Geospatial Health 2019; volume 14:786

Evaluation and planning of Chagas control activities using geospatial tools
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Abstract

Chagas continues to be a relevant public health problem in
Latin America. In this work, we present a spatiotemporal analysis
applied for the evaluation and planning of Chagas vector control
strategies. We analysed the spatial distribution of the vector
Triatoma infestans infestation related to ongoing control interven-
tions cycles in rural communities near Afiatuya, Santiago del
Estero, Argentina. A geographical information system was devel-
oped for the spatial analysis obtaining, for each house, variables
that describe the history of spraying and infestation at each time of
interventions. Bi-dimensional histograms were used to describe
the spatiotemporal pattern of these activities and peri-domestic
infestation at the last intervention was modelled by a neural net-
work model. We qualitatively evaluate control programmes con-
sidering the history of infestation and spraying from a spatiotem-
poral point of view, incorporating new ways of visualising this
information. Predictions are based on novel, non-linear models
and spatiotemporal indices, which should be useful for strategical-
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ly allocating Chagas control resources in the future and thus help
to better plan spraying strategies.

Introduction

American trypanosomiasis or Chagas is one of the most seri-
ous, endemic parasitic diseases of Latin America (Moreno et al.,
2012) with social and economic impacts exceeding the combined
effects of other parasitic diseases such as malaria, leishmaniasis
and schistosomiasis (Dias and Schofield, 1999). It is caused by the
protozoan parasite Trypanosoma cruzi with Triatoma infestans
(Hemiptera, Reduviidae, Triatominae) as its main vector in the
southern cone of South America. The insect, known by different
local names as kissing bug, vinchuca or chinche, has spread
Chagas across 21 Latin American countries causing more deaths
than any other parasitic disease (WHO, 2003). Moreover, the
World Health Organization (WHO) estimates that more than six
million people are infected by 7. cruzi (WHO, 2016).

Chagas is one of a group of neglected and tropical diseases or
diseases of poverty (WHO, 2019) with multiple socioeconomic
and environmental determinants. Coexistence of triatomine vec-
tors, mammal reservoirs and exposed people is thus found in hous-
ings of precarious quality (mainly in rural and peri-urban zones),
located in areas characterized by poverty with social instability
and/or high rates of migration and common in groups linked with
the seasonal work, e.g. harvesting — all circumstances outside the
jurisdiction of the health sector. Moreover, at the community level
Chagas often coincides with the transmission of other infectious
diseases like tuberculosis, malaria and other neglected diseases
together with chronic malnutrition, thereby contributing signifi-
cantly to the deterioration of the general health of that community.

In the last decades, Chagas vector control programmes, main-
ly based on intra- and peri-domestic spraying with pyrethroid
insecticides (Dias and Schofield, 1999; Silveira and Vinhaes,
1999), in the Southern Cone Initiative countries (Argentina,
Bolivia, Brazil, Chile, Paraguay, and Uruguay) (Dias, 2002)
reduced the impact in about 80% of the original distribution area
of the 7. infestans vector (Moreno et al., 2012). The affected pop-
ulation in Latin America decreased from around 20 millions in the
1980s to less than 10 million during the first years of 2000
(Remme et al., 2006). Wide areas of South and Central America
are now certified by the Pan American Health Organization as
having interrupted the transmission of 7. cruzi by all ochthonous,
triatomine vectors (Schofield er al., 2006; Abad-Franch et al.,
2013; Gorla et al., 2015).

Although surveillance and control (S&C) remains the main
preventive intervention against Chagas in endemic countries
(Waleckx et al., 2015) such programmes have not been successful
in the Gran Chaco region (that covers western Paraguay, north-
western Argentina and eastern Bolivia) (Moreno et al., 2012), par-
ticularly not in in the province of Santiago del Estero in Argentina,
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where Chagas is highly endemic and the T infestans populations
seem to be the most resilient to vector chemical control interven-
tions (Giirtler et al., 2004). The unsustainable systematic vector
control interventions derived from instabilities of health policies,
the very low efficacy of suspension concentrate pyrethroid formu-
lation used to eliminate 7. infestans populations infesting peri-
domestic structures and the occurrence of pyrethroid-resistant
insect populations can be mentioned as responsible factors (Gorla
et al.,2015). More than 50 years of vector control in this region
demonstrates that vertically coordinated spraying campaigns aim-
ing at full coverage are unsustainable in practice. Understaffed
programmes are challenged by the number of households and the
vast extension of the endemic area make insecticide coverage lim-
ited and results short-lived. Our rationale was to recognize this
inherent limitation and provide a scientific base for the improve-
ment of current interventions aimed at an analysis of the spatial
distribution of 7. infestans infestation in rural communities and its
relation to the control intervention cycle.

Materials and Methods

Background

Santiago del Estero is the Argentinean province with the high-
est Chagas prevalence, i.e. at least 200.000 infected people (Abril
et al., 2009). This province presents the conjunction of three rele-
vant factors: the parasite, the vector and humans living under cul-
tural, social and environmental conditions favourable for this
infection, such as houses (ranchos) built of adobe, mud, wooden
sticks and straw with limited sanitary possibilities.

In February 2005, Mundo Sano Foundation (Fundacion
Mundo Sano, FMS), a nongovernmental foundation in Argentina
working for the prevention and control of communicable diseases,
introduced the Integral Chagas Program (IChP), which consists of
complementary approaches supporting the ongoing traditional
practices of vector control in Afiatuya, Santiago del Estero. IChP
encourages community participation in activities aimed at inter-
rupting vector domicile transmission by i) surveillance and control
(S&C) of T. infestans based on spraying with pyrethroid insecti-
cides; and ii) improving the quality of dwellings and the peri-
domestic situation (Abril er al., 2009; Weinberg et al., 2018).
Verbal consent is obtained from the responsible adult dwellers in
order to join the programme.

The house improvement subprogramme, described by
Weinberg ef al. (2018), includes actions meant to reduce triatomine
infestation by: i) waterproofing of roofs, walls and ceilings includ-

Table 1. Overview of the integral Chagas programme.

ing washing of walls externally and internally; and ii) peri-domes-
tic organization including enhancing structures, such as goat pens
and chicken coops. Improvements in each household were always
carried out by the community in a solidarity manner, where, those
unable to improve their own house were helped by other commu-
nity members (Abril et al., 2009). After this, all houses had similar
conditions with respect to vulnerability to triatomines.

Geographical information systems (GIS), a set of methods and
tools for collecting, storing, retrieving, transforming and display-
ing spatial data, were applied for spatiotemporal evaluation and
planning of vector control strategies. This approach has created
new opportunities to enhance planning, management and monitor-
ing capabilities related to health objectives by contributing to
analysing the spatial relationships of factors and constraints in the
implementation of public health programmes (Jaishankar and
Jhonson, 2006). In this sense, GIS constitute a key procedure to
evaluate activities and guide field campaigns efforts.

CPress

Study area

The work took place in General Taboada Department, Santiago
del Estero Province, Argentina (28°27°32.64”S, 62°50°15.24”0).
Data were analysed from four rural sites located less than 50 km
from Anatuya City: El Desvio, Miel de Palo, La Salamanca and
Pozo Herrera with a total population of 756 individuals divided
between 209 households (Figure 1). Afiatuya, the political, admin-
istrative and commercial centre of the region, has a population of
25.000 inhabiting approximately 6.500 dwellings (INDEC, 2010).
The area is a transition between semi-arid and semi-humid Chaco
forest, which presents extreme weather conditions such as summer
temperatures reaching 50°C. In winter, the average minimum tem-
perature is 5°C, while in summer the average maximum 34°C.

The most common dwelling in the communities located in the
study area is the rancho that has a complex peri-domestic backyard
consisting of constructions by timber and bricks used as kitchen,
animal pens (goats, chickens), an ideal habitat for the T infestans
vector. The houses in the area are arranged in a dispersed way and
stand apart by distances ranging from hundreds of meters up to
several km.

Data

Working with the IChP in the rural zone of Anatuya, we
focused on data related to house-level epidemiology, sociodemog-
raphy and T. infestans infestation, including also other triatomine
bugs. IChP had started in 2005 and the basic information of its
reach is presented in Table 1. We conducted 1,422 domiciliary vis-
its during the time covering the consecutive cycles of intervention
(C1 to C8) that ranged from May 2010 to June 2016. Site selec-
tions for the study were done in a way to obtain data homogeneity

El Desvio 53 201 Aug-05 3.8
Miel de Palo 81 314 Jan-06 3.9
La Salamanca 36 138 Apr-07 3.8
Pozo Herrera 39 103 Jun-10 2.6
Total 209 756 - -

*Average number.
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with respect to temporal coincidence.

Each house was georeferenced using Garmin Etrex or Legend
Hcx GPS instruments and given an identification number, while
the inhabitants received information and graphic material related
to Chagas prevention. A house was considered positive for 7. infes-
tans if triatomine bugs (adults or nymphs) and/or their eggs were
found during inspection. All findings were recorded and their spe-
cific locations (intra- and/or peri-domestic) were annotated and
loaded onto a data management platform with a GIS designed and
developed by the FMS information technology team. This platform
included all households and the entomological results at each
inspection, as well as control actions provided and socio-demo-
graphic information collected (number of inhabitants living in the
home, ages of the inhabitants, schooling, level of education, social
security, main economic activity of the family group, and charac-
terization of housing construction and access to basic services).

The T. infestans infestation were defined and recorded
throughout the study using the following entomological indices: i)
intra-domestic infestation index (Int-Inf); ii) peri-domestic infesta-
tion index (Per-Inf); iii) presence of both intra- and peri-domestic
infestation (Int-Per-Inf); and iv) presence of infestation either

I Santiago
' del Estero

intra- and peri-domestic infestations (7ot-Inf), which were calcu-
lated by the formula (i/¢)*100, were i is the infestation number
(number of infested houses in the study area) and 7 the total number
of houses under investigation. A GIS was developed in order to
collect all recorded intervention data.

Initial entomological evaluation was performed to estimate the 7.
infestans infestation baseline. In this initial visit, chemical control
was subsequently performed in all houses (both at intra- and peri-
domestic structures) regardless of the outcome of the inspection
according to the regulations of the National Ministry of Health (PNC,
2012). After the initial visit, a S&C system was established and each
house from the five localities were inspected at least once every 12
months. The inspections were conducted by the hour/man method, in
which two FMS-trained technicians inspected every house using an
irritant spray ICONA-Espacial® (Tetramethrin 0.2%). The hour/man
method consists in systematically, neatly and completely investigat-
ing the interior (intra-domicile) and the exterior (peridomicile) of a
dwelling by a man for an hour to determine the presence of T.
Infestans or other triatomines. If there are two people who evaluate
the time it is reduced by half. The irritant is used as a tool to improve
inspection in homes and in peridomiciliary structures.

| Start date
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® _Jan-06
Apr-07
Feb-10 |
g
g

Salamanca [ %

—_— :
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Figure 1. The study area. Copernicus Sentinel 2 data (2017) of the study area located less than 50 km from the Afiatuya City, Santiago

del Estero Province, Argentina (28°27'32.64"S, 62°50'15.24"0).
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It is applied to cracks and surfaces in order to cause triatomines
to move. All intra-domestic environments and peri-domestic struc-
tures (fireplace, henhouse, deposits, kennels, animal pens, toilets
or latrines, efc.) were inspected following National Ministry of
Health recommendations (PNC, 2012).

After completion of a site inspection, the surveillance results
were analysed and the intra- and peri-domestic areas chemically
controlled by spraying of all houses with the following character-
istics: 1) presence of any stage of 7. infestans; ii) houses found to
be negative but located within a radius <500 m from a positive
house; and iii) other constructions with epidemiological, demo-
graphical or structural characteristics requiring control. Chemical
control was performed using SIPERTRIN® (Chemotecnica, Beta-
Cipermethrin 5% (Asimethrin)), a liquid pyrethroid insecticide (50
mg/m) as defined by the National Ministry of Health (PNC, 2012).

To record the history of spraying and infestation used for S&C
spatial analysis of every house during each cycle of intervention
(C1 to C8), we characterized each house by a binary variable,
given below, indicating whether the house: i) was intra-domiciliary
infested each time it was controlled (infestation_intra); ii) was
peri-domiciliary infested each time it was controlled
(infestation_peri); or iii) had been sprayed (spraying).

In addition, the following two variables were used to charac-
terize the dwellings: i) distance from each house to the nearest
house sprayed (dist_to_spr); and ii) distance from each house to
the nearest house infested (dist_to_inf).

Descriptive statistics

Descriptive statistics analysis of the work corresponding to the
different intervention cycles was carried out using R statistical
software, based on the S&C data. For the descriptive functions,
only total infestations (presence of either intra- or peri-domestic
infestation) were analysed.

Bi-dimensional histograms were implemented as a tool to
describe the spatiotemporal patterns of both infestation and insec-
ticide spraying where the spatial distance between house n and
house m (AX,,,) is defined as (Eq. 1):

1.

AX,, =X,-X,andnm [I,.,N,] Eq. 1
where X represents distance and N, the total number of houses.
Likewise, the temporal distance between the control time i and the
control time j (AT}) is defined as (Eq. 2):

AT =TT,

where i,j [1,...,L] and L is the total number of controls.
For the infestation part of the study, let /,, and 7, be equal to arrays
containing the temporal distances between all pairs of infested
houses and the spatial distance between all pairs of infested hous-
es, respectively. Then, the bi-dimensional histogram of infestation
distances represents the two-dimensional density function of the
two variables defined as (Eq. 3):

Eq.2

Info=histyy (14 1,4) Eq.3
where Inf,,(i,j) is equal to the number of simultaneous occurrences
of an element of 7, falling in the ith bin, with the corresponding
element of /, falling in the jth bin (i.e. representing the frequency
of infested houses pairs separated by the temporal distance i and
the spatial distance j.

For the insecticide spraying part of the study, let S,, and S, be
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arrays containing the following variables: temporal distance
between all pairs of sprayed houses, S,, and spatial distance
between all pairs of sprayed houses S,,. Then the bi-dimensional
histogram of spraying distances is defined as (Eq. 4):
Sprag=histyy (S,4S) Eq.4

Spr,,(i,j) is equal to the number of simultaneous occurrences,
or co-occurrence, of an element of S,, falling in the ith bin, with the
corresponding element of S, belonging to the jth bin (i.e. repre-
senting the frequency of sprayed houses pairs separated from
among them for a temporal distance in the range of i and a spatial
distance in the range of j).

In order to exemplify this evaluation alternative, they were
analysed two places: Miel de Palo and La Salamanca.
Spatiotemporal pattern of infestation at two times: initial (the first
3 cycles of the programme) vs final (the last 3 programme cycles)
it was compared, according to each spatial-temporal pattern of
spraying.

Infestation prediction by machine learning: use of neu-
ral network

The outcome variable peri-domestic infestation at intervention
time 8 (infestation_peri) was modelled according to the neural net-
work (NNET) model. The following S&C spatial predictor vari-
ables: spraying, infestation_intra, infestation_peri, dist_to_spr,
dist_to_inf of intervention times 1 to 7 were all examined accord-
ing to the NNET model.

A NNet is an information-processing system that is made up of
interconnected neurons, or interconnected information processing
units in analogy with the human nervous system. The information
processing units do not work in a linear manner. In fact, NNets
draw the strength from parallel processing of information, which
allows dealing with non-linearity. A NNet are useful with respect
to the understanding of meaning and patterns generated by com-
plex datasets. NNets are built by a massive number of simple pro-
cessing units highly interconnected. They can be trained to provide
universal function approximators. Nonlinear models are able to
capture more complex functional relations among the data, at the
expense of computational complexity and some burden on the user
that has to fine tune more parameters than in linear models.

A NNet is a model characterized by an activation function,
which is used by interconnected information processing units to
transform input into output. The first layer of the NNet receives the
raw input, processes it and passes the processed information to the
hidden layers. The hidden layer passes the information to the last
layer, which produces the output. The advantage of a neural net-
work is that it is adaptive in nature. It learns from the information
provided, i.e. trains itself from the data, which has a known out-
come and optimizes its weights for a better prediction in situations
with unknown outcome.

A perceptron, a single layer NNet, is the most basic form of
a NNet. A perceptron receives multidimensional input and pro-
cesses it using a weighted summation and an activation function.
It is trained using a labelled data and learning algorithm that opti-
mize the weights in the summation processor. A major limitation
of the perceptron model is its inability to deal with non-linearity.
A multilayered NNet overcomes this limitation and helps solve
nonlinear problems. The input layer connects with a hidden layer,
which in turn connects to the output layer. The connections are
weighted and weights are optimized using a learning rule.
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Typically, machine learning regression includes three steps:
i) architecture choice, e.g. the number of layers and neurons in an
artificial neural network; ii) the training-validation step (where
the coefficients are adjusted and the performance is evaluated);
and then iii) the use of the model with new data. The scaling of
data is essential because otherwise a variable may have large
impact on the prediction variable only because of its scale. Using
un-scaled may lead to meaningless results. The common tech-
niques to scale data are: min-max normalization, Z-score normal-
ization, median and median absolute deviation, and tan-h estima-
tors. The min-max normalization transforms the data into a com-
mon range, thus removing the scaling effect from all the vari-
ables.

The implementation of the NNET model was carried out in
the statistical software R. The following specifications of this
implementation were:

- Standardization or scaling of the predictors in the [0—1] inter-
val by leveraging the lapply function: scl <- function(x){ (x -
min(x))/(max(x) - min(x)) };

- Setting the argument linear.output to FALSE in order to tell
the model that we want to apply the activation function
(act.fct), since we are not doing a regression set task;

- Setting the activation function to logistic (which is the
default option) in order to apply the logistic function;

- Application of the Iterated Racing for Automatic Algorithm
Configuration (iRace) package: The configuration or selec-
tion of the optimal set of parameters (alpha, layers, neurons)
in this kind of nonlinear models is a complex issue and could
be handcrafted or obtained using semi-automatic tools.
Following the procedure exposed in Scavuzzo et al., 2018,
we used the iRace package (Lépez-Ibaiez et al., 2016) for
automatic parameter tuning. This tool is an iterative proce-
dure capable of automatically finding the most appropriate
parameter configurations given the input data instances of the
optimization problem. It is implemented in R and is freely
available at http://iridia.ulb.ac.be/irace/;

- Cross-validation (Cramer ef al., 2017) to decrease the depen-
dency of the evaluation results on a particular selection of
training set and validation set pair. In all the cases, we gener-
ated the models with 80% of the dataset (training) and
retained the remaining 20% as the independent set to corrob-
orate the prediction capacity of the model (testing). We cross-
validated the model using 50 replicates of cross-validation
with this 80%/20% split, which is the most common propor-
tions used (Cramer et al., 2017).

Results

The entomological indices collected at times covering the
intervention cycles ranging from 2010 to 2016 are shown in Figure
2. Table 2 shows a summary of the infestation values for each site
throughout the period analysed. The maximum values of total
infestations (50), mean total infestation (20.82), infestation vari-
ability (15.3), and mean peridomestic infestation (16.58) were seen
in La Salamanca. Pozo Herrera had the minimum mean of total
infestation (13.07) and Miel de Palo the minimum variability of
total infestation (standard deviation=4.87). Miel de Palo showed
the maximum mean of intra-domestic infestation (4.94).

At the last control, all sites except El Desvio showed a reduc-
tion of infestations with respect to the initial value. At this village,
and also at Pozo Herrera, intra-domestic infestation was low and
did not seem to correspond to the dynamics of peri-domiciliary
infestation. The site with the highest peri-domestic infestation in
the initial period was Pozo Herrera (28.1), while the site with the
highest intra-domestic infestation in this period was Miel de Palo
(11.1). The only site with decreased peri-domestic infestation
towards the end of the study period was Pozo Herrera, the rest of
the sites increased peri-domestic infestation. In general, the sites
did not modify intra-domestic infestation. About 33% of infesta-
tions in each cycle were due to persistent infestation despite spray-
ing (Figure 3). The rest of the infestations were possibly due to col-
onization (houses with new infestations) from the environment. In
cases of houses that had no infestation in the previous time and
were infested, previous, preventive spraying had been applied 14%
of the time, so in these cases the insecticide would have no residual
effect. The average distances of a house to an infested house and
to a sprayed house, at the previous time, were lower when they
were not infested (1,000 m) as compared to when they were infest-
ed (1,500 m). From the total number of times that an infested house
was sprayed, 32% were not effective, since immediately after the
intervention, those houses were re-infested. Of the total number of
times that a non-infested dwelling was sprayed, 12% did not pre-
vent colonization, confirming that in those cases there was no
residual effect of the insecticide. After generating the variables
described in the methodology section for each S&C cycle, we pro-
ceeded to analyse the spatiotemporal patterns of these variables
graphically using two tools: the scatter plot (Figure 4) and a two-
dimensional histogram (Figure 5). Figure 4 shows a scatter plot of
the minimum distance to the infestation (x axis) and the minimum
distance to the spraying (y axis) in the time before a house was
infested (left graph) with respect to the houses that they were not
infested (right graph).

Table 2. Summary of the infestation values for each site throughout the period analysed.

El Desvio 25.53 16.11 7.64 15.57 0.54
Miel de Palo 28.38 19.01 487 15.57 4.94
La Salamanca 50 20.82 15.34 16.58 4.6
Pozo Herrera 28.13 13.07 10.28 12.72 0.71

Max total, maximum of the total infestation indices; Mean total, mean of the total infestation indices; SD total, standard deviation (of the total infestation indices); Mean peri., mean of peridomestic infestation

indices; Mean intra., mean of intra-domestic infestation indices.
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There were very few cases in which the distance to an infested
house was less than the distance to a sprayed one (left of the diag-
onal). This is due to the spray strategy carried out by FMS. In those
cases, the dwellings located at those distances of spraying and
infestation at the time of the following intervention were mostly
not infested.

The houses located on the diagonal in Figure 4A were the ones
that were infested and being so at the time of previous intervention
— they had the closest infested dwelling that was also sprayed. To
the right of the diagonal were those infested, being that in the time
of previous intervention they had the closest infestation at a dis-
tance greater than the closest spray. The percentages presented in
Figure 3 are distributed in Figure 4A as follows: 33% of the infest-
ed dwellings are at point 0.0 of Figure 4A (houses that were infest-
ed despite the fact that they were previously infested and sprayed),

A El Desvio
L]
o~ Tol-nt
f= Perdnt
Intine
= 4 A Inl-Par-int
o J
o
o
&
E "0
[
[ ]
&
=
16
0

Intervention cycle

C La Salamanca

Intestation indices (%)

Intervention cycle

@‘

9% should be on the x-axis (at a closer distance of spraying at the
previous time equal to 0), 58% is distributed on the rest of the
graph. Most houses are below the diagonal, that is, they have a
closer spray prior to a shorter distance than the closest previous
infestation. But they seem to be infested or not infested in an
unstructured way, according to a random pattern.

Figure 5 shows the two-dimensional histograms of the mini-
mum distance to the infestation (x axis) and the minimum distance
to the spraying (y axis) in the time before a house was infested (left
graph) with respect to the houses that they were not infested (right
graph). Counts indicates the number of dwellings that were infest-
ed (left graph) or not infested (right graph) with each distance char-
acteristic (spraying and infestation) in the previous intervention
time. The largest number of homes that were infested present in the
previous time an infestation and sprayed at 500 m. While those that
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Figure 2. Entomological indices computed for each site over the study period. A) El Desvio; B) Miel de Palo; C) La Salamanca; D) Pozo
Herrera. Tot-Inf, total infestation; Per-Inf, peri-domestic infestation; Int-Inf, intra-domestic infestation; Int-Per-Inf, both intra- and

peri-domestic infestation.
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the largest number of homes that were not infested have homes
infested and sprayed at a smaller distance (about 300 m).

In Figure 6 the spatial-temporal pattern of intra- and peri-
domestic infestation is approached through bi-dimensional his-
tograms. This represent the frequency of infested houses pairs sep-
arated from among them for each temporal and spatial distance.
Figure 6 therefore presents 2D-histograms showing the spatial-
temporal pattern of infestation (initial vs final) and spraying strate-
gies of two places: Miel de Palo and La Salamanca.

In Miel de Palo, the initial pattern of infestation (with a peak
of infested houses separated at a spatial distance of 4,000 m and
timewise by 9 months) seemed to be conserved at the final time but
decreasing the number of cases of infestation by 30%. At the end
at the La Salamanca site, the peak number of cases located in the
same intervention time was eliminated and the peak of cases sepa-
rated by 9 months of temporal distance was conserved, but the
same happened to be around 1,000 m further away. The analysis of
the spraying patterns in both places led us to conclude that the
spray pattern in La Salamanca had a spraying peak at lower spatial
distances than the peak of initial infestations. By contrast, in Miel
de Palo, the spraying peak occurred at spatial distances greater
than its corresponding spatial distance of infestation at the initial
time. Apparently in La Salamanca, the spray pattern would have an
effect of decreasing infestation at close spatial distances more
marked than in Miel de Palo.

Regarding the results of the computed NNET model, the
implementation of the iRace tool resulted in the best configuration
of neurons and layers for our model of 10 neurons in its 2 hidden
layers.

The weights of NNET model were calculated using the back-
propagation algorithm. Cross-validation of our implemented
model resulted in a mean accuracy of 0.77. In Figure 7 the predict-
ed peridomestic infestation at C9 based on the fitted NNet model
is shown with respect to S&C spatio temporal variables of inter-
vention times C2-C8.

Discussion

Control strategies based on spraying with insecticides have
made very important contributions in controlling Chagas in Latin

America (Dias et al., 2008). However, it is important to know
where and when to spray. Re-infestation is sensitive to environ-
mental variables, but in this study we focused on exploring its rela-
tionship with variables linked to control activities, such as spatial
and temporal distances to the closest sprayed house. This paper
describes the result of work within an area endemic for Chagas
with a known case history. It involves interventions by control
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Figure 3. The infestation situation over the whole time of the
study analysed by descriptive statistics at each time of interven-
tion.
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Figure 4. Scatter plot of minimum distance to infestation and spraying. A) infested houses; B) non-infested houses.
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agents who, after detecting the presence of T. infestans, proceeded
to spraying with deltamethrin according to WHO recommenda-
tions. Emphasis was placed on the possibility of extracting as
much information as possible about this intervention through spa-
tiotemporal analysis based on geospatial tools and the work consti-
tutes an attempt to explain the effect of the S&C interventions, sus-
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tained by the control programme over six years.

We demonstrate a useful and practical method for systematic
insecticide spraying based on documented previous infestation and
spraying. In terms of overall evaluation of the analysed intervention
period, most sites presented less infestations, in fact only minor ones,
at the latest control included in the study compared to the initial one.

100 200 300 400 soom 700 800
Distance to infestation (m)

Figure 5. Two-dimensional histograms of minimum distance to infestation and sFraying. Counts indicates the number of dwellings that
were infested (A, left graph) or not infested (B, right graph) with each distance feature (spraying and infestation) at the previous inter-

vention time.
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Figure 6. Bi-dimensional histograms showing the spatial-temporal pattern of infestation (initial vs final period) and spraying at two
places: Miel de Palo and La Salamanca. Spatial distance expressed in meters and temporal expressed in months.
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This was mainly due to a decrease in intra-domestic infestations.
However, since there was no experimental design in the sense
allowing comparison of places with vigilance to others without
control. Instead, we tried to capture the information contained in
control variations estimated through spatial indices related to
spraying and infestation already implemented.

In spite of the overall results, we as much as about 33% of per-
sistent infestations despite spraying, possibly due to re-coloniza-
tion of 7. infestans from the environment. The fact that preventive
spraying had no residual effect in so many cases as also observed
by multiple studies (Cecere et al., 2003; Spaugnolo et al., 2011).
The widespread demonstration of triatomines survival despite
insecticide spraying is a worry, even though there has been a 70%
decrease in new infections in the last decade (Moncayo, 2003).
Indeed, as confirmed by our work, vector control without reservoir
control measures is not sufficient to reduce triatomine persistence.
Comprehensive programmes involving house improvements,
active participation and multi-sectoral coordination is required (De
Urioste-Stone et al., 2015). Elimination of Chagas might also
necessitate more efficient drugs and the development of an effec-
tive vaccine as called for by Moncayo, 2003.

By the realization of improved rural dwellings with enhanced
sanitary quality based on adequate technology and locally avail-
able material, the FMS programme have contributed to villagers’
well-being and social progress in Afiatuya. However, prevention of
Chagas also requires intersectoral and multi-disease approaches.
Therefore, integration of S&C activities into the local primary

health care system at the community level would be useful. Thus,
schools and community networks can become key strategies to
reach Chagas disease elimination. As shown by our results, the
FMS complementary programme has already had a big impact in
this context.

The largest number of homes that were not infested at each
intervention cycle had homes infested and sprayed at a smaller dis-
tance (150-300 m) in the previous cycle, compared to houses that
were infested. This could indicate that in order to be free from
infestation, a spraying at least 300 m away from each infested
house would have to be guaranteed. In the same way, in terms of
qualitative evaluation of spray strategies using spatiotemporal
graphic tools, it is possible to hypothesize that a spray pattern that
peaks at lower spatial distances than the peak of infestations,
would have an effect of more marked decreasing infestation at
closer spatial distances.

The application of GIS for spatial analysis has significant
importance for vector control programmes, and new analytics
approaches can be useful in order to improve control efficiency.
Chu et al. (2013) have contributed to the evaluation and planning
of control strategies using GIS. However, reports evaluating con-
trol programmes that consider the spatiotemporal history of infes-
tation and spraying of a site are generally lacking in the literature.
Although the evaluation proposed in this work is qualitative, it
could be the first step towards a quantitative validation using the
spatiotemporal structure of spraying to investigate the distribution
of infestation.
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Figure 7. Predicted peri-domestic infestation at C9 based on the fitted neural network model and the surveillance and control spa-

tiotemporal variables at intervention times C2-C8.
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Conclusions

This work demonstrates that tools can be developed and intro-
duced to extract information from existing data. It presents new
ways of visualizing spatiotemporal information achieved not only
by qualitative evaluation of traditional, entomological indices or
the distribution of infested houses, but through investigating the
spatiotemporal pattern of infestations and spraying. This is impor-
tant as it becomes possible to evaluate and plan spray strategies
based on predictions of infestation from novel, non-linear models
using the spatiotemporal indices implemented.
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