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Abstract

Background

Strongyloidiasis and Chagas disease are endemic in northern Argentina. In this study we
evaluate the association between S. stercoralis and T. cruziinfections in villages with
diverse prevalence levels for these parasites. Further understanding in the relationship
between these Neglected Tropical Diseases of South America is relevant for the design of
integrated control measures as well as exploring potential biologic interactions.

Methodology

Community based cross-sectional studies were carried in different villages of the Chaco and
Yungas regions in Argentina. Individuals were diagnosed by serology for S. stercoralis and
T. cruzi. The association between S. stercoralis and T. cruzi, and between anemia and the
two parasites was evaluated using two approaches: marginal (Ma) and multilevel regression
(Mu).

Results

A total of 706 individuals from six villages of northern Argentina were included. A total of
37% were positive for S. stercoralis, 14% were positive for T. cruziand 5% were positive for
both. No association was found between infection with S. stercoralis and T. cruziin any of
the models, but we found a negative correlation between the prevalence of these species in
the different villages (r=-0.91). Adults (> 15 years) presented association with S. stercoralis
(MaOR=2.72; Mu OR =2.84) and T. cruzi(Ma OR = 5.12; Mu OR = 5.48). Also, 12% and
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2% of the variance of infection with S. stercoralis and T. cruzi, respectively, could be
explained by differences among villages. On the other hand, anemia was associated with
infection with S. stercoralis (Ma OR = 1.73; Mu OR = 1.78) and was more prevalent in adults
(Ma OR =2.59; Mu OR = 2.69).

Conclusion

We found that coinfection between S. stercoralis and T. cruziis not more frequent than
chance in endemic areas. However, the high prevalence for both parasites, raises the need
for an integrated strategy for the control of STH and Chagas disease.

Author summary

Infections with S. stercoralis and T. cruzi belong to the group of neglected tropical diseases
(NTDs). NTDs are influenced by climate and the presence of their vectors and host reser-
voirs in areas with structural poverty. S. stercoralis and T. cruzi have high prevalence in
northern Argentina. Due to the high prevalence and chronicity of infections by these par-
asites, coinfection with both is possible. We conducted a cross sectional study in six vil-
lages in the north of Argentina. These villages have different prevalence for the two
parasites and are located in different ecoregions (Chaco, Yungas and the border between
these two). We found that coinfection between S. stercoralis and T. cruzi occurs only by
chance; and the most affected groups for S. stercoralis and T. cruzi infection are adults. We
also found that adults or individual with infection with S. stercoralis were more likely to
have anemia. In addition, each village represents a different setting for infection with S.
stercoralis and T. cruzi, and individuals in different villages presented differences in the
probability of infection.

Introduction

Neglected tropical diseases (NTDs) include a group of infectious diseases that have a signifi-
cant impact on individuals, families, and communities in developing countries in terms of dis-
ease burden, quality of life, productivity loss and poverty aggravation as well as the high cost of
long-term care [1]. Neglected tropical diseases are not widely distributed; they are restricted by
climate and the presence of their vectors and host reservoirs in areas with structural poverty
[1]. Soil-transmitted helminths (STH) and Chagas disease are both NTDs.

Strongyloides stercoralis is a STH with a complex life cycle and the ability to reproduce in
soil and within the human host. The infection occurs by larvae that penetrate the skin; these
larvae are found in soil contaminated with feces. However, unlike other STH, S. stercoralis has
the capacity for autoinfection, and generates a chronic infection that can last for decades.[2,3].
While not yet included in most STH control programs, the recently issued list of targets for
STH control programs by the World Health Organization (WHO) includes the establishment
of an efficient strongyloidiasis control program in school age children (SAC) by 2030 [4]. It is
estimated that there are 386 million people infected by S. stercoralis worldwide [5].

Chagas disease is caused by the protozoan Trypanosoma cruzi. The infection can occur in
three major ways. A vector pathway (feces of infected triatomines come into contact with the
mucous membranes or skin lesions), a congenital pathway (parasites infect the fetus during
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pregnancy) and by organ or blood transfusion. After acute infection, chronic infection contin-
ues for life. Although most remain in the chronic phase without symptoms, between 30% and
40% of them will develop clinical cardiac and/or digestive manifestations [6,7]. It is estimated
that there are 6-7 million people infected by T. cruzi worldwide [8].

S. stercoralis and T. cruzi are endemic in northern Argentina [9,10], along with other STH
and Leishmania [11,12]. In this region, there is a high prevalence of the Chagas disease vector,
Triatoma infestans, with a prevalence of T. cruzi that can exceed 50% in localized communities
[13,14]. In addition, northern Argentina has varied prevalence of S. stercoralis ranging from
7% to over 40% [9]. Due to the high prevalence and the long duration of infections by these
parasites, coinfection with both is possible. Coinfection studies have focused on similar para-
sites or those that produce a dramatic effect (HIV); however, there is a lack of knowledge
about the interactions between common parasites [15]. In addition, co-infection with different
NTDs is a risk in human populations living in resource-limited settings, and an association
between S. stercoralis and T. cruzi has been found among migrants from Latin America in
non-endemic areas [16]. Therefore, for a better understanding of the epidemiology of these
parasites, it is necessary to know if there is an association between S. stercoralis and T. cruzi in
endemic areas for both, or if coinfections occur only by chance.

Methods
Ethical statement

Ethical approval was obtained from the Bioethics Committee of College of Physicians of Salta
Province, Argentina (N°14.200), and the Faculty of Health Sciences from the Universidad
Nacional de Salta. The study was conducted in accordance with principles of the 2013 Declara-
tion of Helsinki. Sera samples collected in each survey were treated according to the study pro-
tocols approved of each particular study. Participation was voluntary, and written informed
consent was obtained from all patients involved in the study. For child participants, written
informed consent was obtained from the parent or guardian.

Objectives

The main aim of this study was to evaluate the association between S. stercoralis and T. cruzi
infections in different endemic areas located in northern Argentina. As a secondary objective,
the association between anemia and S. stercoralis and T. cruzi infections was evaluated.

Study population and description of the geographical areas

Community based cross-sectional studies were carried out from 2010 until 2016 in different
villages of the Chaco and Yungas regions in Argentina, towards evaluating the prevalence and
distribution of different NTDs [9,17,18]. Sampled individuals were randomly selected from a
population-based census using either individuals or households as units for randomization.
Venous blood was extracted from all the individuals, from the different villages, who partici-
pated in the different studies for diagnostic analysis. Villages with serological data for only one
of the parasites (S. stercoralis or T. cruzi) were not included in this study. This study included
706 individuals from six villages in the province of Salta, in northwestern Argentina, who had
a complete serological data for the two parasites obtained from epidemiological surveys
[9,17,18]. One village is located in the Yungas ecoregion (Solazuti), three in the Chaco ecore-
gion (Santa Victoria, Morillo and La Union), and two on the border between the two (Tartagal
and Pichanal) (Fig 1).
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Fig 1. Villages and ecoregions where the samples were collected. The prevalence (95% CI) of S. stercoralis (black) and T. cruzi (blue) is shown for each
village. This figure was created using free and freely available shapefiles [19-21].

https://doi.org/10.1371/journal.pntd.0010179.g001

The dry Chaco ecoregion in Argentina is a vast plain, which has large daily temperature
amplitude associated with seasonal variation. In winter, the entry of cold fronts causes frosts
throughout the ecoregion. In turn, the Yungas ecoregion [22] has a subtropical climate with
rainfalls concentrated in the summer period (November-March). The topography of these
regions leads the winds to rise and discharge the humidity as the altitude increases, which
results in lower temperatures in elevated areas [22].

Serological tests for Strongyloides stercoralis and Trypanosoma cruzi

All participants in the study had 5 mL of blood drawn by venipuncture. A complete blood
count was performed with a SYSMEX KX 21N automated hematology analyzer. Hemoglobin
(Hgb) value results were recorded and individuals were classified as anemic or non-anemic
using the Hgb thresholds for defining anemia according to sex and age established by WHO/
UNICEEF [23]. In addition, blood samples were centrifuged and an aliquot of serum was pre-
served frozen at -20°C for subsequent serological diagnosis of S. stercoralis and T. cruzi.

The diagnosis of S. stercoralis was performed by in-house enzyme-linked immunosorbent
assay (NIE-ELISA) method. NIE-ELISA detects IgG antibodies against the recombinant pro-
tein NIE of S. stercoralis as described previously [24]. This method presented a sensitivity and
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specificity of 75.4% and 94.8% in a blinded study [25], and it does not cross-react with other
helminths such as Ascaris lumbricoides or hookworms [25,26]. Patient’s sera were tested in
duplicate and compared to a standard positive IgG curve run on each plate. The averages of
duplicate results were calculated and corrected for background reactivity (no serum added).
Seropositive subjects for S. stercoralis infection had IgG titers against NIE antigen above the
selected cutoff value. These subjects were entered in a database as cases.

The diagnosis of T. cruzi was performed by ELISA and indirect hemagglutination assay
(IHA) with commercial kits (Chagatest ELISA and Chagatest HAI, Wiener Lab, Argentina).
Specimens were tested in duplicate by both tests. In case of disagreement between the two
techniques, indirect immunofluorescence was performed (Inmunofluor CHAGAS, BIOCIEN-
TIFICA, Argentina).

Statistical analysis

All statistical analyses were performed with R software [27]. For the marginal models, and the
respective odd ratios with the 95% confidence interval, the geepack library was used; and the
village was used as a cluster with the exchangeable working correlation matrix [28]. For the
multilevel models, and the respective odd ratios with the 95% confidence interval, the Ime4
library was used, and the village was used as a random effect [29]. In addition, the Intra-class
correlation coefficient (ICC) and the median odds ratio (MOR) were calculated [30].

Categorical variables were described by counts and percentages, and chi-square Pearson
test was used to compare the distribution. In addition, the relationship between the prevalence
of S. stercoralis and T. cruzi, was analyzed by Pearson s correlation and linear regression,
weighted by the sample-size in each village.

Association between infection by S. stercoralis and T. cruzi, and between anemia and the
two parasites was analyzed by regression analysis. The data was considered correlated because
individuals in a village share a similar state of health between each other than from outer popu-
lations, therefore they share a series of environmental, economic, social and other characteris-
tics [30]. Two different approaches to data analysis were addressed, marginal and multilevel
regression [31,32]. The marginal models estimate population-averaged (or population-mar-
ginalized) parameters [33]. In this marginal model, the effects of the covariates are inferred at
the group level. Therefore, the odds ratios (OR) characterize the effect of covariates in the pop-
ulation as a whole, rather than in a particular village. In the multilevel model, the effects of the
covariates are inferred at the individual level. Thus, for individual-level variables, the OR inter-
pretations apply for comparisons of individuals within the same village.

The association of the infection of S. stercoralis with age, sex and infection with T. cruzi was
analyzed, as well as the association of anemia with age, sex, infection with T. cruzi and infec-
tion with S. stercoralis. Age was considered as a dichotomous variable as children< 15 years
and adults > 15 years.

Results
Study population characteristics

The total prevalence of S. stercoralis, T. cruzi and co-infection was 37%, 14% and 5%, respec-
tively. There were no differences in prevalence seen in the T. cruzi infected population and
presence or absence of S. stercoralis infection (Table 1). The highest prevalence of S. stercoralis
was observed in adults (45%) and in males (34%), while the highest prevalence of T. cruzi was
observed in adults (70%) regardless of sex.

The age range of children (0 to 14 years-old) and adults (>15 years-old) was similar in all
villages (Table 1). The village of Solazuti presented a significantly higher prevalence of anemia
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Table 1. Characteristics of the individuals included in the analysis.

Baseline characteristics of 706 individuals included in the study, according to results on T. cruzi serology, S. stercoralis serology and Anemia

Variable T. cruzi T. cruzi P S. stercoralis positive S. P Anemia Anemia absent P
positive negative (n=261) stercoralis present (n=419)
(n=101) (n =605) negative (n=287)
(n = 445)
Male 44 (44%) 234 (39%) 0.35 89 (34%) 189 (43%) 0.03 104 (34%) 174 (42%) 0.15
Adult 71 (70%) 189 (31%) <0.01 118 (45%) 142 (32%) <0.01 150 (52%) 110 (26%) <0.01
T. cruzi positive | —---mmmeo | eeemeeo | 34 (13%) 67 (15%) 0.45 53 (19%) 48 (11%) 0.01
S. stercoralis positive 34 (34%) 227 (38%) 045 | ememeeee e | e 131 (46%) 130 (31%) <0.01
Characteristics of the population of each village
Village n (*Popu- Sex % Age Prevalence Prevalence of Anemia (%)
lation) % Median IQR of S. T. cruzi (CI 95%))
stercoralis
(CI 95%)
La Union 106 (2353) |  Female 61 Children 48 8 (11-5) | 34 (25-43) 14 (7-21) 29
Male 39 Adults 52 38 (49-23)
Morillo 106 (4714) |  Female 57 Children 72 7 (10-4) | 35 (26-44) 17 (10-24) 35
Male 43 Adults 28 30 (38-23)
Pichanal 45(2311) | Female 53 Children 31 9 (12-4) 11 (2-20) 40 (26-54) 36
Male 47 Adults 69 33 (49-22)
Solazuty 76 (308) Female 54 Children 34 8 (12-5) 24 (26-54) 20 (11-29) 75
Male 46 Adults 66 34 (53-23)
Santa Victoria 67 (1809) | Female 72 Children 62 5 (8-3) 36 (25-47) 12 (4-20) )
Male 28 Adults 38 28 (33-19)
Tartagal 306 (5155) | Female 62 Children 78 9 (11-6) | 46 (40-52) 9 (6-12) 39
Male 38 Adults 22 32 (40-22)

* The population corresponds to the census carried out by the primary health care system at the time of each study.

https://doi.org/10.1371/journal.pntd.0010179.t001

(75%) than the other villages. The village with the highest prevalence of S. stercoralis was Tarta-
gal (46%), coinciding with the lowest prevalence of T. cruzi (9%). The village with the highest
prevalence of T. cruzi was Pichanal (40%), coinciding with the lowest prevalence of S. stercoralis
(11%). In reference to this, we found a strong negative correlation between the prevalence of S.
stercoralis and the prevalence of T. cruzi in the different villages (r = -0.91, r* = 0.81, p = 0.01).

Association between 8. stercoralis and T. cruzi infections

No association was found between infection with S. stercoralis and T. cruzi in any of the mod-
els (Tables 2 and 3). Infection with S. stercoralis showed an association only with age in both
models (Table 2). According to the marginal regression (OR = 2.72), on average, adults have
2.72 higher odds than children to be infected with S. stercoralis. On the other hand, the multi-
level regression odds ratio of 2.84 for age, describes that between two individuals with identical
risk factors, a child and an adult, and with identical environmental characteristics with respect
to the risk of infection with S. stercoralis, then the probabilities of being infected increased 2.84
folds for the adult. In addition, in the marginal model the correlation parameter between S.
stercoralis infection outcomes for any two individuals from the same village was 0.11, suggest-
ing a weak positive association. The multilevel model estimated that 12% of variance

(ICC =0.12) of infection with S. stercoralis can be explained by the differences among villages.
In addition, if two individuals with the same characteristics in different villages are compared,
there would be a median increase in the odds of infection of 1.89 (MOR = 1.89).
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Table 2. Marginal and multilevel logistic regression that describes associations between S. stercoralis infection and age, sex, and infection with T. cruzi.

Variable Marginal® Multilevel**
OR 95% CI p OR 95% CI p
Sex (Male) 0.80 0.56-1.16 0.228 0.80 0.57-1.11 0.181
Age (Adult) 2.72 1.16-6.39 0.022 2.84 1.94-4.15 <0.001
Infection with T. cruzi (positive) 0.77 0.45-1.31 0.335 0.78 0.46-1.23 0.255

*Correlation parameter: estimate = 0.11, Std.err = 0.04
** Random effect: variance = 0.447, Std.Dev = 0.668, ICC = 0.12 MOR = 1.89

https://doi.org/10.1371/journal.pntd.0010179.t002

Infection with T. cruzi showed an association with age in both models (Table 3), on average
adults have 5.12 higher odds than children, and at the individual level adults have 5.48 higher
odds than children. In addition, the multilevel model estimated that 2% of variance
(ICC =0.02) of infection with T. cruzi can be explained by the differences between villages;
and If two individuals with the same characteristics in different villages are compared, there
would be a median increase in the odds of infection of 1.31 (MOR = 1.31).

Association between anemia and infection with S. stercoralis and T. cruzi

The cases of anemia were associated with age and infection with S. stercoralis in both models
(Table 4). In turn, the multilevel model estimated that 10% of variance (ICC = 0.10) of anemia
cases can be explained by the differences between villages. In addition, if an individual moves
to a location with a higher probability of anemia, there would be a median increase in the odds
of 1.77 (MOR = 1.77).

On average, individuals infected with S. stercoralis have 1.73 higher odds to have anemia
than those not infected. In addition, two individuals with identical risk factors, one infected
with S. stercoralis and the other not, and with identical characteristics regarding the risk of
having anemia, then the probabilities of having anemia increased 1.78 folds for those infected
with S. stercoralis.

Discussion

Northern Argentina has been identified as a hot spot for NTDs [34]. Chagas disease and STH,
including S. stercoralis, are among the main NTDs with active transmission in the region
[35,36]. Regarding Chagas disease, northern Argentina has high prevalence, where vector
transmission persists as a consequence of home infestation with T. infestans, the main vector
in the area [13,14]. In addition, previous studies showed the high prevalence of S. stercoralis in
the same area [9]. In this cross-sectional study in six villages, we analyze the possible associa-
tion between S. stercoralis and T. cruzi.

Table 3. Marginal and multilevel logistic regression that describes associations between T. cruzi infection and age, sex, and infection with S. stercoralis.

Variable Marginal* Multilevel**
OR 95% CI p OR 95% CI p
Sex (Male) 1.38 1.00-1.91 0.05 1.42 0.89-2.23 0.140
Age (Adult) 5.12 2.72-9.62 <0.001 5.48 3.34-9.023 <0.001
Infection with S. stercoralis (positive) 0.73 0.43-1.23 0.24 0.73 0.44-1.20 0.210

*Correlation parameter: estimate = 0.01, Std.err = 0.02
** Random effect: variance = 0.0806, Std.Dev = 0.284, ICC = 0.02 MOR = 1.31

https://doi.org/10.1371/journal.pntd.0010179.t003
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Table 4. Marginal and multilevel logistic regression that describes associations between anemia and age, sex, and infection with S. stercoralis and T. cruzi.

Variable

Sex (Male)
Age (Adult)
Infection with T. cruzi (positive)

Infection with S. stercoralis (positive)

Marginal” Multilevel**
OR 95% CI P OR 95% CI P
0.88 0.70-1.10 0.248 0.87 0.62-1.22 0.422
2.59 1.62-4.16 <0.001 2.69 1.86-3.89 <0.001
1.27 0.99-1.63 0.063 1.31 0.81-2.12 0.273
1.73 1.26-2.38 <0.001 1.78 1.26-2.51 0.001

* Correlation parameter: estimate = 0.02, Std.err = 0.03
**Random effect, variance = 0.357, Std.Dev = 0.597, ICC = 0.10, MOR = 1.77

https://doi.org/10.1371/journal.pntd.0010179.t004

Recent studies in non-endemic areas have shown a prevalence of more than 20% for coin-
fection with S. stercoralis and T. cruzi in migrants from Latin America [16,37]; and >10% coin-
fection in populations with chronic Chagas disease [38,39]. In addition, studies carried out in
non-endemic areas showed association after adjusting for sex, age and country of origin [16].
However, in our study, carried out in endemic areas of Argentina, where 5% were co-infected
with S. stercoralis and T. cruzi, we found no association between them. This is not surprising
considering that although both infections are prevalent in the area, they do not share transmis-
sion paths, and their biological cycles are different. However, the main socioeconomic risk fac-
tors associated with STH (water, sanitation and overcrowding) and T. cruzi (water, adobe
houses and wood floor) coincide in places of extreme poverty where high prevalence are regis-
tered for these parasites [40,41]. Therefore, coinfection may be linked to poverty rather than to
biological factors. Nevertheless, since both parasites have overlapping distribution and pro-
duce silent infections, the active search for susceptible population for both is a rational strategy
for an integrated management of infected individuals [37]. In addition, although the preva-
lence of coinfection may be low, the immune response to S. stercoralis might affect the
response to T. cruzi and affect the evolution of Chagas disease [42].

It should be noted that the place of origin, as reported by other authors [16,37], plays a role
in the probability of infection. This role was more marked in infections with S. stercoralis,
where a slight correlation was found between individuals from the same village, and 12% of
the variability of prevalence of infection could be explained by differences between the villages.
This implies that each village represents a different setting for infection with S. stercoralis, and
individuals in different villages presented differences in the probability of infection. In addi-
tion, the variability of the infection between the different villages may be due to differences in
annual temperatures and precipitations, which are the main environmental factors linked to
STH [40]. On the other hand, only 2% of the variability of infection with T. cruzi could be
explained by differences among villages. This low prevalence may be due to the fact that alti-
tude has been proposed as the main environmental variable associated with T. cruzi infection
[41], and the villages analyzed in this study have similar altitudes.

Regression models for infection with S. stercoralis showed an association with age. This is
in agreement with other reports, where adults have a higher risk of infection than children
[43]. This association is because S. stercoralis infection can occur at a young age and remain
for decades in the host if untreated, leading to an accumulation of infection over time [43]. On
the other hand, no association with sex was found, and the significant difference between the
percentages of men among those infected with S. stercoralis is due to the fact that age acts as a
confounding variable. Although studies conducted in Laos and Cambodia reported that men
had a higher risk of infection [43]. This discrepancy between Argentina and Laos with respect
to the prevalence of S. stercoralis in males may be due to cultural differences associated with

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010179  February 4, 2022 8/13


https://doi.org/10.1371/journal.pntd.0010179.t004
https://doi.org/10.1371/journal.pntd.0010179

PLOS NEGLECTED TROPICAL DISEASES S. stercoralis and T. cruzi coinfections in a highly endemic area in Argentina

the practice of agriculture. In Laos, there is a higher prevalence of S. stercoralis in males
because farmers work without shoes, while females restrict their work activities to the home
and wear shoes [44].

Regression models for infection with T. cruzi showed an association with age. Adults
have > 5 odds to be infected than children. Regarding this, it has been previously reported in
areas of Argentina, a higher prevalence in those over 30 years of age and lower prevalence in
children under five years of age [14]. This highlights that the strategies for the control of Cha-
gas disease that have been developed for the last 40 years in the country produced a reduction
in the incidence of the disease [45], but an elimination of the infection in children has not yet
been achieved, highlighting the need for action against vertical transmission of Chagas disease
through screening and treatment of women and infants [46].

Although no association was found between infection with S. stercoralis and T. cruzi, we
found a negative correlation between the prevalence of S. stercoralis and T. cruzi in the differ-
ent villages located in the Chaco and Yungas ecoregions which needs to be confirmed in larger
studies and occurs in a context of high prevalence of both infections. This could imply the exis-
tence of variables that produce different effects on these parasites. However, this could not be
analyzed in this study.

The prevalence of anemia in the different villages make them of severe public health signifi-
cance as defined by WHO [23]. The prevalence of iron deficiency varies greatly depending on
host factors: age, gender, physiological, pathological, environmental and socioeconomic terms
[23]. In the cases of anemia analyzed in this study, in an area where frequent causes of anemia
in the tropics as malaria and schistosomiasis are absent, it was found that 10% of the variability
was due to differences between villages. In addition, the cases of anemia were associated infec-
tion with S. stercoralis. This is in accordance with what was reported in Tartagal, where not
only an association between anemia and S. stercoralis was found, but also the hematological
parameters improved after deworming [18]. Anemia was also associated with age, with adults
being more likely to be anemic than children. This is due to the fact that many of the children
attend school canteens, where there is a balanced diet, and there are anemia control programs
in the child population, while the adult population is a neglected population. On the other
hand, no association was found between anemia and infection with T. cruzi. This is to be
expected since cases of anemia have only been reported in individuals with reactivation of
infection with T. cruzi, and not in chronic cases [47]. In addition, the significant difference
between the percentage of infected with T. cruzi among cases of anemia is due to the fact that
infection with T. cruzi is associated with age, and age is associated with anemia.

As could be observed in this study, the coefficients of the different marginal and multilevel
regression models were almost the same. This is due to the low intra-village association, trans-
lated into correlation coefficients close to zero in the marginal models and a low variance of the
random effect in the multilevel model. While the models for S. stercoralis and Anemia showed a
slight correlation of the data, the models for T. cruzi showed a very low correlation. However,
ignoring the correlation present in the data, as occurs in ordinary logistic regression, results in
an overestimation of the coefficients. In addition, although the value of the coefficients is similar
in the multilevel and marginal models, the meaning is different and the use of one model
instead of the other depends fundamentally on the objectives to be achieved. If the objective is
to measure the effect of the covariates for a given village, the multilevel model is recommended;
on the other hand, if the objective is to measure the global response of the covariates adjusted
for the heterogeneity of the villages, the marginal model is recommended [30].

Some limitations must be taken into account to interpret this study. First, estimating OR
from cross-sectional data is of somewhat limited value, because while ORs can discover associ-
ations, they generally impede to elucidate causality. Second, the serological diagnosis of S.
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stercoralis fails to differentiate between active or past infection [17,48]. However, there was no
deworming treatment for S. stercoralis in the different villages at baseline, so it can be assumed
that infections were active. In addition, serological techniques have demonstrated their validity
and feasibility in epidemiological surveys, allowing the possibility of processing a large number
of samples for different pathogens [9]. Third, epidemiological information from the different
villages is incomplete. All the villages have adobe houses, overcrowding, lack of access to
drinking water and sanitation, but the percentage of these factors is unknown, so it could not
be evaluated in this study. Four, the villages have high prevalence of hookworms, and hook-
worms are associated with anemia and infection with S. stercoralis [5]; Therefore, it is plausible
that the association between S. stercoralis and anemia is due in part to hookworms. Further
studies are needed in the different villages to measure the prevalence of hookworm, levels of
malnutrition, and prevalence of anemia-causing diseases in order to have a better understand-
ing of the high prevalence of anemia. Five, although biases in the sampling cannot be ruled
out, the prevalence of infected reported in this work are within the confidence interval of the
prevalence reported in the area [9]. Finally, this study is not intended to discuss on a clinical
basis. This study represents a first approach to the epidemiology of S. stercoralis and T. cruzi
coinfection in endemic areas in order to explore the possibility for integration of control activi-
ties as well as identifying high risk areas.

In summary, we found that coinfection between S. stercoralis and T. cruzi is not more fre-
quent than chance in endemic areas. However, the high prevalence for both parasites raises the
need for an integrated strategy for the control of STH and Chagas disease.

Author Contributions

Conceptualization: Pedro E. Fleitas, Alejandro J. Krolewiecki.
Data curation: Pedro E. Fleitas.

Formal analysis: Pedro E. Fleitas.

Funding acquisition: Alejandro J. Krolewiecki.

Investigation: Pedro E. Fleitas, Noelia Floridia-Yapur, Elvia E. Nieves, Adriana Echazu, Paola
A. Vargas, Nicolas R. Caro, Ramiro Aveldaio, Mariana Fernandez, Favio Crudo, Rubén O.
Cimino, Alejandro J. Krolewiecki.

Methodology: Pedro E. Fleitas.

Project administration: Alejandro J. Krolewiecki.
Resources: Rubén O. Cimino, Alejandro J. Krolewiecki.
Supervision: Rubén O. Cimino, Alejandro J. Krolewiecki.
Visualization: Walter Lopez.

Writing - original draft: Pedro E. Fleitas, Noelia Floridia-Yapur, Adriana Echazu, Alejandro
J. Krolewiecki.

Writing - review & editing: Pedro E. Fleitas, Noelia Floridia-Yapur, Elvia E. Nieves, Adriana
Echazu, Paola A. Vargas, Nicolas R. Caro, Ramiro Aveldaio, Walter Lopez, Mariana Fer-
nandez, Favio Crudo, Rubén O. Cimino, Alejandro J. Krolewiecki.

References

1.  WHO. First WHO report on neglected tropical diseases: working to overcome the global impact of
neglected tropical diseases. World Heal. Organ. 2010.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010179  February 4, 2022 10/13


https://doi.org/10.1371/journal.pntd.0010179

PLOS NEGLECTED TROPICAL DISEASES S. stercoralis and T. cruzi coinfections in a highly endemic area in Argentina

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Prendki V, Fenaux P, Durand R, Thellier M, Bouchaud O. Strongyloidiasis in Man 75 Years after Initial
Exposure. Emerg Infect Dis. Centers for Disease Control and Prevention; 2011; 17:931-2. https://doi.
org/10.3201/eid1705.100490 PMID: 21529417

Page W, Judd J, Bradbury R. The Unique Life Cycle of Strongyloides stercoralis and Implications for
Public Health Action. Trop Med Infect Dis. 2018; 3:53. https://doi.org/10.3390/tropicalmed3020053
PMID: 30274449

WHO. 2030 targets for soil-transmitted helminthiases control programmes. 2020; Available from:
https://apps.who.int/iris’lhandle/10665/330611

Fleitas PE, Travacio M, Marti-Soler H, Socias ME, Lopez WR, Krolewiecki AJ. The Strongyloides ster-
coralis-hookworms association as a path to the estimation of the global burden of strongyloidiasis: A
systematic review. Cappello M, editor. PLoS Negl Trop Dis. 2020; 14:e0008184. https://doi.org/10.
1371/journal.pntd.0008184 PMID: 32282827

Rassi A, Rassi A, Marin-Neto JA. Chagas disease. Lancet. Elsevier; 2010; 375:1388-402. https://doi.
org/10.1016/S0140-6736(10)60061-X PMID: 20399979

Prata A. Clinical and epidemiological aspects of Chagas disease. Lancet Infect Dis. Elsevier; 2001;
1:92-100. https://doi.org/10.1016/S1473-3099(01)00065-2 PMID: 11871482

World Health Organisation. Chagas disease (also known as American trypanosomiasis). Chagas Dis.
Fact Sheets. 2020.

Cimino RO, Fleitas P, Fernandez M, Echazu A, Juarez M, Floridia-Yapur N, et al. Seroprevalence of the
Strongyloides stercoralis Infection in Humans from Yungas Rainforest and Gran Chaco Region from
Argentina and Bolivia. Pathogens. 2020; 9:394. https://doi.org/10.3390/pathogens9050394 PMID:
32443925

Bizai ML, Romina P, Antonela S, Olivera L V., Arias EE, Josefina DC, et al. Geographic distribution of
Trypanosoma cruzi genotypes detected in chronic infected people from Argentina. Association with cli-
matic variables and clinical manifestations of Chagas disease. Infect Genet Evol. Elsevier B.V; 2019;
78:104128. https://doi.org/10.1016/j.meegid.2019.104128 PMID: 31786340

Barroso PA, Krolewiecki AJ, Nasser JR, Gil JF, Fleitas PE, Hoyos CL, et al. Molecular Identification of
Leishmania spp. DNA from Archived Giemsa-Stained Slides of Patients from Salta, Argentina. Am J
Trop Med Hyg. American Society of Tropical Medicine and Hygiene; 2018; 99:1156—-61. https://doi.org/
10.4269/ajtmh.18-0223 PMID: 30255828

Socias ME, Fernandez A, Gil JF, Krolewiecki AJ. Geohelmintiasis en la Argentina una revision sistema-
tica. Med (Buenos Aires). 2014; 74:29-36.

Grtler O, E R. Sustainability of vector control strategies in the Gran Chaco Region: current challenges
and possible approaches Sustainability and the context. Mem Inst Oswaldo Cruz. 2009; 104:52—9.
https://doi.org/10.1590/s0074-02762009000900009 PMID: 19753458

Moretti E, Castro |, Franceschi C, Basso B. Chagas disease: serological and electrocardiographic stud-
ies in Wichi and Creole communities of Mision Nueva Pompeya, Chaco, Argentina. Mem Inst Oswaldo
Cruz. 2010; 105:621-7. https://doi.org/10.1590/s0074-02762010000500004 PMID: 20835607

Blackwell AD, Martin M, Kaplan H, Gurven M. Antagonism between two intestinal parasites in humans:
the importance of co-infection for infection risk and recovery dynamics. Proc R Soc B Biol Sci. 2013;
280:20131671. https://doi.org/10.1098/rspb.2013.1671 PMID: 23986108

Puerta-Alcalde P, Gomez-Junyent J, Requena-Mendez A, Pinazo MJ, Alvarez-Martinez MJ, Rodriguez
N, et al. High prevalence of S. Stercoralis infection among patients with Chagas disease: A retrospec-
tive case-control study. Arndt MB, editor. PLoS Negl Trop Dis. 2018; 12:e0006199. https://doi.org/10.
1371/journal.pntd.0006199 PMID: 29385128

Cajal P, Echazu A, Juarez M, Lammie P, Krolewiecki AJ, Caro N, et al. Serologic Monitoring of Public
Health Interventions against Strongyloides stercoralis. Am J Trop Med Hyg. American Society of Tropi-
cal Medicine and Hygiene; 2017; 97:166—72. https://doi.org/10.4269/ajtmh.16-0857 PMID: 28719325

Echazl A, Juarez M, Vargas PA, Cajal SP, Cimino RO, Heredia V, et al. Albendazole and ivermectin for
the control of soil-transmitted helminths in an area with high prevalence of Strongyloides stercoralis and
hookworm in northwestern Argentina: A community-based pragmatic study. Jones M, editor. PLoS
Negl Trop Dis. 2017; 11:e00060083. https://doi.org/10.1371/journal.pntd.0006003 PMID: 28991899

Porto Tabiquen CE. Shapefiles (*shp) del Mundo—Geografia, SIG y Cartografia Digital [Internet].
2020. Geografia, SIG y Cartografia Digital. Available from: https://tapiquen-sig.jimdofree.com/
descargas-gratuitas/mundo/

Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, Underwood EC, et al. Terres-
trial Ecoregions of the World: A New Map of Life on Earth: A new global map of terrestrial ecoregions
provides an innovative tool. Bioscience. 2001; 55:933-8

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010179  February 4, 2022 11/13


https://doi.org/10.3201/eid1705.100490
https://doi.org/10.3201/eid1705.100490
http://www.ncbi.nlm.nih.gov/pubmed/21529417
https://doi.org/10.3390/tropicalmed3020053
http://www.ncbi.nlm.nih.gov/pubmed/30274449
https://apps.who.int/iris/handle/10665/330611
https://doi.org/10.1371/journal.pntd.0008184
https://doi.org/10.1371/journal.pntd.0008184
http://www.ncbi.nlm.nih.gov/pubmed/32282827
https://doi.org/10.1016/S0140-6736%2810%2960061-X
https://doi.org/10.1016/S0140-6736%2810%2960061-X
http://www.ncbi.nlm.nih.gov/pubmed/20399979
https://doi.org/10.1016/S1473-3099%2801%2900065-2
http://www.ncbi.nlm.nih.gov/pubmed/11871482
https://doi.org/10.3390/pathogens9050394
http://www.ncbi.nlm.nih.gov/pubmed/32443925
https://doi.org/10.1016/j.meegid.2019.104128
http://www.ncbi.nlm.nih.gov/pubmed/31786340
https://doi.org/10.4269/ajtmh.18-0223
https://doi.org/10.4269/ajtmh.18-0223
http://www.ncbi.nlm.nih.gov/pubmed/30255828
https://doi.org/10.1590/s0074-02762009000900009
http://www.ncbi.nlm.nih.gov/pubmed/19753458
https://doi.org/10.1590/s0074-02762010000500004
http://www.ncbi.nlm.nih.gov/pubmed/20835607
https://doi.org/10.1098/rspb.2013.1671
http://www.ncbi.nlm.nih.gov/pubmed/23986108
https://doi.org/10.1371/journal.pntd.0006199
https://doi.org/10.1371/journal.pntd.0006199
http://www.ncbi.nlm.nih.gov/pubmed/29385128
https://doi.org/10.4269/ajtmh.16-0857
http://www.ncbi.nlm.nih.gov/pubmed/28719325
https://doi.org/10.1371/journal.pntd.0006003
http://www.ncbi.nlm.nih.gov/pubmed/28991899
https://tapiquen-sig.jimdofree.com/descargas-gratuitas/mundo/
https://tapiquen-sig.jimdofree.com/descargas-gratuitas/mundo/
https://doi.org/10.1371/journal.pntd.0010179

PLOS NEGLECTED TROPICAL DISEASES S. stercoralis and T. cruzi coinfections in a highly endemic area in Argentina

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Departamentos de la Republica Argentina (shapefile). Argentina: Instituto Geografico Nacional de la
Republica Argentina; 2019. Available from: https://datos.gob.ar/dataset/jgm-servicio-normalizacion-
datos-geograficos/archivo/jgm_8.27

Morello J, Matteucci S, Rodriguez A, Silva M. Ecorregiones y complejos ecosistemiscos Argintinos.
Ecorregiones y Complejos Ecosistémicos Argentinos. Buenos Aires: Orientacion Gréafica Editora;
2012.

WHO. Iron deficiency anaemia. Assesment, Prevention and Control. A guide for programme managers.
Geneva, Switzerland; 2001.

Ravi V, Ramachandran S, Thompson RW, Andersen JF, Neva FA. Characterization of a recombinant
immunodiagnostic antigen (NIE) from Strongyloides stercoralis L3-stage larvae. Mol Biochem Parasitol.
Elsevier; 2002; 125:73-81. https://doi.org/10.1016/s0166-6851(02)00214-1 PMID: 12467975

Bisoffi Z, Buonfrate D, Sequi M, Mejia R, Cimino RO, Krolewiecki AJ, et al. Diagnostic Accuracy of Five
Serologic Tests for Strongyloides stercoralis Infection. Siddiqui AA, editor. PLoS Negl Trop Dis. Public
Library of Science; 2014; 8:e2640. https://doi.org/10.1371/journal.pntd.0002640 PMID: 24427320

Krolewiecki AJ, Ramanathan R, Fink V, McAuliffe |, Cajal SP, Won K, et al. Improved diagnosis of
Strongyloides stercoralis using recombinant antigen-based serologies in a community-wide study in
northern Argentina. Clin Vaccine Immunol. 2010; 17:1624—-30. https://doi.org/10.1128/CV1.00259-10
PMID: 20739501

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2013.

Halekoh U, Hgjsgaard S, Yan J. The R Package geepack for Generalized Estimating Equations. J Stat
Softw. American Statistical Association; 2006; 15:1-11.

Bates D, Mé&chler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. J Stat Softw.
American Statistical Association; 2015; 67.

Sanagou M, Wolfe R, Forbes A, Reid CM. Hospital-level associations with 30-day patient mortality after
cardiac surgery: a tutorial on the application and interpretation of marginal and multilevel logistic regres-
sion. BMC Med Res Methodol. 2012; 12:28. https://doi.org/10.1186/1471-2288-12-28 PMID: 22409732

Demidenko E. Mixed models: theory and applications. London: Wiley- Interscience; 2004.

Mcculloch CE, Neuhaus JM. Generalized Linear Mixed Models. Wiley StatsRef Stat. Ref. Online.
Chichester, UK: John Wiley & Sons, Ltd; 2014.

Hu FB, Goldberg J, Hedeker D, Flay BR, Pentz MA. Comparison of Population-Averaged and Subject-
Specific Approaches for Analyzing Repeated Binary Outcomes. Am J Epidemiol. Oxford University
Press; 1998; 147:694—7083. https://doi.org/10.1093/oxfordjournals.aje.a009511 PMID: 9554609

Hotez PJ. Ten Global “Hotspots” for the Neglected Tropical Diseases. PLoS Negl Trop Dis. Public
Library of Science; 2014; 8:€2496. https://doi.org/10.1371/journal.pntd.0002496 PMID: 24873825

BUONFRATE D, MENA MA, ANGHEBEN A, REQUENA-MENDEZ A, MUNOZ J, GOBBI F, et al. Prev-
alence of strongyloidiasis in Latin America: a systematic review of the literature. Epidemiol Infect. Cam-
bridge University Press; 2015; 143:452—60. https://doi.org/10.1017/S0950268814001563 PMID:
24990510

Stanaway JD, Roth G. The Burden of Chagas Disease: Estimates and Challenges. Glob Heart. Ubiquity
Press; 2015; 10:139. https://doi.org/10.1016/j.gheart.2015.06.001 PMID: 26407508

Ramos-Sesma V, Navarro M, Llenas-Garcia J, Gil-Anguita C, Torris-Tendero D, Wikman-Jorgensen
P, et al. Asymptomatic Strongyloidiasis among Latin American Migrants in Spain: A Community-Based
Approach. Pathogens. 2020; 9:511. https://doi.org/10.3390/pathogens9060511 PMID: 32599871

Dopico E, Rando-Matos Y, Solsona L, Almeda J, Santos FLN, Vinuesa T. Infection by Strongyloides
stercoralis in immigrants with Chagas disease: evaluation of eosinophilia as screening method in pri-
mary care. Trop Med Int Heal. 2020; 25:467—74. https://doi.org/10.1111/tmi.13363 PMID: 31845476

Salvador F, Sulleiro E, Sanchez-Montalva A, Martinez-Gallo M, Carrillo E, Molina I. Impact of Helminth
Infection on the Clinical and Microbiological Presentation of Chagas Diseases in Chronically Infected
Patients. Hsieh MH, editor. PLoS Negl Trop Dis. 2016; 10:e0004663. https://doi.org/10.1371/journal.
pntd.0004663 PMID: 27115603

Alvarez Di Fino EM, Rubio J, Abril MC, Porcasi X, Periago M V. Risk map development for soil-transmit-
ted helminth infections in Argentina. Walker M, editor. PLoS Negl Trop Dis. 2020; 14:e0008000. https://
doi.org/10.1371/journal.pntd.0008000 PMID: 32040473

Mischler P, Kearney M, McCarroll JC, Scholte RGC, Vounatsou P, Malone JB. Environmental and
socio-economic risk modelling for Chagas disease in Bolivia. Geospat Health. 2012; 6:59. hitps://doi.
org/10.4081/gh.2012.123 PMID: 23032284

Salvador F, Sulleiro E, Piron M, Sanchez-Montalva A, Sauleda S, Molina-Morant D, et al. Strongyloides
stercoralis infection increases the likelihood to detect Trypanosoma cruzi DNA in peripheral blood in

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010179  February 4, 2022 12/13


https://datos.gob.ar/dataset/jgm-servicio-normalizacion-datos-geograficos/archivo/jgm_8.27
https://datos.gob.ar/dataset/jgm-servicio-normalizacion-datos-geograficos/archivo/jgm_8.27
https://doi.org/10.1016/s0166-6851%2802%2900214-1
http://www.ncbi.nlm.nih.gov/pubmed/12467975
https://doi.org/10.1371/journal.pntd.0002640
http://www.ncbi.nlm.nih.gov/pubmed/24427320
https://doi.org/10.1128/CVI.00259-10
http://www.ncbi.nlm.nih.gov/pubmed/20739501
https://doi.org/10.1186/1471-2288-12-28
http://www.ncbi.nlm.nih.gov/pubmed/22409732
https://doi.org/10.1093/oxfordjournals.aje.a009511
http://www.ncbi.nlm.nih.gov/pubmed/9554609
https://doi.org/10.1371/journal.pntd.0002496
http://www.ncbi.nlm.nih.gov/pubmed/24873825
https://doi.org/10.1017/S0950268814001563
http://www.ncbi.nlm.nih.gov/pubmed/24990510
https://doi.org/10.1016/j.gheart.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26407508
https://doi.org/10.3390/pathogens9060511
http://www.ncbi.nlm.nih.gov/pubmed/32599871
https://doi.org/10.1111/tmi.13363
http://www.ncbi.nlm.nih.gov/pubmed/31845476
https://doi.org/10.1371/journal.pntd.0004663
https://doi.org/10.1371/journal.pntd.0004663
http://www.ncbi.nlm.nih.gov/pubmed/27115603
https://doi.org/10.1371/journal.pntd.0008000
https://doi.org/10.1371/journal.pntd.0008000
http://www.ncbi.nlm.nih.gov/pubmed/32040473
https://doi.org/10.4081/gh.2012.123
https://doi.org/10.4081/gh.2012.123
http://www.ncbi.nlm.nih.gov/pubmed/23032284
https://doi.org/10.1371/journal.pntd.0010179

PLOS NEGLECTED TROPICAL DISEASES S. stercoralis and T. cruzi coinfections in a highly endemic area in Argentina

43.

44,

45.

46.

47.

48.

Chagas disease patients. Trop Med Int Heal. 2017; 22:1436—41. https://doi.org/10.1111/tmi.12970
PMID: 28869694

Schar F, Trostdorf U, Giardina F, Khieu V, Muth S, Marti H, et al. Strongyloides stercoralis: Global Distri-
bution and Risk Factors. Brooker S, editor. PLoS Negl Trop Dis. Public Library of Science; 2013; 7:
€2288. https://doi.org/10.1371/journal.pntd.0002288 PMID: 23875033

Khieu V, Schar F, Marti H, Bless PJ, Char MC, Muth S, et al. Prevalence and risk factors of Strongy-
loides stercoralis in Takeo Province, Cambodia. Parasit Vectors. 2014; 7:221. https://doi.org/10.1186/
1756-3305-7-221 PMID: 24886763

Dias JCP. Southern Cone Initiative for the elimination of domestic populations of Triatoma infestans
and the interruption of transfusion Chagas disease: historical aspects, present situation, and perspec-
tives. Mem Inst Oswaldo Cruz. 2007; 102:11-8. https://doi.org/10.1590/s0074-02762007005000092
PMID: 17891281

Gurtler RE, Segura EL, Cohen JE. Congenital Transmission of Trypanosoma cruzilnfection in Argen-
tina. Emerg Infect Dis. 2003; 9:29-32. https://doi.org/10.3201/eid0901.020274 PMID: 12533278

Theodoropoulos TAD, Silva AG, Bestetti RB. Eosinophil blood count and anemia are associated with
Trypanosoma cruziinfection reactivation in Chagas’ heart transplant recipients. Int J Cardiol. Elsevier
Ireland Ltd; 2010; 145:55-6. https://doi.org/10.1016/j.ijicard.2009.04.011 PMID: 19419778

Buonfrate D, Sequi M, Mejia R, Cimino RO, Krolewiecki AJ, Albonico M, et al. Accuracy of Five Sero-
logic Tests for the Follow up of Strongyloides stercoralis Infection. Fujiwara RT, editor. PLoS Negl Trop
Dis. Public Library of Science; 2015; 9:e0003491. https://doi.org/10.1371/journal.pntd.0003491 PMID:
25668740

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010179  February 4, 2022 13/13


https://doi.org/10.1111/tmi.12970
http://www.ncbi.nlm.nih.gov/pubmed/28869694
https://doi.org/10.1371/journal.pntd.0002288
http://www.ncbi.nlm.nih.gov/pubmed/23875033
https://doi.org/10.1186/1756-3305-7-221
https://doi.org/10.1186/1756-3305-7-221
http://www.ncbi.nlm.nih.gov/pubmed/24886763
https://doi.org/10.1590/s0074-02762007005000092
http://www.ncbi.nlm.nih.gov/pubmed/17891281
https://doi.org/10.3201/eid0901.020274
http://www.ncbi.nlm.nih.gov/pubmed/12533278
https://doi.org/10.1016/j.ijcard.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19419778
https://doi.org/10.1371/journal.pntd.0003491
http://www.ncbi.nlm.nih.gov/pubmed/25668740
https://doi.org/10.1371/journal.pntd.0010179

