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Summary

Chagas disease is a complex parasitic zoonosis that still threatens public health across the Americas. Initiatives to
control Trypanosoma cruzi transmission via blood transfusion and non-native triatomine-bug vectors have yielded
crucial advances; native vectors, however, actively bridge wild and domestic/peri-domestic transmission cycles
throughout the region, and tens of thousands of people become infected each year. Oral-transmission outbreaks,
urbanisation, and vertical transmission are additional/emerging issues calling for innovative strategic thinking.
While critical for advocacy and sustained public health action, assessing Chagas disease burden remains difficult; the
often-asymptomatic nature of T. cruzi infection, healthcare access limitations, pervasive underreporting, and other
methodological hurdles inherent to reliably measuring incidence, prevalence, and disease progression all contribute
to the difficulty. Whether and how parasite, vector, and host genetic makeups affect transmission dynamics and
epidemiology is also unclear. Continued high-quality research and long-term, adaptive strategies combining vector
control surveillance with enhanced case detection and integral patient care remain critical to effectively address the
ethical and societal challenge of Chagas disease control.

This is the first in a Series of five papers about Chagas Disease. All papers in the Series are available at https://www.
thelancet.com/series/chagasdisease.
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behaviour, socioeconomic/political determinants, con-
trol programmes, and possibly parasite genetics.>* With

Introduction
Chagas disease, caused by the multi-host zoonotic

parasite Trypanosoma cruzi, was first identified in 1909
and has been endemic in the Americas for over nine
millennia." Many factors contribute to shaping the
complex epidemiology of the disease, including envi-
ronmental conditions, host and vector biology, human
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seven genetically distinct “discrete typing units” (DTUs
TclI to TcVI plus TcBat), T. cruzi is a remarkably diverse
protozoan.’ In recent decades, declining vector-borne
transmission (due mainly to vector-control efforts and
improved housing) and increasing prevalence in previ-
ously non-endemic settings (due mainly to international
and rural-to-urban migration) have substantially modi-
fied the disease landscape. These changes pose new
challenges for understanding transmission dynamics
and disease burden and for devising effective control
and prevention strategies.’

Chagas disease primarily spreads to humans via
blood-sucking true bugs of the subfamily Triatominae
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(Hemiptera: Reduviidae). Of about 160 known species
across five tribes and 18 genera, the most important
vectors are several American species of Triatoma,
Rhodnius, and Panstrongylus.”® T. cruzi transmission
cycles also involve over 150 domestic, synanthropic (i.e.,
living in close association with humans), and wild
mammalian host species in at least eight orders—
Didelphimorphia (opossums), Cingulata (armadillos),
Pilosa (sloths, anteaters), Rodentia (rodents), Chiroptera
(bats), Carnivora (e.g., dogs, cats), Artiodactyla (e.g.,
goats, pigs, donkeys), and Primates (monkeys and
humans).”"" Transmission occurs primarily when a
vector feeds on the blood of a susceptible mammal and
releases faeces and/or urine containing infective forms
of the parasite, which then enter the host through skin
lesions or mucous membranes.>*"? Human-vector
contact is more frequent, and transmission more
likely, when triatomine bugs stably infest houses.® Other
transmission routes include blood transfusion, organ
transplantation, consumption of infected food or bev-
erages, and vertical transmission from mother to foetus;
predation of infected triatomines may be a relevant
infection route among non-human mammals
(Table 1).212%

Despite the large reductions in transmission by
house-infesting vectors, Chagas disease remains
endemic across continental Latin America, with about
75 million people living at risk of infection.”** Estimates
by the World Health Organization/Pan American
Health Organization (WHO/PAHO) suggest that, be-
tween the early 1990s and 2010, prevalence fell from
~18 to 6-8 million infected people, and incidence fell
from ~200,000 to ~40,000 new cases per year.”®*

Estimates from the Global Burden of Disease (GBD)
study,” however, differ substantially for both past
prevalence (~7.3 million infected people in 1990; ~6.7
million in 2010) and recent incidence (~186,000 new
cases in 2010; ~240,000 in 1990).* While these dis-
crepancies highlight the hurdles inherent to getting
robust estimates of key epidemiological parameters and
merit detailed scrutiny, steady progress in Chagas dis-
ease control is nevertheless undeniable.”*' Such prog-
ress owes mainly to national and regional public-health
initiatives fostering vector control and blood- and organ-
donor screening,* likely with contributions from secular
trends of housing-quality improvement and the rural
exodus,”** and has shifted focus towards vertical and
oral transmission.'®*

Crucially, however, the vast majority of new infections
(likely >90%) go undiagnosed, and an estimated 70% of
infected individuals are unaware of their condition.>'***
While early detection of T. cruzi infection significantly
increases the odds of treatment success,’*’” only about
1% of those infected receive specific aetiological treat-
ment (for which two drugs, benznidazole and nifurtimox,
are available) in the Americas.*** If left untreated, Chagas
disease—and in particular acute oral infections and
chronic cardiac and digestive symptomatic forms—is
associated with considerable morbidity, mortality, and
overall burden.”*” The wide gap between diagnostic/
therapeutic needs and resources arises from a combina-
tion of (i) the asymptomatic/oligosymptomatic (i.e.,
without or with few signs or symptoms) nature of most
infections and (i) healthcare-related issues, including
limited Chagas disease awareness among health staff and
policymakers, under-resourced primary-care systems,

Route

Details and likelihood of infection

Vector-borne

Vertical

Oral

Transfusion

Organ
transplantation

In Chagas disease-endemic areas from the southern USA to northern Argentina and Chile, Trypanosoma cruzi transmission is primarily mediated by vectors.®* Large-
scale insecticide-spraying campaigns have drastically reduced transmission by non-native populations of Triatoma infestans, T. dimidiata, and Rhodnius prolixus.”
However, house-invading and house-infesting native populations of these three ‘primary’ and dozens of other ‘secondary’ vector species maintain transmission in
rural and peri-urban communities throughout the Americas.”® Even though the underlying mechanism is rather inefficient,”® this persistent, geographically-
widespread transmission mediated by native vectors still causes thousands of new infections per year and remains the primary driver of incidence.”> Most new
vector-borne infections (up to ~95%) are asymptomatic/oligosymptomatic and remain undiagnosed and unreported."

Vertical transmission is the main source of new infections in non-endemic countries/territories and in urban settings where vectors are rare or absent.'**> Frequency
estimates, however, are sparse and heterogeneous. The probability of transmission from infected mother to child usually ranges between ~1-2 and ~5-6%, and may
be higher in endemic than in non-endemic countries.>*® High parasite loads likely increase, and anti-T. cruzi treatment of infected childbearing-aged women likely
reduces, the odds of vertical transmission; the roles of maternal immune status, twin pregnancy, or parasite strains/genotypes should be better elucidated.**> Not
all endemic countries consistently implement screening programs.'’*

Oral transmission probably helps maintain enzootic infection among non-human mammals.'®® It may also be a relevant source of human infections, with localised
outbreaks and isolated cases reported with increasing frequency from several countries."®”%*> Contamination of food or beverages by infected vectors (or, more
rarely, opossums) is likely the main underlying mechanism, but consumption of infected mammals might also play a role.”® High infectious loads often result in a
more severe clinical picture, including more severe acute myocarditis, than what is usually seen in classical vector-borne transmission.”* This conspicuous clinical
picture, together with active contact-tracing during outbreaks, likely increases the fraction of incident cases that are diagnosed and reported.”
Transfusion-associated T. cruzi transmission was once a major issue, but nearly-universal donor screening in blood banks across all endemic countries has effectively
brought it under control.”””* The risk of infection after transfusion of one unit of blood from an infected donor has been estimated at ~10-20% in endemic
countries; recent evidence from non-endemic settings suggests that risk may be ~6-26% for platelets, but just ~0-4% for packed red blood cells, plasma, and
cryoprecipitates.”

The risk of transmission associated with transplantation of an organ from an infected donor has been reported to vary between ~13 and ~75% in various cohorts
and seems to be organ-specific, with transmission apparently less likely in kidney and liver recipients than in heart recipients.”*

Table 1: Trypanosoma cruzi transmission routes and probability of infection.
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inadequate availability of point-of-care testing and specific
drugs, and low screening coverage.”** Bridging this gap,
which disproportionately affects underserved commu-
nities and social groups,* is vital for reducing the
burden of Chagas disease and for enhancing patient
health outcomes.”

In this series paper we review the current status of
Chagas disease in the Americas. We focus primarily on
T. cruzi transmission and spread, on the individual and
societal burden associated with Chagas disease, and on
the strategies used to alleviate such burden. Our aim is
not only to provide an updated synthesis of current
knowledge, but also to contribute to inform future
research, interventions and policies. Other papers
published in this Chagas disease series cover further
relevant aspects including disease progression and
severity,” the potential effects of climate change on
vector-borne transmission,”® diagnosis,”” and recent
developments in vaccines and therapeutics.*

Transmission of Trypanosoma cruzi, past and

present

Vector-borne transmission

Chagas disease transmission dynamics involve complex
interactions between T. cruzi, its insect vectors, and its
mammalian hosts including humans (Fig. 1). Notably,
however, many other components of the environment
also play important roles in T. cruzi transmission. For
example, climate/eco-regional patterns and human-
mediated (passive) dispersal may dictate which vector
and host species (co-)occur at coarse geographic scales;”
land-use patterns (e.g., deforestation, urbanisation) may
modulate landscape-scale vector abundance and infec-
tion or host-community composition;**** and ecotope-
scale vector abundance and infection often vary with,
e.g., microhabitat structure (building materials, palm—
crown complexity), microclimate, bloodmeal availabil-
ity (including the blood of vertebrates that do not host
T. cruzi, such as birds), human behaviour (e.g., insec-
ticide use, husbandry of domestic animals), predation/
pathogen pressure, or the bugs’ microbiota.””*” We
emphasise, then, that Fig. 1 (and similar figures found
in some textbooks and papers) is a simplified depiction
of the intricate network of trophic/ecological in-
teractions that—further modulated by parasite, vector,
and host genetics—ultimately underpin vector-mediated
T. cruzi transmission.

A key historical event in the transition of T. cruzi from
wildlife parasite to widespread human pathogen was the
accidental introduction of a few highly synanthropic
populations of Triatoma infestans, T. dimidiata, and Rhod-
nius prolixus beyond their native ranges.”” These non-
native triatomines heavily infested homes but did not
spread back into wild habitats, and became known as
‘primary’, ‘domestic’, or ‘strictly domiciliated’ vectors.
Non-native ‘primary’ vectors were successfully targeted by
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large-scale insecticide-spraying campaigns (see below), but
still persist in northern Colombia (R. prolixus), coastal
Ecuador (T. dimidiata), and parts of Peru, Argentina,
Paraguay and, to a lesser extent, Chile and Brazil
(T. infestans).”” Importantly, all ‘primary’ vector species are
native to some subregion of Latin America: T. infestans to
the dry Chaco and the Bolivian montane dry forests,
R. prolixus to the Orinoco basin, and T. dimidiata to
Mesoamerica-northern South America (Fig. 2).°%%7
These three and 140+ further native-American tri-
atomine bug species maintain T. cruzi transmission cycles
in highly diverse microhabitats (from underground to
forest canopy) and ecoregions (from hyper-arid deserts to
hyper-moist rainforests) over most of the Americas
(Fig. 2).*

Many such native species also invade and infest
houses and peridomestic structures in rural, periurban,
and urban settings across the region (Fig. 2).°*%7° The
prevention of recurrent/persistent T. cruzi transmission
to humans by these native vectors is a critical standing
challenge.” Strictly wild vector populations involved in
enzootic transmission cycles are not targets for control,
but, to the extent that they occasionally enter houses,
should be the objects of surveillance.*”

The distinction between ‘native’ and ‘non-native’
vector species—which, we note, can only be made after
specifying a geographic unit (e.g., country or ecor-
egion) of reference—has major practical implications:
simply put, non-native populations can be locally
eliminated, whereas native vectors with widespread
wild populations cannot.®*7°”* Thus, the native/non-
native dichotomy was central to the insecticide-based
elimination of non-native T. infestans and R. prolixus
from large swathes of, respectively, the Southern Cone
and Mexico/Central America,””’*”* but more flexible/
adaptive strategies—emphasising the long-term con-
trol-surveillance of native vectors and fully integrating
case detection and patient care—will be required as the
remaining non-native populations dwindle.?***”° Crit-
ical to the design and operation of such sustainable
strategies is the issue of shrinking vector- and case-
detection probabilities.”” First, the ‘classical’ pattern
of spatially-clustered, heavy house infestations by a
single non-native vector species is replaced by a pattern
of recurrent house invasions and small infestation foci
scattered over vast geographic areas and involving
many, often little-known native species.”>**”° Second,
primary-healthcare workers become less familiar with
acute Chagas disease as new vector-borne infections,
which are almost always asymptomatic or oligo-
symptomatic,”” become rarer, further lowering the
chances of case detection.”” As risk and incidence
become less visible, policymakers may feel justified in
diverting limited resources away from Chagas disease
surveillance, which can only reduce visibility even
further and may lead to a perverse, positive feedback
loop undermining disease prevention.®
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Fig. 1: Ecoepidemiology and transmission dynamics of Chagas disease in the Americas.

Vertical transmission

Vertical (mother-to-child) transmission of T. cruzi is the
leading driver of Chagas disease incidence in vector-free
non-endemic countries and in Latin American cities or
territories where vector- and transfusion-mediated
transmission are effectively under control.”*” In 2010,
WHO/PAHO estimated that ~1.13 million women of
childbearing age (15-44 y old) were infected with
T. cruzi, leading to approximately 8700 new cases of
congenital Chagas disease each year.”® More recently,
PAHO suggested that at least 15,000 cases occur
annually in Latin America.”*

Meta-analytic summaries of the average rate of ver-
tical T. cruzi transmission (or ‘risk’, measured as the
percent of infected children among those born to
infected mothers) have ranged from ~4.7% (95% CI
3.9-5.6; studies published in 1975-2012) to ~2.0%
(1.0-2.0; studies published in 2004-2019)."'° Trans-
mission risk appears to vary widely among subregions,
and may be higher in endemic (~5%) than in non-
endemic countries (~3%)."7**!" A recent prospective,
multicentric observational study illustrates inter-country

variation within Latin America.* Seropositive mothers
(73.2% of which also tested positive by blood PCR) were
enrolled in Mexico (n = 32), Honduras (n = 182), and
Argentina (n = 136); while Argentina and Mexico re-
ported vertical transmission rates of 6.6% (95% CI
3.1-12.2) and 6.3% (0.8-20.8), respectively, there were
no confirmed congenital cases in Honduras.* The fac-
tors driving this variation in vertical-transmission risk
remain overall poorly understood.” Higher maternal
bloodstream parasite loads probably increase vertical-
transmission risk, and risk may also be higher when
previous pregnancies resulted in vertical transmission
and when the mother’s infection was itself congen-
ital.*#**” The evidence is weaker or inconclusive in the
case of other putative transmission-risk drivers/modu-
lators—including characteristics of mothers (e.g., age,
parity, residence in urban vs rural areas, exposure to
vectors, immune-effector levels), newborns (e.g., sex,
number of siblings, birth order, immune effectors), and
parasites (DTUs, strains, virulence factors)—, and
further research is needed to clarify their effects and
relative importance.'*”**!
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Fig. 2: Distribution of Trypanosoma cruzi vector species in the Americas. Main domiciliated vector species (Panel A): larger and darker points
correspond to records within the ecoregion-level native range of each species (light-coloured shapes), and smaller and lighter points to
recordsof non-native populations (some of which have already been eliminated).””> Other important vector species (Panel B). Data sourced

mainly from DataTri 2022."*

Crucially, mounting evidence suggests that treat-
ment of infected childbearing-aged girls and women
with specific anti-T. cruzi drugs reduces the odds of
vertical transmission in subsequent pregnancies.”
Furthermore, the early detection of congenital in-
fections virtually guarantees treatment success, with
cure rates close to 100%.”77¢ These findings have
galvanised efforts towards expanding maternal and
newborn Chagas disease screening, including the
PAHO-led ‘EMTCT plus Framework for Elimination of
Mother-To-Child Transmission of HIV, Syphilis, Hep-
atitis B, and Chagas’—which advocates for the inclusion
of T. cruzi-infection testing in routine ante/perinatal
screening and seeks to (i) achieve 90% T. cruzi-
screening coverage of pregnant women and children
born to seropositive mothers, and (ii) provide treatment
to 90% of seropositive women after delivery and infant
breast-feeding.**** Economic evaluations suggest that
ante/perinatal screening for T. cruzi infection, with
specific treatment offered when needed, would be
clearly cost-effective in both endemic and non-endemic
settings.””* Routine screening, however, has yet to be
widely implemented; substantial variation in diagnostic
guidelines/algorithms across countries and territories
reflects both technical/operational hurdles and a lack of
expert consensus.”””””*  Universal screening of

www.thelancet.com Vol 37 September, 2024

childbearing-aged women born in (or to mothers from)
endemic regions might hold the key to the primary
prevention of congenital Chagas disease.”””*!

Oral transmission

Oral transmission of T. cruzi is much more efficient
than ‘classical’ (percutaneous) vector-borne trans-
mission” and may represent the ancestral transmission
route.””* It is probably common among wild insec-
tivorous/omnivorous mammals that eat infected tri-
atomines, among carnivores that eat infected prey, and
among didelphid opossums exposed to anal scent-gland
secretions of infected conspecifics.'”'>**'® Similarly,
transmission to humans may be the result of eating/
drinking (i) raw or undercooked meat/organs/blood of
infected mammals or, more frequently, (ii) food/bever-
ages contaminated by infected vectors (or their faeces/
urine) or by the scent-gland secretions of infected
opossums.”” Oral transmission of human Chagas dis-
ease has been documented in Colombia, Venezuela,
Brazil, French Guiana, Ecuador, Bolivia, and Argentina,
but probably occurs elsewhere too.*"***1°'-> Foodborne
transmission tends to yield spatial-temporal case-
clusters or ‘outbreaks’ of acute Chagas disease
involving people who shared an infected meal, although
isolated cases have also been reported and many might
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go undiagnosed.”” There is no conclusive evidence
about transmission of T. cruzi through breast-feeding—
which should only be discontinued in acute or reac-
tivated Chagas disease or if there is nipple bleeding.'**

While outbreaks of foodborne Chagas disease were
first reported in the late 1960s,'” some recent, well-
studied instances—such as the 2007 Caracas outbreak
resulting in 103 infections among students and staff at
a local school—have highlighted the importance of this
transmission route.' An investigation of 49 outbreaks
across South America up to 2019 identified 15 out-
breaks associated with the consumption of agai (Euterpe
spp.) palm-fruit pulp—a staple food in the eastern
Brazilian Amazon.'” Sugar-cane juice, fruit juices
(guava, mango, orange, or rose-apple), palm products
(mainly from Attalea and Oenocarpus spp.), and even
water and soup, have also been linked to outbreaks; the
evidence, though, is often circumstantial, and in many
outbreaks no specific source of infection was identi-
fied."” Genotyping of T. cruzi isolates from a small
number of foodborne outbreaks revealed Tcl in
Colombia, Venezuela, French Guiana, and northern
Brazil; TcIl in southern Brazil; and TclIII and TclIV in
the Brazilian Amazon. 0102100105111

Foodborne T. cruzi infections are often more clini-
cally patent, more severe, and more deadly than vector-
borne infections; this has been linked to overall larger
infectious loads, and may result in a particularly high
per-case disease burden.” Importantly, increased dis-
ease severity and active contact tracing/testing—which
usually ensue when oral transmission is suspected—
both enhance the visibility of orally-transmitted acute
infections, thus helping reduce underreporting. This is
a sharp contrast to the often asymptomatic vector-borne
infections.”>'””

Although prevention of foodborne Chagas disease is
still an open issue, current knowledge suggests that it
will require considering distinct transmission scenarios
in (mainly) urban vs rural settings.'"""'® Urban outbreaks
may involve (i) infected vectors accidentally carried
within fruit cargos from harvesting or distribution sites
into nearby cities; (ii) local vector populations breeding
in, e.g., urban parks, forest remnants, or human
dwellings; or (iii) synanthropic opossums (that live in
close association with humans and thrive in anthropic
environments).'*""* Contamination of commercially-
distributed foodstuffs is of greater concern in urban
than in rural settings. Rural outbreaks (and likely also
isolated transmission events) are often linked to family-
or community-based production of non-commercial
food or beverages that become contaminated when
vectors fall into (or infest) food-processing gear.'*'* In
both rural and urban settings, foodborne Chagas disease
prevention and early case detection and management
require strong inter-sectoral health education, promo-
tion, and communication initiatives aimed at all stake-
holders—food producers, distributors, vendors, and

consumers; healthcare providers; public-health officials
and decision-makers; and the general public.>**"'* Food-
safety regulation is seen as key to preventing urban
outbreaks linked to food retail, but rural transmission
may be less sensitive to regulation. In rural settings,
prevention should focus instead on creating the condi-
tions for safer food production and management at the
household level, including, e.g., insect-screening of
food-processing premises/equipment and improved
hygiene along the entire production process—from food
handling, processing, and storing to the maintenance of
food-related gear.»*%11211¢

Transfusion- and transplantation-mediated
transmission
Transfusion-associated T. cruzi transmission caused
tens of thousands of new infections per year up to the
early 1990s."7" Since then, nearly-universal donor
screening in endemic countries has effectively brought
it under control.?>**'** Screening is now mandatory in all
countries where the parasite circulates naturally,
including the USA."*** However, the sheer amount of
donations and transfusions, the often non-negligible
prevalence of infection among donors, and the slightly
suboptimal performance of screening tests, taken
together, mean that mandatory screening likely misses a
non-trivial number of infected donations. For example,
WHO/PAHO estimates that ~93 per 10,000 (0.93%)
blood donations made in Latin America in 2010 con-
tained T. cruzi’®); assuming that all donations were
screened with a highly (99%) sensitive test, then ~930
infected donations yielded (false-)negative screening-test
results, and hence were labelled as safe, per million
blood donations. This suggests that T. cruzi infection
likely went undetected in over 9000 of the ~9.9 million
blood donations that, according to PAHO, were made in
Chagas disease-endemic countries in 2017."" Although
not all infected donations necessarily result in T. cruzi
transmission (see Table 1), clinicians and public-health
officials should keep in mind that sporadic
transfusion-related infections likely occur each year
across the Americas in spite of universal screening.?>'*’
According to WHO/PAHO estimates for 2010, the
average prevalence of T. cruzi infection among blood do-
nors (given here as number of positives per 10,000) in 17
Latin American countries ranged from 45 in Costa Rica to
~3000 in Argentina (median, 390; IQR 190-1340).*
Prevalence was >2000 in Argentina, Paraguay, and
Bolivia; >1000 in El Salvador and Guatemala; and rela-
tively low (<200) in Costa Rica, Chile, Honduras, Brazil,
and Ecuador.” Prevalence was intermediate (~350 per
10,000 donors) in Guyana by the late 2000s.'”* In the USA,
recent estimates vary from 3.3 (ref. ) to 6.4 (ref. '**), with
much higher values reported for, e.g., Florida (~26), Cal-
ifornia (~12 overall but up to ~36 in the southern part of
the state), and Texas (~15 per 10,000).”* Data from
Canada suggest a prevalence slightly above 3 per 10,000
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donors."” In 2005, Schmuiiis and Cruz noted that, tech-
nically, universal screening for T. cruzi infection may not
be cost-effective when donor infection prevalence is very
low; quite aptly, they then observed that “it is far more
difficult to explain this concept to the recipient of a
T. cruzi-infected blood unit”.'*”

Transmission of T. cruzi can also occur through
transplantation of organs or bone marrow from infected
donors, and may lead to severe disease in immuno-
suppressed patients.”*”'”'** Transmission can occur
when infected donors are not screened; when screening
yields false-negative results; or when transplantation
from a known infected donor proceeds because the
benefits for the recipient are deemed to outweigh the
risks—the management of which heavily relies on
timely diagnosis and treatment.”*"'>* Although the evi-
dence is weak overall, the probability of transmission
seems to be higher in heart (>75%) than in liver (~20%)
or kidney (~10-15%) transplantation.”'*”'* Immuno-
suppressive therapy can also lead to (potentially severe)
reactivation of Chagas disease in T. cruzi-infected in-
dividuals receiving organ transplantations, especially in
heart recipients.”'*'?*'**  Again, pre-transplantation
serological screening and risk management play crit-
ical roles in improving patient outcomes.”*"?1271% Ag
with blood transfusion, international migration has
outspread the risk of transplantation-mediated T. cruzi
transmission to non-endemic settings.'*'*'!

The genetic diversity of Trypanosoma cruzi
Trypanosoma cruzi is a genetically highly diverse para-
site.”"*? Extensive genotyping and phylogenetic studies
have so far led to the recognition of seven discrete
typing units (DTUs): Tcl to TcVI plus Tcbat.* Under-
standing DTU distribution patterns, both in space and
among vectors and vertebrate hosts including humans,
is paramount for elucidating the epidemiological land-
scape of Chagas disease. Despite early indications and
some suggestive patterns, there is no definite evidence
for any clear—cut association between T. cruzi DTUs and
distinct transmission cycles (e.g., ‘sylvatic’ vs ‘domestic’
or arboreal vs terrestrial), different transmission routes
(e.g., vector-borne vs foodborne vs vertical), or the
severity of human Chagas disease.*"**'** To our knowl-
edge, no broad-scale representative survey looking at
such putative associations has so far been conducted,
and the evidence is therefore patchy; furthermore, the
methods used for genotyping in the overwhelming
majority of studies (from allozyme electrophoresis to
PCR-based techniques) may not capture the true within-
host diversity and dynamics of parasite strains.'*>"*
Current knowledge suggests that all DTUs from TcI
to TcVI have a broad geographical distribution across
the Americas.*"**'” While certain DTUs may be more
frequently found in some regions, no DTU can be
considered strictly endemic to a particular area, and
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their overlapping distributions (Fig. 3) should be kept in
mind when evaluating the possibility of mixed in-
fections.”” Overall, Tcl emerges as the DTU most often
detected in samples drawn from infected humans, but
Tcll, TcV, and TcVI also contribute to an important
proportion of infections."* Notably, almost all DTUs are
implicated in congenital transmission.""" From a clinical
perspective, the relations between DTUs and disease
outcomes show high variability, and efforts are under-
way to establish whether there are robust associations
(Table 2).155,154,158

Tcl is itself also genetically highly diverse and has
been linked to human Chagas disease in the USA,
Mexico, Central America, and the Andean and Amazon
regions; Tcl infections can cause severe cardiomyopathy
and meningoencephalitis, particularly in immunocom-
promised individuals, but have rarely been associated
with digestive outcomes.'"""** Tcl has been found
infecting mammals in the orders Didelphimorphia,
Cingulata, Pilosa, Rodentia, Chiroptera, Carnivora,
Artiodactyla, and Primates.”*>'*> TcBat was first found in
bats and later detected in a few humans and triatomine
bugs; it seems to be phylogenetically closer to TcI than
to other DTUs, and has so far been reported from
Panama, Colombia, Ecuador, Chile, and Brazil."*

TcIl and putative TcII/TcIII hybrid lineages (TcV
and TcVI) are overall less genetically diverse than Tcl
and have been linked to chronic infections with cardiac
and digestive disease in southern and central South
America.'! TcV is common in the Gran Chaco (which
covers parts of Argentina, Paraguay, and Bolivia), where
it may cause digestive and (relatively mild) heart dis-
ease.''* Besides humans, there are records of TcV
and/or TcVI in domestic (dogs, cats, guinea pigs, goats,
sheep, pigs), wild (opossums, armadillos, rodents, bats),
and captive mammals (macaques), as well as in Tri-
atoma,  Panstrongylus, — Rhodnius, and  Mepraia
vectors."*»!*1#1%2 Both TcV and TcVI have wide
geographic distributions, with records spanning from
the southern USA to Argentina.'>'**'%

TcIll has been found circulating in sylvatic trans-
mission cycles mainly among armadillos, but also in-
fects rodents, marsupials, carnivores, bats, and non-
human primates.”*"***=%¢ Species of Panstrongylus,
Triatoma, and Rhodnius maintain TcllIl transmission in
both terrestrial and arboreal habitats.*"*>*** TclII in-
fections have been reported in both foodborne-acute and
chronic-indeterminate human Chagas disease patients,
as well as in domestic dogs."*''* Patients coinfected
with TclII plus TcV or TcVI may develop chronic Cha-
gas heart disease."*'"* Overall, available TcIII records
cover the whole of continental Latin America, from
Mexico to Argentina and from semi-arid to rainforest
environments."*'*

Trypanosoma cruzi TclV infects humans, non-human
primates, carnivores (including domestic dogs), bats,
armadillos, and rodents, and can be transmitted by
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Fig. 3: Distribution of DTUs in the Americas in vectors, non-human animals, and humans. Distribution of DTUs identified in vectors (Panel
A), non-human animals (Panel B), and humans (Panel C). The size or shape of the symbols does not indicate the exact geographic location or
frequency as some points may be overlapped. Map created with R Software. Data source.”*’

species of Triatoma, Panstrongylus, Rhodnius, and
Dipetalogaster.'*>1>>14>151 TcIV has been implicated in
acute vector-borne infections and human foodborne
outbreaks, and can also cause chronic infections and
heart disease.!'>1#6152-1%

The striking levels of genetic diversity in T. cruzi have
implications for our understanding of critical aspects of
Chagas disease including clinical outcomes, parasite tis-
sue tropism and pathogenesis, diagnosis (especially
through serology), and epidemiology.*'*'**!51% The
complex interactions between parasite genetics, host ge-
netic background and immune responses, and environ-
mental factors likely contribute to the diverse clinical

DTU Chronic clinical manifestations Transmission
Heart disease  Digestive disease ~ Vertical ~ Foodborne
Tdl X X ? X
Tcll X X X ?
Tclll X ? ? X
TalV X X ? X
TV X X X ?
TeVi X X X X
TcBat ? ? ? ?

‘X" marks indicate known outcomes and routes; question marks (‘?') emphasise
that the absence of evidence does not necessarily mean that no association
exists between specific DTUs and different clinical outcomes or transmission
routes. Note that all DTUs can cause acute Chagas disease and can potentially
be transmitted by triatomine bug vectors or infected blood/organs. Modified

141
from.'*

Table 2: Trypanosoma cruzi discrete typing units (DTUs): chronic
clinical outcomes and transmission routes.

outcomes observed across different regions.*"**'®
Continued interdisciplinary research will be required to
unravel the intricacies of T. cruzi DTU transmission dy-
namics and their implications for public health.

The epidemiology and burden of Chagas

disease

Over the last two decades, the complexities of accurately
estimating the burden of Chagas disease across the
Americas have become increasingly apparent and under-
stood. These complexities include substantial geographical
variability, evolving epidemiological patterns, the extended
period between initial infection (which is itself asymp-
tomatic in about 95% of the cases) and chronic-symptom
onset (which occurs in only 30-40% of those infected),
gross underreporting of both cases and deaths and, in
general, the scarcity of comprehensive data across both
endemic and non-endemic regions.'” The main chal-
lenges to estimating Chagas disease burden are sum-
marised in Box 1.

Burden on individuals

Acute phase

Chagas disease incubation (i.e., the time interval between
exposure to T. cruzi and the onset of symptoms—in the
few symptomatic patients) generally lasts between one
and two weeks for most transmission routes, but may
extend to several weeks or months when transmission is
mediated by solid-organ transplantation or blood trans-
fusion.” The hallmark of acute Chagas disease is patent
parasitaemia; the acute phase is asymptomatic or asso-
ciated with mild, non-specific signs and symptoms in the
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Box 1.
Challenges and opportunities for estimating Chagas disease burden

Challenges

Asymptomatic acute phase: Most new infections (about 95% of those mediated by vectors) do not produce any signs or symptoms; when they do, clinical
manifestations are mostly non-specific (local skin inflammation [‘chagoma’] at the site of parasite entry, fever, oedema, rash, malaise, asthenia, etc.), with only Romana’s
sign (unilateral conjunctivitis with palpebral oedema) clearly helpful for clinical diagnosis. This leads to massive underdetection and underreporting of new cases and
hampers the estimation of disease incidence.

Asymptomatic chronic infection: The indeterminate form of chronic Chagas disease lasts decades, with 60-70% of patients never evolving to-
wards symptomatic forms. This means that most patients likely remain undiagnosed until they either donate blood or develop chronic disease. Delayed
symptom onset hampers the estimation of both incidence and prevalence.

Surveillance systems and diagnosis access: Diagnostic approaches vary widely, with some countries relying on specific services like blood banks
and others offering broader diagnosis access. The limited availability of diagnostic tests undermines the reliability of traditional surveillance methods for
estimating disease burden and hampers the comparability of data across different regions.

Serosurvey limitations: While seroprevalence surveys are valuable, their focus on specific populations (often those deemed at higher risk) and/or age
groups, as well as their variable methodological and testing approaches, limit generalisability and may introduce biases. Crucially, age-structured
serological surveys can aid in estimating the historical force-of-infection (the rate at which susceptible individuals become infected) and contribute to
parameterising infection-dynamics models.

Incidence calculations: True incidence is essentially impossible to measure and is hugely underreported. We can, however, use mathematical modelling and
seroprevalence data to derive incidence, for instance using force-of-infection models.**** Even simple methods can provide insights into the magnitude of underreporting.
In Brazil, for example, contrasting data from the second National Serological Survey** with compulsory-notification records* suggests that only about 8.5% of new
vector-mediated infections were reported to the Ministry of Health in 2001-2008.

Integration with demographic data: Accurately modelling Chagas disease burden requires integrating knowledge on infection dynamics with
historical demographic and migration profiles at sub-national levels. The lack of detailed historical demographics for some countries in the Americas
makes it difficult to achieve this integration.

Variability in transmission and progression parameters: Geographic, demographic, social, environmental, or (parasite, vector, and host)
genetic factors may all affect the relative importance of different transmission routes and may all modulate disease progression and severity, further
challenging the accurate estimation of Chagas disease burden; adaptable models that reflect local realities are needed to confront this challenge.

Opportunities for integrated modelling

Mathematical models of Chagas disease were first developed in the 1960s. Currently, over 100 mathematical models* simulate different pieces of the epidemiological
landscape including, e.g., parasite genetics,* vector life cycles,***° routes and dynamics of transmission,>*" human dispersal,*>>* and control interventions.”> Despite these
efforts, mathematical models have found very limited practical application. The primary concern is the absence of a comprehensive model integrating all relevant com-
ponents related to Chagas disease transmission (including, e.g., domestic/peridomestic vector ecotopes, domestic and synanthropic mammal populations, and human
demographics and behaviour) in changing ecological settings. The development of such a model would provide key guidance to decision-makers in specific situations,
particularly if it is applied within an “adaptive management” framework.>

vast majority of cases (see Box 1), and typically lasts be-
tween four and eight weeks.”” Vector-borne, full-term
congenital, and transfusion-related acute infections are
often silent and rarely severe.”" In contrast, foodborne
infections often present with distinct and severe signs
and symptoms including fever, malaise, oedema,
anorexia, gastrointestinal illness, lymphadenopathy, hep-
atosplenomegaly, and acute myocarditis.””'*" Case-fatality
is high in foodborne acute Chagas disease, with recent
reviews reporting crude rates of ~4% (2470 cases and 97
deaths; only peer-reviewed studies),'” ~6.5% (568 cases
and 37 deaths; peer-reviewed and unpublished studies),”®
or 8-35% (expert opinion).”* The few peer-reviewed
studies with N > 100 cases report ~1-7% case fatality,
with upper CI limits ranging from ~5% to ~12%.'”7 A
meta-analysis of published and unpublished data
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reported a substantially lower case-fatality rate estimate
(~19, 95% CI ~0-4%).*

Inoculum size (i.e., the number of parasites entering
the host at the point of infection), which is usually larger
in foodborne than in vector-borne cases,” is likely a key
driver of disease severity and progression, with higher
parasite loads linked to increased myocardial damage.'*>'**
Patient age, T. cruzi strain/DTU,'** and the promptness of
medical treatment may also modulate the severity of acute
T. cruzi infections. Pharmacological immunosuppression
can lead to severe acute infections in transmission medi-
ated by organ transplantation.””127126

Chronic phase
After the acute phase, most patients remain infected
but asymptomatic; this ‘indeterminate form’ of chronic
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Chagas disease usually lasts for decades, and only
about 30-40% of patients develop symptomatic chronic
disease (Box 1). Cardiac and digestive manifestations
are distinct clinical outcomes of chronic Chagas dis-
ease.”™”’” While heart disease is widely reported across
the Americas, digestive disease is much more common
in southern South America (including Argentina,
Bolivia, Chile, Paraguay, Uruguay, and parts of Brazil)
than in northern South America, Central America, or
Mexico. These geographical patterns are currently
mainly attributed to variations in the predominant ge-
notypes of T. cruzi.’ Both heart and digestive forms of
chronic symptomatic Chagas disease can be highly
debilitating; heart failure and enlargement cause chest
pain, dyspnoea, oedema, and thromboembolism
(including brain and pulmonary embolisms); arrhyth-
mias cause palpitations, dizziness, syncope, and sud-
den death (mainly from ventricular fibrillation);
enlargement/dysfunction of the oesophagus leads to
megaoesophagus and causes chronic regurgitation and
dysphagia (which can lead to malnutrition), whereas
enlargement/dysfunction of the colon leads to mega-
colon and causes severe constipation.>*'"”

About one-third of individuals infected with T. cruzi
are expected to develop chronic heart disease, with an
annual rate of progression of ~2-7%.'> A recent sys-
tematic review and meta-analysis examining original
studies of patients with confirmed Chagas disease
(mainly from Brazil) found that the prevalence of
chronic heart disease varies from 42.3% to 53.8%, while
the prevalence of the digestive form varies between
18.4% and 25.4% in the Southern Cone of South
America.' These variations may be driven by T. cruzi
strain diversity, patient age and genetic background, or
the level of endemicity (hence exposure to the parasite)
within a given region, underscoring the complexity of
clinical progression.'®®

The risk of death is 1.74 times higher (95% CI
1.5-2.0) in patients with chronic heart Chagas disease
than in patients with comparable clinical profiles but
without T. cruzi infection.”'* Sudden death is not a rare
event and can be the first manifestation of the disease in
patients with no previous signs or symptoms.'**' Mor-
tality from chronic Chagas heart disease reaches 8.0% per
year, mostly due to cardiovascular events (6.3%)
including heart failure, arrhythmias, and thromboembo-
lism; annual mortality is thus higher than in HIV/AIDS
(7.0%), and similar to that seen in leukaemia (7.9%)."%'®
The degree of cardiomyopathy highly correlates with
mortality, and there is some evidence suggesting that
TcIl may be associated with severe heart disease.”*® Be-
tween 2000 and 2019, Chagas disease was reported as the
underlying cause of death in nearly 95,000 death certifi-
cates in Brazil; of those deaths, about 80% (77,000) were
due to chronic heart disease and about 12-13% (12,000)
to digestive chronic forms."”

Reactivation

Reactivation of Chagas disease is a severe, life-
threatening acute condition that may occur in in-
dividuals infected with T. cruzi who later become
immunocompromised, either as a result of immuno-
suppressive therapy (in, e.g., organ transplantation or
cancer chemotherapy) or due to coinfection with HIV. It
is estimated that around 13-20% of patients co-infected
with HIV and T. cruzi may undergo Chagas disease
reactivation, with the frequency depending mainly on
HIV loads and CD4+ cell counts.””'""* Meningoen-
cephalitis and myocarditis are often seen in reac-
tivation,'”* and male sex and low CD4+ counts may be
associated with increased mortality."”

Burden on society: estimates of prevalence and
incidence

Despite many challenges (see Box 1), there have been
some efforts to model and estimate the burden of
Chagas disease. In the early 2010s, when about 7.7-8.3
million people were likely infected with T. cruzi
worldwide, the global costs of Chagas disease were
estimated at US$ 7.2 billion per year and US$ 189
billion per lifetime, and the burden of disease was
quantified at ~810,000 disability-adjusted life years
(DALYs) lost annually.”” At about the same time, the
WHO/PAHO published model-based estimates sug-
gesting that approximately 5.7 million people were
infected, with nearly 1.2 million suffering from Chagas
heart disease, in 21 Latin American (i.e., excluding the
USA) countries or territories where Chagas disease is
endemic.”® The Global Burden of Disease (GBD)»
Study has produced model-based estimates of preva-
lence since 1990; by 2010, global prevalence was esti-
mated at 6.26 (5.46-7.13) million infected individuals,
with a slight increase to 6.30 (5.42-7.21) million by
2021."7° The GBD estimates a modest 11% decrease in
global prevalence from 1990 to 2019.**'”” Prevalence
remains high in many rural areas of Latin America
where recurrent invasion and infestation of (usually
substandard) dwellings by T. cruzi-infected triatomines
maintain endemic transmission.””® Annual incidence
estimates vary much more widely, from ~40,000
(WHO/PAHO)* to >150,000 (GBD)"”® new infections
per year. This large discrepancy likely stems from dif-
ferences in how demographic data were integrated into
incidence models; for example, if country-specific
populations are split into higher-risk (rural) and
lower-risk (urban) strata, GBD-based estimates
decrease to about 24,000 to 50,000 new cases per year,
broadly matching the WHO/PAHO estimate. In
Table 3 we present country-level estimates of Chagas
disease prevalence and incidence within the Americas,
and below we briefly comment on disease burden
across subregions with enzootic/endemic T. cruzi
transmission cycles.
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French Guiana, Guyana, and Suriname

12,600 (0.84)

280/18 (18/75)

NR
33 (<0.01)

40 (0.01)
1,857,485 (0.96)
188,055 (0.66)
559,626 (5.77)
31,794 (0.53)

NR

2 (0.24)

2 (0.35)
58,955 (29.81)
5686 (19.67)
17,142 (170.42)
1064 (17.30)

NR

31 (<0.01)

42 (0.01)
2,058,211 (0.96)
196,295 (0.55)
469,788 (4.12)
32,427 (0.47)

Country Source

WHO/PAHO 2010°% GBD 2010° GBD 2021%

Prevalence (%) Incidence (rate per 100 k)°  Prevalence (%) Incidence (rate per 100 k) Prevalence (%) Incidence (rate per 100 k)
Canada NR NR 4474 (0.01) NR 4413 (0.01) NR
United States" NR NR 216,649 (0.07)  NR 241,691 (0.08)  NR
Mexico 876,458 (0.78)  6135/1788 (5/89) 912,265 (0.83) 28,198 (24.55) 1,182,286 (0.96) 32,469 (25.12)
Belize 1040 (0.33) 10/25 (3/333) 35 (0.01) 2 (0.51) 52 (0.01) 2 (0.55)
Guatemala 166,667 (1.23)  1275/164 (9/35) 92,591 (0.71) 3554 (26.10) 101,726 (0.67) 3460 (21.94)
Honduras 73,333 (0.92) 933/257 (11/126) 65,328 (0.85) 2523 (31.59) 78,686 (0.81) 2805 (27.74)
El Salvador 90,222 (1.30) 972/234 (13/187) 37,344 (0.64) 1215 (19.96) 37,367 (0.61) 1127 (17.47)
Nicaragua 29,300 (0.52)  383/138 (6/124) 37,382 (0.67) 1341 (23.39) 41,101 (0.64) 1362 (19.88)
Costa Rica 7667 (0.17) 10/61 (0.2/80) 20,587 (0.49) 618 (14.09) 21,486 (0.47) 571 (12.03)
Panama 18,337 (0.52) 175/40 (4/56) 20,219 (0.60) 601 (17.18) 21,111 (0.51) 605 (14.09)
Colombia® 437,960 (0.96)  5274/1046 (11/114) 121,954 (0.29) 3875 (8.71) 129,569 (0.27) 3772 (7.69)
Ecuador 199,872 (1.38)  2042/696 (14/317) 137,537 (0.95) 4106 (27.32) 144,098 (0.83) 3995 (22.12)
Venezuela 193339 (0.71)  873/665 (3/110) 479,699 (178) 15,857 (57.05) 461,326 (179) 12,398 (46.56)

NR
2 (0.22)

2 (034)

60,162 (27.30)
5594 (15.42)
13,589 (115.19)
1019 (14.22)

data from Uruguay.

Guyana NR NR

Suriname NR NR

Brazil 1,156,821 (0.61) 46°/571 (0.08/20)
Peru 127,282 (0.44)  2055/232 (7/38)
Bolivia 607,186 (6.10)  8087/616 (81/235)
Paraguay 184,669 (2.13)  297/525 (3/340)
Uruguay 7852 (0.24) 020 (0/40)
Argentina 1,505,235 (3.64) 1078/1457 (2/210)
Chiled 119,660 (0.70)  0'/115 (0/46)

25,016 (0.78) 0 18,748 (0.57) of

1,103,871 (2.80) 25,422 (61.84) 768,416 (1.76)
288,220 (1.81) 0Of 236,228 (131) O

17,417 (38.29)

NR, not reported. *GBD estimates originally include measures of uncertainty not presented here; see*® for details. "Overall/congenital (new cases per 100,000 population/new congenital cases per 100,000
live births). “Prevalence estimated at 288,000 in 2014-2018.3° 9Prevalence estimated at 506,000 in 2020.* °This is likely a gross underestimate and should be interpreted with caution; official

notification records for 2010 include 130 new, confirmed cases of acute Chagas disease—1 vertical, 30 vector-borne, 63 foodborne, and 36 in which the transmission route was either unknown or not
reported (https://datasus.saude.gov.br/informacoes-de-saude-tabnet/; accessed June 11 2024). If underreporting was similar for vertical (1/571, or ~0.175%) and non-vertical transmission, then 26,266
non-vertical transmission-mediated cases would have had to occur to yield the ‘46 new cases’ estimate. fAssumed zero (i.e., not modelled) based on PAHO certificates of interruption of transmission. 9In
Chile, incidence was nonzero in each year between 2007 and 2021, with, respectively, 44, 115, 268, 438, 520, 24, 1, 2, 2, 1, 2, 4, 14, 18, and 7 new, confirmed cases of acute Chagas disease reported by the
Ministry of Health (1460 new cases overall); based on these official data, the incidence rate was ~2.6 per 100,000 population in 2010, but just ~0.04 per 100,000 in 2021.**° We did not find any official

Table 3: Model-based estimates of Chagas disease prevalence and incidence in the Americas.

Chagas disease burden in the United States of America
The USA has well-documented enzootic transmission of
T. cruzi, involving 11 triatomine species and various
mammalian hosts."”” Nearly 30 human cases due to local,
vector-borne transmission were documented between
1950 and 2015, Arizona, Arkansas, California, Louisi-
ana, Mississippi, Missouri, Tennessee, and Texas have all
reported autochthonous cases."™ The majority of T. cruzi
infections in the USA, however, correspond to Latin
American immigrants who became infected in their home
countries.”” Recent estimates from age-structured models
indicate that ~288,000 infected adults were living in the
USA in 2014-2018, with ~10,000 locally acquired cases."”
GBD estimates for 2021 suggest that nearly 242,000 peo-
ple (95% uncertainty interval, 202,000-284,000) may be
infected in the country (Table 3).*

Chagas disease burden in Mexico

Mexico faces a considerable Chagas disease burden, with
estimates suggesting that ~900,000-1.2 million people
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are infected (Table 3).*"¢ Official reports, however,
acknowledge only a few thousand cases annually.” His-
torically, T. cruzi infection was predominantly noted in
Mexico’s southern states, but recent research highlights
the presence of the disease also in the northern regions—
with both migration and local transmission likely
contributing to this trend.™'® Annual incidence esti-
mates vary between ~8000 and > 30,000 (Table 3).%%'
The most recent incidence estimates (for 2021) range
from 41.9 (Chiapas) to 19.3 (Campeche) new cases per
100,000 population.”

Chagas disease burden in Central America

Approximately 12% of the population of Central Amer-
ica (Belize, Guatemala, El Salvador, Honduras,
Nicaragua, Costa Rica, and Panama) lives at risk of
Chagas disease.” Identified in El Salvador as early as
1913, the disease remains underreported across the re-
gion.”* Current estimates suggest that between
300,000 and 400,000 individuals are infected in Central

11
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America, with annual incidence varying from ~5000 to
~10,000 (Table 3).7%17

Chagas disease burden in South America

South America faces the highest global burden of Cha-
gas disease, with ~4-5 million infected people—mainly
in Brazil, Argentina, Bolivia, and Venezuela (Table
3).#1¢ Trypanosoma cruzi strains, triatomine vectors,
mammalian hosts, and the clinical manifestations of the
disease are all particularly diverse in South America.'®
Incidence estimates vary between ~26,000 and
~120,000 new cases per year, with rates as high as
~80-115 per 100,000 population in Bolivia (Table 3).>*7¢

Chagas disease burden among Latin American migrants

By 2020, it was estimated that ~32 million Latin
American and Caribbean (LAC) migrants were living in
countries or territories where Chagas disease is not
endemic—about 26 million in the USA and 5 million in
Europe.”* Although population-representative data are
lacking, studies using convenience sampling have re-
ported prevalence values ranging from 0.2% to 20%.'*
Understanding the prevalence in the country of origin
is crucial. For example, in the USA the frequency of
T. cruzi infection is substantially higher among immi-
grants from El Salvador than among those from
Mexico.'*” In Europe, seroprevalence among LAC mi-
grants was estimated at 4.2% on average (up to 18.1%
among Bolivians) in 2012."** Other surveys have found
infection frequencies from 0.3% among LAC blood
donors (France, 2007-2008)"* to 12.8% for LAC
migrants in general (Switzerland, 2008),"° with inter-
mediate values in LAC migrants living in, e.g., London
(1.27% in 2011)"™" or Spain (2.1% in 2018),"*> and among
pregnant LAC women living in Switzerland (2.0% to
9.7% in 2007-2008).">**

Chagas disease prevention and management
Primary prevention: vector control-surveillance,
donor screening, and the multinational initiatives
Efforts to eliminate non-native ‘primary’ vectors, and in
particular Triatoma infestans and Rhodnius prolixus, have
relied heavily on residual-insecticide spraying, with
some programmes also including housing improve-
ment—mainly by replacing mud walls, earthen floors,
and thatched roofs—and community-oriented initia-
tives.”>”>1> In spite of major advances, continuous sur-
veillance remains crucial to control transmission
mediated by native vectors—of which 140+ species
occur in the Americas.””*’>'* In 1991, the health min-
isters of Argentina, Brazil, Bolivia, Chile, Paraguay, and
Uruguay launched the Initiative of the Southern Cone
Countries for the control of Chagas disease (INCOSUR),
which aimed primarily at eliminating domestic
T. infestans populations and interrupting transfusion-
related T. cruzi transmission.’” Similar initiatives were

later established throughout the region, including Cen-
tral America and Mexico, the Andean countries, and
Amazonia.” The progress of these subregional initia-
tives is regularly reviewed by PAHO."”*' Up to the
present, PAHO has issued certifications of interruption
of T. cruzi transmission by non-native populations of
two vector species: T. infestans in Uruguay, Chile, Brazil,
Paraguay, and parts of Argentina, Bolivia, and Peru;
and R. prolixus in Mexico, Guatemala, Belize, Honduras,
El Salvador, Nicaragua, Costa Rica, and parts of
Colombia.”***

In the complex epidemiological landscape of Chagas
disease, involving native and non-native vector species
and diverse transmission routes, PAHO has recently
revised its certification approach to also consider the
‘elimination of Chagas disease as a public health prob-
lem’.>** The process of certification in this case entails (i)
demonstrating successful control efforts against all vector
species and transmission routes (leading to “zero inci-
dence” of vector-borne and transfusion-mediated in-
fections), and (ii) having a structured and functional
programme for Chagas disease surveillance, diagnosis,
and treatment with guaranteed adequate coverage levels
(with, e.g., screening of all pregnant women and all blood
or organ donors; diagnosis offered to all childbearing-
aged women at risk and to all babies born to seroposi-
tive mothers; and ‘timely and suitable’ treatment of all
cases detected—whether congenital, acute, or chronic).
Certifications of interruption of transmission and elimi-
nation of the disease as a public health problem are
subject to review every five years.”” Below we provide a
brief overview of the regional initiatives, with a focus on
vector-borne transmission (see” for further details).

The Initiative of Central America and Mexico
(IPCAM) includes Mexico, Belize, Guatemala, El Salva-
dor, Honduras, Nicaragua, Costa Rica, and Panama, and
primarily targets non-native R. prolixus and native
T. dimidiata sensu lato (s.1.).”” Notably, R. prolixus was
found infesting houses and peridomestic structures in
rural Oaxaca, Mexico after the region was certified as
free from transmission by this non-native vector in
2009.*> More recently, a focus of infestation by
T. infestans (which is native to the Chaco and central
Andes in South America) has been reported in coastal
Colima, Mexico.”” Triatoma dimidiata s.l. is native to the
region and often reinvades and reinfests dwellings—as
do, to different degrees, several other species including
T. ryckmani, T. nitida, T. barberi, T. pallidipennis,
T. longipennis, T. huehuetenanguensis, or R. pallescens.
The long-term control of vector-borne Chagas disease in
the subregion will probably require integrating insecti-
cide spraying with household-level environmental
management and community involvement.”

The Initiative of the Andean Countries (IPA) in-
cludes Colombia, Venezuela, Ecuador and Peru.
Non-native R. prolixus occur in north-western Colombia,
non-native T. dimidiata in coastal Ecuador, and non-
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native T. infestans in parts of south-western Peru. These
introduced populations can, in principle, be eliminated
through large-scale control campaigns.” However,
R. prolixus is native to the Orinoco savannahs and
adjacent dry ecoregions, " and T. dimidiata sensu
stricto (s.s.) to most of western Colombia and likely parts
of northern Venezuela”****”; persistent reinvasion and
reinfestation of dwellings by these and several other
native vectors (e.g., T. maculata in Colombia and
Venezuela or R. ecuadoriensis and Panstrongylus chinai in
Ecuador and Peru) is common, and long-term control-
surveillance will be required to effectively curb
transmission.”

The Amazon Countries (AMCHA) Initiative includes
parts of Colombia, Ecuador, Peru, Bolivia, Brazil, and
Venezuela plus Guyana, Suriname, and French Guiana.
Although stable house infestation by triatomines is not
common in the region, there is an extensive list of syl-
vatic vectors that often invade human dwellings in both
rural and urban areas.” Transmission mediated by these
vectors can be either direct, leading to an overall preva-
lence of human infection of about 1-2% (but up to 4-5%
in some subregions), or through contamination of food
or Dbeverages, with clustered outbreaks of orally-
transmitted disease.***** House-infestation foci, howev-
er, are common in northernmost Brazil (T. maculata), in
the middle-upper Marafién Valley in Peru (P. lignarius/
herreri), and in parts of Bolivia (R. stali).”>”***

The Initiative of the Southern Cone Countries
(INCOSUR) includes Brazil, Peru, Bolivia, Chile,
Argentina, Paraguay, and Uruguay. Non-native T. infestans
populations were once widespread in rural settings across
the region; extensive control campaigns eliminated them
from Uruguay, most of Brazil, and parts of Paraguay,
Argentina, Peru, Bolivia, and Chile, leading to substantial
reductions in the incidence and prevalence of human
T. cruzi infections.”” In spite of major advances, preva-
lence remains high in parts of Bolivia and, to a lesser
extent, Paraguay, Brazil, or Argentina, and native vectors
maintain transmission throughout the Southern Cone.”
Some T. infestans populations have adapted to urban/
periurban environments in, e.g., Arequipa, Peru’”; San
Juan, Argentina*; and Cochabamba, Bolivia.’'' The con-
trol of urban infestations and transmission is particularly
challenging and will require innovative tactics.”**"
Crucially, T. infestans is native to the dry Chaco and the
Bolivian montane dry forests,” and other locally native
species (T.  brasiliensis, P. megistus, T. sordida,
T. pseudomaculata and many more) often infest houses
and peridomestic structures. Control of these domestic/
peridomestic native vectors is challenging, with reinfesta-
tions leading to persistent transmission.”*"

Secondary/tertiary prevention: diagnosis,
treatment, and integral patient care

As we have emphasised throughout this review, mil-
lions of people across the Americas (and thousands in
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Europe, Asia, and Oceania) carry chronic T. cruzi in-
fections, and tens of thousands probably become
infected each year—mainly via direct or indirect contact
with vectors but also vertically or, in a minority of cases,
through blood transfusion, organ transplantation, or
laboratory accidents. Timely diagnosis and adequate,
integral care are critical to the fundamental rights to life,
health, and well-being**® of people infected with T. cruzi,
whatever their age, gender, origins, background, or
means—and no matter whether the infection is acute or
chronic; symptomatic or silent; vector-borne, foodborne,
congenital, blood-borne, or acquired through trans-
plantation; or caused by one particular T. cruzi DTU or
another. Below we present a quick overview of Chagas
disease diagnosis and treatment; for more comprehen-
sive reviews of these and related topics, see the other
series papers on clinical progression and severity,”
diagnosis,”” and vaccines and therapeutics.”

The diagnosis of Chagas disease is challenging. First,
the likelihood of clinical suspicion is low, both because
most infections (acute and chronic) are asymptomatic or
cause nonspecific signs/symptoms and because many
caregivers lack awareness about Chagas disease.”’® When
there is clinical suspicion and laboratory diagnosis is
sought, several biological and technical shortcomings
weaken the performance of available procedures. In
acute and congenital infections, diagnosis usually aims
at detecting parasites or their DNA (the ‘targets for
detection’) in blood samples; even if parasitaemia is
common in the acute phase, there is no guarantee that
all samples drawn from infected patients will contain
those targets—and, when they do, neither parasitological
nor molecular tests have perfect (i.e., exactly 100%)
sensitivity.””?"* The problem of imperfect target avail-
ability only worsens in chronic infections, where para-
sitaemia is sparser and likely intermittent.?’”*"
Serological testing has the advantage of targeting a
widely bio-available class of molecules—antibodies—that
are present in essentially any serum sample drawn from
an infected patient.””?" Serology has, however, several
major drawbacks; first, most serological tests lack vali-
dation across different populations and may have low
specificity, so that at least two positive serological tests
based on different antigenic principles are required for
diagnosis®; in addition, sensitivity and specificity can
also vary with T. cruzi genotype/DTU and/or antigenic
makeup.”” Rapid diagnostic (immunochromatographic)
tests, while promising and especially well suited for
point-of-care testing and large-scale screening/surveys in
resource-limited settings, have variable sensitivity and
may perform very poorly in some subregions.?***
Although new biomarkers with high specificity and
wide bio-availability would likely enhance diagnosis and
perhaps inform prognosis,*’*"” the most critical issue is
still the lack of equitable access to available testing
methods and algorithms—and, when needed, to integral
patient care.””*”
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Treatment of Chagas disease involves not only the
use of specific anti-T. cruzi drugs, but also the treatment
and management of chronic heart and digestive disease
and their complications.” Two drugs, benznidazole and
nifurtimox, are indicated in all acute infections,
congenital infections, chronically infected children, and
disease reactivation. Treatment of women of child-
bearing age with chronic asymptomatic infections
seems to reduce the risk of vertical transmission and is
therefore recommended, whereas the benefits are less
clear for other adults with indeterminate chronic dis-
ease. Currently, PAHO recommends that benznidazole
and nifurtimox should not be used in clinical practice
for treating adult patients with moderate or severe
symptomatic chronic forms; this recommendation,
however, is ‘conditional’ and based on evidence of
‘moderate’ strength.”*** We note that, in general,
designing clinical trials for trypanocidal drug efficacy is
complex, as critical endpoints (chronic heart or digestive
disease, death) may take decades to come about; clinical
findings, moreover, can be confounded by many factors
including parasite genetics, human population pecu-
liarities, access to healthcare, reinfection, or re-treat-
ment.” Consequently, the strength of the evidence
supporting the recommendations about anti-T. cruzi
treatment we have just outlined is at best moderate.?”*
Although benznidazole is overall well tolerated, an
estimated 17-35% of chronically infected adult patients
interrupt their treatment due to side effects.”* Recent
evidence suggests that shorter regimens, which may
enhance adherence and increase treatment coverage, are
non-inferior to standard regimens in terms of parasito-
logical response as measured by qPCR.*** While new
trypanocidal drugs are sorely needed, there has been
virtually no progress over the last half-century; an
exception is a benzoxaborole prodrug (AN15368) that
has yielded promising results in non-human primate
chronic-infection models.”””** One critical issue is that
the effective treatment of chronic Chagas disease re-
quires drugs that kill extra- and intracellular parasites
including ‘dormant’ forms that are protected from, and
hence resistant to, the trypanocidal action of standard
doses of benznidazole or nifurtimox.””” Preclinical
research suggests that AN15368 and modified benzni-
dazole regimens might be useful against both blood-
stream and intracellular (active and dormant) T. cruzi
forms.““"”

Importantly, timely anti-T. cruzi treatment can
prevent the evolution of asymptomatic or mild in-
fections towards the chronic symptomatic forms of
Chagas disease, which can be highly debilitating and
impose a heavy burden on patients and society.”'**
Patients with chronic symptomatic forms of Chagas
heart disease may need additional specialised care for
heart failure (from diet to diuretic, antihypertensive, or
beta-blocker drugs to heart transplantation), arrhyth-
mias (from amiodarone or beta blockers to catheter

Search strategy and selection criteria

We searched PubMed for articles published in English using
a search algorithm with “Chagas disease”, “Trypanosoma
cruzi”, “Epidemiology”, and “Americas”. The final references
were selected based on relevance to the scope of this
Review.

ablation, implantable cardioverter-defibrillators, or
pacemakers), and thromboembolism (acetylsalicylic
acid, warfarin).” The management of chronic digestive
forms spans from diet and counselling to surgery.
Megaoesophagus treatment aims at relieving
dysphagia by facilitating the passage of food through
the lower oesophageal sphincter; this may involve diet/
counselling and/or the use of drugs that relax smooth-
muscle fibres, physical (pneumatic-balloon) dilatation,
or surgery. Treating megacolon may also involve diet
(with a focus on increasing water intake), counselling
(on, e.g., avoiding food or drugs that may induce con-
stipation), the use of laxatives or enemas, manual
removal of faecalomas, or surgery—including emer-
gency surgery in cases of volvulus, haemorrhage,
obstruction, or perforation.”

Conclusions and outlook: a future free of

Chagas disease?

Chagas disease remains a major public health challenge
in the Americas. Over six million people are infected,
and most of them face substantial barriers to accessing
essential healthcare, including diagnosis and treatment.
Despite considerable progress in controlling trans-
mission through universal blood-bank and organ-donor
screening and the elimination of many non-native,
domiciliated vector populations, active transmission—
still mainly mediated by vectors—persists. While cur-
rent intervention strategies have led to major advances,
they are unlikely to deliver complete success. Wide-
spread native vector populations continue to invade,
infest, and reinfest human dwellings, bridging sylvatic,
peridomestic, and domestic T. cruzi transmission cycles
(Fig. 1). A highly diverse array of vectors and non-
human hosts maintain sylvatic transmission of
T. cruzi from the USA to southern South America
(Figs. 1-3); eradication of Chagas disease is, therefore,
biologically implausible: even if non-native vector pop-
ulations are effectively eliminated, dozens of native
vector species will continue transmitting T. cruzi across
tropical-subtropical America. All estimates suggest that
tens of thousands of new vector-borne human infections
occur each year in the Americas, yet, crucially, most of
them remain invisible to surveillance systems—and the
alarms remain, therefore, silent. Vertical and foodborne
transmission have become increasingly prominent in
the current epidemiological landscape, but this should
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not obscure the fact that the majority of new cases is
most likely vector-borne. Congenital Chagas disease
presents unique challenges; specific diagnostic and
treatment protocols for pregnant women (and, ideally,
childbearing-aged women with a history of potential
exposure) and newborns are needed to prevent trans-
mission. The complex nature of Chagas disease trans-
mission, in sum, demands a holistic healthcare strategy
covering from vector surveillance to integral patient
care, and highlights the critical need for in-depth
ecological, epidemiological, clinical, and public-health
research.”>'” Such research should aim to i) under-
stand the complex interplay between sylvatic and do-
mestic/peridomestic transmission cycles, including the
roles played by native vectors across the Americas; ii)
assess the impact of T. cruzi DTUs on transmission
patterns, disease severity, and treatment outcomes; iii)
develop enhanced diagnostic and therapeutic ap-
proaches; iv) generate more accurate disease burden
estimates (e.g., using age-structured dynamic models);
and v) use implementation science to develop and test
integrative control-surveillance strategies within the
diverse ecological, socio-economic and climatic contexts
where transmission still occurs. Bridging these knowl-
edge gaps is vital for crafting more effective long-term
interventions, for consolidating the substantial achieve-
ments of control programmes and initiatives, and
perhaps for developing adaptive strategies in which
living close to T. cruzi vectors and hosts does not
necessarily translate into full-blown Chagas disease.
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