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Abstract

The transmission of Trypanosoma cruzi to humans is determined by multiple ecological, socio-economic
and cultural factors acting at different scales. Their effects on the human risk of infection with 7. cruzi
have often been examined separately or using a limited set of ecological and socio-demographic
variables. Herein, we integrated the ecological and social dimensions of human disease risk with the
spatial distribution patterns of human and vector (Triatoma infestans) infection with 7. cruzi in rural
communities of the Argentine Chaco composed mainly of indigenous people (90% Qom) and a creole
minority. Prior to the implementation of a vector control intervention, the estimated seroprevalence of T.
cruzi among 1,929 local residents examined in a cross-sectional study was 29.0%, and was twice as large
in Qom than creoles. Using generalized linear mixed models, the risk of human infection increased by
60% with each additional infected triatomine and by 40% with each seropositive household co-inhabitant;
increased significantly with increasing household social vulnerability (a multidimensional index of
poverty), and decreased with increasing host availability in sleeping quarters. A significant negative
interaction between household social vulnerability and the relative abundance of infected 7. infestans
indicated that vulnerable household residents were exposed to a higher risk of infection even at low
infected-vector abundances. Household mobility within the study area reduced the effects of domiciliary
vector abundance, possibly due to less consistent exposures. Nonetheless, the seroprevalence rates of
movers and non-movers were not significantly different. Human infection was clustered by household and
at a larger spatial scale, with hotspots of human and vector infection matching areas of higher social
vulnerability. These results were integrated in a risk map that shows high-priority areas for targeted
interventions oriented to suppress house (re)infestations, treat infected children, and thus reduce the

burden of future disease.
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Author summary

Chagas disease is one of the main neglected tropical diseases (NTDs) affecting vulnerable communities in
Latin America where transmission by triatomine vectors still occurs. Access to diagnosis and treatment is
one of the remaining challenges for sustainable control of Chagas disease in endemic areas. In this study,
we integrated the ecological and social determinants of human infection with the spatial component to
identify individuals, households and geographic sectors at higher risk of infection. We found that the risk
of human infection was higher in indigenous people compared to creoles, and increased with the
abundance of infected vectors and with household social vulnerability (a multidimensional index of
poverty). We also found that the social factors modulated the effect of the abundance of infected vectors:
vulnerable-household residents were exposed to a higher risk of infection even at low infected-vector
abundance, and human mobility within the area determined a lower and more variable exposure to the
vector over time. These results were integrated in a risk map that showed high-priority areas, which can

be used in designing cost-effective serological screening strategies adapted to resource-constrained areas.
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Introduction

The transmission of zoonotic and vector-borne diseases is an “inherently ecological process” involving
intraspecific and interspecific interactions between vector, pathogen and host populations [1]. As shown
by Ross-Macdonald style mathematical models, the transmission of vector-borne pathogens is determined
by the density and survival of insect vectors, vector-host contact rate, host susceptibility, vector and host
infectivity, and duration of infection [2,3]. When human populations are implicated, pathogen
transmission dynamics also involve socio-economic, cultural, political, psychological and ethical factors,
which pertain to the human dimension of disease [4,5]. With a focus on human health, these ecological,
biological and social factors affecting the transmission of vector-borne diseases may be classified as
intrinsic or extrinsic to the human population [6]. Intrinsic factors are biological in nature (i.e., immune
response) and can only be manipulated by advances in medical research and technology [6]. Extrinsic
factors include the environmental context, vector ecology and behavior, human activities, socio-economic
inequalities and political factors, among other [6]. A thorough understanding of the combined effects of
the extrinsic factors is required to design more effective and sustainable disease control interventions,
which have traditionally been crafted in a reductionist biomedical approach [7]. Reductionism argues that
the sum of information provided by studying each component of the system separately is sufficient to
understand disease transmission dynamics [8]. By contrast, the Ecohealth or eco-bio-social approaches
focus on the interactions among multiple ecological and social factors and their combined effects on
human health as part of a complex socio-ecological system [7].

Chagas disease is a chronic infection caused by the protozoan Trypanosoma cruzi, and is mainly
transmitted by triatomine vectors in endemic areas [9] in spite of regional and intergovernmental vector
control (and elimination) initiatives, such as the INCOSUR (“Iniciativa de Salud del Cono Sur”) launched
in the 1990s in the Southern Cone countries in South America [10]. Recent estimates indicate that 62.4%
of people infected with 7. cruzi live in INCOSUR countries, and 30.6% of new cases due to vector-borne
transmission occur in Bolivia and Argentina [9], where the Gran Chaco region remains a hotspot for
Chagas disease [11,12]. Although in the Argentine Chaco region the overall human seroprevalence of T.
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83 cruzi has declined over the last 60 years [13—15], it remains high (27.8-71.1%) in rural communities
84  encompassing creole and indigenous populations [16-24].

85 In the Gran Chaco, human infection with 7. cruzi usually occurs within sleeping quarters before
86  reaching 15 years of age and is transmitted by Triatoma infestans [25-27]. Most studies of human
87  infection with 7. cruzi in endemic areas have focused on the seroprevalence distribution among
88  demographic subgroups and/or on the effects of vector presence, abundance and 7. cruzi infection status.
89  Although the association between human 7. cruzi infection and selected socio-demographic factors has
90  been investigated [24,25,28-31], these studies either did not address the combined effects of ecological
91  and social variables due to limited data availability, or only considered a few socio-demographic
92  variables. Human infection was positively associated with the presence or abundance of domestic animals
93 [24,25,28,29,32]. A less clear association was found between 7. cruzi human infection and house
94 construction quality (i.e., thatched roofs and cracks in the walls): while in some studies human infection
95 increased in poor-quality housing [25,28,31,32], others did not find such association [29,30].

96 The joint analysis of the spatial distribution of human and vector infection can shed light into the
97  processes and factors associated with the vector-borne transmission of 7. cruzi. Integrating the spatial
98  component of disease with household-level and individual-based risk factor analysis is needed to identify
99  transmission hotspots, create risk maps of 7. cruzi infection, and stratify the affected areas for targeted
100  control [33-35]. For Chagas disease, spatial analysis has been used to investigate the reinfestation process
101  with T. infestans after community-wide insecticide spraying [36—40]; identify factors associated with
102 house infestation [41-43]; evaluate the effects of vector control interventions [44], and generate risk maps
103 at regional and continental levels based on vector distribution [45,46]. By contrast, the spatial component
104  of human 7. cruzi infection has rarely been investigated, and the ones that did it focused on periurban
105  settings [29,47.,48].

106 As part of a broader research and control program on the transmission of 7. cruzi in rural communities
107  of the Argentine Chaco [24,40-42,49-53], this study investigated the effects of household-level vector
108  indices and demographic factors on human 7. cruzi infection at individual, household and community
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109  levels. We also considered the household socio-economic status and the interaction between social and
110  ecological variables using indices of social vulnerability (as a measure of socio-economic inequalities)
111 and of domestic host availability, i.e., in human sleeping quarters or domicile [54]. Both indices were
112 positively associated to the abundance of infected domiciliary vectors [54]. Herein, we hypothesize that
113 the interaction between ecological and social factors would enhance the risk of 7. cruzi transmission to
114 humans, which cannot solely be explained by variation in vector indices. At a community level, we
115  evaluated the spatial correlation between human and vector infection, host availability and social
116  vulnerability. We integrated the evidence provided by the individual-based risk model with the spatial
117 component to derive community-level risk maps of human infection, with an emphasis in children, which
118  represent the target demographic group for 7. cruzi infection diagnosis and treatment.

119  Methods

120  Study area

121  This study was conducted in a rural section of Pampa del Indio municipality (25° 55°S 56° 58’W), Chaco
122 province, Argentina, denominated Area III, which encompassed three contiguous large communities
123 (Cuarta Legua, Pampa Grande and Pampa Chica), and other smaller ones [41]. This area was subjected to
124 a vector control and Chagas disease research program initiated in 2008 with a follow-up period of 7 years
125  as of 2015. In October 2008, a baseline vector survey found that a third of the inhabited houses were
126 infested with 7. infestans, mainly within human sleeping quarters, and virtually all (93.4%) houses were
127  sprayed with insecticides immediately after [41]. During the 2008-2015 vector surveillance phase we
128  conducted annual triatomine surveys and selectively sprayed with insecticide the few foci detected. This
129  strategy reduced house infestation to <1% during 2008-2012, and no infested house was found in 2015
130  [40]. Prior to 2008, vector control actions had been sporadic and partial; the last community-wide
131  insecticide spraying campaign took place in 1997-1998, and the last sprays registered prior to the baseline
132 survey were carried out in a few houses in 2006 and July 2008 [41].

133 The population in the area monotonically increased during the 2008-2015 period, from 2,392 people and
134 407 inhabited houses in 2008 to 2,548 people and 587 houses in 2015 [54]. The population was composed
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135  of two ethnic groups; 93.1% of the residents self-identified as Qom people and the remaining minority as
136  creoles [54]. A household was defined as all the people who occupy a housing unit, including related and
137  nonrelated family members [55]. The housing unit (or house compound) included one or more domiciles
138 (i.e., sleeping quarters) and associated peridomestic structures.

139  Study design

140  This study complied with STROBE recommendations for observational studies [56] (S1 Text). We
141  integrated vector and epidemiological information collected during the 2008-2015 period during the
142 annual vector and household surveys as described in detail elsewhere [40,41,54]. At each visit, the
143 location of the domicile was georeferenced with a GPS receiver (Garmin Legend) and the demographic
144  information of the household updated. The household surveys included relevant epidemiological data
145  such as number, type and construction materials of the different sites in each housing unit, refuge
146  availability for the vector, the number and resting places of domestic animals, number of house
147  occupants, and their ages and ethnicity. In 2012-2015, we carried out a thorough census of the population,
148  which included several social variables identified as social determinants of health and relevant to NTD
149  transmission, such as educational level, income source, household mobility, access to health services, etc
150  [54]. Response rates were high (>90%) in all surveys [40].

151  Four years after community-wide insecticide spraying and with a low risk of vector-borne transmission
152 (<1% of infested houses), we conducted a series of serosurveys aimed at total population coverage (older
153  than 9 months old) during the 2012-2015 period. Using a participatory approach, we had meetings with
154  the local population to discuss project tasks and coordinate activities with local healthcare agents and
155  hospital personnel [50]. During 2012-2013, people were recruited passively through the radio, schools
156  and word of mouth; venipuncture was done at schools and at the primary health posts of each large
157  community to draw a blood sample of 3-7 ml. In April 2015, recruitment was done actively and blood

158  draws were conducted coupled to the vector survey. The protocol is described in detail elsewhere [24,50].

159


https://doi.org/10.1101/627141
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/627141; this version posted May 3, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

160  Ethics statement

161  This study complied with the ethical principles included in the Declaration of Helsinki (Ethical
162  Committee "Dr. Carlos A. Barclay", Protocol ref. TW-01-004). All adult subjects provided written
163  informed consent prior to participation in the serosurvey, and a parent or guardian of any child participant
164  younger than 14 years old provided informed consent on the child’s behalf. Participants aged between 14
165  and 18 years old, provided their written informed consent along with consent from a parent or guardian.
166  Informed consent forms were provided in Spanish and translated to Qom language (Qomlactaq) orally by
167  primary healthcare agents when needed. Oral consent was obtained for household surveys, including
168  entomological searches, as approved by the IRB and recorded in the data collection sheets as described
169  [41].

170  Serodiagnosis of human infection

171  Blood samples were transported to the local hospital where serum samples were obtained by
172 centrifugation at 3,000 rpm for 15 min within the same day. Each serum was allocated in triplicate vials
173 and stored at -20°C. Serum samples were tested using two different ELISA tests based on conventional
174  (Chagatest, Wiener) and recombinant antigens (ELISA Rec V3.0, Wiener) as described elsewhere [50].
175  Discordant results between both ELISAs were resolved via an indirect immunofluorescence antibody test
176  conducted at the reference center for Chagas disease serodiagnosis (Instituto Nacional de Parasitologia Dr
177 M. Fatala Chaben). A person was considered seropositive (i.e., infected) if at least two tests were reactive.
178  The serosurvey results were informed to the participants within 8 weeks of the blood draw, and follow-up
179  of T. cruzi-seropositive people was done by physicians from the local hospital as described elsewhere
180  [50], including treatment with benznidazole or nifurtimox of people younger than <18 y.o. and those
181 adults who specifically requested it.

182 Vector-related indices

183  All triatomines collected at the baseline vector survey in 2008 were identified taxonomically and the
184  individual infection status with 7. cruzi was determined by microscope examination of feces [41] or by
185  molecular diagnosis using kDNA-PCR [57], achieving a coverage of 60% of all infested houses. The
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186  occurrence of domiciliary infestation with 7. infestans was determined by the finding of at least one live
187  triatomine (excluding eggs) through any of the vector collection methods used (i.e., timed-manual
188  searches, bug collections during insecticide spraying operations, and householders’ bug collections). The
189  relative abundance of domiciliary 7. infestans was calculated only for infested houses as the number of
190  live bugs collected by timed-manual searches per 15 min-person per site, as described [41]. The same
191  procedures were used to determine the occurrence and abundance of 7. cruzi-infected 7. infestans in the
192 domicile.

193 Epidemiological data pre-processing

194  Human seropositivity data (collected over 2012-2015) were back-corrected to 2008 in order to analyze the
195  risk of human infection prior to the community-wide insecticide spraying campaign when vector-borne
196  transmission was still active, and given the virtual absence of house infestation and of infected triatomines
197  over 2008-2012. This allowed us to compute a more accurate length of exposure to vector-borne
198  infections by subtracting the time elapsed since the baseline vector survey to the age recorded at the
199  serosurvey. Using the demographic data collected in household surveys in 2008-2015 and the location of
200  each household over the different time periods, we identified people’s residential location as of 2008. The
201  2012-2015 detailed census data was also used to determine their mobility pattern, which was classified as:
202  non-movers (individuals whose house remained at the same geographical location), movers (if they
203  moved within the study area), or as in-migrants or out-migrants (to or from outside the study area,
204  respectively, including individuals coming from or leaving to a different section within Pampa del Indio
205  municipality), as described elsewhere [54]. If the in-migrants had resided in the study area prior to 2008,
206  we classified them as return migrants.

207  Regarding the socio-demographic variables collected in 2012, they were back-corrected to 2008
208  whenever possible, assuming similar socio-economic conditions prevailed over 2012 and 2008 [41]. Data
209  obtained from the household surveys were used to construct two surrogate indices (the social vulnerability
210  index and the host availability index) by means of multiple correspondence analysis. A detailed
211  description of the indices, their rational and construction is found elsewhere [54]. Briefly, the social
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212 vulnerability index estimated for 2008 households included characteristics of the domiciles (refuge
213 availability, presence of cardboard roofs and/or mud walls, time since house construction, and domestic
214  area), and household socio-economic and demographic characteristics (overcrowding, goat-equivalent
215  index and educational level). This index aimed at summarizing the multiple interrelated socio-
216  demographic variables associated with socio-economic position. The host availability index in domiciles
217  summarized the number of potential domestic hosts of 7. infestans (i.e., adult and child residents, total
218  number of dogs, cats, and chickens nesting indoors), and in the case of dogs and cats, whether they rested
219  within or in the proximity of the domicile. A preliminary analysis showed that the household abundance
220 of domestic animal hosts was positively correlated with larger household size, i.e., number of human
221  residents [54].

222 Data analysis

223 For each variable we checked whether the missing values were missing completely at random by building
224  a dummy variable (missing and non-missing values) and analyzing the significance of Spearman’s
225  correlation coefficient with any another independent variable in the data set, as described elsewhere [41].
226  Most of the variables with missing values (collected through household surveys) were missing completely
227  at random, except for educational level and overcrowding in 2008, in which the missing data
228  corresponded to households that had moved or out-migrated by 2012 (the year when these data were
229  collected). Missing data for human infection per household were also biased towards adult males (who
230  refused to participate more often than other demographic groups), and movers, as we were not able to
231 assign their residential location in 2008 to all of them. We excluded from the analysis 197 people tested
232 who resided elsewhere but were visiting the study area at the time of the serosurvey. Throughout the text,
233 minors younger than 15 y.o. are referred to as children for simplicity.

234 For all proportions, 95% confidence intervals (Clys) were estimated using the Agresti and Coull method if
235  sample sizes were greater than 50, and the Wilson method for smaller sample sizes [S8]. We used y? tests
236  for bivariate analysis of categorical variables; generalized linear models (GLM) [59] with logit link
237  function when the outcome of interest had a binary distribution, and a negative binomial GLM (link

10
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238  function: log) when analyzing count data, such as the number of seropositive people. In the case of binary
239  response variables, the relative risk was expressed as Odds Ratios (OR), and in the case of count data as
240  incidence rate ratios (IRR). Negative binomial regression was preferred to Poisson regression given the
241  overdispersed distributions [60]. Mixed-effects models (GLMM) were also considered when individual
242 data was analyzed to account for possible household-related random effects [24,28]. All analysis were
243 implemented in Stata 14.2 [61] and R 3.2.3 (Ime4 and car packages) [62].

244 Infection risk models

245  The infection risk model was estimated for the entire population and for children separately. The outcome
246  of interest was their seropositivity status for 7. cruzi (yes/no). In the model for the total population we
247  included age, gender, ethnicity, and household-level variables: the relative abundance of 7. cruzi-infected
248  T. infestans per unit of catch-effort in the domicile, the social vulnerability index, host availability index,
249  and the number of seropositive co-inhabitants. The model for child infection also included the mother’s
250  seropositivity status, and whether any recent insecticide spraying occurred in 2006-2008 prior to the
251  baseline vector survey. We also evaluated the interaction between vector abundance, the social
252 vulnerability and host availability indices, and retained in the model the ones that had a significant effect.
253  We compared a GLMM model (logit link function) considering the household as a random variable and a
254  GLM model in both cases.

255  We used an information theoretic approach and Akaike’s information criterion (AIC) to identify the best-
256  fitting models given the data collected, and a multimodel inference approach to account for model
257  selection uncertainty [47,48] using the MuMin R-package. This approach was used to identify the
258  ecological and social factors associated with house infestation, as described elsewhere [41]. Odds Ratios
259  (ORs) and their 95% confidence intervals were calculated from model-averaged coefficients. The relative
260  importance (RI) of each variable is defined as the sum of Akaike weights in each model in which the
261  variable is present; RI takes values from 0 to 1. Multicollinearity was assessed by the Variance Inflation
262  Factor (VIF), and model fitting for the logistic regression was assessed by the Hosmer-Lemeshow
263  goodness of fit test and the Receiver Operator Curve (ROC), including the area under the ROC (AUC)

11


https://doi.org/10.1101/627141
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/627141; this version posted May 3, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

264  [62]. To assess sensitivity and specificity of the models, we employed an optimal threshold value that
265  minimized the sum of error frequencies [63]. This value was obtained by finding the maximum sum of
266  sensitivity and specificity for all threshold values t (sens(t)+spec(t)) using the pPROC R-package [64]. The
267 multimodel inference approach does not allow for missing data, therefore individuals with missing data were not
268  considered in the models.

269  Spatial analysis and risk maps

270  Global point pattern analysis (univariate and bivariate) were performed for human and vector infection
271  using the weighted K-function implemented in Programita [35]. Random labeling was used to test the null
272 hypothesis of random occurrence of events among the fixed spatial distribution of all households. We
273  used quantitative and qualitative labels for each household as previously described [54]. Monte Carlo
274 simulations (n = 999) were performed and the 95% ‘confidence envelope’ was calculated with the 2.5%
275  upper and lower simulations. Additionally, local spatial analysis on the abundance of (infected) vectors
276  were performed using the G* statistic implemented in PPA [33]. The selected cell size was 200 m
277  (assuming that each household had at least three neighbors at the minimum distance of analysis), and the
278  maximum distance was set at 6 km (i.e., half of the dimension of the area). We created heatmaps (i.e.,
279  density maps) to visualize the spatial aggregation of the variables using a kernel density estimation
280  algorithm within a radius of 200 m as implemented in QGIS 2.18.11. Risk maps were obtained by
281  interpolating the predicted probabilities from the risk model and using the 2008 household location. The
282  geographical coordinates of each housing unit were transformed to preserve the privacy of the households

283  involved in this study, as described elsewhere [41].

284  Results

285  During 2012 and 2015, we tested 1,929 people that resided in the study area at the time of the
286  serosurveys. Passive recruitment during 2012-2013 at local schools and primary health posts led to a
287  coverage of 47.8% of the local population, which increased to 77.0% during 2015, when active
288  recruitment of participants was coupled with vector surveys (S1 Fig). Diagnosis coverage was highest in

289  school children (80.9%) and adult women (76.8%) in general (Fig 1).
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1 Mid-period population (2012-2015)

290

291  Fig 1. The 2012-2015 mid-period total population per 5-year age group and the population serologically

292 tested for 7. cruzi infection (number and percentage) in Pampa del Indio, Argentina.

293  The two-tiered ELISA serological testing showed almost perfect agreement between tests (kappa index =
294 0.9, p <0.001). Seropositive results for 7. cruzi infection were observed in 25.3% of the samples, whereas
295  5.5% that were discordant later tested negative at the reference laboratory. Only 1.5% (Clgs = 4*10 -
296  3.0%) of children born after the community-wide insecticide spray in 2008 were seropositive. All four T.
297  cruzi-seropositive children born post-intervention had 7. cruzi-seropositive mothers and no vectors were
298  collected in their domiciles during the surveillance phase. For the same age group (children <6 y.o.), the
299  risk of infection was higher if they had been born before the community-wide spraying (logistic
300  regression, ORyg05 = 6.2, Clgs= 1.2-31.8, p = 0.01), after adjusting for age. Only 1.4% of the people tested
301  had been exposed to T. infestans due to transient domiciliary reinfestations during the surveillance period,
302  butall 38 also lived in infested houses prior to the 2008 insecticide campaign.

303  We were able to assign the local residency status as of 2008 (i.e., their house identification code in 2008)
304  to 82.6% of the people tested. The overall seroprevalence estimated for 2008 was 29.0% (Clys = 26.7-
305  31.4,n=1373). It increased significantly with age from 5.7% in children younger than 5 y.o. to 25% in

306  teenagers (14 to 19 y.o.), then jumped to 50% in young adults (20 to 29 y.o.), and remained around 60%
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307  in older adults (Fig 2). Although females had a lower overall seroprevalence rate than males (26.5 vs
308  31.6%; 2 test, df =1, p = 0.04), this difference was more evident in adults (Fig 2) and was not significant
309  after adjusting for age (S1 Table). The seroprevalence for Qom people almost doubled that observed for

310 creoles (29.7 vs 18.7%; x> test, df = 1, p = 0.02) (S1 Table).

Seroprevalence (%)

S
& S )
PN o . . . . . . . . . WO
_\0‘50,;53 Qe R P S © 0 &  »°
& G
Age group (years) &
—@— Male —@— Female —@— Total
311 Cl 95% (total seroprevalence)

312 Fig 2. Seroprevalence of 7. cruzi infection per 5-year age group and gender for the population in 2008,
313  prior to a community-wide insecticide spraying campaign, Pampa del Indio, Argentina. The numbers
314  above the lines indicate the total number of people serologically tested.

315  Household infection and domiciliary infestation

316  We found at least one 7. cruzi-seropositive person in 71.3% of the 301 households in which at least one
317  member had been tested (77% of all households existing in 2008). For children, that proportion dropped
318  to 16.7%. The occurrence of at least one seropositive person per household was not associated with the
319  abundance of T. cruzi-infected 7. infestans per unit effort in the domicile (logistic regression, OR =1.5,
320  Clgs=0.8-3.0; p = 0.2). In contrast, the occurrence of at least one infected child was positively and highly
321 significantly associated with the abundance of infected vectors (logistic regression, OR = 2.8; Clgs = 1.6-
322 4.9; p <0.001). The household number of seropositive people increased with the abundance of infected

323 vectors (negative binomial regression, IRR = 1.1; Clgs=1.1-1.2; p < 0.001).
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324  The seroprevalence of 7. cruzi was higher in local residents who reported past exposure to 7. infestans at
325  the time of the serosurvey (35.3 vs 15.0%, 2 test, df = 1, p < 0.001). There was a fair agreement between
326  the house infestation status assessed in 2008 and reported past exposure to triatomines (kappa index = 0.2;
327  p < 0.001). Although 79% of residents in an infested house reported past exposure to the vector, a
328  considerable proportion (54%) of those who inhabited non-infested houses also reported past exposures.
329  Therefore, the individual infection risk adjusted for age, gender and ethnic group was two-fold higher in
330 infested houses as determined in the 2008 (baseline) vector survey (GLMM, OR = 2.3, Clys=1.4-3.9, p <
331  0.001), but the effect was marginally significant when the reported past exposure was considered instead
332 (GLMM, OR = 1.5, Clyps = 1-1.2, p = 0.6) (S2 Table). In children, the infection risk in infested houses was
333  almost four-fold higher (GLMM, OR = 3.7, Clgs = 1.3-10, p = 0.01) even after adjusting for the mother’s
334 seropositivity status, while the reported past exposure had no significant effect (GLMM, OR = 0.9, Clys=
335  0.4-24, p =0.9) (S2 Table). When vector abundance per unit effort was considered, the infection risk in
336 children increased 42% per 5 additional 7. infestans collected in the domicile (GLMM, OR = 1.42, ICys=
337  1.2-1.7,p=0.001).

338  Household mobility and human infection

339  Movers (as registered in 2012-2015) had a 30-110% higher risk of residing in a 7. infestans-positive
340  house in 2008 than non-movers after adjusting for age, gender and ethnic group (logistic regression, OR =
341 1.7; Clgs = 1.3-2.1; p < 0.001). Out-migrants had a much lower risk (OR = 0.5; Clys = 0.3-1.3; p < 0.01).
342 These findings proved valid in children, whose infection status is more closely associated with recent
343  domiciliary infestation. Although child infection was not directly associated with their mobility pattern,
344  the effect of domiciliary infestation on infection risk was modified by mobility: in children living in
345  infested houses in 2008, the effect of infestation on risk decreased by 90% in movers compared to non-
346  movers (Table 1). While non-mover children residing in infested houses in 2008 had a six-fold higher risk
347  of infection compared to non-mover children living in non-infested houses (20.0% vs. 4.5%, respectively)
348  (Table 1), mover children living in infested houses had a nearly equal seroprevalence as those living in
349  non-infested houses (11.9% vs. 11.1%) (Fig 3).
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Variables OR (Clys) P
Infestation (non-movers)

No 1

Yes 6.1 (1.9-19.0) 0.002*
Age 1.14 (1.03-1.3) 0.01*
Gender

Male 1

Female 1.5 (0.7-3.2) 0.3
Ethnic group

Creole 1

Qom 7.1 (0.4-139.0) 0.2
Mother infection status

No 1

Yes 8.0 (2.5-25.0) <0.001**
Mobility (2012-2015)

Non-movers (non-infested houses) 1

Movers (non-infested houses) 1.8 (0.4-8.5) 0.5
Out-migrants (non-infested houses) 2.2 (0.2-20.0) 0.5
Return migrants (non-infested houses) 0 1
Interactions§

Movers*infested houses 0.10 (0.01-0.99) 0.05*
Out-migrants*infested houses 0 1
Return migrants*infested houses 0 1

§ The reference category is non-movers living in infested houses

OR: Odds ratio; Clys: 95% confidence interval
**p <0.001; *0.001 <p<0.05;, ~0.5 <p <l

Table 1. Generalized linear mixed model of child seropositivity for 7. cruzi infection in 2008 clustered by

household (logit link function), Pampa del Indio, Argentina. The odds ratio (OR) of the interaction terms

indicate if the effect of infestation for non-movers increased (>1) or decreased (<1) in other mobility

categories (out-migrants or return migrants).
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Fig 3. Predicted probabilities for the GLMM model of child seropositivity for 7. cruzi infection regarding
the interaction between domiciliary infestation and mobility patterns (non-movers vs. movers), Pampa del
Indio, Argentina.

Household socio-demographic determinants of human infection

The occurrence of at least one seropositive person per household was positively associated with social
vulnerability (OR = 1.5; Clgs = 1.2-1.8; p = 0.001) and was independent of host availability (OR = 1.3;
Clgs = 0.9-1.7; p = 0.1). The household presence of at least one seropositive child occurred more
frequently in houses with high host availability (OR = 2.1; Clys = 1.4-3.4; p < 0.001) and high social
vulnerability (OR = 1.4; Clys = 1.0-2.0; p = 0.05) (Fig 3). In both cases, the effects of the socio-
demographic variables were additive, as the interaction terms were not significant. The occurrence and
abundance of 7. cruzi-seropositive children were similar to the distribution of infected domiciliary 7.

infestans, which also increased with host availability and social vulnerability (Fig 4).
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Fig 4. Multivariate relationship between household-level host availability, social vulnerability and vector

indices [54] (A) and child seropositivity for 7. cruzi infection (B), Pampa del Indio, Argentina.
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371 Spatial distribution of human infection and house infestation

372  Despite the widespread occurrence of at least one 7. cruzi-seropositive person per household, human
373  infection was spatially aggregated in 2008 (Fig 5A). The global spatial analysis indicated that households
374  with at least one seropositive person were aggregated at a scale between 2 and 6 km (S2A Fig), implying
375  thatup to 2 km (i.e., within each community) the spatial distribution was not significantly different from a
376  random pattern. This result is consistent with the differences among communities in the proportion of
377  households with at least one seropositive person: 84.6% in Cuarta Legua, 69.4% in Pampa Grande and
378  56.8% in Pampa Chica (y* test, df = 2, p < 0.001). When the number of seropositive people per household
379  was considered, we did not find a significant spatial correlation between neighboring houses at any scale.
380  Although the trend shown by the variograms indicated similar numbers of seropositive people between

381  neighboring households, this pattern was not significantly different from a random distribution (S2B Fig).
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384  Fig 5. Distribution of the household number of 7. cruzi-seropositive people (A) and children (B), and the
385 relative abundance of infected 7. infestans per unit of effort (C) prior to community-wide insecticide

386  spraying in 2008, Pampa del Indio, Argentina. The dashed circles represent the hotspot found by local
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387  spatial analysis. The maps were created in QGIS 2.18.11. based on the data collected within the scope of
388  this study (S3 Table).

389

390  The proportion of houses with at least one seropositive child in 2008 also varied significantly between
391 communities (2 test; df = 2; p < 0.01). The highest proportion was found in Cuarta Legua compared to
392  the other communities (32.9% vs. 14.5-13.8%, respectively), but no spatial aggregation was found
393  globally (S2C Fig). The number of infected children per household did not show a spatial correlation
394  between neighboring households either (S2D Fig). However, local spatial analysis found a hotspot of
395  child infection located in Cuarta Legua at a spatial scale between 1 and 2.6 km (Fig 5B). This hotspot was
396  no longer detected in 2012-2015, nor did the spatial aggregation per community for the total population
397  (S3 Fig).

398  The occurrence of at least one 7. cruzi-infected T. infestans in the domicile was globally aggregated at all
399  spatial scales when considering all houses (S2E Fig), but it did not differ from a random distribution
400  when only infested houses were considered (S2F Fig). Nonetheless, a hotspot of domiciliary infected
401  wvectors was found in Cuarta Legua at a spatial scale between 0.2-1.8 km , which involved 6 houses with
402  at least one infected vector (Fig 5C). This hotspot coincided partially with the child infection hotspot, but
403  no significant correlation was found between human and vector infection patterns (S2G-H Fig).

404  The heatmaps show that the areas of high social vulnerability coincided with the qualitative and
405  quantitative hotspots of human and vector infection (Fig 6). However, no significant spatial correlation
406  was found between human or vector infection and socio-demographic variables (social vulnerability and

407  host availability) (S4 Fig).
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Infection hotspot
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409  Fig 6. Heatmaps of the household number of 7. cruzi-seropositive people (A) and children (B), and the
410  relative abundance of 7. cruzi-infected 7. infestans per unit of effort (B) in 2008, prior to a community-
411  wide insecticide spraying campaign, Pampa del Indio, Argentina. The areas of qualitative aggregation (as
412  determined by heatmaps) of social vulnerability and host availability are also shown. The maps were
413  created in QGIS 2.18.11. based on the data collected within the scope of this study (S3 Table).

414

415  Human infection risk model

416  Human infection was significantly clustered by household, after adjusting for the abundance of infected
417  vectors, household social vulnerability and host availability (Bhousehola = 1.3, Clgs= 1.02-1.7, log-likelihood
418  ratio test, p < 0.001). When we included the number of seropositive co-inhabitants, the random effect of
419  the household was nil and no significant differences were found between the GLMM and the respective
420  GLM model (log-likelihood ratio test, p = 1), indicating that all variables included in the model accounted
421  for the differences among households.

422 The risk of T. cruzi infection increased with age and if they were Qom, but did not vary by gender (Table
423 2). The ethnic group did not have a significant effect on child infection possibly because only one of the

424 70 seropositive children was creole. The risk of infection in the total population significantly increased by
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425

426

427

increasing host availability index (Table 2).

60% for each additional infected 7. infestans collected in the domicile and by 40% with each additional

infected co-inhabitant; increased with increasing household social vulnerability, and decreased with

Model 1: population model

Model 2: children

Variable RI  OR (Clys) P Variable RI OR (Clys) P
Age (years) 1 1.07 (1.06-1.08) <0.001** | Age (years) 1 1.1 (1.04-1.3) 0.008*
Infected vector abundance Infected vector
) 1 1.6 (1.2-2.3) 0.003* abundance (1) 1 2.2(1.001-4.8) 0.04*
Social vulnerability (2) 1 1.5 (1.2-1.8) <0.001** | Social vulnerability (2) | 0.9 1.3 (0.8-2.1) 0.2
Interaction (1) * (2) 1 0.7 (0.6-0.9) 0.01* Interaction (1) * (2) 0.9  0.5(0.2-0.98) 0.04*
Host availability 1 0.7 (0.6-0.9) 0.003* Host availability 0.9 0.5 (0.2-0.9) 0.02*
Number of seropositive co-
inhabitants 1 1.4 (1.3-1.6) <0.001** | Seropositive mother 0.9
Ethnic group 0.9 No 1
Creole Yes 3.8(1.4-11) 0.009*
Qom 2.3(1.1-4.6) 0.02* Gender 0.7
Gender 0.4 Male 1
Male 1 Female 2 (0.96-4.1) 0.06~
Number of seropositive
Female 0.8 (0.6-1.1) 0.2 co-inhabitants b 06 13(0.96-19)  0.08~
Recent insecticide
spraying (2006-2008) 0.5
No 1
Yes 0.5(0.2-1.3) 0.2
Ethnic group 0.3
Creole 1
Qom 1.4 (0.2-12.5) 0.7

**p <0.001; *0.001 <p <0.05;~0.5<p<lI
OR: Odds ratio; RI: relative importance of the variable; Clos: 95% confidence interval

428
429
430
431
432

the total population (model 1) and children (model 2), Pampa del Indio, Argentina.

Table 2. Generalized linear model (logit link function) of human seropositivity for 7. cruzi infection for

In the risk model for children, the positive effect of infected domestic vector abundance and the negative

433  effect of host availability still held, but social vulnerability was no longer significant (Table 2). Including

434

435

436

437

the mother’s seropositivity status (which was significantly and positively associated with child infection)
led to a marginal effect of the number of seropositive co-inhabitants (Table 2). The recent partial
insecticide spraying did not modify child infection risk (Table 2); it rather had a protective effect if the

abundance of infected vectors was removed from the model (OR = 0.4, Clys = 0.1-0.9, p = 0.03),
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438  indicating that recent insecticide treatment reduced the infection risk by decreasing vector abundance. In
439  both models, we observed a significant negative interaction between social vulnerability and infected
440  vector abundance; this indicates that the latter’s effect on infection risk was lower in households with
441  higher social vulnerability (Table 2). Thus, people in households with high social vulnerability and low
442 vector abundance have a similar infection risk as those in less vulnerable households but with higher
443  vector abundance.

444  In both models, VIF<2 indicated no multicollinearity issues. The infection risk model for the total
445  population had AUC = 0.83, with a sensitivity of 83% and a specificity of 72% (Fig 7). In a post-hoc
446  classification, the model predicted 19.3% of false positives and 4.7% of false negatives. The model fit the
447  data poorly according to the Hosmer-Lemeshow test (p < 0.001), perhaps due to the lack of saturation of
448  the model, or non-linear relationship between variables, or limits to the goodness-of-fit test due to a large
449  number of cases. By contrast, the risk model in children had a good fit to the data (Hosmer-Lemeshow
450  test, p = 0.6); the AUC was 0.84 (Fig 7), and it had higher sensitivity (87%) and lower specificity (68%)

451  than the previous model. It predicted 28.8% of false positive cases but only 1.1% of false negatives.

Optimum threshold values
m2=0.07 m1=0.24

T

06

Sensitivity

oo 02 o4 08 o8 10
1-Specificity

—— ROC for the infection risk model for the total population (m1)

—— ROC for the infection risk model for children (m2)

452

453  Fig 7. Receiver operating characteristic curves (ROC) of the 7. cruzi infection risk models for the total

454  population and children. The vertical lines show the optimum threshold value for classification (i.e.

455  maximizes sensitivity and specificity).
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456  The risk maps derived from the interpolation of the risk model documented the heterogeneous distribution
457  of human infection and the occurrence of high-risk areas, which were more widespread when the total
458  population was considered (Fig 8A) compared to the children risk map (Fig 8B). Although they failed to
459  include a few households with seropositive children, most households with human cases were

460  encompassed in these high-risk areas.

High risk {Predicted probability= 0.3)

High risk (Predicted probability= 0.9)
EThreshcld value (Predicted probability= 0.2) Threshold value (Predicted probability= 0.07)
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461

462  Fig 8. Risk maps of 7. cruzi human infection for the total population (A) and children (B) in 2008, prior
463  to community-wide insecticide spraying, Pampa del Indio, Argentina. The maps were created in QGIS
464  2.18.11. based on the data collected within the scope of this study (S3 Table).

465  Discussion

466  This study shows the multivariate relationship among the ecological, demographic and socio-economic
467  factors affecting human 7. cruzi infection in endemic rural communities with active vector-borne
468  transmission. To the best of our knowledge, this may be the first study to comprehensively assess their
469  combined effects and interactions on human 7. cruzi infection. In addition to corroborating the effects of
470  demographic variables (age, ethnic group, among other) and the relative abundance of infected 7.
471  infestans on human infection risk [24], we found significant effects of socio-economic position after

472  adjusting for ecological factors. Individual human infection risk significantly increased by 60% for each
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473 additional infected vector collected by unit of effort in the domicile and by 40% with each infected co-
474  inhabitant; increased with increasing household social vulnerability, and decreased with increasing
475  domestic host availability (numbers of indoor-resting bird or mammal hosts). A novel finding was the
476  negative interaction between infected-vector abundance and social vulnerability, which indicates that
477  members of more vulnerable households had an increased infection risk even at low infected-vector
478  abundances. Household mobility also modulated infection risk: internal mobility (within the study area)
479  reduced the effects of domiciliary vector abundance, possibly due to less consistent exposures among
480  movers. Nonetheless, the seroprevalence rates of movers and non-movers were not significantly different.
481  Although transmission was clustered by household, the spatial analysis showed that transmission risk was
482  heterogeneous within the study area, with hotspots of human and vector infection matching areas of
483  higher social vulnerability.

484  The Gran Chaco eco-region is a hotspot for Chagas disease and other NTDs that disproportionally affect
485  vulnerable rural communities and certain demographic groups [11,65]. Like other NTDs, the highly focal
486  distribution of Chagas disease cases is determined by particular combinations of various ecological and
487  social determinants [65,66]. The baseline (2008) human seroprevalence here estimated (29%) was
488  considerably lower than that registered in adjacent rural communities (40%) of Pampa del Indio [24]; in
489  other indigenous (59-71%) and creole (40-62%) communities living in more disadvantaged, isolated areas
490  of Chaco province known as “The Impenetrable” [17,18,21], and in the Bolivian Chaco (40-80%) [31,67].
491  Our seroprevalence estimate is similar to other estimates (28-31%) registered elsewhere in the Argentine
492  Chaco [16,19]. This heterogenous distribution of human infection within Chaco province was evident in
493  the 1980s when the intensity of vector-borne transmission was much higher [68], and remains evident
494  almost three decades later.

495  The heterogeneous distribution of human infection was also captured within the studied communities
496  through spatial analysis. Human cases, especially among children, were aggregated (Fig 5, S3 Fig) and
497  matched the spatial aggregation of house infestation [41], vector infection and high social vulnerability
498  (this paper). This pattern is consistent with vector-borne transmission mainly occurring at a household
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499  level [28,69], as human infection risk was mostly explained by household-level factors. Household
500  clustering of cases was both revealed when we included the household as a random variable, and when
501 the number of infected co-inhabitants was included in the human risk model. In the child infection model,
502  household clustering was closely linked to the mother’s seropositivity status (allowing for putative
503  congenital transmission), and to being under similar vector exposures [29,69].

504  The strong and positive association between human infection and the abundance of 7. cruzi-infected
505  vectors indicated active vector-borne transmission prior to the community-wide insecticide spraying we
506  implemented. The occurrence of at least one seropositive child per household was significantly and
507  positively associated with the abundance of infected 7. infestans in the domicile, consistent with a more
508  recent infection. Compared to the only previous study that quantified the effect of infected-vector
509  domestic abundance on child infection risk, the magnitude we found was half of that estimated in rural
510  communities of the dry Argentine Chaco two decades earlier (two- versus four-fold increase per each
511  additional infected vector) [28]. However, the partial insecticide spraying undertaken within two years
512 before the baseline vector survey, coupled with intense household mobility patterns [54] and slowly
513  improving housing conditions [40], likely deflated the quantitative relationship between human and
514 vector infection. Other studies reported a significant positive association between human infection and the
515  presence of at least one infected domestic triatomine in rural communities [24,30,69], but not in a
516  periurban community where child infection was instead associated with peridomestic infection in 7.
517  infestans [29]. In our study, because the housing units only had a few peridomestic sites [41], most of the
518 infestations occurred in the domicile where human-vector contact with 7. infestans is most likely to occur.
519  Host availability is an ecological variable (i.e., number and density of host-feeding sources) closely
520  related to household size. Here, we used a summary index to represent domestic host availability because
521  usually there is a positive and significant correlation between household size and the number of domestic
522 dogs or cats and chicken indoors [e.g., 54]. The occurrence of at least one seropositive child was
523  associated positively with the domestic host availability index, as children were more likely to occur in
524  larger households, and if other dimensions of risk are equal, there would be a greater chance of detecting
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525  atleast one infected child in a larger household in which all members were screened. However, when the
526  household number of infected (human) co-inhabitants was added to the individual risk model, the host
527  availability index shifted from exerting positive effects to negative effects on human infection risk
528  (weaker among children). Although there were no multicollinearity issues, understanding the effects of
529  each type of host on the risk of human infection is hindered by the positive correlation between household
530  size and the number of non-human domestic hosts, which pools key reservoir hosts (dogs and cats) with
531  insusceptible hosts (chickens). Even though the host availability index exerted negative effects on the
532 individual risk of infection, this result needs to be interpreted with caution since household size or
533 domestic host abundance sometimes, but not always, were positively associated with larger domestic
534  wvector abundance [70,71]. The species identity of non-human hosts is indeed a key factor: one study
535  found that child infection risk increased with the household number of dogs but decreased with the
536  number of chicken indoors [28], whereas in another study human infection risk increased only with 2 or
537  more infected dogs per household [24]. Unfortunately, our study lacks information on the distribution of
538 T cruzi infection in dogs and cats.

539  The household social vulnerability index used as a surrogate of socio-economic status represents a
540  multidimensional measure of poverty, which we found associated with the domestic abundance of
541 infected 7. infestans [54]. Herein, we also found significant and positive effects of social vulnerability on
542 human infection risk. To this aim we elaborated a comprehensive measure of socio-economic status;
543  previous studies have focused on a few proxy variables: the goat-equivalent index [24], domicile’s
544 characteristics (i.e., construction materials, size, cracks in walls, etc.) [28,31,32], and educational level
545  [72]. The social vulnerability index summarized all of the above and also included household
546  overcrowding, agricultural practices, at least one member with a stable source of income by employment,
547  and the household number of welfare recipients [54]. The social vulnerability index also modified the
548  effects of infected-vector abundance on human infection risk: the magnitude of this effect decreased as
549  social vulnerability increased. This could be explained by several non-exclusive reasons: (i) the social
550  vulnerability index in part may indicate a past, undetected vector infestation prior to the baseline survey
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551  in 2008 (i.e., past vector exposure); (ii) households with higher social vulnerability had greater local
552 mobility [54], suggesting putative vector exposures elsewhere before the insecticide spraying campaign,
553  and (iii) more frequent human-vector contacts given the smaller domicile and greater overcrowding in
554 households with higher social vulnerability. Social vulnerability may also affect household resilience to
555  face house infestation and the consequences of vector exposure. The access of vulnerable households to
556  health services (for diagnosis and treatment, for example) was lower; they were less likely to use
557  domestic insecticides [54] possibly due to economic constraints, and depended on government-sponsored
558  vector control actions.

559  Household-level variables combined with ethnic group and age determined individual infection risk. In
560  particular, ethnic group was a key demographic factor in stratifying infection risk; Qom people had a two-
561  fold higher risk compared to creoles. Indigenous communities in the Argentine Chaco sometimes
562  displayed higher infection risk than creole communities [17,21], but this pattern was not verified in rural
563  communities in Pampa del Indio with a majority of creoles [24]. The effects of ethnic group on human
564  infection, after adjusting for other social and ecological factors that co-vary with ethnicity, may be
565  explained by differential mobility patterns between Qom and creole households [40,54]. The intense
566  household mobility and the high rates of house turnover among the Qom most likely exerted negative
567  impacts on T. infestans populations [41]. Movers were likely exposed to lower and more variable vector
568  abundance over time, and also had higher social vulnerability and a higher risk of occupying an infested
569  house at baseline (preintervention) [54,73]. Complex vector exposure patterns created by human mobility
570  were reflected in the statistically significant interaction between domiciliary infestation and mobility in
571  the child infection risk model. Although infection prevalence was not significantly different between
572 movers residing in infested versus non-infested houses at baseline, domiciliary infestation had strong
573 effects on non-movers’ infection risk. The predicted infection probability was highest for non-mover
574  children in infested houses, indicating prolonged vector exposure. The impact of human mobility was also
575  evident when the aggregated spatial distribution of human cases at baseline (2008) was compared with the
576  random pattern recorded in 2012-2015. This particular trait of the Qom population needs to be considered
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577  when designing vector control actions and disease screening strategies, given that vector indices alone
578  would only detect a fraction of the 7. cruzi-seropositive children with internal mobility.

579  Levy et al. (2007) [29] proposed a two-step screening strategy for 7. cruzi-infected children based on an
580  individual infection risk model adapted to periurban areas of Arequipa (Peru) with a history of recent
581  wvector-borne transmission. Their best model included age, 7. infestans abundance in the domicile, and
582  presence of at least one infected vector. They proposed first to screen children by their age and domestic
583  vector abundance, followed by screening children living in neighboring houses up to the distance of
584  spatial aggregation [29]. The model proposed in this study had a higher diagnostic ability (AUC = 0.84 vs
585  0.72) and high sensitivity, which would allow to detect most of the infected children. Serological
586  screening strategies that also include household socio-economic status and demographic characteristics,
587  and if possible, the mother’s seropositivity status, are expected to perform better at the expense of added
588  cost in obtaining such data. Such costs may be deflated by using the information for an integrated
589  interventions across NTDs.

590  One limitation of this study was the temporal lag between the baseline vector survey (2008) and the
591  human serosurveys (2012-2015), which required to retrospectively assign the examined individuals to
592 their 2008 residential location. Thus, missing data for human infection increased as a result of
593  considerable human mobility. Assignment errors were minimized by combining data from multiple
594  sources and checking them with local primary healthcare agents, which led to a successful assignment of
595  80% of the population recorded in 2015. Human mobility patterns were only registered in 2012-2015; we
596  assumed that this pattern was constant over time (i.e., movers in 2012-2015 also behaved as movers in
597  2008) based on the observation that movers did it more than once [54].

598  Implications for disease control

599  The London Declaration Goals launched in 2012 proposed milestones to eliminate NTDs by 2020,
600 including Chagas disease [74]. Access to diagnosis and treatment is one of the remaining challenges for
601  sustainable control of Chagas disease in endemic areas [50,74]. Chagas disease national estimates,
602  resonated by WHO [9], may fail to approximate the true magnitude of the problem [74]. Integrating the
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603  ecological and social determinants of human infection with the spatial component allowed us to identify
604  individuals, households and geographic sectors at higher risk of infection. This information is key to
605  design cost-effective serological screening strategies in resource-constrained areas for treatment of 7.
606  cruzi-infected people. Although our analysis took advantage of the detailed data collected during
607  household surveys and census, the same approach could be done using national census data though
608  probably at the coarser spatial resolution that the data would allow. Our infection risk model was also
609 translated into an actionable tool (i.e., risk maps) that identified high-risk areas for local human infection
610 and can point to higher-priority sections for targeted interventions oriented to suppress house
611  (re)infestations, treat infected children, and thus reduce the burden of future disease. This approach may

612  also be useful for integrated control interventions across NTDs.
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841  S2 Table. Generalized linear mixed model of seropositivity for 7. cruzi infection vs. demographic and
842  vector indices in 2008, clustered by household (logit link function) for the total population and for
843  children.

844  S3 Table. Individual-level and housechold-level database including data on human infection with
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846  demographic variables in Area III, Pampa del Indio.

847  S1 Figure. Number of people tested in each phase of the serosurvey in 2012-2015 in Area III, Pampa del
848  Indio.

849  S2 Figure. Results from the global spatial point pattern analysis for the human and vector infection in
850  2008. (A) Univariate global analysis for the occurrence of at least one seropositive person in the
851  household; (B) Variogram of the number of seropositive people per household; (C) Univariate global
852  analysis for the occurrence of at least one seropositive children in the household; (D) Variogram of the
853  number of seropositive children per household; (E) Univariate global analysis for the occurrence of at
854  least one infected T. infestans considering all houses; (F) Univariate global analysis for the occurrence of
855  at least one infected 7. infestans considering only infested houses; (G) Bivariate global analysis for the
856  correlation between children seropositivity and 7. infestans infection; (H) Variogram for the spatial
857  correlation between the abundance of infected 7. infestans and the number of seropositive children per
858  household. The lines with red dots indicate the observed values and the solid lines indicate the confidence
859  ‘envelopes’.

860  S3 Figure. Distribution of the household number of 7. cruzi-seropositive people (A) and children (B) in
861  2015. The maps were created in QGIS 2.18.11. based on the data collected within the scope of this study
862  (S3 Table).

863  S4 Figure. Variograms from the global spatial point pattern analysis for socio-demographic variables and
864  human or vector infection: the social vulnerability index vs. the number of seropositive people per
865  household (A), vs. the number of seropositive children (B), and vs. the abundance of infected 7. infestans
866  (C); and the host availability index vs. the number of seropositive people per household (E), vs. the
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867  number of seropositive children (F), and vs. the abundance of infected 7. infestans (G). The lines with red

868  dots indicate the observed values and the solid lines indicate the confidence ‘envelopes’.
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