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Abstract

Background The complexity of the Chagas disease and its phases is impossible to have a unique test for both phases
and a lot of different epidemiological scenarios. Currently, serology is the reference standard technique; occasion-

ally, results are inconclusive, and a different diagnostic technique is needed. Some guidelines recommend molecular
testing. A systematic review and meta-analysis of available molecular tools/techniques for the diagnosis of Chagas
disease was performed to measure their heterogeneity and efficacy in detecting Trypanosoma cruzi infection in blood
samples.

Methods A systematic review was conducted up to July 27, 2022, including studies published in international
databases. Inclusion and exclusion criteria were defined to select eligible studies. Data were extracted and presented
according to PRISMA 2020 guidelines. Study quality was assessed using Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2). A random-effects model was used to calculate pooled sensitivity, specificity, and diagnostic
odds ratio (DOR). Forest plots and a summary of the receiving operating characteristics (SROC) curves displayed

the outcomes. Heterogeneity was determined by /* and Tau? statistics and P values. Funnel plots and Deek’s test were
used to assess publication bias. A quantitative meta-analysis of the different outcomes in the two different clinical
phases was performed.

Results We identified 858 records and selected 32 papers. Studies pertained to endemic countries and nonendemic
areas with adult and paediatric populations. The sample sizes ranged from 17 to 708 patients. There were no concerns
regarding the risk of bias and applicability of all included studies. A positive and nonsignificant correlation coefficient
(§=0.020; P=0.992) was obtained in the set of studies that evaluated diagnostic tests in the acute phase population
(ACD). A positive and significant correlation coefficient (S=0.597; P<0.000) was obtained in the case of studies per-
formed in the chronic phase population (CCD). This resulted in high heterogeneity between studies, with the master
mix origin and guanidine addition representing significant sources.

Interpretation/Conclusions and relevance The results described in this meta-analysis (qualitative and quantita-
tive analyses) do not allow the selection of the optimal protocol of molecular method for the study of Trypanosoma
cruziinfection in any of its phases, among other reasons due to the complexity of this infection. Continuous analysis
and optimization of the different molecular techniques is crucial to implement this efficient diagnosis in endemic
areas.

*Correspondence:

Moncef Belhassen-Garcia

belhassen@usal.es

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

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-2230-1256
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40249-023-01143-7&domain=pdf

Pascual-Vazquez et al. Infectious Diseases of Poverty (2023) 12:95

Page 2 of 18

Keywords Chagas disease, Trypanosoma cruzi, Molecular diagnosis, Polymerase chain reaction, Loop-mediated

isothermal amplification

Introduction

Chagas disease (CD) is caused by infection with the pro-
tozoan parasite Trypanosoma cruzi [1, 2], and although
most infected patients are asymptomatic, CD is respon-
sible for a higher burden of morbidity and mortality than
any other parasitic disease in the Western hemisphere,
including malaria. The Pan American Health Organi-
zation (PAHO)/World Health Organization (WHO)
and other public health authorities consider CD to be a
neglected tropical disease (NTD) that mainly affects low-
income populations.

Historically, the disease occurred predominantly in
rural areas of Latin America, where it is endemic in 21
continental Latin American countries, from the southern
United States to the northern regions of Argentina and
Chile. Vector-borne transmission occurs exclusively in
the Americas, where an estimated 6 million people are
infected [3], through repeated exposure of residents of
infested houses to infected vectors [2, 4]. Chronic Cha-
gasic cardiomyopathy (CCC) is the most important com-
plication in patients with CD.

CD diagnosis depends on the phase (acute or chronic)
in which a patient is found to be infected. Parasitemia is
high during the acute phase and the congenital form, as
well as in reactivations caused by immunosuppression
during the chronic phase. The parasite can be detected by
microscopy of peripheral blood by thin or thick smears
with Giemsa staining. Sensitivity can be increased by
concentration techniques such as microhaematocrit con-
centration or double centrifugation methods. Techniques
such as haemoculture or xenodiagnoses are currently in
disuse. Direct parasitological methods usually prove neg-
ative in 30—60% of patients in the chronic phase due to
minimum parasitemia. For decades, serology has been a
useful tool in the diagnosis of the chronic phase in CD,
detecting anti-T. cruzi IgG antibodies. The WHO defines
the diagnosis of the disease during its chronic phase by
positivity in two serological tests carried out using dif-
ferent methods serological tests do not offer 100% sen-
sitivity and specificity [5, 6], and none of the techniques
described serves as a marker of cure or evolution of the
infection, since after treatment, if there is a cure, sero-
conversion may take many years.

In recent years, PCR (polymerase chain reaction)
has been the predominant molecular technique used.
PCR has proven useful during acute-phase or chronic-
phase reactivations due to its greater sensitivity com-
pared to microscopy methods [7]. The viability of PCR

use during the chronic phase is debatable because it
yields a positive result in 40-70% of patients who have
previously been diagnosed by conventional serologi-
cal methods, depending on the degree of parasitemia,
sample volume, DNA purification, target region, study
population characteristics, and great genetic variabil-
ity between the parasite’s discrete typing units (DT Us).
PCR has also been used for follow-up treatment effi-
cacy so that a positive result at the end of treatment
would indicate therapeutic failure. Real-time (quantita-
tive) PCR (qPCR) has been developed, enabling para-
site. DNA detection and quantification from clinical
samples, although it exhibits highly variable analytical
reliability, specificity, and sensitivity, thereby hamper-
ing its standardization for use in routine clinical mat-
ters. Such methods that were impracticable in endemic
areas with few resources because they are sophisti-
cated techniques, require qualified personnel and are
expensive. Currently, after the covid 19 pandemic, the
situation has improved, with a greater number of PCR
kits being available in laboratories in these areas of the
planet, especially in Latin America. It would be advisa-
ble to reduce costs to further facilitate the implementa-
tion of molecular techniques in low-income countries.

Another technique is loop-mediated isothermal
amplification (LAMP), a sensitive, specific molecular
method which is simpler, faster, and cheaper than PCR
and its variants and must thus be used in CD diagno-
sis [8]. Such a technique has recently been revealed
as an alternative with great potential for diagnosis in
endemic areas [9]. The LAMP reaction requires four
primers (two inner and two outer primers), which spe-
cifically recognize six distinct sequences in target DNA,
thus ensuring high specificity for amplification. The
amplification process can be divided into two phases.
This method operates on the fundamental principle of
the production of a large quantity of DNA amplification
products with a mutually complementary sequence
and an alternating, repeated structure [10]. Progress
regarding new LAMP methodologies for CD diagnosis
has been described in recent years [9]. However, such
laboratory tools are still being developed, and larger
amounts of reagents and materials are needed, which
could increase the value of diagnosis in communities
living in endemic areas. However, the role of LAMP in
the diagnosis of CD remains to be clarified.

There is no consensus regarding the most effective
molecular protocol for the diagnosis of CD. From a
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clinical perspective, the complexity of the Chagas dis-
ease and its phases is impossible to have a unique test
for both phases and a lot of different epidemiological
scenarios [11, 12]. Despite the availability of so many
tests, there is no consensus on establishing reference
techniques, and no single test is considered the gold
standard for confirming the diagnosis of infection
by this parasite due to complexity of Chagas disease.
The diagnostic and therapeutic difficulties presented
by this systemic parasitosis require us to continue to
strengthen the implementation of strategies and rec-
ommendations on the management of trypanosomia-
sis, such as the updating of clinical guidelines [13]. This
study aims to measure the heterogeneity and efficacy
of molecular tools/techniques to detect Trypanosoma
cruzi infection in blood samples.

Methods

Research question

This systematic review and meta-analysis were con-
ducted based on Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA 2020) Statement
(http://www.prisma-statement.org/) [14, 15] recommen-
dations to answer the PICO question: “In patients at risk
of T. cruzi infection (Population), which molecular diag-
nostic method (Intervention) is the most effective for
the diagnosis of Chagas disease (Outcome) compared to
other reference methods (Comparison)?”.

Eligibility criteria

Studies eligible for the analysis were defined using the
PICO framework. Articles were selected if they followed
the WHO/PAHO recommendations: an individual is
diagnosed as infected with T cruzi in the chronic phase
of the disease when the results of two serological tests
are positive and direct parasitological tests in acute phase
or chronic phase confirm reactivation. (i) Diagnosis for
patients with suspected chronic T. cruzi infection: com-
bining two serological tests with antigens that detect dif-
ferent antibodies against 7. cruzi plus a third test if there
are conflicting results; (ii) diagnosis for seroepidemio-
logical survey to identify patients with chronic Chagas
disease: use of the ELISA or immunochromatography
test (ICT test); (iii) diagnosis for patients with suspected
acute T. cruzi infection: direct parasitological tests (direct
observation) and subsequent serological follow-up; (iv)
diagnosis in haemotherapy services: ELISA or chemi-
luminescent microparticle immunoassay (CMIA) tests
[16].

Inclusion criteria for the present review consisted of: (i)
peer-reviewed articles containing original data; (ii) acces-
sible full text and abstract; (iii) cross-sectional studies
reporting the diagnostic efficacy of different molecular
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techniques in clinical blood patient samples; (iv) research
had to examine patients with Chagas infection vs. non-
infected patients; (v) studies in patients in acute phase,
chronic phase or congenital transmission; and (vi) papers
had to collect enough quantitative results to extract or
calculate false positives, false negatives, true positives
and true negatives. Literature that did not satisfy these
criteria was excluded.

Exclusion criteria were as follows: (i) research on non-
human blood samples; (ii) validation therapy studies; (iii)
research in immunocompromised populations; (iv) case
series without original data; (v) articles with ambiguous/
undetermined conclusions; (vi) duplicate publications
were removed; and (vii) review articles, opinion articles,
letters, case reports, conferences, randomized controlled
trials and workshop reports were excluded.

Information sources and search strategy
MEDLINE/PubMed, Web of Science, EMBASE, SCO-
PUS and LILACS databases were searched from incep-
tion to July 27, 2022. In each electronic database, various
combinations of the following search terms were used:
(i) “Chagas disease” [MeSH terms] OR “Trypanosoma
cruzi” [MeSH terms] AND “Molecular diagnosis” [All
Fields] AND “PCR” [All Fields] OR “Polymerase chain
reaction” [MeSH terms]; (ii) “Chagas disease” [MeSH
terms] OR “Trypanosoma cruzi” [MeSH terms] AND
“Molecular diagnosis” [All Fields] AND “LAMP” [All
Fields] OR “Loop-mediated Isothermal Amplification”
[MeSH terms]. The following filters were used: “Humans’,
“Journal Articles’, and “English OR Spanish language” We
also used references of included primary articles for the
search. Searching and collecting the relevant papers were
performed by two authors (GPV and MAS). Disagree-
ments between the reviewers were resolved with discus-
sions between the two authors in a joint session, and if
an agreement was not reached, a decision was made by
a third author (MBG). At the end of the search, the col-
lected articles were managed with Papers v4.31.1997 ¥
2011-2022, Digital Science & Research Solutions Inc.,
625 Massachusetts Avenue; Cambridge, USA.

Data collection process and data items

Two independent researchers (GPV and MAS) involved
in the search conducted an initial screening of the pri-
mary citations obtained from databases by title and
abstract. After removing duplicates and irrelevant
records, following the eligibility and inclusion criteria,
the eligible records were selected for full-text download.
Using a Microsoft Excel® spreadsheet, these two authors
extracted the requisite data: first author name, year of
publication, country where the study was conducted,
location (endemic or nonendemic area), type of study,
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study population (children, adults, immunosuppressed),
sensitivity, specificity, diagnostic method(s) used, molec-
ular target, genetic material extraction technique, type of
sample, and data on amplification and development pro-
cesses. Disagreement was resolved by discussion with a
third author (MBG).

Study risk of bias assessment

Methodological assessment of each study included in the
quantitative synthesis was conducted using the Qual-
ity Assessment of Diagnostic Accuracy Studies (QUA-
DAS-2) tool [17] by two independent reviewers (GPV
and MAS). This tool comprises 4 domains: patient selec-
tion; index test; reference standard; and flow of partici-
pants through the study and timing of tests. Each domain
is assessed in terms of risk of bias, and the first 3 domains
are also assessed in terms of concerns regarding applica-
bility. Conflicts were resolved by discussion and involve-
ment of a third senior author (MBG).

Data synthesis and statistical analyses

For each article included in this review, we extracted
the first author, publication year, design type, region,
population, sample size, laboratory technique, sen-
sitivity, specificity, type of sample, genetic material
extraction technique and molecular target. A table was
compiled with pooled data on the main study charac-
teristics. Statistical analysis was conducted according
to the following process: 1st, statistical pooling/clus-
tering of diagnostic efficacy variables; 2nd, heteroge-
neity study among/between bibliographic records; 3rd,
explaining the heterogeneity source among/between
included studies; and 4th, graphical display/presenta-
tion of results. DerSimonian and Laird random-effects
models with inverse-variance weights, taking hetero-
geneity and threshold effect into account (defined as
the possibility of subjective bias in declaring a result
as positive), were applied to analyse pooled data and
plot the diagnostic performance measurements across
studies: sensitivity, specificity, positive likelihood ratio
(+LR), negative likelihood ratio (~LR) and diagnostic
odds ratio (DOR). Thus, to analyse the threshold effect,
the relationship between the sensitivity and specific-
ity of the studies was studied by calculating Spear-
man’s correlation coefficient; if a threshold effect exists,
there will be an inverse correlation between the two
variables, which is stronger when the threshold effect is
greater. Hierarchical summary receiver operating char-
acteristic (HSROC) curves were created and applied to
visually display the pooled sensitivity, specificity and
their 95% confidence intervals (CIs). Cochran’s Q sta-
tistic and Higgins I* statistic were used to assess the
magnitude of heterogeneity among the included studies
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(with I values of<25%, 25-50% and >50% considered
low, moderate and high heterogeneity, respectively).
The > was estimated for sensitivity, specificity, and
DOR; statistically significant heterogeneity was con-
sidered for P<0.05 and I*>>50%. All statistical analyses
were performed with Meta-DiSc 2.0, a web application
for meta-analysis of diagnostic test accuracy data.

Results

Study selection

The first search identified a total of 858 records (363
in MEDLINE/PubMed, 187 in Web of Science, 175 in
EMBASE, 117 in SCOPUS, and 16 in LILACS); 611
studies were removed before screening, and 247 papers
remained. In total, 71 articles were not considered rel-
evant after title and abstract screening (52) or were not
retrieved (19); 176 studies that met the inclusion criteria
were reviewed in depth, and 147 studies were excluded
for reasons such as lack of diagnostic accuracy data (69),
samples other than blood samples (56), treatment moni-
toring (13), and immunocompromised patients (9). Three
records identified by citation searching were added.
Finally, 32 papers were found to be eligible for review
and meta-analysis (see PRISMA 2020 flow diagram,
Additional file 3: Fig. S1). Bibliographic references were
ordered alphabetically; in the case of more than one ref-
erence by the same author, they were ordered by year of
publication in ascending order [5-9, 11, 18-43].

Study characteristics

Of the 32 study papers, 27 papers assessed the diagnos-
tic performance of PCR techniques [5-7, 11, 18, 21-42],
3 articles assessed T. cruzi-LAMP technology [8, 9, 19],
and two studies evaluated both molecular techniques [20,
43]. The characteristics of the included studies are out-
lined in Additional file 1: Table S1 (PCR) and Additional
file 2: Table S2 (LAMP). They were published between
1995 [21] and 2022 [42]. An active interest in this
research topic has continued in recent years. Based on
the year of publication, the bar chart in Fig. 1 illustrates
this increasing trend in journal articles. Regarding study
design of the studies included in this review, they are lon-
gitudinal comparative studies (some of them multicen-
tre, e.g., Benatar et al. [18], or international, e.g., Ramirez
et al. [11]), some with prospective follow-up, e.g., [6, 18,
20, 24, 34, 35, 38, 41, 43], and others retrospective (case—
control), e.g., [8,9, 19, 22, 23, 26, 28, 33, 37]. With respect
to Herndndez et al. [31], the sample collection was both
retrospective (for the period 2004—2011) and prospective
(for the period 2012-2015). Some studies (the older ones,
e.g., [5,7, 21, 27]) do not clearly define the study design.
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Fig. 1 Graph of the number of papers included in this systematic review

Publication bias/Risk of bias in studies

A summary of the study quality assessment using the
QUADAS-2 scale can be found in Fig. 2, which shows
the quality evaluation of the individual included studies
(Fig. 2a) and the risk of bias and applicability concerns of
the included studies (Fig. 2b). The risk of bias assessment
revealed that most studies carried a low risk of bias. In
addition, applicability concerns were also low. Regarding
the patient selection aspects, 22 out of 32 studies had a
low risk of bias, 7 studies were judged to be unclear, and 3
had a high risk of bias. This result can be explained by the
fact that these studies were the oldest and reported insuf-
ficient endpoints. In the index test assessment, all studies
had a low risk of bias because they clearly mentioned the
extraction of data for the index test. Regarding reference
standard tests, 29 out of 32 studies were determined to
have a low risk of bias, and 30 out of 32 were of low con-
cern in terms of their applicability. For the flow and tim-
ing aspects, all studies demonstrated/yielded a low risk
of bias in statements regarding the interval time between
the reference test and the index test. Therefore, we con-
sidered the overall risk of bias to be low, and all included
studies generated only low concern regarding applicabil-
ity in all aspects. This risk of bias disappeared when we
analysed subgroups according to diagnostic technique.
Thus, the risk of bias only appeared in the cPCR and
chronic phase studies.

Qualitative synthesis: results of individual studies

Detailed information on the 32 included studies is sum-
marized in Additional file 1: Table S1 and Additional
file 2: Table S2. They were carried out both in endemic

areas (Bolivia, Argentina, Brazil, Chile, Colombia, Ven-
ezuela) and in nonendemic areas (Spain). The stud-
ies carried out in nonendemic areas always included an
immigrant population in the sample. All studies indicate
the type of population, sample size and the patients’ clini-
cal phase, but in many of them, information on the clini-
cal characteristics and description of the samples is not
available. Participants were children/infants/neonates
born to seropositive mothers (congenital ACD), e.g., [6,
9, 18, 35, 40, 43], and adult patients in the chronic phase,
e.g., [27, 37, 39] (patients with Chagasic cardiomyopathy
in Duarte et al. [26]), and/or acute phase, e.g., [28, 31, 36,
42]; controls were included for other diseases (leishma-
niasis, malaria, toxoplasmosis, etc.), e.g., [36, 42]), infants
born to noninfected mothers and healthy individuals
from endemic or nonendemic areas, e.g., [36, 42]. The
sample size described in the studies varied from 17 in
Diez et al. [6] to 708 participants in Hernandez et al. [31].

The studies also included information on the type of
sample collected from the patients (in all cases, these
were blood samples) and the number of samples taken.
The blood volume taken ranged from 0.5 mL [20, 23] to
15 mL [7]; 22 of the 32 (68.7%) studies indicated the pres-
ervation conditions of the samples; none reported the
time period between sample collection and extraction or
performance of the diagnostic tests. A total of 6 studies
(18.7%) did not specify the type of amplification control
of the tests analysed. Only 13 studies (40.6%) indicated
the strains used as positive amplification controls; the
rest merely indicated the different DTUs used as con-
trols. The parasite load of patients was estimated in 12
of the 32 studies analysed (37.5%). Most of the included
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studies used proprietary methods except for the studies
validating commercial LAMP methods [8, 9, 19, 20, 43].

All studies agree on the limited practical usefulness
of molecular diagnostic techniques in patients in the
chronic phase (CCD) and confirm their high applicability
in acute cases (ACD). The most effective molecular tar-
gets are the variable region of kinetoplast DNA (kDNA)
and the satellite regions of nuclear DNA. Some individual
findings, such as those of the qPCR method, are more
reliable than cPCR for CD diagnosis (Cura et al. [23]); the
commercial qPCR kit is more efficient in congenital Cha-
gas disease diagnosis (Benatar et al. [18]); the kDNA Oli-
goC-TesT showed a significantly higher sensitivity than
satDNA OligoC-TesT (De Winner et al. [24]. and Ramirez
et al. [11]); and the Tc24-based PCR assay is more sen-
sitive than that based on kDNA (Espinoza et al. [27]) or
TcH2AF/R PCR (Gil et al. [29]). In addition, LAMP kits
offer appropriate analytical sensitivity for the diagnosis
of CD patients and are potentially useful for monitoring
treatment response (Besuschio et al., 2017 and 2020 [9,
19]); they also offer high performance for the diagnosis
of congenital CD (Bisio et al. [20], Flores-Chavez et al. [8]
and Wehrendt et al. [43]).

Quantitative synthesis: meta-analysis

1st Statistical pooling/clustering of diagnostic efficacy
variables

Acute phase The set of molecular techniques showed
a pooled sensitivity of 84.9% (95% CI 82-87.6) and a
pooled specificity of 98.5% (95% CI 97.8-99) in the
included studies. Heterogeneity among the studies was
very high (*=76.1% and 77.9%, respectively; P<0.001).
The pooled diagnostic odds ratios (DORs) of 276.2 (95%
CI 122.6-622) for the acute phase are summarized in
Table 1. The pooled sensitivity in PCR/qPCR studies was
84% (95% CI 80—87) versus 94% (95% CI 86-98) in LAMP
studies; the heterogeneity (?) among the studies was
76.4% (PCR) and 67.8% (LAMP) (P<0.001 and P=0.014,
respectively). Specificity was the same (98%) in the PCR/
qPCR and LAMP studies; however, heterogeneity among
the PCR/qPCR studies was high (?=80.9%, P<0.001)
and lower in the LAMP studies (*=50.2%, P=0.090)
(Fig. 3).

Chronic phase A sensitivity of 67% (95% CI 65.4—68.5)
was obtained, and the pooled specificity was very high,
at 98.5% (95% CI 97.8-99). The pooled DOR was 110.73
(95% CI 69.5-176.5). These results are well below what
is desirable for a routine diagnostic method. The hetero-
geneity of all the diagnostic efficacy variables among the
studies with patients in the chronic phase of the disease
was found to be very high (*=95.2% and 64.9%, respec-
tively: P<0.001) (Table 2). In the PCR/qPCR studies, the
pooled sensitivity was 68% (95% CI 66-70; 1*=95.2%,

Page 7 of 18

P<0.001), and the pooled specificity was 98% (95%
CI 98-99; I>=66.6%, P<0.001); in the LAMP studies,
the pooled sensitivity was 48% (95% CI 40-55; I?=0%,
P=0.644), and the pooled specificity was 100% (95% CI
92-100; I*=0%, P=1.000) (Fig. 4).

2nd Heterogeneity study

A positive and nonsignificant correlation coefficient
(§=0.020, P=0.992) was obtained in the set of studies
that evaluated diagnostic tests in the acute phase popu-
lation (ACD). A positive and significant correlation coef-
ficient (§=0.597, P<0.000) was obtained in the case
of studies performed in the chronic phase population
(CCD). Therefore, the heterogeneity is not explainable by
the threshold effect in studies comprising patients in the
acute phase of the disease, and most of the reference tests
are qualitative methods in which the results are not very
subjective and have little risk of bias. In contrast, there
was further indication of a threshold effect in studies of
chronic patients, and serological methods are the refer-
ence standard techniques for diagnosis, which imposes
the requirement of setting threshold values. The forest
plots (Figs. 3 and 4) reveal the absence of the bias effect
in both clinical phases, and no increase in the sensitiv-
ity or specificity of the studies is observed when the other
efficacy variable decreases. We ruled out the threshold
effect as a source of heterogeneity in the acute phase
studies, and it is still recommended that the above explo-
rations for threshold effect are undertaken in chronic
phase studies. A threshold effect was detected in sub-
groups composed of boiled sample and guanidine addi-
tion variables.

3rd Analysis of the heterogeneity sources among/between
studies

The next step consisted of analysing the relationship
between the covariates obtained in the data extrac-
tion and the diagnostic efficacy obtained in each study.
The existing relationships between sensitivity and false-
positive rate (1 —specificity) and the different variables
obtained through meta-regressions were analysed.

In the acute phase, no statistically significant results
were observed in the preparation of the master mixes
(Z=-0.561, P=0.575), the molecular technique
(Z=1.125, P=0.261), the molecular target (Z=-1.377,
P=0.168), guanidine addition (Z=-0.837, P=0.403), or
boiling samples (Z=—1.150, P=0.250).

In the chronic phase, boiling (Z=2.367, P=0.018) and
the addition of guanidine to the blood samples before
processing (Z=2.367, P=0.018 and Z=2.256, P=0.020,
respectively) were significant sources of heterogeneity.
We created subgroups based on the addition of guanidine
and boiled samples: “not stored with guanidine and not
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Total

Study TP  (TP+FN) Sensitivity 95% CI
molecular technique = cPCR/qPCR

Benatar et al. 2021 10 13 —_— 0.77  [0.46;0.95]
Bisio etal. 2021 a 13 13 —= 1.00 [0.75;1.00]
Curaetal. 2017 a 13 17 —_— 0.76 [0.50;0.93]
Curaetal. 2017 b 13 17 —_— 0.76 [0.50;0.93]
Curaetal. 2017 ¢ 12 17 — 0.71  [0.44;0.90]
Curaetal. 2017 d 13 17 —a 0.76  [0.50;0.93]
Deborggraeve etal. 2009b 4 6 —_— 0.67 [0.22;0.96]
Diez et al. 2008 5 5 —_—H 1.00 [0.48;1.00]
Ferreretal. 2013 a 30 39 — 0.77 [0.61;0.89]
Ferrer etal. 2013 b 31 39 —— 0.79 [0.64;0.91]
Hernandez et al. 2016 a 60 71 — 0.85 [0.74;0.92]
Hernandez et al. 2016 b 68 71 —= 0.96 [0.88;0.99]
Messenger et al. 2017 19 25 — 0.76  [0.55;0.91]
Mora et al. 2005 8 23 —s 0.35 [0.16;0.57]
Ramirez et al. 2015 ¢ 11 11 —= 1.00 [0.72;1.00]
Ramirez et al. 2015 d 11 11 —= 1.00 [0.72;1.00]
Schijman et al. 2003 45 61 —=— 0.74 [0.61;0.84]
Simoén et al. 2019 10 11 —_— 0.91 [0.59;1.00]
Velazquez et al. 2014 41 41 — 1.00 [0.91;1.00]
Viettri et al. 2022 a 34 35 —i& 0.97  [0.85; 1.00]
Viettri et al. 2022 b 33 35 — 0.94 [0.81;0.99]
Wehrendt et al. 2021 b 8 10 —_— 0.80 [0.44;0.97]
molecular technique = LAMP

Besuschio etal. 2017 a 8 8 —3 1.00 [0.63;1.00]
Besuschio et al. 2020 13 13 — 1.00 [0.75;1.00]
Bisio et al. 2021 b 9 13 —_— 0.69 [0.39;0.91]
Flores-Chavez etal. 2021 a 38 39 — 0.97 [0.87;1.00]
Wehrendt et al. 2021 a 10 10 —d 1.00 [0.69; 1.00]

ot T 1T 1T 1
0 02 04 06 08 1
Sensitivity
(a) Sensitivity:
Technique: cPCR/qPCR versus Technique: LAMP

Acute phase Chagas disease

Page 10 of 18
Total
Study TN  (TN+FP) Specificity 95% CI
molecular technique = cPCR/qPCR
Benatar et al. 2021 217 235 = 0.92 [0.88;0.95]
Bisio et al. 2021 a 89 89 k- 1.00 [0.96;1.00]
Curaetal. 2017 a 26 30 — 0.87 [0.69;0.96]
Curaetal. 2017 b 23 30 —a 0.77  [0.58;0.90]
Curaetal. 2017 ¢ 30 30 —a 1.00 [0.88;1.00]
Curaetal. 2017 d 29 30 —& 0.97 [0.83;1.00]
Deborggraeve etal. 2009 b 108 108 = 1.00 [0.97;1.00]
Diez et al. 2008 12 12 —= 1.00 [0.74;1.00]
Ferreretal. 2013 a 30 30 — 1.00 [0.88;1.00]
Ferrer etal. 2013 b 30 30 — 1.00 [0.88;1.00]
Hernandez et al. 2016 a 15 15 —_— 1.00 [0.78;1.00]
Hernandez et al. 2016 b 15 15 — 1.00 [0.78;1.00]
Messenger et al. 2017 257 257 1.00 [0.99;1.00]
Mora et al. 2005 142 146 h= 0.97
Ramirez etal. 2015 ¢ 50 50 — 1.00
Ramirez etal. 2015 d 50 50 —- 1.00
Schijman et al. 2003 63 63 - 1.00
Simén et al. 2019 177 177 1.00
Velazquez et al. 2014 296 296 1.00
Viettri et al. 2022 a 61 61 = 1.00
Viettri et al. 2022 b 61 61 = 1.00
Wehrendt et al. 2021 b 15 15 —= 1.00
molecular technique = LAMP
Besuschio etal. 2017 a 10 10 — 1.00 [0.69; 1.00]
Besuschio et al. 2020 17 17 —= 1.00 [0.80;1.00]
Bisio et al. 2021 b 89 89 = 1.00 [0.96;1.00]
Flores-Chavez etal. 2021 a 45 48 —i 0.94 [0.83;0.99]
Wehrendt et al. 2021 a 15 15 — 1.00 [0.78;1.00]
| R N N B |
0 02 04 06 08 1
Specificity
(b) Specificity:
Technique: cPCR/qPCR versus Technique: LAMP

Pooled Sensitivity = 0.84 (0.80 to 0.87)
Chi-square = 89.04; df = 21 (p = 0.0000)
Inconsistency (I-square) = 76.4 %

Pooled Sensitivity = 0.94 (0.86 to 0.98)
Chi-square = 12.44; df = 4 (p = 0.0144)
Inconsistency (I-square) = 67.8 %

Pooled Specificity = 0.98 (0.97 to 0.99)
Chi-square = 109.72; df = 21 (p = 0.0000)
Inconsistency (I-square) = 80.9 %

Pooled Specificity = 0.98 (0.95 to 1.00)
Chi-square = 8.04; df = 4 (p = 0.0902)
Inconsistency (I-square) = 50.2 %

Fig. 3 Forest plots with imputed studies testing molecular methods in acute phase Chagas disease (ACD) diagnosis, PCR/qPCR versus LAMP

techniques: a sensitivity and b specificity of the studies

boiled’, “stored with guanidine and not boiled’, “no guani-
dine addition data and not boiled” and “no guanidine
addition data and boiled” This new covariate was highly
significant (Z=3.250, P=0.001 and Z=2.504, P=0.012).

4th Graphical display/presentation of results

HSROC curves were generated in the two clinical phases
grouped according to the variables that showed a sig-
nificant relationship in the meta-regression analysis. Sig-
nificant differences in diagnostic efficacy variables were
observed only in the chronic phase when the studies were
divided/grouped according to boiling and addition of
guanidine to the sample. Thus, the relationship between
sensitivity and DOR was positive, i.e., boiling and the
addition of guanidine hydrochloride to the sample
increased the diagnostic efficacy. The visual representa-
tion of the significant results is shown in Fig. 5.

Discussion

This review and meta-analysis arise from the need to
assess the optimal diagnosis of Chagas disease, espe-
cially during the chronic phase. Compared to direct
diagnostic methods that depend on the observation and
identification capacity of health care professionals, PCR
has proven to be more sensitive and specific [7]. All the
studies analysed confirm the low diagnostic efficacy of
molecular techniques in chronic patients. However, these

techniques constitute a basic tool in the acute phase.
Above all, in cases of congenital transmission, PCR is
considered as the reference diagnostic tool. In addition,
PCR is essential in detecting reactivations in cases of
immunosuppression, transplantation, and transfusion.

Most of the articles reviewed explore the chronic phase
diagnosis, while those on acute phase focus on congenital
transmission. The articles that analyse the chronic phase
assess the possible detection of the parasite in the phase
of the disease in which parasitemia is minimal, when
direct conventional methods are ineffective. The diag-
nostic possibilities of molecular methods in the acute
phase are focused on nonendemic countries, especially
on vertical transmission [44]. T. cruzi DNA detection
may not be useful for diagnosis in congenital infection
when parasite transmission occurs in the last trimes-
ter of pregnancy or during delivery due to contact with
maternal blood or other fluids from parasitemic mother,
therefore during the first month of life of the newborn,
the parasitemia could be extremely low or non-existent
[45]. In neonates, the presence of the parasite is neces-
sary to obtain an accurate diagnosis. A serological test is
decisive, when it is carried out after 9 to 12 months of
age, when it has been concluded that maternal T. cruzi
antibodies have disappeared. Early diagnosis in the acute
phase is extremely important due to the high efficacy of
treatment of close to 90% [46].
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Chronic phase Chagas disease

Total
Study TP (TP+FN) Sensitivity 95% Cl
molecular technique = LAMP
Besuschio etal. 2017 b 8 15 —— 0.53 [0.27;0.79]
Flores-Chavez etal. 2021 b 82 174 —= 0.47 [0.40;0.55]
molecular technique = cPCR/qPCR
Britto et al. 1995 22 48 — 0.46 [0.31;0.61]
Carriazo et al. 1998 16 16 — 1.00 [0.79;1.00]
Castro et al. 2002 52 60 — 0.87 [0.75;0.94]
De Winne etal. 2014 a 148 187 = 0.79 [0.73;0.85]
De Winne et al. 2014 b 129 187 - 0.69 [0.62;0.76]
Deborggraeve etal. 2009a 27 27 — 1.00 [0.87;1.00]
Duarte etal. 2014 a 51 100 —— 0.51 [0.41;0.61]
Duarte et al. 2014 b 22 100 = 0.22  [0.14;0.31]
Espinoza et al. 1996 a 16 17 — 0.94 [0.71;1.00]
Espinoza et al. 1996 b 17 17 —3 1.00 [0.80;1.00]
Ferrer etal. 2013 ¢ 10 42 —— 0.24  [0.12;0.39]
Ferreretal. 2013 d 11 42 — 0.26 [0.14;0.42]
Gil et al. 2007 84 89 = 0.94 [0.87;0.98]
Gomes et al. 1999 66 79 — 0.84 [0.74;0.91]
Guitierrez et al. 2004 67 79 —= 0.85 [0.75;0.92]
Hernandez et al. 2016 ¢ 273 481 = 0.57 [0.52;0.61]
Hernandez et al. 2016 d 309 481 = 0.64 [0.60;0.69]
Mayta et al. 2019 47 150 - 0.31  [0.24;0.39]
Melo et al. 2015 39 40 —= 0.98 [0.87;1.00]
Prion et al. 2007 a 16 38 —a 0.42  [0.26;0.59]
Prion et al. 2007 b 16 38 —a 0.42
Ramirez et al. 2009 a 178 240 - 0.74 i .
Ramirez et al. 2009 b 180 240 = 0.75  [0.69;0.80]
Ramirez etal. 2015 a 122 145 = 0.84 [0.77;0.90]
Ramirez et al. 2015 b 17 145 = 0.81 [0.73;0.87]
Seiringer etal. 2017 a 50 50 — 1.00 [0.93;1.00]
Seiringer etal. 2017 b 47 50 —a 0.94 [0.83;0.99]
Seiringer etal. 2017 ¢ 45 50 — 0.90 [0.78;0.97]
Seiringer etal. 2017 d 49 50 —= 0.98 [0.89;1.00]
Viettri et al. 2022 ¢ 28 33 —a— 0.85 [0.68;0.95]
Viettri et al. 2022 d 30 33 — 0.91 [0.76;0.98]

0 02 04 06 08 1

(a) Sensitivity: Sensitivity

Technique: LAMP versus Technique: cPCR/qPCR

Total
Study TN  (TN+FP) Specificity 95% Cl
molecular technique = LAMP
Besuschio etal. 2017 b 10 10 1.00 [0.69;1.00]
Flores-Chavez etal. 2021 b 34 34 1.00 [0.90; 1.00]

molecular technique = cPCR/qPCR

Britto et al. 1995 124 124 1.00 [0.97;1.00]

Carriazo et al. 1998 10 10 _— 1.00 [0.69;1.00]
Castro et al. 2002 9 9 E— 1.00 [0.66;1.00]
De Winne etal. 2014 a 85 88 = 0.97 [0.90;0.99]
De Winne etal. 2014 b 87 88 - 0.99 [0.94;1.00]
Deborggraeve etal. 2009a 108 108 = 1.00 [0.97;1.00]
Duarte et al. 2014 a 105 105 L] 1.00 [0.97;1.00]
Duarte et al. 2014 b 105 105 L 1.00 [0.97;1.00]
Espinoza et al. 1996 a 5 5 —d 1.00 [0.48;1.00]
Espinoza et al. 1996 b 5 5 —_— 1.00 [0.48;1.00]
Ferrer etal. 2013 ¢ 30 30 — 1.00 [0.88;1.00]
Ferrer etal. 2013 d 30 30 — 1.00 [0.88;1.00]
Gil etal. 2007 62 67 —= 0.93 [0.83;0.98]
Gomes et al. 1999 24 34 — 0.71  [0.53;0.85]
Guitierrez et al. 2004 24 25 — 0.96 [0.80;1.00]
Hernandez et al. 2016 ¢ 138 141 = 0.98 [0.94;1.00]
Hernandez et al. 2016 d 137 141 = 0.97 [0.93;0.99]
Mayta et al. 2019 115 115 = 1.00 [0.97;1.00]
Melo et al. 2015 20 20 —= 1.00 [0.83;1.00]
Prion et al. 2007 a 144 144 1.00
Prion et al. 2007 b 144 144 1.00
Ramirez et al. 2009 a 20 20 — 1.00
Ramirez et al. 2009 b 20 20 — 1.00
Ramirez et al. 2015 a 50 50 — 1.00
Ramirez etal. 2015 b 50 50 — 1.00
Seiringer etal. 2017 a 3 3 _— 1.00
Seiringer etal. 2017 b 3 3 _— 1.00
Seiringer etal. 2017 ¢ 3 3 _— 1.00
Seiringer etal. 2017 d 3 3 _— 1.00
Viettri et al. 2022 ¢ 61 61 = 1.00
Viettri et al. 2022 d 61 61 = 1.00
I R B E—
. 0 02 04 06 08 1
(b) Specificity: Specificity

Technique: LAMP versus Technique: cPCR/qPCR

Pooled Sensitivity = 0.48 (0.40 to 0.55)
Chi-square = 0.21; df = 1 (p = 0.6444)
Inconsistency (I-square) = 0.0 %

Pooled Sensitivity = 0.68 (0.66 to 0.70)
Chi-square = 630.98; df = 30 (p = 0.0000)
Inconsistency (I-square) = 95.2 %

Pooled Specificity = 1.00 (0.92 to 1.00)
Chi-square = 0.00; df = 1 (p = 1.0000)
Inconsistency (I-square) = 0.0 %

Pooled Specificity = 0.98 (0.98 to 0.99)
Chi-square = 89.77; df = 30 (p = 0.0000)
Inconsistency (I-square) = 66.6 %

Fig. 4 Forest plots with imputed studies testing molecular methods in chronic phase Chagas disease (CCD) diagnosis, PCR/gPCR versus LAMP

techniques: a sensitivity and b specificity of the studies

The quality of the studies was analysed using the QUA-
DAS method. Most of the articles included are based on
trials in the second phase of validation by calculating the
predictive values in a comparative cross-sectional study
in subjects with suspicion of the disease or examining
routine laboratory methods; therefore, they present some
bias in the choice of patients. In many of them, the avail-
ability of the reference test result information was not
detailed before the index test was performed, nor were
they clear in relation to the reference tests, especially in
the case of chronic infection. All studies used reference
serological methods, although it is necessary to per-
form other tests to differentiate between acute phase or
chronic phase. It is worth noting the lack of information
in most of the articles about commercial methods, espe-
cially in the sampling and reference tests (Tables 1, 2 and
Fig. 2).

The 32 selected studies exhibit high variability of
results. This uncertainty depends mainly on infection
phase in addition to the different molecular targets,
primers, probes, extraction methods and amplification
methods, making it difficult to standardize molecular
techniques for the diagnosis of CD. In addition, most
studies indicate the propensity for errors when 7. rangeli
and T cruzi are co-circulating in a same area. Analytical

sensitivity is more consistent for kDNA-based PCR ver-
sus satDNA, depending on the doses present in the
different genomes of DTUs [47]. The main problem pre-
sented by kDNA as a diagnostic target lies in the enor-
mous number of false positives found in patients infected
with T. rangeli, since the kinetoplast minicircles seem to
be quite conserved within the genus; therefore, in areas
where T. cruzi and T. rangeli are endemic, the use of
satDNA PCR is recommended, as T. rangeli has few cop-
ies of the satellite sequence [48].

Observationally, it can be determined that kDNA-
focused molecular diagnostic methods are more sensitive
and those based on satDNA are more specific. Multiple
comparative studies have been carried out between the
different PCR methods for the diagnosis of CD [26, 49].
The international study developed by PAHO and WHO
in 2011 stands out [12], in which the diagnostic tech-
niques used in 26 laboratories in 16 countries with dilu-
tions of isolated strains, clinical samples and artificially
infected samples are evaluated, defining satDNA and
kDNA as the most effective targets. Many studies pre-
sent inconclusive results that must be analyzed on mul-
tiple occasions to determine the infection status in acute
infection or to determine the parasitaemia in chronic
infection [27, 31, 41]. When the disease becomes chronic,
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Fig. 5 HSROC curve of the diagnostic molecular tools: Chronic phase (CCD) patients with subgroups by boiling and addition of guanidine

to the blood samples

time is not an entirely determining factor, but time could
be vital in cases of congenital infections, oral infections,
conditions of immunosuppression or for patients under-
going a transplant process.

After the statistical analysis of the diagnostic efficacy of
the protocols that apply molecular techniques, it is con-
cluded that they are recommendable for routine diag-
nosis in the acute phase. These are sufficiently specific
and sensitive methods for application (84.9% cumulative
sensitivity and 98.5% cumulative specificity). None of the
different molecular techniques (cPCR, qPCR and LAMP)
present a DOR lower than 10, indicating a very high

capacity to discriminate between infected and healthy
patients [50]. These results are explained by the close
relationship between parasitemia and diagnostic efficacy
for any direct diagnostic method. In cases of acute infec-
tion, parasitemia is relatively high, which makes it possi-
ble to detect the pathogen’s DNA in most blood samples
from patients.

The diagnostic effectiveness of molecular techniques
in the chronic phase presents a low sensitivity (cumu-
lative sensitivity of 67%, 95% CI 65.4—68.5) for use as a
routine diagnostic tool. This depends on the number of
circulating parasites. Furthermore, in the chronic phase,
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parasitemia is low and intermittent. Therefore, in the
processing of the sample from collection to the devel-
opment of the test, there may be insufficiently high
concentrations of parasitic DNA to be amplified. A pos-
sible solution to this limitation is the collection of several
serial samples from the same patient at different times or
an increase in the volume of blood drawn.

In general, the major problem with direct diagnostic
techniques, whether molecular or conventional, is their
limited application in endemic areas. These are regions in
which the vast majority of those infected are in the inde-
terminate chronic phase of the disease; in these cases, the
PCR result is positive for between 50 and 90% of those
infected [51].

In addition, the results present great variability depend-
ing on multiple factors, such as the patient’s parasitae-
mia, the volume and processing of the sample, the target
of the technique or the characteristics of the population
[51].

On the other hand, a negative result does not exclude
infection, and a serological test would be unavoidable.
The entire international community agrees that the most
recommendable approach is the combination of both
types of diagnosis [28].

The heterogeneity between studies was very high, both
in the acute phase (acute: I* sensitivity="76.1% and I*
specificity =77.9%, P<0.001) and chronic phase (chronic:
P sensitivity =95.2% and I* specificity =64.9%, P<0.001).
This heterogeneity could be explained by different factors
that imply a certain patient selection bias and the scarcity
of comparative studies. Another determining factor that
can explain these contrasts would be the different DT Us
circulating in each geographical region in which the stud-
ies were carried out, as well as methodological errors in
some protocols lacking amplification controls.

The analysis of the heterogeneity of the studies in the
chronic phase showed significant relationships between
two fundamental variables for the diagnosis of CD: use
of the boiling bath and the addition of guanidine to the
blood sample. Thus, the addition of guanidine buffer to
the blood sample after its collection and the bath in boil-
ing water significantly increased the sensitivity of the
technique. This result was confirmed by other meta-anal-
yses carried out on molecular diagnostic techniques for
CD, such as that of Brasil et al. [51].

This difference is based on the release of parasite DNA,
both by guanidine and by the boiling bath. The addition
of guanidine hydrochloride to the sample with EDTA,
forming the so-called guanidine-EDTA-blood (GEB),
homogenizes the parasite’s DNA, inhibits DNases and
facilitates sample preservation, even at room tempera-
ture. With this procedure, it is possible to detect 1 para-
site in up to 10 mL of blood [52].
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The boiling water bath has previously been described
as an efficient physical method of separation of the DNA
networks present in the kinetoplast of the parasite,
increasing the homogeneity of the genetic material in the
blood sample [52]. The low concentration of parasites in
the samples from patients in the chronic phase makes it
necessary to homogenize the genetic material to ensure
that after collecting the volume for the extraction pro-
cess, the highest possible concentration of free parasite
DNA is achieved. The search for new methods capable
of increasing the ability to dissociate and disperse DNA
throughout the sample seems to be the way forward in
clinical practice.

No significant differences were found in parameters
such as age, location, endemicity, type of study, refer-
ence serological tests, or year of publication. The volume
of sample processed for DNA extraction did not turn out
to be a factor involved in the heterogeneity of the stud-
ies either, in the same way as the different extraction
techniques (salting out, phenol-chloroform method or
commercial methods), the different sample conservation
protocols, or the bath in boiling water.

It should be noted that no significant differences were
observed between the different main molecular tech-
niques (cPCR, qPCR and LAMP) or in their variants,
such as nested PCR, hot-start techniques, multiplex
PCR or duplex PCR. The different molecular targets do
not appear to be determinant in the diagnosis of the dis-
ease either, although this result is not entirely clear, as
there exist a vast majority of articles in which kDNA and
satDNA detection techniques are assessed. We can con-
clude that both targets have similar diagnostic efficacy,
but in the case of the other molecular targets such as
H2DNAA, Tc24, pE13DNA or 18SrRNA, no conclusion
could be drawn due to the scarcity of articles that ana-
lysed techniques focused on these genomic regions.

A large number of different primer sets have been
defined in the different bibliographic records, but it was
not possible to identify the different combinations as a
source of heterogeneity. Furthermore, the differences
between the articles that used different types of develop-
ment of the results or development using fluorescence or
turbidimetry techniques in real time were not significant.

Limitations of evidence

There is a specific probability that the observed heteroge-
neity comes from items not included in this analysis due
to incomplete data in the included publications. In many
studies, methodological characteristics, such as sample
collection period, age or mean age of participants, sex
distribution of the sample, rural or urban origin, clinical
presentation of the disease, sample preservation condi-
tions, period between compared tests, DTUs endemic
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to the different geographic areas at the time of the study,
inhibition and reaction contamination controls, or the
time between sample collection and processing, were not
determined/specified/recorded. In addition, summary
estimates of diagnostic efficacy were grouped into sub-
groups under conditions of high heterogeneity; therefore,
we should be careful/cautious/conservative in the inter-
pretation of the results.

Applicability of findings/Interpretation

We recommend that health authorities standardize and
optimize molecular diagnostic techniques for better
diagnosis and control of this disease.

Conclusions

The results of this systematic review and meta-analysis
indicate the following: 1st) In chronic patients, the per-
formance of molecular techniques is not good enough
for diagnosis. In patients in the acute phase, reliability
increases significantly. These results support the conclu-
sion that molecular techniques can be applied for routine
diagnosis in patients in the acute phase, but the simul-
taneous use of molecular and serological techniques in
chronic patients is recommended. 2nd) Among the dif-
ferent molecular techniques analysed, a high variability
of diagnostic efficiency is observed. Parasitemia is one
of the most important limiting factors since it influ-
ences diagnostic efficacy, and it is also a highly variable
condition in each patient. Likewise, the different proto-
cols applied in molecular tests involve a large number of
factors that could increase the differences in the results.
3rd) The results described in this meta-analysis (quali-
tative and quantitative analyses) do not allow the selec-
tion of the optimal protocol of molecular method for
the study of Trypanosoma cruzi infection in any of its
phases, among other reasons due to the complexity of
this infection.
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