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Abstract. We mapped overall malaria cases and located each field observed major malaria vector
breeding habitat using Global Positioning System (GPS) instruments from September 2000 to Octo-
ber 2003 around the three malaria-endemic villages of Ban Khun Huay, Ban Pa Dae, and Ban Tham
Seau, Mae Sod district, Tak Province, Thailand. The land-use/land-cover classifications of the three
villages and surrounding areas were performed on IKONOS satellite images acquired on 12 Novem-
ber 2001 with a spatial resolution of 1 x 1m. Stream network was delineated and displayed. Proxim-
ity analysis was performed on the locations of the houses with and without malaria cases within a
1.5 km buffer from An. minimus immature mosquito breeding habitats, mainly stream margins. The
1.5 km used in our proximity analysis was arbitrarily estimated based on the An. minimus flight
range. A statistical t-test at 5% significance level was performed to evaluate whether houses with
malaria cases have higher proximities to streams than houses without malaria cases. The result
shows no significant difference between proximity to streams between houses with malaria cases
and houses without malaria cases. We suspect that the actual flight range of An. minimus may be
greater than 1.5 km. The An. minimus larval habitat deserves more detailed investigation. Further
studies on human behavior contrary to that required for adequate malaria control among these three

villages are also recommended.

INTRODUCTION

Malaria transmission is associated with lo-
cation since the disease is focused around spe-
cific mosquito breeding sites and can be trans-
mitted within certain distances from them. There
is also a clustering of people with malaria para-
sites and clinical symptoms at particular loca-
tions. In low endemicity areas, the level of ma-
laria risk may vary between households because
of their location and other characteristics that
affect contact between humans and vectors.
Information on the distribution of malaria on the
ground can permit controls to be targeted to-
wards the foci of transmission and the locations
of high malaria risk. Such targeting can greatly
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increase the effectiveness of control measures.
Exclusion of these locations can cause the fail-
ure of control measures. Computerized mapping
and management of location data using Geo-
graphical Information Systems (GIS) and remote
sensing can assist the targeting of control mea-
sures against malaria at the focal and house-
hold levels, leading to effective control.

Control of malaria in Thailand presents a
significant challenge. Targeting the populations
at greatest risk can increase the effectiveness
of interventions. Risk of malaria, as measured
by parasite prevalence, estimated annual ma-
laria incidence, and risk of clinical iliness, has
been shown to increase with mosquito exposure
(Trape et al, 1992, 1993; Thompson et al, 1997;
Staedke et al, 2003). Some data suggest that
parasite prevalence (Thomas and Lindsay, 2000)
and clinical illness (Clarke et al, 2002) are less
common in more frequently exposed children,
possibly due to acquired immunity. GPS and GIS
technology coupled with clinical data can be
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used to identify geographic areas
at greatest malaria risk (Carter et

al, 2000). In this study, GPS and

GIS were used to map the loca-
tion of households in three vil-
lages in northwestern Thailand in
Mae Sot district, Tak Province:
Ban Khun Huay, Ban Pa Dae,
and Ban Tham Seau. The three
Karen villages are located about
20 km east of the city of Mae Sot
near the Myanmar border. We
examined the relationship be-
tween the location of the resi-
dence and the incidence of clini-
cal episodes of malaria.

This study is part of a longi-
tudinal study described else-
where (Sithiprasasna et al, 2003
a,b). An. minimus has been im-
plicated as a vector for malaria
based on the detection of sporo-
zoites using ELISA for P.
falciparum and P. vivax. The vec-
torial capacities and entomologi-
cal inoculation rates were calcu-
lated. An. dirus was encountered
rarely and probably played little
part in transmission in these
three villages during the study
period. Information obtained pro-
vided on nightly biting activity,
parity rate, infectivity, and adult
and larval bionomics. Spatial and
temporal comparisons were dis-
played on different satellite im-
ages, including the Normalized
Difference Vegetation Index data
from the National Oceanographic
and Atmospheric Administration
satellites (NOAA/NDVI), the
LANDSAT satellite Thematic
Mapper and the IKONOS satel-
lite in a GIS. We sampled 291
bodies of water for Anopheles
larvae around the three malaria-
endemic villages and modeled
surface slope and wetness indi-
ces to identify the extent and
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Fig 1-Locations of each house (black dot) in three villages utilizing Global Po-
sitioning System data overlaid on LANDSAT 5 Thematic Mapper data
dated 22 January 1999 (band combination 4, 5, 2).
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Fig 2—-Classified IKONOS image showing land-use/land-cover of the study area.
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spatial pattern of potential breeding habitats of
the major malaria vectors An. dirus, An. ma-
culatus, An. minimus, and An. sawadwongporni
by digitizing base topographical maps of the
study site.

Malaria is a complex disease. Its severity is
a function of the interaction between the Anoph-
eles mosquito vector, the parasite, the host, and
the environment. Different mosquito species
have different habitat preferences, such as rice
fields, plantations, forests, forest fringes, and
foothills. Many of these features can be identi-
fied on satellite images (Sithiprasasna et al,
2003a,b). Immature stages of mosquitos are
found in a variety of aquatic habitats, but larval
surveys are expensive, time-consuming, and
cumbersome. As an alternative to the traditional
ground-based survey approach to vector surveil-
lance, this study used a combination of remote
sensing (RS) and GIS technologies to develop
landscape predictors of anopheline abundance,
which is considered an indicator of potential hu-
man vector contact and malaria transmission
risk. Satellite data can be used to map the ex-
tent and condition of environmental factors per-
tinent to malaria transmission over space and
time.

Passive instruments on satellites measure
only radiation (reflected light or emitted energy),
therefore observations include the vegetation in-
dex, surface temperature, and cloud tempera-
ture. These are used to determine the ecologi-
cal conditions on the ground and assess infor-
mation regarding ecological variables relevant to
malaria control. Low spatial resolution satellite
data, such as from NOAA (National Oceano-
graphic and Atmospheric Administration) and
Meteosat, are available at a scale and frequency
of observation which can cover a large area.
NOAA satellite data are commonly used to moni-
tor changing ecological conditions over multiple
years since data are available from 1981 to the
present (Linthicum et al, 1999; Anyamba et al,
2002). High spatial resolution satellite data (such
as LANDSAT, IKONOS) can provide up-to-date
detailed spatial mapping which can be used as
a source of spatial baseline mapping (Pope et
al, 1992; Sithiprasasna et al, 2003a,b). Fine spa-
tial resolution data acquired by remote sensing
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has been used in several studies to estimate
adult mosquito numbers (Beck et al, 1994, 2000;
Rejmankova et al, 1995; Roberts et al, 1996;
Sithiprasasna et al, 2003a,b). We adopted this
approach to estimate variations in cases in geo-
graphical area. This allowed us to examine varia-
tion in the relationship between exposure and
infection. The spatial resolution is important be-
cause the user must determine which data are
appropriate for a particular application. IKONOS,
with a high resolution of 1 m (pixel size of 1 by 1
m), and LANDSAT Thematic Mapper, with a high
spatial resolution of 30 m (pixel size of 30 by 30
m), can be used to map objects in detail and
characterize land use in an area. Recent devel-
opments in the access of remotely sensed veg-
etation and weather data, and their analysis
along with other data sources within a GIS, have
opened new possibilities in malaria stratification,
monitoring, and early warning.

MATERIALS AND METHODS

Study area

Mosquitos were collected in 3 villages in
Mae Sot district, Tak Province (Fig 1). Ban Khun
Huay, Ban Pa Dae, and Ban Tham Seau are
Karen villages, located about 20 km east of the
city of Mae Sot near the Myanmar border with
Thailand.

Mosquito collection

Adult mosquito collections were conducted
monthly from August 2001 to December 2003
on human bait made between 18 00 and 06 00
hours. All anopheline mosquitos were captured
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and the time of collection re- i B3 5 K buller
corded. All collections were 4 stream
conducted using a standard il
method to permit temporal and
spatial comparisons between
collections and statistical
evaluation. All mosquitos were
tested for P. falciparum and P.
vivax CS antigen using the en-
zyme-linked immunosorbent
assays (ELISA). Larval collec-
tions were made in and around
the study area to determine the
types and abundance of habi-
tats where anophelines occur.
Geographical coordinates for
all larval habitats were re-
corded using a Trimble GPS
GeoExplorer lll. Mosquito lar-
vae were reared to adults, and
identified as to species.

Satellite data

LANDSAT Thematic Map- in yellow dots.
per, (dated 22 January 1999)
with a spatial resolution of 30 x
30 m, and IKONOS images, |
(dated 12 November 2001) with s cations
a spatial resolution of 1 x 1 m, - :2::22 xﬁ:"c“;;ezses
of the three villages and sur-
rounding area were acquired
and used in GIS using ERDAS
(2002) and ENVI (2000) soft-
ware.

Thematic maps were
generated using ArcGIS 8.3
(ESRI, 2001-2002) software.
RS-based GIS included spatial
and temporal data in the form
of geographic coverage and
descriptive information in the
form of relational databases
associated with the mapped
features.

Fig 4-Stream network within 1.5 km buffer of An. minimus larval habitats displayed

. HE
'

Land-use/land-cover classifica-
tion

Visual interpretation of the
IKONOS images was based on Fig 5-Stream network (blue line) with locations of An. minimus larval habitats dis-
the results of a ground survey played in red dots, houses with no malaria patients displayed in green dots,
and other ancillary data. A to- and houses with malaria patients displayed in yellow dots.
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from the SRTM grid file. The extracted stream
network was edited using the IKONOS image
as a base map. Editing was done within a 1.5
km buffer zone of the locations where An.
minimus larvae were collected (Figs 4-5).
Proximity analysis

The edited stream network shapefile in
ArcGIS was imported to ENVI 3.4 image pro-
cessing software as an ENVI vector file and
rasterized with a pixel size of 5 x 5 m. The re-
sulting raster stream network was used as an
input to calculate proximity to streams. Proxim-
ity was calculated by 1/(R*R), where R is the dis-
tance from the target pixel (center of the win-
dow) to other pixels in the window. Proximity is
normalized in the window, which means that if

80 — all pixels in the window are streams, proximity
w70 \ becomes 1. A window size of 1.5 by 1.5 km was
% 60 used based on the estimated mosquito flight
= range.
= 40
é 30
. N RESULTS

Locations of Ban Khun Huay, Ban Pa Dae,
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Proximity datain Fig 1. Visual interpretation was performed

—o— NO Patient
—&-— With Patient

Fig 7-Proximity of houses with and without malaria cases
to stream.

tal of 27 ground-truth sampling locations were
made, covering Ban Khun Huay, Ban Pa Dae,
and Ban Tham Seau villages. The IKONOS im-
age was imported to ArcGIS and, at a minimum
display scale of 1: 5,000, land-use/land-cover
classes were screen digitized. Within built-up ar-
eas, digitizing details were increased to a scale
of 1: 2,000 or larger.

Stream network delineation

Streams in the study area are the breeding
habitats of the major malaria-transmitting vec-
tor, An. minimus (Sithiprasasna et al, 2003a). De-
lineating stream networks was important in map-
ping the locations of these potential breeding
sites. One-arc second (30 meters) Shuttle Ra-
dar Topography Mission (SRTM) data of the
study area was imported into ArcGIS as a grid
file. Using the hydrological modeling extension
of ArcGIS, the stream network was extracted
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to classify the pan-sharpened IKONOS image
into land-use/land-cover classes (Fig 2). Fig 3
showed the dominant land-use of the study area
as forest (71.45%), followed by corn (17.91%).
Large tracts of what were formerly tree-covered
hills and slopes are now cultivated for corn pro-
duction. Forest to corn land-use conversion was
prevalent in Ban Khun Huay and Ban Tham Seau.
Other forest areas are converted to orchard plan-
tations (banana, fruit trees, teak, etc). Areas con-
verted to rice fields comprised 6.2% of the to-
tal. In Ban Khun Huay and Ban Tham Seau, rice
areas are located in small valleys, where streams
serve as a source of water for irrigation. Large
tracts of rice fields are found in Ban Pa Dae.
Other than a large water reservoir, water bodies
were found in small ponds and in running
streams. Fig 4 showed stream network (blue line)
within 1.5 km buffer of An. minimus larval habi-
tats (yellow dots) with locations of Ban Khun
Huay (in the middle of yellow dots at top), Ban
Pa Dae (at bottom left) and Ban Tham Seau (at
bottom right) displayed on a 100 km? true color
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of IKONOS satellite image.
Stream network with loca-
tions of An. minimus larval
habitats displayed in red dots,
R houses with no malaria pa-
& with patient tients displayed in green dots,
and houses with malaria pa-
tients displayed in yellow
dots, were displayed in Fig 5.
An. minimus larvae were ob-
served in 268 locations. Of
this total, 84% of the speci-
mens were collected from
stream margins and stream
pools (Fig 6). The remaining
16% of the samples were col-
lected from swamps, rock
pools, wheel tracks, seepage
springs, and sand pools. The
proximities of streams to

houses with and without ma-
Fig 8—Proximity to stream showing the locations of houses with and without laria cases were summarized
malaria cases.

(Fig 7). Locations of houses
with and without malaria cases
were overlaid on the proximity
image (Figs 8-11). A statisti-
cal test at 5% significance level
was performed to evaluate
whether houses with malaria
cases have higher proximities
to streams than houses with-
out malaria cases. The results
show no significant difference
in proximity means between
the 2 groups (Table 1).

DISCUSSION

There are many studies
of malaria transmission and
proximity to vector larval habi-
tats, since this disease is fo-
cused around specific mos-
quito breeding sites. Malaria
risk in a number of countries
increases with proximity to lar-
val habitats including: Uganda
(Staedke et al, 2003), Senegal
(Trape et al, 1992, 1993),

Fig 9-Thematic map showing locations of houses by Global Positioning System
overlaid on IKONOS (spatial resolution 1 by 1 m) dated 12 November 2001
displayed in true color of Ban Khun Huay with malaria patients in red dots

and without malaria patients in yellow dots. Stream network is displayed }
in yellow lines. Mozambique (Thompson et
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Fig 10-Thematic map showing locations of houses by Global Positioning
System overlaid on IKONOS (spatial resolution 1 by 1 m) dated 12
November 2001, displayed in true color, of Ban Pa Dae, with- ma-
laria patients in red dots and without-malaria patients in yellow dots.
Stream network is displayed in yellow lines.

Fig 11-Thematic map showing locations of houses by Global Positioning
System overlaid on IKONOS (spatial resolution 1 by 1 m) dated 12
November 2001, displayed in true color, of Ban Tham Seau, with-ma-
laria patients in red dots and without-malaria patients in yellow dots.
Stream network is displayed in yellow lines.
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al, 1997), Gambia (Thomas and
Lindsay, 2000; Clarke et al, 2002),
Uganda (Njama et al, 2003), and
Sri Lanka (Gunawardena et al,
1998; Van Der Hoek et al, 1998,
2003; Konradsen et al, 2003).

In our study, in order to de-
termine the type and abundance
of habitats where An. minimus oc-
curs, larval surveys and collections
were made within a 0.5-1 km ra-
dius around each village. We ob-
served a high proportion of larvae
close to human settlements. The
1.5 km used in our proximity
analysis was arbitrarily estimated
based on the An. minimus flight
range. Since we could not find any
significant difference in malaria risk
and proximity to streams when we
compared houses with malaria
cases and houses without malaria
cases, we suspect that the actual
flight range An. minimus may be
greater than 1.5 km. We suggest
that the An. minimus larval habi-
tat deserves a more detailed in-
vestigation. Further studies on hu-
man behavior contrary to that re-
quired for adequate malaria con-
trol, including: 1) failure to use
mosquito nets, insect repellents,
house-spraying; 2) delay in seek-
ing treatment; and 3) failure to
comply with prescribed drug regi-
mens, are recommended for these
three villages.

The identification of foci of
malaria transmission requires
methods of locating vector breed-
ing sites, recording mosquito den-
sities, rates of sporozoites and oo-
cysts, human malaria case inci-
dence rates, and locating and
characterizing houses and the do-
mestic environment. Locations are
greatly assisted by the use of
hand-held, satellite-dependent
GPS. RS also provides high-reso-
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Table 1
Statistical t-test (two-samples assuming unequal variances) of proximity to streams.

n Mean Standard deviation t p-value
Houses with no malaria patient 227 0.040 0.032 0.203 0.420
Houses with malaria patient 40 0.039 0.032
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