
An integrated approach for risk profiling
and spatial prediction of Schistosoma
mansoni–hookworm coinfection
Giovanna Raso*†, Penelope Vounatsou*, Burton H. Singer‡§, Eliézer K. N�Goran¶�, Marcel Tanner*, and Jürg Utzinger*§
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Multiple-species parasitic infections are pervasive in the develop-
ing world, yet resources for their control are scarce. We present an
integrated approach for risk profiling and spatial prediction of
coinfection with Schistosoma mansoni and hookworm for western
Côte d’Ivoire. Our approach combines demographic, environmen-
tal, and socioeconomic data; incorporates them into a geographic
information system; and employs spatial statistics. Demographic
and socioeconomic data were obtained from education registries
and from a questionnaire administered to schoolchildren. Environ-
mental data were derived from remotely sensed satellite images
and digitized ground maps. Parasitologic data, obtained from fecal
examination by using two different diagnostic approaches, served
as the outcome measure. Bayesian variogram models were used to
assess risk factors and spatial variation of S. mansoni–hookworm
coinfection in relation to demographic, environmental, and socio-
economic variables. Coinfections were found in 680 of 3,578
schoolchildren (19.0%) with complete data records. The prevalence
of monoinfections with either hookworm or S. mansoni was 24.3%
and 24.1%, respectively. Multinomial Bayesian spatial models
showed that age, sex, socioeconomic status, and elevation were
good predictors for the spatial distribution of S. mansoni–hook-
worm coinfection. We conclude that our integrated approach,
employing a diversity of data sources, geographic information
system and remote sensing technologies, and Bayesian spatial
statistics, is a powerful tool for risk profiling and spatial prediction
of S. mansoni–hookworm coinfection. More generally, this ap-
proach facilitates risk mapping and prediction of other parasite
combinations and multiparasitism, and hence can guide integrated
disease control programs in resource-constrained settings.

multinomial Bayesian geostatistical models � risk mapping and prediction �
geographic information system � remote sensing � Côte d’Ivoire

M illions of people in the developing world live at risk of
parasitic diseases such as malaria, lymphatic filariasis, soil-

transmitted helminthiasis, leishmaniasis, schistosomiasis, trypano-
somiasis, Chagas disease, and onchocerciasis (1–3). These diseases
are of huge public health and economic significance, and their
successful control is an important factor affecting progress toward
the United Nations’ Millennium Development Goals (3–5). Dif-
ferent combinations of these diseases, as well as other parasitic
diseases caused by protozoa, nematodes, trematodes, and cestodes
not listed here, and bacterial and viral infectious diseases, often
coexist in the same ecoepidemiologic setting (3–7). The causes are
multifactorial and include conditions of poverty, poor hygiene
status, lack of clean water and adequate sanitation, and difficulty
accessing preventive measures and efficacious drugs (8–11). The
spatiotemporal distributions of different parasitic infections often
overlap, hence polyparasitism is pervasive (4, 6, 12–17).

Although polyparasitism is the norm in tropical and subtropical
environments, surprisingly few studies have investigated underlying
risk factors that govern the frequency and transmission dynamics of

this phenomenon. With the pressing need for systemic approaches
to health systems (18), it is necessary to first identify the scope of
health problems within communities. Currently, even the best data
systems develop only univariate summary tabulations of what in
many instances is pervasive comorbidity. Integrated approaches to
disease control require an in-depth understanding of spatially
explicit risk profiles for simultaneous infection with multiple species
of parasites. Efficient management of health systems in resource-
constrained areas also requires an effective methodology for pre-
dicting the spatial patterns of polyparasitism. For example, a
combined approach to treatment of schistosomiasis, soil-
transmitted helminthiasis, lymphatic filariasis, and trachoma has
been proposed, primarily through large-scale deployment of four
safe, efficacious, and inexpensive drugs: praziquantel, albendazole�
mebendazole, ivermectin, and azithromycine (3, 4). However, cost-
effective distribution of these drugs, and other control measures,
require a priori knowledge of high-risk areas, where polyparasitism
is most prevalent (5).

A basic question linked directly to cost-effective deployment of
drugs that has received minimal attention to date is how to rapidly
identify communities at elevated risk of multiple-species parasitic
infections. The advent of geographic information systems and
remote sensing technologies and the progression in geostatistical
modeling have opened new avenues for disease risk mapping and
spatial prediction, which in turn can guide control interventions
(19–24). However, virtually all extant studies and epidemiologic
reports focus on the prediction of a single disease. We clearly
require validated models that can be used to predict the risk of
multiple-species parasitic infections, and hence aid in spatial tar-
geting of control measures.

This article presents an integrated approach to risk profiling,
mapping, and prediction of high-risk areas for Schistosoma man-
soni–hookworm coinfection. We focus on western Côte d’Ivoire,
where malaria, schistosomiasis, soil-transmitted helminthiasis
(mainly hookworm disease), giardiasis, and amebiasis are common
parasitic diseases, and coinfection is the norm (6, 14, 25). The
emphasis is on schoolchildren, and we use a diversity of data sources
to identify demographic, environmental, and socioeconomic risk
factors and integrate them in Bayesian geostatistical models. Our
work serves as a prototype for spatially explicit risk mapping and for
the prediction of coinfection with multiple species of parasites in
general.

Results
Compliance and Final Study Cohort. Of 5,448 children listed on the
education registries for grades 3–5 in 57 rural schools of western
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Côte d’Ivoire in the school year 2001�2002, a total of 4,755 (87.3%)
were present during the epidemiologic survey and provided a stool
sample to the research team. Results from both the Kato–Katz thick
smear readings and the sodium–acetic acid–formalin (SAF)-fixed
stool samples processed by an ether-concentration method were
obtained for 4,336 schoolchildren (79.6%). Complete questionnaire
results were obtained from 4,376 schoolchildren (80.3%). The final
cohort had 3,578 schoolchildren (65.7%) from 56 schools, and
subsequent analyses were performed on this cohort. There were
significantly more boys than girls (2,162 vs. 1,416, respectively; P �
0.001) in the cohort. With regard to age, 1,956 (54.7%) of the
children were aged 6–10 yr and 1,622 (45.3%) were aged 11–16 yr.

Schoolchildren’s Infection Status. Table 1 illustrates that pooling the
results of the two diagnostic approaches increased the prevalence
rates for both S. mansoni and hookworm considerably. A total of
1,167 (32.6%) children were free of S. mansoni and hookworm
infections, 869 (24.3%) had a monoinfection with hookworm, 862
(24.1%) were infected with S. mansoni only, and 680 (19.0%) had
a coinfection with both parasites. At the unit of the school, the
prevalence of coinfection ranged from 0% to 60%. For details on
mono- and coinfection prevalence at the 56 schools, please refer to
Table 4, which is published as supporting information on the PNAS
web site.

Table 2 shows the observed infection status of schoolchildren
according to the pooled parasitologic data, stratified by sex and age.
The prevalence of mono- and coinfections was significantly higher
among boys than girls (likelihood ratio test � 20.07, P � 0.001), and
older schoolchildren were more likely to harbor either one or both

parasite species concurrently than their younger counterparts (like-
lihood ratio test � 109.11, P � 0.001).

Fig. 1 depicts the spatial distribution of children’s infection status,
with the school as the unit of analysis. The highest frequencies of
coinfection with S. mansoni and hookworm, exceeding 35%, were
observed in the southwestern part of the study area.

Multinomial Nonspatial Analyses. Bivariate model results from the
multinomial nonspatial analyses showed that sex, age group, socio-
economic status, land cover, elevation, slope, rainfall, land surface
temperature, normalized difference vegetation index, soil type, and
distance to the nearest health-care facility were significant covari-
ates for a monoinfection with either S. mansoni or hookworm, or
a coinfection (P � 0.001). Distance to permanent rivers also showed
a significant association with infection status (P � 0.013).

Bayesian Multinomial Spatial Analysis. The significant covariates
identified by the multinomial nonspatial models were built into the
final Bayesian multinomial spatial model. Table 3 summarizes the
resulting significant covariates for either a monoinfection with
S. mansoni or hookworm, or a coinfection [mean coefficient
estimates within Bayesian credible interval (BCI)]. Boys were more
likely to have an S. mansoni–hookworm coinfection than girls [risk
ratio ratio (RRR) � 2.45; 95% BCI, 1.97–3.06], and children aged
11–16 yr had higher odds for a coinfection than their younger
counterparts (RRR � 1.55; 95% BCI, 1.25–1.92). Children belong-
ing to the two poorest wealth quintiles were at an �2-fold higher
risk of a coinfection with S. mansoni and hookworm than their
less-poor counterparts. With regard to environmental covariates,
elevation showed the strongest leverage on an S. mansoni–
hookworm coinfection; children attending schools at altitudes
�400 m were at a 4.5-fold higher risk than those living at higher
altitudes. This result is primarily due to the increased risk of

Table 1. Observed infection status with S. mansoni and�or
hookworm, based on a single Kato–Katz thick smear reading, a
single SAF-processed stool sample examination, or the two
methods combined, among 3,578 schoolchildren in the region of
Man, western Côte d’Ivoire

Infection status

Single
Kato–Katz
thick smear

Single
SAF-processed
stool sample

Pooled
results*

No infection
No. (%) of children 1,519 (42.5) 2,184 (61.0) 1,167 (32.6)
School range, % 2.0–78.9 20.4–91.4 2.0–70.4

S. mansoni monoinfection
No. (%) of children 952 (26.6) 461 (12.9) 862 (24.1)
School range, % 0.0–72.2 0.0–45.5 0.0–63.9

Hookworm monoinfection
No. (%) of children 667 (18.6) 754 (21.1) 869 (24.3)
School range, % 0.0–58.3 0.0–70.2 0.0–65.7

S. mansoni–hookworm
coinfection

No. (%) of children 440 (12.3) 179 (5.0) 680 (19.0)
School range, % 0.0–52.7 0.0–31.5 0.0–60.0

*Both diagnostic approaches combined.

Table 2. Observed infection status with S. mansoni and�or hookworm, based on pooled results from the two
diagnostic approaches, among 3,578 schoolchildren in the region of Man, western Côte d’Ivoire, stratified
by sex and age

Infection status

Sex Age

Male, % Female, % P value* 6–10 yr, % 11–16 yr, % P value*

No infection 27.5 40.5 �0.001 35.6 29.0 �0.001
S. mansoni monoinfection 22.6 26.3 23.0 25.4
Hookworm monoinfection 27.2 19.8 23.9 24.7
S. mansoni–hookworm coinfection 22.7 13.4 17.4 20.9

*P values based on likelihood ratio test.

Fig. 1. Distribution of mono- and coinfections with S. mansoni and hookworm
among 3,578 schoolchildren of 56 rural schools in the region of Man, Côte
d’Ivoire.
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S. mansoni infections at elevations �400 m, whereas the risk of
hookworm infections per se is higher at elevations �400 m.

Although tropical forest showed a significant association with
hookworm monoinfection, none of the land cover types investigated
were significantly associated with either an S. mansoni monoinfec-
tion or an S. mansoni–hookworm coinfection. For comparison, our
previous analyses employing a binomial model with an emphasis on
S. mansoni infections (regardless of hookworm infection status)
(26) and hookworm infections (regardless of S. mansoni infection
status) (27) are also presented in Table 3. With regard to hookworm
infections, children belonging to the less-poor wealth quintile had
an odds ratio (OR) of 0.72 [95% confidence interval (CI), 0.56–
0.91], which was significant in the single-infection model, whereas
the RRR of the hookworm monoinfection category of the multi-
nomial model showed no statistical significance (RRR � 0.74; 95%
BCI, 0.54–1.04). Furthermore, the OR in the hookworm single-
infection model was 1.66 for elevation (27), whereas for monoin-
fections the RRR was considerably higher, i.e., 2.08. The rate of
decline of the spatial correlation for S. mansoni was higher in the
monoinfection category of the multinomial model compared with
the single-infection model (26), whereas the rate of decline of the
spatial correlation for hookworm was higher in the single-infection
model (27). The distance at which spatial correlation is �5% was
4.1 km for S. mansoni monoinfections, 1.3 km for hookworm
monoinfections, and 3.3 km for coinfections with both parasites.
For comparison, the S. mansoni and hookworm infection models in
our previous analyses revealed spatial correlations of �5% at
distances of 7.5 km (26) and 1.2 km (27), respectively.

Model Validation. By using 95% BCI of the predicted infection
prevalence as the designated threshold for model validation, the
frequency of children with S. mansoni–hookworm coinfection was
predicted correctly in all 16 villages (100%). The frequencies of
children with either an S. mansoni or a hookworm monoinfection
were predicted correctly in 15 of 16 villages (93.8%). Finally, the
frequencies of no infection were predicted correctly in 14 of 16
villages (87.5%).

Prediction of S. mansoni–Hookworm Coinfections. Fig. 2 displays the
prevalence of S. mansoni–hookworm coinfections resulting from
the predictive model with the covariates age group, sex, socioeco-
nomic status, elevation, and land cover types. The prevalence is
predicted with an emphasis on high-risk groups, i.e., boys aged
11–16 yr from the poorest households. The largest geographic area,
with S. mansoni–hookworm coinfection prevalence exceeding 35%,
was predicted for the southwestern part of the study area, covering
an area of �50 km2. Our model also predicted high prevalence for
S. mansoni–hookworm coinfections for an area of �4 km2 located
southeast of the town of Man. These predicted high-risk areas are
in agreement with the parasitologic findings, as shown in Fig. 1.

Fig. 3 displays the standard deviation of the predicted coinfection
prevalence. As expected, the error of the prediction was higher with
increasing distance from sampled locations.

Discussion
Recent epidemiologic studies confirmed that polyparasitism
remains a predominant problem in the developing world (6, 14,
15, 17, 28, 29). These observations provide leverage for inte-

Table 3. Comparison of results between multivariate binomial spatial models for S. mansoni and hookworm infections (regardless
of infection status with other parasites) and the multivariate multinomial spatial model with categories for monoinfections with
S. mansoni and hookworm and coinfection with both parasites

Data source Covariate

Binomial spatial model Multinomial spatial model

S. mansoni
infection (26)

Hookworm
infection (27)

S. mansoni
monoinfection

Hookworm
monoinfection

S. mansoni–
hookworm
coinfection

OR 95% CI OR 95% CI RRR 95% BCI RRR 95% BCI RRR 95% BCI

School registry Demography
Age

6–10 yr 1.00 1.00 1.00 1.00 1.00
11–16 yr 1.46* 1.24, 1.71 1.13 0.97, 1.31 1.59† 1.30, 1.96 1.18 0.98, 1.44 1.55 1.25, 1.92

Sex
Female 1.00 1.00 1.00 1.00 1.00
Male 1.21 1.03, 1.41 2.06 1.77, 2.39 1.18 0.97, 1.43 2.02 1.66, 2.46 2.45 1.97, 3.06

Questionnaire Socioeconomic status
Most poor 1.00 1.00 1.00 1.00 1.00
Very poor 1.12 0.85, 1.44 1.26 0.99, 1.58 0.86 0.61, 1.21 1.08 0.79, 1.49 1.33 0.94, 1.88
Poor 1.08 0.82, 1.39 0.92 0.72, 1.16 0.84 0.61, 1.17 0.83 0.60, 1.15 0.89 0.63, 1.25
Less poor 0.91 0.69, 1.18 0.72 0.56, 0.91 0.82 0.59, 1.14 0.74 0.54, 1.04 0.59 0.41, 0.84
Least poor 0.73 0.55, 0.95 0.66 0.51, 0.85 0.58 0.41, 0.82 0.67 0.48, 0.94 0.41 0.29, 0.60

Ground maps Elevation
�400 m 1.00 1.00 1.00 1.00 1.00
�400 m 0.20 0.07, 0.50 1.66 1.04, 2.52 0.19 0.07, 0.57 2.08 1.30, 3.40 0.22 0.09, 0.54

Satellite images Land cover type
Woody savannah 1.00 1.00 1.00 1.00
Tropical forest 1.64 1.06, 2.48 1.08 0.50, 2.36 1.68 1.03, 2.81 1.19 0.58, 2.51
Deforested savannah

and crops
1.51 0.81, 2.62 0.59 0.22, 1.56 1.47 0.78, 2.80 0.77 0.31, 2.00

Tropical rainforest 1.01 0.49, 2.51 0.86 0.29, 2.61 1.15 0.54, 2.44 0.67 0.24, 1.84
Model variable �2‡ 1.72 0.43 1.68 0.48 1.31

u§ 0.40 2.51 0.73 2.34 0.91

Results are presented as ORs and 95% CIs for the binomial model and as RRRs and 95% BCIs for the multinomial model.
*ORS. mansoni � (pij�1 � pij)(11–16 yr)�(pij�1 � pij)(6–10 yr) � 1.46.
†RRRS. mansoni � (pij2�pij4)(11–16 yr)�(pij2�pij4)(6–10 yr) � 1.59.
‡�2 is the estimate of geographical variability.
§u is a scalar parameter representing the rate of decline of correlation with distance between points.
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grated control programs, which in turn are likely to contribute
to progress toward internationally set targets, such as the Mil-
lennium Development Goals (3–5, 30, 31). Yet, little research
has been carried out to elucidate the underlying risk factors for
multiple-species parasitic infections and their spatial distribu-
tion. In an attempt to bridge this gap, we have developed an
integrated approach to mapping and predicting the distribution
of S. mansoni–hookworm coinfection in the region of Man,
western Côte d’Ivoire.

Our approach combines demographic, socioeconomic, and en-
vironmental data obtained from a diversity of sources, i.e., simple
questionnaires, existing education registries, ground maps, and
remotely sensed satellite data, and employs spatial statistics by using
Bayesian geostatistical models. The prior lack of such an integrated
approach might be explained on two grounds. First, the develop-
ment of geographic information system and remote sensing tech-
nologies, and their application to health issues in general and
tropical infectious diseases in particular, has a history of only
�10–15 yr (32–35). Second, significant advances have been made
with Bayesian approaches, which allow flexible modeling and
inference and provide computational advantages over frequentist
analyses via the implementation of Markov chain Monte Carlo
methods (36). Bayesian approaches allow spatial dependence to be
modeled in a hierarchical fashion, by introducing area- or site-
specific random effects with conditional autoregressive (37, 38) or
Gaussian random field prior specifications (39). These advances
have greatly improved spatial data analysis, including disease risk
mapping and prediction at nonsampled locations. For example,

Bayesian approaches have been applied successfully to genetic
epidemiology and nutritional ecology to explain child growth in
Papua New Guinea (40), to malaria risk at different spatial scales
in sub-Saharan Africa (41–43), and to map and predict community
prevalence of onchocerciasis in the Venezuelan Amazon (44),
schistosome prevalence among schoolchildren in Côte d’Ivoire and
Tanzania (24, 26), prevalence and intensity of infection with
Schistosoma japonicum in China and the Philippines (45, 46), and
hookworm infections in schoolchildren living in western Côte
d’Ivoire (27). Although the previous work applied univariate out-
comes (e.g., prevalence data), the present work describes spatially
explicit analysis of risk profiling for multinomial outcomes that
include coinfection.

An overall S. mansoni–hookworm coinfection prevalence of
19.0% was found after pooling the results of two different diag-
nostic techniques: the Kato–Katz technique and the processing of
SAF-conserved stool samples by an ether-concentration method.
Microscopic examination of Kato–Katz thick smears is the most
widely used approach in epidemiologic surveys focusing on intes-
tinal schistosomiasis and soil-transmitted helminthiasis (47). How-
ever, this technique is known to lack sensitivity because of signif-
icant day-to-day and intraspecimen variation in fecal egg counts of
S. mansoni, as well as the rapid dissolving of hookworm eggs on
microscope slides that are covered with glycerine-soaked cello-
phane paper (47–51). Indeed, examination of Kato–Katz thick
smears singly revealed an S. mansoni–hookworm coinfection prev-
alence of only 12.3% and hence underestimated the ‘‘true’’ coin-
fection prevalence by 6.7%, or more than one-third. The calculated
sensitivity of a single Kato–Katz thick smear and a single SAF
reading for the diagnosis of coinfections was 65.9% and 40.1%,
respectively (taking the pooled Kato–Katz and SAF results as the
‘‘composite reference standard’’), when a specificity of 100% is
assumed. Although sensitivity is increased when different diagnos-
tic tools are combined or a more extensive sampling effort is
undertaken (e.g., multiple Kato–Katz thick smears obtained from
consecutive fecal specimens), the infection prevalence in this setting
is still likely to be underestimated.

The results of the multinomial geostatistical models suggest that
children’s socioeconomic status is a significant predictor not only
for the spatial heterogeneity of a monoinfection with either
S. mansoni or hookworm, but also for coinfection with both
parasites. The relationship between wealth quintiles and children’s
infection status is consistent with previous findings from the same
study area that also employed Bayesian geostatistical models for
mapping and prediction of S. mansoni (regardless of other infec-
tions) (26) and hookworm (regardless of other infections) (27). We
had speculated that children living in less-poor households were
more likely to have a latrine at home, and that wealth might
influence household decision-making processes [e.g., better access
to health care because transportation and treatment fees can be
covered more readily (26)]. The present investigation adds further
weight to our previous claims, because children belonging to the
least-poor wealth quintile were at a significantly lower risk of a
coinfection with S. mansoni and hookworm than children with no
or monoinfections, suggesting that the poorest of the poor may
encounter the greatest difficulties in access to health care, clean
water, and adequate sanitation. These are important risk factors
that govern the spatial distribution of coinfections and must be
addressed if further progress toward the Millennium Development
Goals is to be made in an equitable manner.

Geographic information systems and remote sensing are increas-
ingly applied to predict the distribution of tropical parasitic diseases,
because these techniques facilitate the identification and visualiza-
tion of environmental indicators for infection risk (22, 23, 52). In the
present application, elevation was identified as an important envi-
ronmental predictor for S. mansoni–hookworm coinfection; chil-
dren attending schools located at elevations �400 m were at a
4.5-fold higher risk of a coinfection than children from higher-

Fig. 2. Map of S. mansoni–hookworm coinfection prevalence among school-
children in the region of Man, Côte d’Ivoire.

Fig. 3. Map with standard deviation of the predicted S. mansoni–hookworm
coinfection prevalence among schoolchildren in the region of Man, Côte d’Ivoire.
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altitude schools. A similar observation had been made in the same
study area for S. mansoni infection regardless of concurrent hook-
worm infection status (26). Depending on the topography, elevation
can serve as a proxy for the flow velocity of rivers (52), which, in
turn, governs the abundance of intermediate host snail habitat. At
low elevations, flow velocity may drop below a critical threshold,
e.g., 0.3 m�sec, at which snail populations can survive (53). Con-
versely, because elevation may act as proxy for increased rainfall in
the mountainous area, higher flow velocities usually occur with
increasing altitude (26, 27).

Although multiparasitism is the norm in the developing world,
only limited attempts have been made to shed light on the inter-
relationships between multiple-species infections and morbidity
and comorbidity (15). Further research is warranted on the burden
caused by coinfections, to derive better estimates of the cost-
effectiveness of interventions. We have developed an integrated
approach and used Bayesian geostatistical multinomial models for
risk profiling and for mapping and prediction of the spatial distri-
bution of S. mansoni–hookworm coinfection. The resulting risk
maps can identify villages where access to efficacious drugs, com-
bined with the provision of clean water and adequate sanitation, is
most needed, and where introduction of such measures can yield the
greatest payoff by targeting schistosomiasis and hookworm disease
simultaneously. More generally, our integrated approach can be
adapted to other parasite combinations and, if successfully vali-
dated in other ecoepidemiologic and socioeconomic settings, can
establish itself as a cornerstone for integrated parasitic disease
control programs.

Materials and Methods
Study Area and Population. The study was carried out from May to
August 2002 in the region of Man, a mountainous area located in
western Côte d’Ivoire. Recent cross-sectional surveys conducted in
this setting confirmed that infections with S. mansoni and hook-
worm are common (6, 14, 54, 55). Study participants were 6- to
16-yr-old children attending grades 3–5 at 57 rural schools.

Ethical Approval and Consent. The study protocol was approved by
the institutional review boards of the Swiss Tropical Institute
(Basel) and the Centre Suisse de Recherches Scientifiques (Abid-
jan, Côte d’Ivoire). Ethical clearance was granted by the Ministry
of Health in Côte d’Ivoire. After the study aims and procedures
were explained, written informed consent was obtained from the
two education officers. The officers then informed school directors
about the study, and detailed information was provided by our
research team on the day preceding the parasitologic survey.

Data Sources: Demography, Environment, and Socioeconomic Status.
Schoolchildren’s demographic data (i.e., age and sex) were readily
available from education registries, which were made available by
the education officers.

Schoolchildren’s socioeconomic status was obtained by teachers
administering a questionnaire that included a list of assets owned
(e.g., possession of a radio) and household characteristics (e.g., walls
constructed with bricks). An asset-based approach, in accordance
with a previously described method, allowed stratification of school-
children into wealth quintiles (56).

The geographic coordinates of each school were collected by
using a handheld global positioning system (Thales Navigation,
Santa Clara, CA). Streets, village boundaries, rivers, elevation lines,
and soil types were digitized from existing ground maps at scales of
1:50,000 to 1:500,000. Land cover types were obtained from the
Advanced Very High Resolution Radiometer (AVHRR) satellite;
U.S. Geological Survey (USGS) Africa Land Cover Characteristics
Database v.2: Africa Seasonal Land Cover Regions; and USGS
Earth Resources Observation System (EROS) Data Center at 1 �
1-km spatial resolution. Normalized difference vegetation index
and land surface temperature data were downloaded at 1 � 1-km

spatial resolution from the Moderate Resolution Imaging Spectro-
radiometer (MODIS) from the USGS EROS Data Center. Rainfall
estimate data with an 8 � 8-km spatial resolution, from the
Meteosat 7 satellite, were obtained from the Africa Data Dissem-
ination Service. Normalized difference vegetation index, land sur-
face temperature, and rainfall estimate data were downloaded for
the period September 2001 to August 2002 and processed as
detailed (26, 27).

Outcome Measure: Children’s Infection Status. A cross-sectional
epidemiologic survey was carried out to assess children’s infection
status with S. mansoni and hookworm. A single stool specimen was
collected from each schoolchild and processed by the following
two-pronged diagnostic approach. First, a single 42-mg Kato–Katz
thick smear was prepared from each stool sample on microscope
slides (57). Slides were allowed to clear for 30–45 min before
examination under a light microscope at low magnification. Eggs of
S. mansoni and hookworm were counted separately and recorded.
Other soil-transmitted helminths (i.e., Ascaris lumbricoides and
Trichuris trichiura) were also examined quantitatively, but because
of their low frequencies they were not considered further. Second,
a 1- to 2-g portion of stool was fixed into 10 ml of SAF, processed
with a standard ether-concentration method, and analyzed under a
light microscope for helminth eggs and intestinal protozoa (58, 59).
Only the presence or absence of S. mansoni and hookworm was
considered here.

Anthelmintic Treatment. Parasite-positive children received treat-
ment; praziquantel at a single oral dose of 40 mg�kg was given
against infection with S. mansoni, and a single tablet of albenda-
zole (400 mg) was given to children who had a soil-transmitted
helminth infection (60). Drug administration followed a treat-
ment schedule developed recently by the regional health author-
ities, as described (55).

Data Management and Statistical Analysis. Data obtained from the
epidemiologic and questionnaire surveys were double-entered and
cross-checked with EPIINFO V.6.04 (Centers for Disease Control and
Prevention, Atlanta). Schoolchildren were classified into two age
categories, with group 1 consisting of children aged 6–10 yr and
group 2 consisting of children aged 11–16 yr. A child was recorded
as positive for an infection with S. mansoni or hookworm if at least
one egg was detected in the Kato–Katz thick smear or the SAF-
processed stool sample. The pooled parasitologic data (combined
Kato–Katz thick smear and SAF readings) were considered the
‘‘composite reference standard’’ and used in all subsequent analy-
ses. An outcome variable was created with the following four
categories: (i) coinfection with S. mansoni and hookworm, (ii)
monoinfection with S. mansoni, (iii) monoinfection with hook-
worm, and (iv) no infection. Environmental covariates were stan-
dardized with a mean of 0 and an SD of 1.

For each available demographic, socioeconomic, and environ-
mental covariate, a multinomial model was fitted on the outcome
variable in STATA V.8.0 (Stata, College Station, TX). Independent
location random effects for each multinomial category with an
exchangeable correlation structure were added to model extra-
multinomial variation due to geographic correlation. All covariates
significant at 0.2 significance level were built into a Bayesian spatial
multinomial regression model for a monoinfection with either S.
mansoni or hookworm and for a coinfection with both parasites, by
using WINBUGS V.1.4 (Imperial College and the Medical Research
Council, London). Spatial heterogeneity was introduced on the
variance–covariance matrix of the random effects. Key model
parameters have been summarized with their posterior median and
95% BCI (27, 61).

Let Yijk and pijk be the infection status and probability of
coinfection (k � 1), an S. mansoni monoinfection (k � 2), a
hookworm monoinfection (k � 3), and no infection (k � 4) of
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schoolchild j in village i. We assumed that Yijk arises from a
multinomial distribution, i.e.,

�Yij1, Yij2, Yij3, Yij4� � Mult�1, pij1, pij2, pij3, pij4� , [1]

and modeled the influence of covariates Xijk and village-specific
random effects �ik on the log(pijl�pij4), l � 1, 2, 3, as

log� pijl

p ij4
� � X ij

T� � � il,

where � � {�l}l�1,2,3 � (�1, �2, �3) is the vector of regression
coefficients corresponding to the multinomial categories, and pijl�
pij4 is the risk ratio of the infection status with regard to no infection.
We introduced a spatial correlation structure on � � {�l}l�1,2,3 by
assuming that �l � (�1l, �2l, . . . , �Nl)T has a multivariate normal
distribution, �l 	 MVN(0, 
l), with variance–covariance matrix 
l.
We also assumed an isotropic spatial process, i.e.,

�
l�ir � � l
2exp(�uldir),

where dir is the Euclidean distance between villages i and r, �l
2 is the

geographic variability known as the sill, and ul is a smoothing
parameter that controls the rate of correlation decay with increas-
ing distance. The range of geographic dependency, i.e., the mini-
mum distance at which spatial correlation between locations is
�5% for each category l, was calculated as 3�ul (in meters).

In accordance with a Bayesian model specification, we adopted
prior distributions for the model parameters. We choose vague

normal prior distributions for the � parameters with large variances
(i.e., 10,000), inverse gamma priors for {�l

2}l�1,2,3, and uniform
priors for {ul}l�1,2,3. Markov chain Monte Carlo simulation was
used to estimate the model parameters (36). We ran a single chain
sampler with a burn-in of 5,000 iterations. Convergence was as-
sessed by inspection of ergodic averages of selected model param-
eters. Covariates from the multivariate model were used to generate
smooth risk maps of either mono- or coinfections by using Bayesian
kriging (39).

Model Validation. Validation was carried out by using a training
sample derived from the current database, i.e., 40 locations (71.4%)
to establish a spatial model and the remaining 16 locations (28.6%)
for prediction. The accuracy of the prediction was determined by
comparing observed and predicted prevalence in the 16 test loca-
tions. The infection prevalence for a particular test location was
defined as correctly predicted if the observed prevalence of this
location was within the 95% BCI resulting from the predictive
posterior distribution of that location.
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