/pubmed/24722335

