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  Chagas disease, also known as American trypanosomiasis, is a chronic and systemic parasitic infection which 
has become a serious epidemiological problem not only in endemic regions (Latin America), but also in non-
endemic ones like North America, Europe, and Oceania. Subjects with the indeterminate chagasic form (ICF), 
a chronic asymptomatic disease stage, are the main sources of non-vectorial dissemination through blood trans-
fusion, organ transplantation, and congenital transmission. It has been suggested that 94% of urban infec-
tions can be explained by these subjects. Under this scenario, the availability of simple and effective screening 
methods for ICF detection becomes crucial for both prevention of disease propagation and detection of clin-
ical stages. Recently, a new non-invasive method has been proposed for ICF detection. It is based on surface 
high-resolution ECG and it could be easily adopted and included in modern ECG devices, overcoming the limi-
tations of serological-based tests. The proposed method shows accuracy for early ICF screening, thus improv-
ing prognosis by defining the clinical stages and allowing appropriate and effective treatment.
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Background

Chagas disease (ChD), also known as American trypanosomi-
asis, is a chronic and systemic parasitic infection caused by 
the hemoflagellated protozoan Trypanosoma cruzi. Currently, 
around 8 million people are infected worldwide according to 
the World Health Organization [1], with an estimated econom-
ic global cost of more than 23 billion dollars [2]. It is endem-
ic in 21 countries of Latin America [1], where it is principally 
transmitted by the feces of triatomine bugs after blood-feed-
ing on human hosts. Although only this region has been his-
torically affected, continuous migration from rural to urban 
areas as well as outside Latin America has widely spread the 
disease to non-endemic areas. Regions like Europe, Oceania, 
East Pacific Ocean countries, and North America are regis-
tering an increasing number of ChD disease patients in their 
populations [3]. Its impact has been compared to the burden 
of HIV/AIDS disease in Latin America [4] and has been recog-
nized as a new global health problem [3–5]. In non-endem-
ic regions, the transmission occurs by non-vectorial mecha-
nisms, and it is known as urban Chagas, which mainly occurs 
by blood transfusion and organ transplantation, and also by 
congenital transmission known as the vertical route [6], pri-
marily from undiagnosed asymptomatic carriers. Increasing 
numbers of patients detected by routine screenings of blood 
banks or organ banks in the USA led to the implementation, 
in early 2007, of the first diagnostic test for Chagas disease 
approved by the Food and Drug Administration for use in the 
USA [7]. It has been suggested that around 94% of new in-
fections of urban Chagas occur from subjects with the inde-
terminate or chronic asymptomatic chagasic form (ICF) [8].

Transmission of Trypanosoma cruzi through the placenta, which 
leads to congenital Chagas disease, has also been well doc-
umented. The first to describe a congenital case was Dao in 
Venezuela in 1949. Afterwards, congenital ChD cases were re-
ported by numerous authors reviewed in [9–12]. This type of 
transmission has become particularly important in non-en-
demic countries, which in recent years received a large in-
flux of immigrants, including many with Chagas disease, with 
a large number of women of childbearing age, who would con-
tribute in new congenital cases [13]. However, in endemic re-
gions this form of transmission is still very important, espe-
cially where vector transmission has been interrupted; thus, 
in endemic areas, congenital ChD cases generate new cases. 
According to a 2015 World Health Organization report, it was 
estimated that in Argentina, for instance, there are 211 102 
chagasic women of childbearing age and congenital transmis-
sion reaches 1457 cases per year, being greater than the vec-
tor transmission, which is estimated at 1078 new cases per 
year [14]. Moreover, early diagnosis in these congenital cases 
is crucial in treating infected children in the first years of life.

Chagas disease is manifested in 2 stages: acute and chronic. 
The first is a short-term clinical stage produced after the para-
site enters the body and lasts for 4–8 weeks; its course is gen-
erally asymptomatic and in a small number of cases causes 
death by severe myocarditis and meningoencephalitis, espe-
cially in children [15]. The chronic stage is a long-term clinical 
condition that can persist for decades, having 4 different forms: 
indeterminate, cardiac, digestive, and cardio-digestive. From 
these forms, the ICF is defined as a combination of infection 
(which can be confirmed by either serological or parasitolog-
ical tests), a normal chest radiograph and electrocardiogram 
(ECG), a normal barium swallow and enema, and the absence 
of clinical signs and symptoms of disease [16–18]. This dis-
ease stage can persist for 10–30 years or can be lifelong while 
the subject can remain undiagnosed. Thus, subjects with ICF 
can be one of the main dissemination sources of the disease 
by means of vertical route and/or blood or organ donation. 
In addition, only 30–40% of ICF cases evolve into some of the 
other chronic stages with clinical and detectable evidence of 
cardiac, digestive, or cardio-digestive symptoms.

Discussion

Current diagnosis techniques applied for T. cruzi detection 
are based on blood samples analyzed in a clinical laboratory. 
The applied method differs depending on the infection stage. 
For instance, in the acute stage, high parasitic burden leads 
to the direct use of microscopic-based methods for detection 
of the parasite in blood samples. In the chronic stage, where 
high levels of anti-T. cruzi IgG antibodies are present in se-
rum, indirect methods are used. According to Haberland et al. 
[19], the most commonly used methods are ELISA test (sen-
sitivity=94–100%, specificity=96–100%), indirect hemagglu-
tination (HAI, sensitivity=88–99%, specificity=96–100%), and 
indirect immunofluorescence (IFI, sensitivity=98%, specifici-
ty=98%). Despite being highly sensitive and specific, serolog-
ical tests can have some cross-reactivity, for example if the 
patient presents other kinetoplastid infection with intracellu-
lar parasites or bacterial diseases (e.g., malaria or toxoplasmo-
sis) and with some autoimmune conditions such as rheuma-
toid arthritis and systemic lupus erythematosus [20]. Aiming 
to avoid false-negatives and false-positives, at least 2 different 
serological methods or 2 ELISA tests with different antigens 
are required to confirm the diagnosis. However, since ICF sub-
jects do not manifest any sign or symptom, they are reluctant 
to perform a “just in case” serological test. In addition, con-
ventional serological methods are mainly available in large ur-
ban centers, while in endemic regions, ChD infections occur in 
small and remote towns or in urban areas that lack laborato-
ry infrastructure or qualified staff [21,22]. Moreover, given the 
fact that serological tests are commonly conducted in urban 
centers, blood sample transportation to a central laboratory is 
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compulsory and crucial. Serological testing of blood samples 
from remote areas not only requires expensive equipment and 
supplies, but also a cold-chain storage procedure to keep the 
samples in good condition prior to the test. In Latin America, 
ChD is mainly confined to poor and remote regions, and ful-
filling these requirements is difficult. On the contrary, in non-
endemic regions such as Europe and North America, chagas-
ic subjects predominantly live in large urban areas. Moreover, 
serological tests are not routinely applied, thus the indetermi-
nate asymptomatic subjects remain undetected, consequently 
increasing the disease dissemination potential. These scenar-
ios require new diagnostic assays both in acute and chron-
ic stage, as well as methods to confirm parasitic absence in 
cured patients [21]. They should be cheap and easy to imple-
ment to facilitate and encourage their use in routine clinical 
visits, in order to provide early diagnosis of ChD. It is acknowl-
edged that early diagnosis is crucial for a successful antitry-
panosomal therapy. Nevertheless, early detection of ChD is 
rare and, as a consequence, early treatment of asymptomat-
ic individuals is highly underused [23]. In addition, early-diag-
nosed subjects have better prognosis and the proportion of 
patients cured after drug treatment decreases with the dura-
tion and severity of the infection [24]. For instance, accord-
ing to Rassi et al. [23], anti-trypanosomal drug therapy cures 
the infection in 50–80% of patients in the acute stage of dis-
ease and this rate diminishes to 20–60% for the indetermi-
nate chronic form and becomes even lower for cardiac, diges-
tive, or cardio-digestive chronic cases. Furthermore, subjects 
with the ICF (ie, with normal ECG) have good prognosis, with 
mortality rates similar to non-chagasic cases [25]. Thus, ear-
ly detection of ICF individuals could not only allow the possi-
bility of early cardiological treatment, but also reduce parasit-
emia levels in the patients and avoid their evolution to more 
severe disease stages by proper antitrypanosomal therapy.

The parasite Trypanosoma cruzi has a predilection for muscles 
(including myocardium) and ganglion cells [26], which are often 
destroyed [20] and can produce alterations of the cardiovascu-
lar system leading to chronic chagasic cardiomyopathy (CCC). 
This cardiomyopathy is the most important clinical aspect of 
ChD due to its frequency and severity [17]; therefore, electro-
cardiography has been recognized as one of the single most 
effective examination techniques for patients with CCC [16]. 
In the last decade, useful high-resolution ECG (HRECG) meth-
ods have been developed for clinical assessment of ChD, in-
cluding beat-to-beat analysis of QRS complex durations [27], 
3D vectorcardiographic assessment from orthogonal HRECG 
channels [28], ventricular late potentials analysis using aver-
aged HRECG [27], and prognostic value and risk stratification of 
ChD patients using averaged HRECG [29]. Electrocardiographic 
abnormalities during the course of the disease are the first 
clinical evidence of disease progression. However, heart in-
volvement is mainly detected in the chronic evolved stages of 

the pathology, since the disease generally is asymptomatic in 
the early stages and the onset of ECG alterations remain un-
detected [30]. At present, there are no determinants of pro-
gression of the disease from the indeterminate Chagasic form 
to more severe stages described [18], nor is there electrocar-
diographic evidence in standard 12-lead ECG that could guide 
early detection of ICF subjects. Furthermore, it has been ac-
knowledged that ECG techniques are powerful tools for the 
screening of CCC in asymptomatic patients with previously 
proven myocardial involvement using cardiac magnetic res-
onance imaging (MRI) [31]. However, the early detection of 
the ICF has been elusive. Hence, the availability of a portable 
device that can provide evidence of the disease is highly de-
sired, since it could trigger confirmation through other more 
sensitive but complex methods such as serological testing.

It is important to note that the absence of ECG disturbances in 
the early indeterminate chagasic form do not imply an absence 
of functional disorders. However, a normal 12-lead ECG result 
indicates a favorable prognosis for a patient when compared 
to ECG-altered ones [30]. Although the subject could have a 
normal ECG, significant functional abnormalities in the chronic 
ICF was experimentally demonstrated [32,33]. Thus, searching 
for disease conduction disorders on ECG, several researchers 
used HRECG for asymptomatic chagasic identification of sub-
jects. Early attempts using QRS slopes found potential distur-
bances in myocardial conduction in a chronic asymptomatic 
ICF cohort [34]. Mainly, alterations exposed in the downward 
slope of the QRS complex were reported. Similarly, in a report 
using the high-frequency components of the QRS (an index 
also reflecting conduction propagation through the myocar-
dium), a weak relationship between healthy and ICF subjects 
was reported [35]. However, these methods fail in early dis-
ease detection and lack appropriate validation.

Recently, a novel high-resolution ECG-derived index called VLFCI 
(very low-frequency correlation index) was proposed and eval-
uated in a database of chagasic patients, suggesting a differ-
ential behavior between healthy and ICF individuals [36]. The 
index was assessed and validated [37], from which a simple 
and easy VLFCI-based algorithm for early detection of subjects 
with asymptomatic ICF was presented. The method is simple 
enough to be implemented in commercial ECG devices (such 
as Holters or clinical electrocardiographs) as a routine screen-
ing test. Moreover, it could introduce a point-of-care solution 
for the early identification of ChD, overcoming the strong lim-
itations of serological tests for diagnosis in difficult-to-access 
rural areas (a common problem in endemic regions). The meth-
od is fast and takes just 7 minutes of ECG record acquisition. 
Its implementation in portable devices could result in a low-
cost solution to ChD screening, since no reactives or supply 
chain is required for its use.
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Subjects with ICF could benefit most, since early detection im-
plies a better therapy outcome. By means of the proposed al-
gorithm, indeterminate-form ChD patients could be screened 
quickly, easy, and in situ. The method is based on the evaluation 
of the correlation between very low-frequency spectral bands 
from HRECG time series using the orthogonal lead system, al-
lowing identification of 68.4% of subjects with ICF, with ~84% 
confidence (positive predictability). In this context, the proposed 
method is able to detect a population prone to potential disease 
dissemination and at the same time a population that could ben-
efit from adequate therapy leading to higher chances of cure.

It is worth pointing out that the method is not able to replace 
conventional blood-sample tests. However, it leads to massive 
and fast in situ screening for the disease, requiring post-confir-
mation by conventional serological techniques. Although this 
latter analysis can be determinate in detecting a Trypanosoma 
cruzi infection, they are difficult to implement in endemic re-
gions and are not routinely conducted in many non-endemic 
countries. Hence, massive ChD screening could be crucial in 
terms of early disease identification in both endemic or non-
endemic regions. The availability of an automatic screening 
method for ICF could positively impact early treatment of ICF 
subjects by providing better prognosis and potentially prevent-
ing irreversible organ damage. Such a screening technology 

could also improve public health management by help con-
trol ChD propagation.

Conclusions

To the best of our knowledge, this is the first report on the use 
of the VLFCI and ECG to diagnose individuals with ICF. More 
importantly, it can be used as a simple screening/classification 
tool to help physicians detect the disease in the early stage. 
By appropriate statistical modeling and covariance structure 
definition, we have validated the VLFCI findings. Results ob-
tained from 2 separate datasets coming from different popu-
lations and different recording devices suggest the reliability, 
appropriateness, and reproducibility of the test, since VLFCI 
estimated values from both datasets shared similar distribu-
tion ranges. Nonetheless, the proposed methodology requires 
validation in larger-scale datasets and further experiments to 
better define VLFCI parameters, thus allowing improvements 
in screening performance. Due to the lack of proper high-reso-
lution ECG databases, future validation will demand the devel-
opment of new databases with careful attention to the record-
ing protocols and characteristics of the recording device. For 
proper assessment of the VLFCI, we strongly recommend the 
use of high-quality ECG devices to acquire noiseless records.
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