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Soil-transmitted helminth infection in South America: 
a systematic review and geostatistical meta-analysis
Frédérique Chammartin, Ronaldo G C Scholte, Luiz H Guimarães, Marcel Tanner, Jürg Utzinger, Penelope Vounatsou

Summary
Background The four common soil-transmitted helminth species—Ascaris lumbricoides, Trichuris trichiura, and the 
two hookworm species Ancylostoma duodenale and Necator americanus—are endemic in South America, but their 
distribution, infection prevalence, and regional burden are poorly understood. We aimed to estimate the risk and 
number of people infected with A lumbricoides, T trichiura, and hookworm across South America.

Methods We did a systematic review of reports on the prevalence of soil-transmitted helminth infection in South 
America published up to May 14, 2012. We extracted and georeferenced relevant survey data and did a meta-analysis 
of the data to assess the geographical distribution of the infection risk with Bayesian geostatistical models. We used 
advanced Bayesian variable selection to identify environmental determinants that govern the distribution of soil-
transmitted helminth infections.

Findings We screened 4085 scientifi c papers and identifi ed 174 articles containing relevant survey prevalence data. We 
georeferenced 6948 survey locations and entered the data into the open-access Global Neglected Tropical Diseases 
database. Survey data were sparse for the south of the continent and for the western coast, and we identifi ed no 
relevant information for Uruguay and little data for smaller countries such as Suriname, Guyana, French Guiana, and 
Ecuador. Population-adjusted prevalence of infection with A lumbricoides was 15·6%, with T trichiura was 12·5%, and 
with hookworm was 11·9% from 2005 onwards. Risks of contracting soil-transmitted helminth infection have 
substantially reduced since 2005 (odds ratio 0·47 [95% Bayesian credible interval 0·46–0·47] for A lumbricoides, 0·54 
[0·54–0·55] for T trichiura, and 0·58 [0·58–0·59] for hookworm infection).

Interpretation Our fi ndings off er important baseline support for spatial targeting of soil-transmitted helminthiasis 
control, and suggest that more information about the prevalence of soil-transmitted helminth infection is needed, 
especially in countries in which we estimate prevalence of infection to be high but for which current data are scarce.

Funding UBS Optimus Foundation and Brazilian Swiss Joint Research Programme (BSJRP 011008).

Introduction
More than 5 billion people are at risk of soil-transmitted 
helminthiasis—parasitic worm infections caused by the 
roundworm Ascaris lumbricoides, the whipworm Trichuris 
trichiura, and the two hookworm species Ancylostoma 
duodenale and Necator americanus.1 More than 1 billion 
people worldwide are infected with one or several species 
of soil-transmitted helminths, with the highest preva-
lences reported in Africa, Asia, and Latin America.2,3 
Chronicity, recurrence, and infections with several 
species are common in developing countries.4,5 Infections 
can cause diarrhoea, abdominal pain, weakness, and 
general ill-health. More serious long-term eff ects include 
malnutrition, physical and intellectual growth re-
tardations in children, and reduced work productivity in 
adults.2,3,6,7 Soil-transmitted hel minth infections are 
closely connected with poverty8 and are endemic in the 
whole of Latin America and the Caribbean.9 Preliminary 
estimates report that in this part of the world roughly 
100 million people are infected with T trichiura, 84 million 
with A lumbricoides, and 50 million with hookworm.10

Preventive drug therapy and, whenever resources allow, 
improved access to clean water together with adequate 
sanitation and hygiene make up the global strategy to 

control soil-transmitted helminthiasis.11 Spa tially explicit 
risk maps at the appropriate resolution to plan 
interventions are needed for the most rational and cost-
eff ective targeting of control. Such maps need survey data 
and empirical models to predict risk areas, including 
uncertainty, at locations where actual data might be 
missing. Bayesian geostatistical models12 are the most 
rigorous statistical approaches and such models are 
increasingly being used to estimate infection risk, number 
of people infected, and disease burden at high spatial 
resolutions.13,14 However, the shortage of readily available 
data is a serious impediment that has delayed mapping of 
soil-transmitted helminthiasis in Latin America.15

We aimed to produce high-resolution estimates of the 
risk and number of people infected with A lumbricoides, 
T trichiura, and hookworm across South America by doing 
a geostatistical meta-analysis of the compiled data using 
Bayesian approaches and advanced variable selection 
methods to identify the most important disease predictors.

Methods
Search strategy and selection criteria
We did a systematic review in accordance with the 
PRISMA (Preferred Reporting Items for Systematic 
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Reviews and Meta-Analyses) guidelines16 to identify all 
relevant publications pertaining to prevalence data on 
A lumbricoides, T trichiura, and hookworm infections in 
13 South American countries (Argentina, Bolivia, 
Brazil, Chile, Colombia, Ecuador, French Guiana, 
Guyana, Paraguay, Peru, Suriname, Uruguay, and 
Venezuela). We searched PubMed and Web of 
Knowledge (covering all dates from the creation of each 
database up to May 14, 2012) with pertinent keywords 
related to parasite species and countries (appendix). 
We assessed titles and, if avail able, abstracts and 
examined relevant reports in full for soil-transmitted 
helminth prevalence survey data (for main exclusion 
criteria, see appendix). No restrictions were placed 
on date, study design, and language of publication. If 
surveys were done at the same location at diff erent 
times, we made sure that they were separated by at least 
12 months to avoid bias due to anthelmintic 
treat ment outcomes. We obtained additional data 
from national ministry of health reports and from 
personal communication with the Pan American 
Health Organ ization (PAHO).

Data extraction
We extracted prevalence data from reference sources 
in accordance with a standard protocol (appendix). 
We retrospectively georeferenced the data with online 
sources of information and entered them into the free 
open-access Global Neglected Tropical Diseases (GNTD) 
database so the data can be used by researchers and 
disease control managers.17 We assessed 30% of the 
publications identifi ed through the systematic literature 
search for relevance (every third reference listed by 
author in alphabetical order) and assessed all relevant 
documents for quality of extraction. We double-checked 
all coordinates of survey locations in Google Maps to 
ensure that they referred to a human settlement. We 
carefully examined publications from the same 
investigators reporting survey data at the same location 
and period to avoid duplicate information.

Environmental and population data
We obtained 19 bioclimatic variables from WorldClim—
Global Climate Data.18 These variables were derived 
from spatial interpolations of monthly average climate 
data from 1950 to 2000. Remotely sensed climatic 
proxies are not available before 1980. Hence, on the 
assumption that climate changes in South America 
were not severe enough to aff ect the parasites, we used 
WorldClim data, which cover similar periods to the 
disease data. We also extracted altitude data from the 
WorldClim database and variables about the soil acidity 
and soil moisture from ISRIC World Soil Information.19 
The spatial distributions of the variables used in the 
fi nal models are presented in the appendix. We obtained 
population densities for 2010 from Gridded Population 
of the World, version 3.20

Geostatistical meta-analysis
We did a meta-analysis of the compiled survey data to 
develop predictive geostatistical logistical regression 
models estimating the risk of A lumbricoides, T trichiura, 
and hookworm infections at high spatial resolution. 
Environmental predictors were standardised or treated 
as categorical if they had a non-linear association with 
the infection outcome. We introduced a temporal trend 
as a binary variable, indicating whether a survey was 
done before or after 2005. Predictors were grouped 
together if they were highly correlated (ie, Pearson’s 
correlation coeffi  cient >0·9). We did Bayesian Gibbs 
variable selection21 to assess which were the most 
important of all 22 predictors. The procedure enabled 
several models to be fi tted simultaneously. The models 
included all possible combinations of predictors, but 
only allowed a maximum of one predictor from each 
group of highly correlated predictors. We used the 
predictors included in the model with the highest 
posterior probability to fi t the fi nal geostatistical 
predictive model. Spatial correlation was regarded as an 
exponential function of distance between any pair of 
locations. The large number of survey locations gave 
rise to large correlation matrices, complicating model 
fi t. To overcome this computational challenge we did 
predictive process approximations,22 estimating the 
spatial correl ation parameters from a subset of 
200 locations (knots). We used minimax space fi lling 
sampling to select the knots.23,24 Bayesian kriging25 was 
done to predict the infection risk over a grid of 
614 044 pixels at 5 × 5 km spatial resolution covering 
South America. The models of A lumbricoides, 
T trichiura, and hookworm infections were fi tted on a 
random subset of about 80% of the survey locations 
and validated on the remaining 20% by comparing the 
observed prevalence data with the model-based 
estimates. Based on experience, this sample is large 
enough for our purposes without compromising the 
amount of available data for model fi t. Further details of 
the variable selection, model fi t, and validation are 
given in the appendix.

Role of the funding source
The sponsors of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report. The fi rst and corresponding authors 
had full access to all the data and had fi nal responsibility 
for the decision to submit for publication.

Results
Our systematic review identifi ed 4085 peer-reviewed 
reports. Together with ten additional sources of infor-
mation from ministries of health and PAHO, 174 refer-
ences had relevant soil-transmitted helminth infection 
prevalence data (fi gure 1). 86% of the survey locations that 
we identifi ed were associated with survey data reported in 
grey literature only (ministries of health and PAHO).

For more on ISRIC World Soil 
Information see http://www.

isric.org/

See Online for appendix

For more on the GNTD database 
see http://www.gntd.org/login.

html

For Google Maps see https://
maps.google.com/

For more on WorldClim see 
http://www.worldclim.org/
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An overview of the number of identifi ed surveys with 
relevant soil-transmitted helminth infection prevalence 
data, stratifi ed by country, soil-transmitted helminth 
species, survey period, and geographical unit (ie, 
municipality or specifi c location [point]), is presented in 
table 1. Most data were from Brazil. Survey data were sparse 
for the south of the continent, especially for Argentina and 
Paraguay, and for the western coast (ie, Chile and Peru; 
fi gures 2–4). We identifi ed no relevant information for 
Uruguay. Smaller countries such as Suriname, Guyana, 
French Guiana, and Ecuador con tributed few data, some 
dating back to 1963. Mean infection prevalences calculated 
from the observed survey data were 17·0% for 
A lumbricoides, 9·3% for T trichiura, and 9·4% for 
hookworm. Most (78%) of the surveys were done after 
2000, and 98% were community based, with 95% using the 
WHO-recommended Kato-Katz technique for diagnosis 
(appendix).26 A summary of the number of surveys with 
incomplete information, aff ecting the assessment of the 
observed prevalence, is provided in the appendix. Missing 
description of diagnostic methods (11%) was the most 
common reason for incomplete information.

Results of the variable selection to identify the most 
important environmental predictors of disease are given 
in table 2. The best models had high posterior 
probabilities of 78·9% for A lumbricoides, 98·7% for 
T trichiura, and 58·2% for hookworm infection. Model-
based parameter estimates are summarised in table 3. 
Temporal analysis shows that risks of infection with each 
soil-transmitted helminth have substantially reduced 
since 2005 (odds ratio estimated to be 0·47 for 
A lumbricoides, 0·54 for T trichiura, and 0·58 for 
hookworm infection).

We noted a negative association between A lumbricoides 
infection and temperature variation measured by diurnal 
range and seasonality, and with high rainfall during the 
wettest season. Rainfall during the coldest quarter and 
acid soil with a pH between 5·4 and 5·8 were associated 
with an increased risk of infection. High temperatures 
during the warmest month and precipitation during the 
coldest quarter are associated with a higher risk of 
T trichiura infection. The higher the altitude and the 
temperature variation, the lower the infection risk. 
Furthermore, a negative association was estimated with 
rainfall during the driest quarter (table 3). With respect to 
hookworm infection, the risk increased with tem perature. 
This risk is supported by a positive coeffi  cient of minimum 
temperature during the coldest month and of the yearly 
tem perature range after adjusting for the minimum tem-
perature eff ect. Although precipitation during the wettest 
quarter increased the risk of hook worm infection, high 
soil moisture had a negative eff ect on the disease.

Figures 2–4 show model-based predictions of the 
geographical distribution of soil-transmitted helminth 
species-specifi c risk before and after 2005, and maps of 
the corresponding coeffi  cient of variation of the predictive 
distribution and of the raw data. The three soil-transmitted 

helminth infections show spatial patterns that are aff ected 
by the selected environmental predictors. Spatial cor-
relations extended to distances ranging between 465·7 km 
and 905·3 km depending on the helminth species. The 
north of the subcontinent had a higher risk of infection 
compared with the south. Prediction uncertainty was 
more important for regions with sparse data, as shown in 
the maps of the coeffi  cient of variation of the predictive 
distribution.

Population-adjusted prevalence estimates at country 
and subcontinental level for 2005 onwards are presented 
in table 4. The estimated A lumbricoides infection risk 
(15·6%) was higher than the risk of T trichiura (12·5%) 
and  hookworm (11·9%) infection. On the assumption 
that risk of infection with the three soil-transmitted 
helminths was independent, we predicted an overall risk 
of infection with a soil-transmitted helminth of 27·1%. 
The countries at highest risk are French Guiana for 
A lumbricoides infection (25·1%) and hookworm infection 
(36·6%), and Venezuela for T trichiura infection (27·3%).  
French Guiana has the highest predicted risk for any soil-
transmitted helminth (46·2%).

Model validation results are given in fi gure 5. The 
risks of infection are correctly predicted within a 95% CI 
for 98·6% of locations for A lumbricoides, 96·5% for 
T trichiura, and 97·8% for hookworm. The mean error  
based on the median of the posterior distribution was 
0·3%, −3·4%, and −2·5% for the three species, 
suggesting that our models slightly underestimate the 
prevalence of T trichiura and hook worm infection. Table 
5 presents the population at high (prevalence >50%) and 
low (prevalence 20–50%) infec tion risk, stratifi ed by 

4085 scientific reports identified
through the systematic review

299 potentially relevant articles 
identified for full-text review

10 additional sources of information 
from ministry of health reports

3786 articles excluded after 
review of title or abstract

9 potentially relevant 
articles not accessible

126 articles excluded after 
full-text review

174 articles containing relevant soil-transmitted helminth infection prevalence data

Ascaris lumbricoides infection
2510 survey locations
1682 unique survey locations

Trichuris trichiura infection
2175 survey locations
1506 unique survey locations

Hookworm infection
2263 survey locations
1541 unique survey locations

Figure 1: Study selection
Survey data were from 1952 to 2011; more than 80% of the data were obtained after 2000.
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country and soil-transmitted helminth species. The 
numbers of people living in regions with risk greater 
than 20% are estimated to be 18·7 million for 
A lumbricoides, 30·4 million for T trichiura, and 
13·3 million for hookworm infection.

Discussion
We present the fi rst model-based estimates of soil-
transmitted helminth infection risk and number of 
infected people at a detailed geographical scale for South 
America. Across the subcontinent, A lumbricoides infection 

Identifi ed reports* Relevant papers Survey location Study level Period Survey date Mean prevalence

 Total Unique Municipality Point Before 2005 2005 
onwards

Ascaris lumbricoides 4022 159 2510 1682 2228 282 1952–2011 1456 1054 17·0%

Argentina 607 13 19 19 ·· 19 1993–2009 9 10 10·4%

Bolivia 70 7 49 49 7 42 1984–2006 28 21 27·6%

Brazil 1591 62 2219 1392 2180 39 2000–2009 1228 991 16·0%

Chile 554 14 28 28 2 26 1952–2007 27 1 14·2%

Colombia 133 18 19 19 1 18 1981–2008 10 9 17·1%

Ecuador 189 4 7 7 ·· 7 1989–2001 7 ·· 18·9%

French Guiana 137† 1 2 2 ·· 2 2000 2 ·· 14·4%

Guyana 137† 1 1 1 ·· 1 2002 1 ·· 18·8%

Paraguay 49 2 3 3 ·· 3 1996 3 ·· 4·3%

Peru 215 17 25 25 2 23 1986–2011 10 15 29·4%

Suriname 53 3 22 22 4 18 1963 22 ·· 30·5%

Uruguay 158 0 NA NA NA NA NA NA NA NA

Venezuela 266 17 116 115 32 84 1984–2011 109 7 29·7%

Trichuris trichiura 4022 137 2175 1506 1928 248 1952–2011 1252 924 9·3%

Argentina 607 12 18 18 ·· 18 1993–2009 7 11 3·9%

Bolivia 70 7 49 49 7 42 1984–2006 28 21 16·6%

Brazil 1591 51 1909 1241 1881 28 1968–2011 1045 864 7·4%

Chile 554 14 19 19 2 17 1952–2007 18 1 22·9%

Colombia 133 14 14 14 1 13 1981–2008 8 6 19·6%

Ecuador 189 3 5 5 ·· 5 1989–2001 5 ·· 9·0%

French Guiana 137† 0 NA NA NA NA NA NA NA NA

Guyana 137† 1 1 1 ·· 1 2002 1 ·· 14·1%

Paraguay 49 0 NA NA NA NA NA NA NA NA

Peru 215 16 24 23 1 23 1986–2011 10 14 22·4%

Suriname 53 3 22 22 4 18 1963 22 ·· 10·2%

Uruguay 158 0 NA NA NA NA NA NA NA NA

Venezuela 266 16 115 114 32 83 1984–2011 108 7 31·8%

Hookworm 4022 101 2263 1541 2048 215 1963–2011 1331 932 9·4%

Argentina 607 9 15 15 ·· 15 1968–2009 7 8 38·6%

Bolivia 70 6 47 47 7 40 1993–2006 26 21 15·8%

Brazil 1591 48 2037 1315 2008 29 2000–2009 1151 886 8·8%

Chile 554 0 NA NA NA NA NA NA NA NA

Colombia 133 10 11 11 1 10 1981–2008 7 4 4·3%

Ecuador 189 3 5 5 ·· 5 1989–2001 5 ·· 10·8%

French Guiana 137† 1 2 2 ·· 2 2000 2 ·· 63·0%

Guyana 137† 1 1 1 ·· 1 2002 1 ·· 28·2%

Paraguay 49 2 3 3 ·· 3 1963 3 ·· 21·3%

Peru 215 9 18 18 ·· 18 1991–2011 7 11 11·6%

Suriname 53 3 21 21 4 17 1963 21 ·· 34·3%

Uruguay 158 0 NA NA NA NA NA NA NA NA

Venezuela 266 9 103 103 28 75 1984–2011 101 2 8·2%

Data are number, timeframe, or %. ··=data not found. NA=not applicable because there were no relevant papers for this country. *Number of identifi ed reports per country, irrespective of species. †Number of 
identifi ed reports of surveys done in either French Guiana or Guyana, or both. 

Table 1: Overview of soil-transmitted helminth infection prevalence data in South America, by species and country 
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was most prevalent (61·5 million people were estimated to 
be infected; 15·6%), followed by T trichiura (49·3 million; 
12·5%), and hookworm (46·9 million; 11·9%).

Mechanisms of interaction between the three soil-
transmitted helminth species have yet to be fully 
elucidated. Co-infection with several helminths might 

impair the host’s immune response to single parasites, 
and might increase susceptibility to clinical disease. Co-
infection is probably high because the three helminths 
share similar climatic and socioeconomic ranges.1,6 Al-
though interspecies associations in hosts with several 
infections have been suggested,27 there is no evidence to 

Figure 2: Ascaris lumbricoides infection risk in South America
Infection risk estimated from surveys done before 2005 (A) and from 2005 onwards (B).

<5
5–10
10–20
20–50
>50

Predicted prevalence (%)

0 2000 km1000

A Ascaris lumbricoides infection risk, before 2005 B Ascaris lumbricoides infection risk, 2005 onwards

Geographical distribution Geographical distribution

Observed prevalence Coefficient of variation Observed prevalence Coefficient of variation

<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<2
2–3
3–5
5–8
>8

Coefficient of variation
<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<3
3–5
5–7
7–10
>10

Coefficient of variation

0 2000 km
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show that the three infections are heavily dependent. In 
our analysis, we assumed that at an individual level, the 
chances of being infected with any one helminth species 
were the same, irrespective of the presence of another 
species, and we estimated that the overall soil-transmitted 
helminthiasis risk is 27·1%.

Our geostatistical meta-analysis estimated transmis-
sion dynamics and broad-scale geographical patterns of 
soil-transmitted helminthiasis risk at continental and 
national levels in South America. However, our model-
based, high spatial resolution estimates should be 
interpreted cautiously, because our systematic review 

<5
5–10
10–20
20–50
>50

Predicted prevalence (%)

0 2000 km1000

A Trichuris trichiura infection risk, before 2005 B Trichuris trichiura infection risk, 2005 onwards

Geographical distribution Geographical distribution

Observed prevalence Coefficient of variation Observed prevalence Coefficient of variation

<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<4
4–8
8–16
16–34
>34

Coefficient of variation
<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<5
5–11
11–22
22–46
>46

Coefficient of variation

0 2000 km

Figure 3: Trichuris trichiura infection risk in South America
Infection risk estimated from surveys done before 2005 (A) and from 2005 onwards (B).
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showed that data were scarce and that national surveys 
are needed to obtain up-to-date information about 
infection risk. Brazil is the only country with a large 
number of soil-transmitted helminth surveys, which is 
partly explained by the establishment of a national 
schistosom iasis control programme in 1986.28 As part of 

monitoring, evaluation, and surveillance of this 
programme, which repeatedly assesses the prevalence of 
Schistosoma mansoni with the Kato-Katz technique, stool 
samples were concurrently examined for soil-transmitted 
hel minths.29 Indeed, areas endemic for schistosomiasis 
had many survey locations, whereas other parts of the 

<5
5–10
10–20
20–50
>50

Predicted prevalence (%)

0 2000 km1000

A Hookworm infection risk, before 2005 B Hookworm infection risk, 2005 onwards

Geographical distribution Geographical distribution

Observed prevalence Coefficient of variation Observed prevalence Coefficient of variation

<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<7
7–17
17–32
32–58
>58

Coefficient of variation
<5
5–10
10–20
20–50
>50
Null population density

Observed prevalence (%)
<9
9–24
24–45
45–79
>79

Coefficient of variation

0 2000 km

Figure 4: Hookworm infection risk in South America
Infection risk estimated from surveys done before 2005 (A) and from 2005 onwards (B).
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country, especially the Amazon rainforest, had only very 
little information. No data were available for Uruguay, 
and we identifi ed very few surveys for Argentina, Chile, 
Ecuador, French Guiana, Guyana, and Paraguay. Because 
of data scarcity, modelling risk at the unit of the country 
would not have been feasible. Our aim was to produce a 
map for the whole subcontinent and to obtain estimates 
in countries with little or no information. In regions with 
sparse or no data, our predictions are based on data 
available in neighbouring countries and on climatic 
factors identifi ed to drive their spatial distribution. In the 
absence of control interventions, the assumption that 
infection risk is governed by climatic suitability is 
reasonable. Therefore, we believe that our predictions 
provide valuable information, although the results should 
be interpreted with caution, particularly in regions where 
data are sparse. New surveys should be done in southern 
countries such as Argentina and Uruguay to validate our 
model-based soil-transmitted helminth risk predictions 
of below 20%. However, we propose that fi rst priority 

Bivariate non-
spatial, odds ratio 
(95% CI)

Multivariable 
geostatistical, odds 
ratio (95% BCI)

Ascaris lumbricoides

Period

<2005 1·00 1·00

≥2005 0·52 (0·52–0·53)* 0·47 (0·46–0·47)*

Mean diurnal temperature 
range

0·56 (0·56–0·56)* 0·81 (0·77–0·90)*

Temperature seasonality 0·52 (0·52–0·52)* 0·92 (0·85–0·99)*

Precipitation in wettest 
month

1·35 (1·34–1·35)* 0·97 (0·93–0·99)*

Precipitation seasonality 0·87 (0·87–0·87)* 1·18 (1·11–1·25)*

Soil pH

<5·4 1·00 1·00

5·4–5·8 0·73 (0·72–0·73)* 1·14 (1·07–1·17)*

≥5·8 0·80 (0·80–0·80)* 0·93 (0·83–1·02)

Precipitation in coldest 
quarter (mm)

<80 1·00 1·00

80–320 1·47 (1·47–1·48)* 1·12 (0·99–1·30)

≥320 4·04 (4·03–4·06)* 2·00 (1·86–2·31)*

τ² (non-spatial variance) ·· 1·49† (1·37–1·68)

�² (spatial variance) ·· 2·59† (1·85–3·77)

Range (km) ·· 507·8† (336·6–807·7)

Trichuris trichiura

Period  

<2005 1·00 1·00

≥2005 0·59 (0·59–0·59)* 0·54 (0·54–0·55)*

Maximum temperature of 
warmest month

1·23 (1·22–1·23)* 1·40 (1·21–1·47)*

Precipitation in coldest 
quarter (mm)

<80 1·00 1·00

80–335 2·24 (2·23–2·26)* 0·96 (0·91–1·02)

≥335 6·84 (6·80–6·88)* 1·34 (1·25–1·39)*

Altitude (m)

<200 1·00 1·00

200–600 0·36 (0·36–0·36)* 0·80 (0·76–0·87)*

≥600 0·12 (0·12–0·12)* 0·70 (0·62–0·73)*

Yearly temperature range 
(°C)

<13 1·00 1·00

13–17·5 0·26 (0·26–0·26)* 0·53 (0·51–0·57)*

≥17·5 0·13 (0·13–0·14)* 0·66 (0·60–0·74)*

Temperature seasonality 
(°C)

<1·25 1·00 1·00

1·25–1·65 0·65 (0·65–0·66)* 0·84 (0·81–0·89)*

≥1·65 0·19 (0·19–0·19)* 0·79 (0·73–0·83)*

Precipitation in driest 
quarter (mm)

<50 1·00 1·00

50–100 1·19 (1·19–1·20)* 0·92 (0·85–0·99)*

≥100 3·23 (3·22–3·25)* 0·81 (0·72–0·88)*

τ² (non-spatial variance) ·· 1·44† (1·31–1·61)

(Continues on next page)

Ascaris lumbricoides Trichuris trichiura Hookworm

Group 1*

Yearly mean temperature ·· ·· ··

Maximum temperature of warmest month ·· Selected ··

Minimum temperature of coldest month ·· ·· Selected

Mean temperature of wettest quarter ·· ·· ··

Mean temperature of driest quarter ·· ·· ··

Mean temperature of warmest quarter ·· ·· ··

Mean temperature of coldest quarter ·· ·· ··

Group 2*

Mean diurnal temperature range Selected ·· ··

Yearly temperature range ·· Selected Selected

Group 3*

Isothermality ·· ·· ··

Temperature seasonality Selected Selected ··

Group 4*

Yearly precipitation ·· ·· ··

Precipitation in wettest month Selected ·· ··

Precipitation in wettest quarter ·· ·· Selected

Group 5*

Precipitation in driest month ·· ·· ··

Precipitation in driest quarter ·· Selected ··

Variables moderately correlated

Precipitation seasonality Selected ·· ··

Precipitation in warmest quarter ·· ·· ··

Precipitation in coldest quarter Selected Selected ··

Altitude ·· Selected ··

Soil pH Selected ·· ··

Soil moisture ·· ·· Selected

Posterior probability 78·9% 98·7% 58·2%

A maximum of one variable per species per variable group was allowed to be selected. *Variables are grouped with 
other variables with which they are highly correlated.

Table 2: Variables selected by a Gibbs variable selection procedure
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should be given to surveys in countries such as French 
Guiana, Suriname, Venezuela, Bolivia, Guyana, 
Colombia, Ecuador, Paraguay, Peru, and Chile, for which 
our models predict that there are regions where 
prevalences are above 20%, and therefore need 
interventions according to PAHO recom mendations.9 A 
soil-transmitted helminth infection prevalence survey has 
recently been done in fi ve districts in Suriname. These 
data should be included in subsequent geostatistical 
analyses once they become available.

The Bayesian variable selection approach used in our 
analysis identifi ed important predictors related to the 
biology, ecology, and epidemiology of soil-transmitted 
helminthiasis. The eff ect of some covariates changed 
after accounting for other covariates or spatial cor-
relation. This issue emphasises the need to account for 
spatial correlation during analysis of geographical data. 
Warm and humid climatic conditions have been reported 
to be suitable for the development of parasite eggs and 
larvae.6,30 Our analyses confi rm the positive association of 
T trichiura and hookworm infection risks with proxies 
related to temperature and precipitation, and of 
A lumbricoides with rainfall. Results of earlier studies 
provided temperature limits for the survival of the larvae 
of each soil-transmitted helminth species, and suggested 
that extreme temperatures might slow down or even stop 
their development.31 This eff ect is evident in the 
A lumbricoides and T trichiura models, which estimated a 
negative association between temperature variation and 

infection risks. The negative eff ect of altitude on 
T trichiura infection might arise as a result of lower 
temperature at higher altitudes. A lumbricoides infection 
is more prevalent in regions with acid soil. Similar 
results had been reported by Yadav,32 who considered 
diff erent levels of soil acidity and reported that 
A lumbricoides egg development was accelerated in soils 
with a pH of 5·0 under specifi c moisture and tem-
perature conditions. Our study estimated a negative 
eff ect of moist soil on hookworm risk after adjusting for 
precipitation during the wettest quarter. We also esti-
mated a negative eff ect of rainfall on the risk of T trichiura 
during the driest quarter after adjusting for precipitation 
during the coldest quarter. These observations support 
earlier interpretations that high precipitation might wash 
out the helminth eggs and therefore reduce infection.33,34

Our maps of the geographical distribution of soil-
transmitted helminth infection risks present patterns 
coherent with recently released maps of the transmission 
limits of these infections.1 More precisely, the estimated 
risk for any of the three soil-transmitted helminths is 
negligible in the northern part of Chile. The risk of 
infection with A lumbricoides and hookworm is low in 
Argentina. Hookworm risk is minor in the coastal regions 
of Peru and southern Chile. Although several regions 
were within the climatic suitability transmission limits 
provided by Pullan and Brooker,1 our models have 
identifi ed additional regions where the estimated risk is 
of little importance (<5%, population-unadjusted)—ie, 
Uruguay, Paraguay, and parts of Brazil for A lumbricoides; 
Guyana, Suriname, and parts of Brazil for T trichiura; and 
coastal regions of Venezuela and parts of Brazil for 
hookworm. In South America, the population living in 
regions with a predicted risk greater than 20% is higher 

Bivariate non-
spatial, odds ratio 
(95% CI)

Multivariable 
geostatistical, odds 
ratio (95% BCI)

(Continued from previous page)

�² (spatial variance) ·· 4·21† (2·88–6·11)

Range (km) ·· 905·3† (591·4–1451·1)

Hookworm  

Period

<2005 1·00 1·00

≥2005 0·62 (0·62–0·63)* 0·58 (0·58–0·59)*

Minimum temperature of 
coldest month

2·02 (2·01–2·02)* 2·13 (1·99–2·18)*

Yearly temperature range 0·64 (0·64–0·64)* 1·35 (1·33–1·41)*

Precipitation in wettest 
quarter

1·47 (1·47–1·48)* 1·55 (1·44–1·69)*

Soil moisture (%)

<50 1·00 1·00

50–80 0·99 (0·99–1·00) 0·59 (0·56–0·60)*

≥80 0·65 (0·64–0·65)* 0·31 (0·26–0·41)*

τ² (non-spatial variance) ·· 2·09† (1·86–2·30)

�² (spatial variance) ·· 2·68† (1·67–3·66)

Range (km) ·· 465·7† (292·8–683·1)

CI=confi dence interval. BCI=Bayesian credible interval. *Signifi cant correlation 
based on 95% CI or BCI. †Original scale instead of odds ratio.

Table 3: Logistic regression parameter estimates for Ascaris lumbricoides, 
Trichuris trichiura, and hookworm infection risk

Ascaris 
lumbricoides

Trichuris trichiura Hookworm All soil-transmitted 
helminth infections*

South America 15·6% (14·4–17·2) 12·5% (11·1–13·6) 11·9% (10·5–13·4) 27·1% (25·9–28·4)

Argentina 9·5% (6·9–13·8) 8·5% (6·3–11·6) 8·3% (6·6–10·3) 18·9% (16·4–23·0) 

Bolivia 24·5% (18·4–29·8) 18·9% (14·5–24·9) 19·3% (15·2–23·5) 37·8% (33·2–41·6)

Brazil 14·3% (13·4–16·2) 10·1% (8·8–11·3) 12·3% (10·8–14·1) 25·5% (24·2–27·1)

Chile 16·8% (13·2–19·9) 11·7% (8·4–15·4) 7·2% (5·5–8·8) 24·7% (21·5–27·9)

Colombia 19·7% (16·9–24·0) 17.8% (14·4–21·7) 14·5% (10·3–17·5) 33·4% (30·7–37·6)

Ecuador 18·5% (14·9–24·9) 11·1% (8·4–15·1) 12·3% (8·1–15·7) 28·1% (23·8–33·3)

French Guiana 25·1% (15·3–33·0) 15·1% (7·4–29·9) 36·6% (28·8–44·3) 46·2% (38·4–56·1)

Guyana 23·6% (16·4–31·6) 11·1% (5·3–16·7) 25·0% (19·5–29·6) 37·4% (31·9–42·9)

Peru 17·3% (13·4–20·6) 10·8% (8·4–13·6) 8·7% (6·1–11·3) 25·0% (21·3–29·0)

Paraguay 8·3% (5·3–15·5) 7·1% (2·6–21·4) 18·3% (12·1–28·0) 26·7% (20·1–34·7)

Suriname 23·5% (15·9–34·8) 8·3% (3·5–16·6) 30·0% (20·3–41·3) 40·1% (30·2–51·1)

Uruguay 9·9% (6·9–16·1) 10·1% (7·3–15·1) 6·4% (4·2–9·2) 18·8% (14·7–24·7)

Venezuela 21·7% (17·9–25·4) 27·3% (25·0–29·8) 12·2% (9·8–15·6) 39·4% (36·3–42·5)

Data are population-adjusted prevalence (95% Bayesian credible interval) based on 2010 population estimates. 
*Calculated under the assumption that Ascaris lumbricoides, Trichuris trichiura, and hookworm infections are 
independent of one another.

Table 4: Population-adjusted prevalence of helminth infections from 2005 onwards, by country
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for T trichiura (30·4 million) than for A lumbricoides 
(18·7 million) and hookworm (13·3 million), suggesting 
that T trichiura has a particularly high risk in densely 
populated regions. This result is in agreement with 
previous fi ndings of a greater T trichiura risk in peri-
urban, rather than rural, regions.1

The surveys used diff erent diagnostic approaches 
varying in sensitivity and specifi city,35–37 which might have 
introduced bias into the data. Importantly though, the 
WHO-recommended Kato-Katz technique26 was used in 
more than 95% of the surveys. Because of data sparsity, 
we did not exclude the remaining 5% of surveys, which 
used various techniques (appendix). Of the studies using 
the Kato-Katz technique, we noted that sampling eff orts 
diff ered between surveys. Although most surveys 
prepared two slides, some used one Kato-Katz thick 
smear, or combined the Kato-Katz technique with other 
diagnostic techniques. Diff erences in sen sitivity and 
specifi city can be incorporated into our Bayesian models.38 
However, more than 10% of the surveys did not provide 
detailed information about diagnostic methods (including 
sampling eff orts). Hence, any related assumption would 
be debatable and introduce additional bias. Additionally, 
assessment of prior information about the various 
sampling eff orts would have been diffi  cult.

Survey design also diff ers. Children aged 5–14 years are 
known to carry the heaviest burden of soil-transmitted 
helminthiasis,39 but 98% of our survey locations were in 
the community. Of the remaining 2%, the surveys either 
screened children or did not provide any details of the 
population examined. We included surveys in the meta-
analysis irrespective of the age profi le, which might be 
sources of bias. Geostatistical models with age-alignment 
factors40,41 have been de veloped by calculating country-
specifi c alignment fac tors. In accordance with this 
approach, some countries would have had insuffi  cient 
data to estimate the alignment factor. Furthermore, 
adjusting for age would have required some arbitrary 
assumptions about the unknown population and might 
have introduced even more bias.

We did not consider socioeconomic proxies when 
building our models. Because soil-transmitted helminth 
infections disproportionally aff ect poor people, such 
proxies might be related to infection risk. For some 
countries, measures of the proportion of households with 
sanitation are available from census data, but they often 
contain missing data and their spatial resolution is low. 
However, in previous studies, these poverty proxies did 
not explain small-scale spatial variation when diseases 
were modelled over large scales, which is intrinsically 
linked to the issue of pattern and scale.42 More eff orts are 
needed to construct a socioeconomic index or to compile 
relevant socioeconomic predictors that can explain the 
socioeconomic disparities at high spatial resolution.

A temporal trend was estimated by a binary covariate 
indicating whether surveys had been done before or after 
2005. We could not take into account spatiotemporal 

Total 
population 
(×1000)*

Population at low (20–50%) risk 
(×1000)†

Population at high (≥50%) risk 
(×1000)†

Ascaris 
lumbricoides

Trichuris 
trichiura

Hookworm Ascaris 
lumbricoides

Trichuris 
trichiura

Hookworm

South America 394 234 15 923 28 190 11 702 2752 2169 1572

Argentina 47 417 0 0 1101 0 0 16

Bolivia 10 453 1510 2030 2201 927 0 594

Brazil 186 552 10 681 8963 5853 1782 1597 290

Chile 19 435 258 345 0 0 0 0

Colombia 48 235 1131 4119 1258 0 0 671

Ecuador 14 118 26 3 249 0 0 0

French Guiana 145 0 0 125 0 0 0

Guyana 629 1 0 79 0 0 0

Peru 27 832 828 347 62 42 547 1

Paraguay 7247 0 0 513 0 0 0

Suriname 407 0 0 51 0 0 0

Uruguay 3977 0 0 0 0 0 0

Venezuela 27 786 1487 12 382 209 0 26 0

*Estimates based on 2010 data from Gridded Population of the World, version 3.20 †Calculations were based on the 
median of the posterior distribution of the predicted risk from 2005 onwards. 

Table 5: Estimated population at risk of soil-transmitted helminth infection, by country
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Figure 5: Model validation results
Proportion of survey locations with prevalence of infection falling in the predicted highest posterior density 
intervals (bar plots) for Ascaris lumbricoides, Trichuris trichiura, and hookworm. The line plots show the 
corresponding width of the predicted highest density region.
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correlations because of the coarse temporal resolution of 
the data. Our analysis suggests that the risk of soil-
transmitted helminth infection has decreased sub-
stantially in recent years in South America.10 We believe 
that this decrease is more related to the improvement of 
socioeconomic factors and ongoing control measures 
during the past decade than to climate change. 
A lumbricoides risk seems to have reduced more than that 
of the other soil-transmitted helminth infections. This 
risk reduction might be related to the higher effi  cacy of 
the available treatments against A lumbricoides,43 leading 
to fewer eggs released into the environment and, 
consequently, a lower risk of reinfection.

South America has high climatic heterogeneity. Hence, 
a single logistic regression equation might not be able to 
describe variation of the eff ect of climatic factors on the 
disease risk across the subcontinent. A model estimating 
the climate–disease risk relation by ecological zone could 
be considered. However, this model would need better 
coverage of the ecological zones, with new survey data. 
Furthermore, we assumed a single spatial process over 
the whole of South America, which might not be true 
because of the region’s large climatic diversity, socio-
economic disparities, and health system inequalities.44 
Non-stationary models assuming a mixture of separate 
stationary processes within each agroecological zone 
have been applied to schistosomiasis and malaria risk 
mapping.45,46 A similar approach could be implemented 
and applied to a large dataset by approximating each 
spatial process on a subsample of locations.

Another limitation to consider is that people might 
have been infected before the survey period began. Even 
if seasonal dynamics in transmission occur, their overall 
eff ect on transmission dynamics is limited because of 
the lifespan of adult worms, which exceeds 1 year.39 
Therefore, we did not include interactions of climatic 
factors with seasons.

In conclusion, our study provides an open-access 
com pilation of available survey data for soil-transmitted 
helminth infection prevalence, gives model-based 
georeferenced estimates of infection risk, and identifi es 
regions with sparse or no data across South America. 
We believe that our esti mates provide a valuable 
assessment of the national and subnational situation of 
soil-transmitted helminthiasis, and we hope that this 
fi rst eff ort will contribute useful information to national 
control programmes for plan ning control and 
elimination strategies by indicating regions where 
survey data are urgently needed if risk prediction is to 
be improved. We will continue our eff orts to further 
develop statistical models and update the GNTD 
database. We also invite researchers to assist these 
eff orts by contributing their georeferenced data to the 
GNTD database so it can be further developed into a 
useful shared platform for research and control of soil-
transmitted helminthiasis and other neglected tropical 
diseases.
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