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Abstract

A geographic information system (GIS) was constructed using maps of regional agroclimatic features, vegetation
indices and earth surface temperature data from environmental satellites, together with Schistosoma mansoni
prevalence records from 270 municipalities including snail host distributions in Bahia, Brazil to study the spatial and
temporal dynamics of infection and to identify environmental factors that influence the distribution of schistosomia-
sis. In an initial analysis, population density and duration (months) of the annual dry period were shown to be
important determinants of disease. In cooperation with the National Institute of Spatial Research in Brazil (INPE),
day and night imagery data covering the state of Bahia were selected at approximately bimonthly intervals in 1994
(six day—night pairs) from the data archives of the advanced very high resolution radiometer (AVHRR) sensor of the
National Oceanic and Atmospheric Administration (NOAA)-11 satellite. A composite mosaic of these images was
created to produce maps of: (1) average values between 0 and + 1 of the normalized difference vegetation index
(NDVI); and (2) average diurnal temperature differences (d7") on a scale of values between 0 and 15°C. For each
municipality, NDVI and dT were calculated for a 3 x 3 pixel (9 km? area) grid and analyzed for relationships to
prevalence of schistosomiasis. Results showed a statistically significant relationship of prevalence to d7" (p = — 0.218)
and NDVI (p = 0.384) at the 95% level of confidence by the Spearman rank correlation coefficient. Results support
use of NDVI, d7, dry period climatic stress factors and human population density for development of a GIS
environmental risk assessment model for schistosomiasis in Brazil. © 2001 Elsevier Science B.V. All rights reserved.
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socio-economic and public health importance in
tropical and sub-tropical areas (World Health Or-
ganization, 1993). Intestinal schistosomiasis was
first reported in Brazil in 1902 by Piraja da Silva
(Doumenge et al., 1987) in the northeast of the
country. Since 1920, the endemic area has spread
to other regions. Schistosomiasis in Brazil is due
to S. mansoni and either Biomphalaria straminea,
Biomphalaria glabrata or Biomphalaria tenago-
phila (Doumenge et al., 1987)

The geographical distribution of schistosomia-
sis is a function of the interaction between abiotic
and biotic environmental factors. The disease has
a focal distribution and requires contact with
water containing infected snails. As with other
zoonoses, schistosomiasis has a natural habitat in
a well-defined ecosystem. Pathogens, vectors and
natural hosts form an association or biocoenose
within which the pathogen reproduces and is dis-
seminated (Appleton, 1978). Temperature, rain-
fall, relative humidity and wind are known to
have an important influence on a wide range of
health processes, and all are predicted to be af-
fected by future climate change (Beck et al., 2000).
From previous work in 30 randomly selected mu-
nicipalities, it was established that, in Bahia, re-
gional differences in the prevalence of S. mansoni
are determined more by the limiting effects of
drought stress on life cycle development and
transmission than by rainfall or temperature
(Bavia, 1996).

Since the disease is constrained in space and
time by environmental factors, geographic infor-
mation systems (GIS) is useful in understanding
the distribution of the parasites and their hosts in
relation to maps depicting spatial and temporal
features of the environment. The use of GIS and
remote sensing (RS) to identify environmental
features allows the determination of risk factors
and delimitation of areas at risk, permitting more
rational allocation of resources for cost-effective
control (Beck et al., 1997; Beck et al., 2000). The
application of products derived from the ad-
vanced very high resolution radiometer (AVHRR)
sensor on board the National Oceanic and Atmo-
spheric Administration (NOAA) series of environ-
mental satellites has not previously been used to
study schistosomiasis in Brazil. Earlier reports

suggest that the Normalized Difference Vegeta-
tion Index (NDVI) and diurnal temperature dif-
ference values (d7') may be useful as surrogate
measures of environmental moisture and thermal
regimes for development of environmental risk
models (Malone et al., 1997).

In Brazil, the traditional control program has
included mass chemotherapy with supplemental
use of snail control, a general practice that has
been applied to endemic communities for more
than 50 years. This basic approach has been suc-
cessful in preventing mortality and reducing mor-
bidity, but has not contained the expansion of the
endemic area in the state of Bahia or elsewhere.

The objectives of this study were: (1) to deter-
mine the relationship between the distribution and
abundance of schistosomisis in the state of Bahia,
Brazil, and the suitability of the environment as
measured by NDVI, diurnal temperature differ-
ence (d7), and length of the annual dry period;
and (2) to use these factors to develop a multivari-
ate model for the prediction of the environmental
risk of the disease in the 230 endemic municipali-
ties in Bahia, Brazil. The study proposes to in-
clude NDVI and dT as surrogate climatic
indicators of regional surface hydrological regime
that can be used to establish descriptive parame-
ters relating to the spatial and temporal dynamics
of schistosomiasis.

2. Material and methods

The state of Bahia, with an area of approxi-
mately 584000 km? and 932 km Atlantic Ocean
coastline, is divided politically into 417 municipal-
ities where approximately 13 million people live
under tropical climatic conditions (Fundacao In-
stituto Brasileiro de Geografia ¢ Estatistica, 1995).
Prevalence data from the National Foundation of
Health (NFH) surveillance program for 1992-
1994 were used as prevalence rates for the 230
municipalities included in the study. Prevalence
rates were classified into five categories (0-5, >5
to 15, >15 to 25, >25 to 40, and >40 to
90.4%). A map depicting the average length of the
annual dry period (Nimer, 1989) was digitized at
a scale of 1:1 million, converted to an ARCVIEW
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shapefile and represented as contours with from
zero to 11 months of dryness. Population density
was calculated according to 1994 data from the
Brasilian Institute of Geography and Statistics
(Fundacao Instituto Brasileiro de Geografia e
Estatistica, 1995). Statistical analysis was carried
out using stepwise multiple regression analysis
and the Spearman rank correlation coefficient
(Slott, 1990).

SPRING modular GIS software from the Na-
tional Institute of Spatial Research (INPE), Sao
Paulo, Brazil, was used to develop and analyze
satellite-derived maps of NDVI and dT for these
studies. A total of 230 endemic municipalities (of
417 total) were georeferenced on composite maps
created from a 1994 time-series of six day—night
pairs of AVHRR imagery acquired from INPE.
Day—night pairs for 6 days and 6 nights at ap-
proximately 06:00 and 1500 h on 16 January, 5
March, 17 May, 20 July, 21 September and 17
November were calibrated, georeferenced and
co-registered. Daytime Channel 1 visible and
Channel 2 near-infrared data were used to calcu-
late a NDVI average for each municipality using
the formula: Chl — Ch2/Chl + Ch2 =NDVI. A
grid of 3 x 3 km? areas (3 x 3 pixels) was used
to calculate the NDVI average value within the
boundary of each municipality (Fig. 2a). Values
for dT were measured by calculating the differ-
ence between daytime and night-time tempera-
tures extracted from Channel 4 (thermal
infrared) of the AVHRR sensor. The d7T value
was calculated from a grid of 3 x 3 km? areas by
subtracting Channel 4 night-time from Channel
4 daytime data (d7 = A — B). This resulted in 19
dT values that were classified and represented as
a dT map with eight dT classes ranging, in 2°
increments, from 0—1 to 14—15 (Fig. 2b).

3. Results

The variation in percent prevalence among
communities in the NFH control program survey
carried out between 1992 and 1994 ranged from
0 to 90.4%. A prevalence rate of 0-5% was
found in 57 (24.8%) of the municipalities; of
these, 54 showed prevalence rate values less than

1% and only three of these communities were
diagnosed as free of S. mansoni. In 66 munici-
palities (28.7%), prevalence was 5—15%. A preva-
lence of 15-25 or 25-40% was found in 35
(13.0%) municipalities each. Very high values
(40-90.4%) were found among individuals in 12
(5.2%) of the municipalities. Reports of the
NFH schistosomiasis campaign program record
the presence of both B. glabrata and B.
straminea in each of the 230 municipalities se-
lected for this study. The presence of both snail
species were validated as part of current studies
in a 10% random sample of villages in 1998—
1999.

The average length of the dry season during a
30-year period for the state of Bahia varies from
0 to 11 months of dryness (Nimer, 1989). The
highest occurrence of high prevalence was re-
ported in coastal areas with high population
density and in areas where the length of dry
period did not exceed 6 months of drought (Fig.
1).

Values of NDVI extracted from 3 x 3 km ar-
eas from the annual composite of six daytime
AVHRR sensor images were calculated and
ranked within the value range of 0 to + 1 (Fig.
2a). Diurnal temperature difference (d7") values
were ranked from 0 to 15°C after similar extrac-
tion of data from an annual composite map pre-
pared from six pairs of day/night images (Fig.
2b).

Spearman correlation analysis revealed that
prevalence rates were inversely related to the
length of the dry period and d7, and directly
related to NDVI and population density. Munic-
ipalities with high prevalence rates thus had high
values for NDVI and low values for d7. A step-
wise multiple regression model developed using
the log of prevalence as the dependent variable
showed that the best two-variable model in-
cluded dryness and NDVI values (p = 0.36; P <
0.0001; F=63.29). A three-variable model that
included population density (range, 19—50/km?),
resulted in improved model values (p = 0.36;
P <0.0001; F=43.41). The model was further
improved using a four-variable model that in-
cluded dT values (p = 0.40; P <0.01; F=33.27).
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4. Discussion

In previous work (Bavia et al., 1999) on a
sample of 30 municipalities in the state of Bahia
that focused on hydrological features and temper-
ature patterns, the length of the dry period and
population density (range, 19-50 people/km?,
were shown to be the most important limiting
factors on schistosomiasis distribution and abun-
dance. The present study, which was expanded to
include all 230 endemic municipalities of Bahia,
was designed to validate these findings and to

0 300 Kilometers
—

further investigate the relationship of regional
moisture—thermal regime and risk of schistosomi-
asis using NDVI and dT values as climate surro-
gate data. Results of the present study: (1)
validated the direct relationship to population
density and indirect relationship to the length of
the drought period in months as a major limiting
stress factor on the development and transmission
of the S. mansoni life cycle; and (2) indicated that
satellite-derived vegetation index (NDVI) and di-
urnal temperature difference (d7°) values from the
AVHRR sensor can be used to define regional

Prevalence (%)
o 0-5
o 6-16
o 16 -26
O 25-40
Q 40 -91
Number of dry months

Fig. 1. Prevalence of S. mansoni in 230 endemic municipalities (of 431 total) in relation to the annual number of dry months. Note
that municipalities with high to very high prevalence rates ( > 25%) are clustered in areas with a 3—4 month dry period.
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Fig. 2. Prevalence of S. mansoni and annual number of dry months overlaid on an annual composite NDVI map (a) (low =0 and
high =0.5) and a diurnal temperature difference (d7°) annual composite map (b) (low =0 and high = 15) prepared from six
day—night pairs of images (approximately bi-monthly intervals) from the AVHRR sensor of the NOAA series of earth observing
satellites. Both NDVI and d7 are proposed to be a surrogate measures of environmental thermal-hydrologic regime. The wettest
sites have the lowest values of d7 due to the buffering effect of environmental moisture on diurnal temperature fluctuation, and also
have the highest value of NDVI due to the cumulative effects of increasing rainfall on vegetation growth and vigor.
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patterns of moisture—thermal regimes that favor
the propagation and transmission of S. mansoni in
Bahia, Brazil.

There was an inverse association between
prevalence rates and the length of the dry period,
and most communities with high schistosomiasis
morbidity rates occur in areas that do not exceed
5 months of drought. Communities with high to
very high prevalence rates (25—-40 and 40-90.4%)
are clustered in areas with a 3-4 month dry
period (Fig. 1). However, Spearman correlation
analysis showed that only 36% of the variation in
schistosomiasis morbidity in the state of Bahia
can be explained by regional variation in the
length of dry period (P < 0.0001), and additional
environmental risk parameters are needed to
refine the ability to predict regional risk of schis-
tosomiasis using GIS.

Remote sensing and GIS methods have been
used to define and map landscape and moisture
patterns that favor vector-borne disease habitats
and to develop models, mainly at a regional scale,
that define suitable conditions for development of
the life cycles of snail host—parasite systems (Ab-
del-Rahman et al., 1997; Malone et al., 1997;
Yilma and Malone, 1998). In the present investi-
gation in Brazil, six day—night pairs of images
from the AVHRR sensor of the NOAA-11 envi-
ronmental satellite were acquired at approxi-
mately bi-monthly intervals to evaluate the
strength of the association between schistosomia-
sis prevalence in Bahia and environmental mois-
ture—thermal regime as measured by NDVI and
dT values.

Diurnal temperature difference average values
(dT) calculated from a grid of 3 x 3 km? (3 x 3
pixels) for each municipality were shown to have
an inverse association with schistosomiasis preva-
lence (Fig. 2b). Although high-risk communities
were associated with low values of temperature
difference, dT as a single variable showed a rela-
tively weak inverse relationship (p =1.86, P <
0.0001) to the percentage of schistosomiasis in
communities with above 25% prevalence rates.
Normalized difference vegetation index average
values, similarly obtained from a 3 x 3 km? area
grid, had a direct relationship with schistosomia-
sis and can explain, by itself, 25% of the preva-

lence variation within communities (p =0.25 at
the P < 0.0001 confidence interval). The distribu-
tion sites with over 25% prevalence corresponded
to relatively high values of NDVI, indicating the
presence of adequate moisture at developmental
temperatures favorable to S. mansoni. Overlays of
the length of the annual dry period on annual
composites maps prepared from 1994 NDVI and
dT data demonstrate a clear relationship between
these factors and percent prevalence rates (Fig.
2a,b), and suggest that each of these data sources
may be useful components of more comprehen-
sive GIS regional risk models for the management
of schistosomiasis control programs in Brazil.

The intermediate snail hosts of schistosomiasis
in Brazil are adapted to a wide range of environ-
mental conditions. In Bahia, the amplitude of
ambient temperature variation is around 5°C. The
rainfall pattern within the state is typically tropi-
cal (300-2000 mm/year) with a high concentra-
tion of rain during a few months, except in
coastal areas where more extended precipitation
occurs (McNally, 1990). Earlier reports suggest
that temperature and rainfall regimes may be
favorable to reproduction of the snail host and
parasite in the entire state of Bahia in the future
context of projected water resources development,
human population increase and movements, per-
sistent poverty and lagging control programs
(Bavia et al., 1999). In 1996 and 1997, WHO
reported schistosomiasis prevalence rates of 10.3%
and 8.8% respectively, in the state of Bahia. Of
the 230 communities examined, considered to be
endemic by the National Foundation for Health,
only three were found to be free of schistosomi-
ases, although two of the intermediate hosts, B.
straminea and B. glabrata, were observed there. In
33.4% of the communities, morbidity rates ranged
from 0 to 5%, suggesting that conditions currently
exist for future expansion of the disease.

With the objective of preparing a model based
on moisture—thermal regime risk that can be ex-
trapolated to other areas with similar characteris-
tics, a three-step multivariate stepwise regression
model was developed that included values of pop-
ulation density, NDVI, and length of the annual
dry period (p =0.37; P <0.001; F=43.4). Inclu-
sion of d7" as a fourth variable to improve the
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accuracy of the three-step model resulted in an
improved multivariate four-step regression model
(p =0.40; P<0.001; F=33.27). We propose the
best current model for predicting regional varia-
tion in risk of schistosomiasis in the state of Bahia
is represented by the four-variable model that
includes NDVI, d7, the length of the dry period
and population density.

Patterns of moisture can be efficiently mapped
over large areas using RS data, which provide an
integrated view that is often not easily perceived
from the ground and that enable predictions of
risk in unsurveyed sites based on identification of
moisture domains favorable to schistosomiasis.
Although measurements of thermal-moisture
regime provide broad limits to schistosomiasis
distribution at regional scales, the well-known
focality of the disease may be explained by a
number of additional environmental requirements
at local scales that must also be met to support
the chain of reproduction of parasites, snails and
final hosts. There is a need for a GIS environmen-
tal risk model that can provide accurate predic-
tion for both regional and local scale risk areas in
a single system. In response to this need, we are
currently focusing on landscape features (hypsog-
raphy, land use, soil type, slope, hydrology) using
maps prepared from Landsat TM images and
GPS points at five municipalities that are repre-
sentative of environments in the 230 endemic
municipalities. The goal is to test the predictive
capability of the current regional four-step risk
model in the state of Bahia by extrapolated to
other endemic areas and to improve on the utility
of the model at local scales i.e. < 1:50000 by
modeling landscape features that can explain local
variance in schistosomiasis prevalence rates.
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