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Abstract

Background: The relationship between entomological measures of malaria transmission intensity and mortality

remains uncertain. This is partly because transmission is heterogeneous even within small geographical areas.

Studying this relationship requires high resolution, spatially structured, longitudinal entomological data.

Geostatistical models that have been used to analyse the spatio-temporal heterogeneity have not considered the

uncertainty in both sporozoite rate (SR) and mosquito density data. This study analysed data from Kassena-Nankana

districts in northern Ghana to obtain small area estimates of malaria transmission rates allowing for this uncertainty.

Methods: Independent Bayesian geostatistical models for sporozoite rate and mosquito density were fitted to

produce explicit entomological inoculation rate (EIR) estimates for small areas and short time periods, controlling

for environmental factors.

Results: Mosquitoes were trapped from 2,803 unique locations for three years using mainly CDC light traps.

Anopheles gambiae constituted 52%, the rest were Anopheles funestus. Mean biting rates for An. funestus and An.

gambiae were 32 and 33 respectively. Most bites occurred in September, the wettest month. The sporozoite rates

were higher in the dry periods of the last two years compared with the wet period. The annual EIR varied from

1,132 to 157 infective bites. Monthly EIR varied between zero and 388 infective bites. Spatial correlation for SR was

lower than that of mosquito densities.

Conclusion: This study confirms the presence of spatio-temporal heterogeneity in malaria transmission within a

small geographical area. Spatial variance was stronger than temporal especially in the SR. The estimated EIR will be

used in mortality analysis for the area.

Keywords: Entomological inoculation rate, Spatio-temporal, Zero-inflated, Malaria, Malaria Transmission Intensity
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Background
Malaria continues to be endemic in most sub-Saharan

countries, particularly in Ghana where this study was

carried out [1-4]. Malaria in Ghana is transmitted by two

main vectors: Anopheles gambiae and Anopheles funestus,

whose peak activities occur at the end of the wet season.

Changes in climate, land use and environmental factors

profoundly influence the vector, and hence the parasite

and transmission patterns. Malaria transmission intensity

is measured using clinical (spleen rate), parasitological

(parasite infection rate), entomological (entomological in-

oculation rate [EIR]) or serological markers [5,6]. The

most direct measurement of transmission intensity is EIR,

the number of infective bites per person per unit time. It

is calculated as a product of the proportion of mosquitoes

with sporozoite in their salivary glands (sporozoite rate)

and numbers of vectors biting an average human in unit

time (the human biting rate) [7].

* Correspondence: penelope.vounatsou@unibas.ch
1Swiss Tropical and Public Health Institute, Socinstrasse 57, P.O. Box 4002,

Basel, Switzerland
2University of Basel, Basel, Switzerland

Full list of author information is available at the end of the article

© 2013 Kasasa et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Kasasa et al. Malaria Journal 2013, 12:63

http://www.malariajournal.com/content/12/1/63

mailto:penelope.vounatsou@unibas.ch
http://creativecommons.org/licenses/by/2.0


Malaria transmission in sub-Saharan Africa is hetero-

geneous, varying between climatic seasons, ecological

zones and even among areas in close proximity [8-15].

In Ghana, malaria transmission has shown a clear vari-

ation over time, season and space [16-18]. The relation-

ship between malaria transmission and mortality is still

unclear [19,20]. To clarify the relationship between mal-

aria transmission and mortality, the Malaria Transmis-

sion Intensity and Mortality Burden Across Africa

(MTIMBA) project was established in 10 INDEPTH net-

work sites between 2001 and 2004 [21,22]. Entomo-

logical data were collected every two weeks over a large

number of compounds within each site for a period of

three years. Each site used a slightly different sampling

strategy for mosquitoes depending on available resources

and local settlement patterns, aiming to obtain an un-

biased estimate of the numbers of biting mosquitoes.

These data are spatially correlated because neighbouring

compounds share common exposures such as interventions,

land use, climate and environmental factors. The lon-

gitudinal nature of the data also introduces a temporal

correlation.

Rumisha and Amek [23,24] developed geostatistical

temporal models to obtain EIR exposure surfaces for the

Rufiji and Kisumu MTIMBA-health and demographic

surveillance (HDSS) sites, respectively. Subsequent ana-

lyses linking mortality to EIR exposure indicated a posi-

tive linear relationship between mortality and malaria

transmission intensity among the under-fives and a

negative association for individuals aged 60 years and

above. Although malaria is common in sites, their en-

demicity, spatio-temporal patterns and mosquito com-

position are completely different. Malaria transmission

in Rufuji is driven by both An. funestus and An. gambiae,

while the later is dominant in Kisumu throughout the

year. Kisumu experiences two transmission peaks in a year

and Rufiji has only one. This is partly due to ecological

differences between the two sites. In relation to breeding

sites, An. funestus prefer clear, permanent fresh waters

while An. gambiae larvae are found mostly in temporal

and shallow water bodies. Estimating site-specific hetero-

geneity in malaria transmission will help clarify how

variation in transmission influences the malaria-related

mortality.

This study reports spatially and temporally explicit

estimates of EIR at high resolution, obtained by analys-

ing the MTIMBA data collected from Kassena-Nankana

district in northern Ghana where the Navrongo health

and demographic surveillance system (NHDSS) is located.

The EIR was estimated from Bayesian geostatistical

models, fitted separately for sporozoite rate (SR) (assumed

to be binomially distributed) and mosquito density data

(negative binomially distributed). Model-based predictions

at unobserved locations generated spatially explicit and

season-specific estimates of EIR for the entire area. These

estimates will subsequently be used in addressing the

MTIMBA project’s main objective of estimating the rela-

tionship of mortality with malaria transmission.

Methods
Description of the study area

The NHDSS is located in the administrative district of

Kassena-Nankana (between latitude 10° 30’ and 11° 00’

North and longitude 1° 00’ and 1° 30’ West), in northern

Ghana, bordering Burkina Faso. Its altitude stretches up

to 400 m above sea level. The district covers an area of

1,675 sq km and lies within the Guinea savannah belt.

Approximately 140,000 people reside in the district and

the majority are subsistence farmers. There are two dis-

tinct seasons; the wet, between April and October and a

dry period that covers remaining months of the year.

The region receives approximately 850 mm of precipita-

tion per year with monthly temperatures ranging be-

tween 18°C and 45°C. The HDSS routinely collects

demographic data using “a compound” as a unit of ob-

servation. Malaria is endemic in the area and Plasmo-

dium falciparum is transmitted by both An. gambiae

and An. funestus. Anopheles gambiae s.s. has previously

been reported as a dominant sibling species of the An.

gambiae complex. The An. gambiae M form is predom-

inant in the northern parts of Ghana where NHDSS is

located [13,16]. The canals from Tono dam and irrigated

lands serve as breeding sites for An. gambiae throughout

the year, while the rice fields support An. funestus

breeding especially during the periods when the vegeta-

tion is flooded. The small dams that are used in the dry

seasons favour mosquito growth in these areas. Malaria

transmission in the district occurs throughout the year.

Between 2001 and 2002, the recorded mean EIR for the

district was as high as 418 infective bites per person per

year (ib/p/y) [16]. Further characteristics of the district

and the HDSS have been described elsewhere [3,16,25].

Data types and sources

Entomological data

Mosquitoes were collected from randomly selected compounds

using both light traps and human landing methods

following the MTIMBA protocol. Compounds were ran-

domly selected at the beginning of the study using the

HDSS database and were allocated to trapping weeks.

Sampled compounds were between 100–500 metres apart

and were balanced in terms of numbers for the two major

zones namely: irrigated and non-irrigated areas. Only one

trap was set per compound per night. Light trap catches

were performed overnight (from 18:00 GMT to 06:00

GMT). No study team member visited the compound at

night until it was time to remove traps the next morning.
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Such visits were perceived by community members as in-

trusion. Traps were hung about 1.5 m above the floor next

to the bed of an “indexed” person. Heads and thoraces of

light-trapped Anopheles were tested for P. falciparum

circumsporozoite protein using enzyme linked immuno-

sorbent assay (ELISA) [26].

The entomological inoculation rate was therefore computed

as a product of human biting rate and the proportion of infec-

tious mosquitoes (sporozoite rate). Human biting rate was

estimated as a geometric mean of Anopheles mosquitoes

caught per light trap set [27]. Mosquitoes were trapped in

56% of the 2,803 uniquely georeferenced compounds

within the site. Infectious mosquitoes were only found in

28% of these locations.

Environmental data

Environmental and climatic predictors were obtained from

various remote sensing sources. Day and night land surface

temperature (LST) at 1 x 1 km and both normalized differ-

ence vegetation index (NDVI) plus enhanced vegetation

index (EVI) at 250 x 250 m were downloaded from Moder-

ate Resolution Imaging Spectro-radiometer (MODIS). LST

and vegetation data were extracted at eight-day and 16-day

temporal resolutions respectively. Rainfall estimates (RFE)

at 8 x 8 km were obtained at 10-day intervals from the

African Data Dissemination Service (ADDS). Altitude

at 1 x 1 km was obtained from US Geological Survey

(USGS) data centre. Distance to water bodies (based

on local rivers and wetlands) was downloaded from

HealthMapper version 4.2 databases. The shortest

Euclidean distance from water bodies to compounds

was calculated using ArcGIS version 9.1 software. The

climatic and environmental variables were processed at

the locations where entomological data were available.

For each location, temperature, rainfall and vegetation

data were summarized by month for each year of the

project.

Data analysis

Non-spatial logistic and negative binomial regression

models were used to analyse sporozoite and density data

respectively. Zero-inflated models were fitted to account

for the large number of locations with either no mosqui-

toes (44%) or no infectious mosquitoes (72%). The Akaike’s

information criterion (AIC) in STATA was used to assess

the length of the elapsing time (lags) between climatic suit-

ability and malaria transmission. In particular, five

summary estimates were computed for each of the envir-

onment factors based on mosquito collection month in a

year: i) current month of collection, ii) previous month,

iii) previous two months, iv) average of the current and

previous month, and v) average of the current and

previous two months. Three temperature proxies

were considered: land surface day, night and average

temperature. Seasonality was taken into account by

either a binary variable (wet/dry) or trigonometric

functions with: (i) one cycle indicating a single trans-

mission season, or (ii) two cycles corresponding to

two transmission seasons per year. AIC was used to

identify a suitable combination of climatic and envir-

onmental predictors for both SR and density by vec-

tor species.

Bayesian geostatistical formulations of the above

models were fitted to take into account spatio-temporal

correlation. In each model, compound-specific random

effects were included. They were assumed to be latent

observations from a multivariate Gaussian spatial process

with a zero mean. The covariance of the process included

the spatial variance and an exponential correlation func-

tion of distance between any pair of compound locations.

First-order autoregressive terms were included to model

temporal correlation. Any remaining non-spatial variation

(nugget parameter) was considered by an additional set of

location random effects, assumed to be mutually inde-

pendent and normally distributed with zero mean. All the

corresponding random and the covariates effects were

modelled either on a logit or log scale depending on the

model; logistic regression for sporozoite and negative bi-

nomial regression for the mosquito density data, respect-

ively. Bayesian kriging was applied to predict SR and

mosquito density over a grid of 31,308 pixels with 250 ×

250 m spatial resolution. The analysis was carried out for

each mosquito species (i.e. An. funestus and An. gambiae)

separately. Mosquito densities were converted to man-

biting rates after adjusting for a factor [27]. The indices

were multiplied at each location to generate spatially ex-

plicit surfaces of EIR for each species. Maps for the total

EIR were generated using ArcGIS software. Details of

mathematical description for all models used are given in

Additional file 1.

Model validation

Models were fitted on 85% of the locations (training

sample) and they were validated on the remaining 15%

of locations (test sample). In particular, the model’s pre-

dictive ability was assessed by estimating the proportion

of test locations correctly predicted within Bayesian

credible intervals of probability coverage varying from 1

to 100% [28]. The model with the highest number of

correctly predicted locations consistently over the intervals

was considered as the one with the best predictive

performance.

Results
Description of density data

The mean biting rates per person and night for An.

funestus were 34 in the first year, 32 in the second and

19 in the third. Similarly, An. gambiae mean bites were
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33 in the first year, followed by 26 and 15 bites in the

second and final year respectively. For the entire re-

search period, mean biting rates per month varied with

seasonal changes. For both species, most bites were

observed during the wet season (July to November).

Highest bites occurred in the month of September for all

the three years. During the dry period of January to

April, fewer monthly bites were recorded. Mosquitoes in

the area became more abundant after the first three

months of the rainy season (Figure 1).

Description of sporozoite rate data

A total of 109,647 malaria mosquitoes from 1,565

compounds were tested for sporozoites; 56,887 (52%)

were An. funestus and the rest were An. gambiae. The

overall SR was 2.5%. Plasmodium falciparum infections

were detected in 2.4% of An. funestus and 2.7% in An.

gambiae. The proportion of infectious An. funestus was

almost equal to that of An. gambiae in both the first

(4.8% and 4.7%) and third (1.2% and 1.4%) years. The

lowest SR of 0.8% was observed in the second year from

An. funestus mosquito species. The data showed an

overall SR of 1.8% and 2.7% in dry and wet season

respectively. However, during the second year, the dry

period SR was more than double that of wet season

(1.6% compared with 0.7%). The proportion of infectious

An. gambiae (2.1%) was higher than that of An. funestus

(1.5%) in the dry season. The fraction of infected An.

gambiae mosquitoes was higher in dry season than wet

for the second (2.0%) and third (1.5%) year. The monthly

SR for both species follows a similar pattern for all the

three years (Figure 2).

Description of entomological inoculation rate data

The crude annual EIR estimates, based on entomological

data from first to third year were 1132, 193 and 157 ib/

p/y respectively (Table 1). The highest EIR was observed

in the month of September of each year and varied from

388 in the first year to 37 and 51 infective bites per

month in the second and third year respectively. For all

the three years, lowest monthly infective bites were

observed either in February or March (Figure 3).

Model-based results: mosquito density data

Lag time analysis showed that mosquito density for both

species was related to current NDVI, total rainfall, aver-

age day and average night temperatures over the two

months prior to the survey. Parameter estimates from

geostatistical, zero-inflated, negative binomial models

are summarized in Table 2. For An. funestus, distance to

water bodies, NDVI, season, day temperature and

second year of data collection were related to density.

An increase in vegetation cover was highly associated

with an increase in biting rates. Compounds that are

close to water bodies were associated with higher num-

ber of mosquito bites. Wet seasons and increase in day

land surface temperatures were negatively associated

with mosquito density. Spatial variation (σ
Dð Þ2
ϕ =0.9, (95% CI:
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Figure 1 Monthly rainfall and observed mosquito density.
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0.5, 1.6)) was almost similar to the temporal one ( σ
Dð Þ2
ε

=0.82, (95% CI: 0.5, 1.5)).

For An. gambiae, distance to water bodies, NDVI, day

temperature and night temperature were associated with

mosquito density. Higher day temperatures and longer

distances from breeding sources were associated with

decline in mosquito density. An increase in vegetation

led to an increase in mosquito abundance. Spatial, tem-

poral and non-spatial variances were almost equal.

Over-dispersion was present only for An. gambiae

(r = 0.6, (95% CI: 0.5, 0.7)). The minimum distance at

which the spatial correlation was below 5% was 39 km

(95% CI: 22.4 km, 51 km) for both species.

Model-based results: sporozoite rate data

Lag analysis shows that An. funestus SR was related to

total rainfall of the survey month, average NDVI, average

night temperature for the two months preceding the sur-

vey, and average day temperature of current and previ-

ous month. Similarly, An. gambiae SR was driven by

the average NDVI of the survey month, total rainfall,

and average (of day and night) LST of the current

and previous month. Results of SR rate models with

spatial and temporal random effects were presented

because they provided the best performance with a

predictive ability of 40% of the test locations within a

95% Bayesian credible interval. Parameter estimates of

the geostatistical logistic regression models are shown

in Table 3.

Altitude, distance to the nearest water bodies and

night temperature were associated with An. funestus SR.

Higher night temperatures were associated with low SR

in that area. Similarly, places closer to water bodies

observed a higher proportion of infectious mosquitoes

than others. A positive association between An. funestus

SR and altitude was estimated. Spatial variability (σ
Sð Þ2

φ =0.6,

(95% CI: 0.4, 1.0)) was higher than temporal one (σ
Sð Þ
ε

2 =0.3,

(95% CI: 0.2, 0.6)). The minimum distance at which the

spatial correlation is below 5% was 4.1 km (95% CI: 2.0 km,

9.2 km). On the other hand, altitude was the only factor

associated with SR for An. gambiae. Spatial variation from

An. gambiae sporozoite model ( σ
Sð Þ
ϕ

2 =0.8, (95% CI: 0.6,

1.1)) was twice as high as the temporal one (σ
Sð Þ
ε

2 =0.4, (95%

CI: 0.2, 0.9)). The minimum distance at which the spatial

correlation is below 5% was 2.0 km (95% CI: 1 km, 4 km).

This shows a slower decay of the correlation with distance

for the An. funestus SR compared with An. gambiae.

Model-based results: entomological inoculation rate

estimates

Figure 3 shows the temporal patterns in the EIR values

that were captured by the spatio-temporal models.
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Figure 2 Monthly rainfall and observed sporozoite rate by mosquito species.

Table 1 Observed entomological inoculation rate

EIR per person per year

Year An. funestus An. gambiae Combined species

1 575 557 1132

2 90 103 193

3 79 78 157
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Smooth monthly EIR maps (Figure 4) clearly show a sea-

sonal pattern, ranging from almost no infective bites in

the dry season to the highest number of infective bites

toward the end of wet season. It is evident from the

maps that areas close to water bodies experienced high

EIR.

Discussion
This is the first study assessing malaria transmission het-

erogeneity in the Navrongo HDSS using a comprehen-

sive entomological dataset and rigorous geostatistical

and temporal models, which take into account data

characteristics. These data indicate the presence of

Figure 3 Observed and predicted EIR.

Table 2 Multivariate spatio-temporal analysis for mosquito density by species

Parameters An. funestus An. gambiae

Co-efficients Co-efficients

Median 95% CI Median 95% CI

Intercept 2.73 (2.16, 3.31) 1.86 (1.05, 3.67)

Altitude −0.01 (−0.02, 0.00) −0.01 (−0.02, 0.00)

Distance to water bodies −0.12 (−0.22, -0.02) −0.18 (−0.27, -0.07)

NDVI 2.27 (1.44, 2.83) 1.51 (1.17, 2.39)

Rainfall 0.002 (−0.003, 0.01) 0.0002 (−0.01, 0.01)

Season(Wet) −0.23 (−0.61, -0.003) −0.26 (−1.13, 0.33)

Day temperature −0.04 (−0.09, -0.004) −0.08 (−0.13, -0.04)

Night temperature 0.08 (−0.02, 0.17) 0.13 (0.04, 0.22)

Year of the survey

2 −0.98 (−1.33, -0.67) −0.13 (−1.32, 0.8)

3 −0.74 (−2.51, 1.01) −0.02 (−1.81, 1.48)

Variances

Spatial σ
Dð Þ
ϕ

2
� �

0.94 (0.57, 1.56) 0.87 (0.52, 1.46)

Temporal σ
Dð Þ
ε

2
� �

0.82 (0.46, 1.45) 0.88 (0.53, 1.52)

Nugget σ
Dð Þ
e

2
� �

1.02 (0.75, 1.30) 0.87 (0.61, 1.19)

Range (in km) 38.8 (22.4, 51.0) 38.8 (22.4, 51.0)

Dispersion parameter (r) 0.98 (0.74, 1.17) 0.59 (0.51, 0.70)
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seasonal, spatial and year-to-year variation within a

small geographical area (1,675 km2) in northern Ghana.

The findings confirm previous studies reporting hetero-

geneity in malaria transmission in small areas. In par-

ticular, spatio-temporal variation has been observed in

coastal Kenya [29], in Kilombero valley in Tanzania [15],

in some selected Ugandan villages [9] and in a low trans-

mission zone in Sudan [30].

Transmission in the Kassena-Nankana district is high

(EIR > 100 ib/p/y) especially during the wet season. An

entomological survey conducted in the same district be-

tween June 2001 and May 2002 recorded EIR of 630 ib/

p/y in the irrigated zone within the southern part of the

district [16] which is lower than the one observed in the

first year of the MTIMBA project. The drop of EIR after

the first year may be explained by variations in labora-

tory testing. The ELISA tests for the first year were

carried out in a different laboratory from those in the

remaining two years, making it possible that inter-

laboratory differences contribute to inter-annual vari-

ation. The year effect included in the model is, therefore,

aliased with any laboratory differences. Consequently,

there will be more confidence in EIR comparisons be-

tween locations than those that depend on inter-annual

differences.

This study confirmed the presence of An. funestus and

An. gambiae malaria vector species in the region [16-18],

with both acting as major vectors. NDVI, distance to

water bodies and temperature were associated with mos-

quito density for both species. Compounds located close

to water bodies were more likely to have high mosquito

densities. The Kassena-Nankana district in northern

Ghana has many irrigation dams that were constructed to

increase food production in the area. There are also many

small dugout reservoirs in the area which supply water to

various communities especially in the dry season [31,32].

These water bodies can be favourable breeding grounds

and responsible for mosquito abundance in neighbouring

compounds. The data showed that a reduction in day

temperature favoured higher number of mosquito bites

in the area. The NHDSS where data were collected

experiences high temperatures in some months (18°C

to 45°C). Temperatures close to 40°C reduce mosquito

survival, hence their density [33]. Although rainfall had

a positive relationship with mosquito density, the asso-

ciation was not statistically important. However, rain-

fall is known to have a direct relationship with other

factors, such as vegetation, that were found to posi-

tively influence mosquito abundance. A positive correl-

ation between precipitation and mosquito density for

both An. funestus and An. gambiae has already been

observed in other places.

A seasonal pattern in mosquito density was observed

for both species. High mosquito densities were observed

in the rainy season for all the three years and low dens-

ities during the dry season. However, SR was higher in

Table 3 Multivariate spatio-temporal analysis for sporozoite rate

Parameters An. funestus An. gambiae

Co-efficients Co-efficients

Median 95% CI Median 95% CI

Intercept −0.83 (−2.74, 0.65) −1.75 (−4.73, 0.04)

Altitude 0.01 (0.002, 0.02) 0.01 ( 0.00, 0.02)

Distance to water bodies −0.22 (−0.33, -0.11) −0.06 (−0.15, 0.06)

NDVI −0.6 (−1.30, 0.03) −0.89 (−1.97, 0.14)

Rainfall −0.001 (−0.01, 0.004) −0.01 (−0.01, 0.00)

Season (Wet) −0.1 (−0.25, 0.06) 0.36 (−0.18, 1.06)

Day temperature −0.01 (−0.05, 0.04) - -

Night temperature −0.12 (−0.21, -0.03) - -

Average temperature - - −0.07 (−0.14, 0.04)

Year of the survey

2 −0.78 (−1.73, 0.21) −0.97 (−2.26, 0.17)

3 −0.62 (−1.8, 0.44) −0.48 (−1.49, 0.28)

Variances

Spatial (σ
Sð Þ2

φ ) 0.6 (0.40, 0.96) 0.77 (0.56, 1.09)

Temporal σ
Sð Þ
ε

2
� �

0.3 (0.15, 0.63) 0.38 (0.18, 0.88)

Range (in km) 4.1 (2.0, 9.2) 2.0 (1.0, 4.1)

Mixing proportion (π) 0.54 (0.53, 0.56) 0.54 (0.53, 0.55)
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Figure 4 Predicted EIR by month for the first year.
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the dry than the rainy season during the second and

third year. In addition, An. gambiae SR in the dry period

were higher than that of An. funestus for the entire sur-

vey period. There was no evidence of variations in SR

between species in the rainy season. More infected

mosquitoes during dry seasons have already been

observed in other areas [14]. This implies that most

surviving adult mosquitoes in dry seasons are likely to

be infectious.

The shortest distance at which the spatial correlation

was below 5% was lower for SR than mosquito densities,

suggesting that SR depends largely on local conditions

rather than environmental factors. On the other hand,

mosquito densities had strong spatial correlation and

therefore they are more likely to be driven by environ-

mental factors, especially vegetation which was the

major predictor in the Navrongo area. Climate and en-

vironmental factors influence malaria transmission and

its effects. In this district, malaria illnesses and mortality

are observed thought the year with peaks in the wet sea-

son [34,35]. Blood transfusion, especially in young chil-

dren, due to anaemia is more common in the rainy

season [36].

The EIR maps clearly depict spatial heterogeneity des-

pite the relative small size of the HDSS. The high EIR

estimate in the southern part, which is mainly covered

by irrigation dams, has been reported previously [16].

Even during the dry season, transmission in the area

remained high. In addition, the geographical pattern of

EIR was similar across the three years of the project.

The spatial and temporal variances of the mosquito

density data accounted for about 33% each out of the

total variation. However, SR data explained 67% and 33%

of the total variation, suggesting that spatial heterogen-

eity was twice as high as the temporal one. Although

space-time heterogeneity could explain total variation of

the SR data, there was a remaining 34% unexplained

variation for the densities. In principle, focussed malaria

control conducted in the knowledge of these patterns of

variation might be more effective than generalized inter-

vention programmes, but no intervention programme is

likely to be able to adapt to variations on this scale.

Bayesian geostatistical models are the state-of-art

methodology to analyse space and time heterogeneity in

malaria transmission and have been used to assess mal-

aria risk using prevalence data [37-41]. However, ento-

mological data have large number of zeros, which

cannot be estimated by standard geostatistical models.

In particular, the Navrongo data had 44% and 72% of

locations with zeros for density and SR, respectively. En-

tomological data were sparse in the other two MTIMBA

sites (i e, Rufiji and Kisumu). This problem was addressed

by developing geostatistical zero-inflated formulations of

binomial models (GZIB) for analysing SR [42]. Zero-

inflated analogues of negative binomial models [22,23] were

also applied to take into account excess zeros in the density

data. These models were able to improve EIR predictions

obtained from standard geostatistical analogues.

The EIR estimates of this study will be used further to

analyse the relationship between malaria transmission

intensity and mortality as part of the ongoing work for

the MTIMBA project.

Additional file

Additional file 1: Details of mathematical description for all models

used.
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