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Yellow Fever 1
Pedro Fernando da Costa Vasconcelos
and Juarez Antonio Simões Quaresma

Abstract

Yellow fever is an infectious disease caused by yellow fever virus (YFV),
Flavivirus genus of the Flaviviridae family, which is endemic in South America
and Africa, and periodically has caused limited outbreaks or large epidemics in
the endemic regions.

Keywords
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1.1 Introduction

Yellow fever is an infectious disease caused by yellow fever virus (YFV), Flavivirus
genus of the Flaviviridae family, which is endemic in South America and Africa, and
periodically has caused limited outbreaks or large epidemics in the endemic regions.
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YFV is one of the most prominent and ancient flaviviruses that infects humans
and was originally isolated in Ghana in 1927 (Asibi strain) (Stokes et al. 1928). The
virus causes yellow fever, the original viral hemorrhagic fever that mainly affects
tropical areas of Africa, and due to the slave trade in the 17–1800s, the virus and its
urban vector Aedes aegypti mosquito were introduced to the Americas, where they
also became endemic/enzootic (Monath 2001).

The YFV genome is composed of a single-stranded RNA, plus sense, with near
11 Kb; the entire genome encodes a polyprotein containing ten genes, giving rise to
three structural proteins, capsid (C), glycoprotein precursor of M protein (PrM)/
membrane (M) protein, and envelope (E), and seven non-structural proteins (NS),
named NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 (Rice et al. 1985). The
genetic polymorphisms of YFV generated seven different genotypes, two in South
America and five in Africa. The genetic differences have not been associated with
differences in clinical presentation nor disease severity, but reflect the evolution of
the YFV along the time and also due to the infidelity of the RNA-dependent RNA
polymerase during replication of the virus in the hosts (Wang et al. 1996; Mutebi and
Barrett 2002; Vasconcelos et al. 2004).

The disease caused by YFV infection, yellow fever, is the original hemorrhagic
fever described all over the world and was for almost three centuries a disease that
caused fear and closure of the economy and trade in countries reporting epidemics.
Indeed, yellow fever was an important player in recent centuries and recognized as a
major human public health disease. Even today, yellow fever is an important but
preventable disease killing hundreds of non-immunized people in Africa and South
America affecting 47 countries (11 in South America and 36 in Africa). The World
Health Organization (WHO) estimates an annual occurrence of more than 30,000
infections and approximately 3000 deaths (Monath and Vasconcelos 2015).

1.2 The Virus

YFV was initially isolated by Stokes et al. (1928), from the blood of a febrile human.
The YFV prototype, Asibi strain, was obtained in West Africa from a Ghanaian with
an illness characterized by fever, headache, and muscle pains. The Asibi strain was
maintained in rhesus monkeys for serial passages for many years before its initial
passages in adult and later in suckling mice by Theiler (1930).

YFV, like other flaviviruses, has small spherical particles with approximately
50 nm of diameter, containing a core with nearly 30 nm. This core is covered by an
envelope formed by lipids and glycoproteins. The envelope (E) glycoprotein is the
principal virus antigenic determinant and responsible for the induction of immune
response. This protein is also responsible for the fusion of the virus particle with the
host cells enhancing the fusion and entry of the virus particle into the host cell. Two
other glycoproteins are also present in the surfaces of the virus particles: the
membrane (M) or pre-membrane (prM) depending on the pH of extracellular or
intracellular and capsid (C) protein. They are important components of the structure
of the YFV (Rice et al. 1985). These coding proteins are involved in the virus
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pathogenesis and are associated with virus diversity including the emergence of
different genotypes of YFV. Seven non-structural proteins have been described;
although these proteins were not components of the virus archabbot, they play an
important role in the gene expression and virus pathogenicity. Indeed, these
non-structural (NS) proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 are
completely associated with YFV replication and pathogenesis (Rice et al. 1985;
Chambers et al. 1990). NS5 is the major NS protein and is a replicase and
RNA-dependent RNA polymerase, while NS3 is an integrase and replicase; NS1
is the first protein to be expressed during acute infection and has the capacity to fix
complement. The minor NS proteins, NS2A, NS2B, NS4A, and NS4B, have
multiple accessory functions that support major NS proteins (Rice et al. 1985;
Chambers et al. 1990).

1.3 Epidemiology

1.3.1 Origin of YFV

Presently yellow fever is a global public health concern and endemic in sub-Saharan
Africa and South America where annually sporadic cases, small outbreaks, or major
epidemics are registered. According to the WHO, each year at least 100,000 cases
and 30,000 deaths due to yellow fever occur all over the world, but very few cases
are officially reported which is characterized by enormous underreporting of cases.
Actually, 45 countries are considered endemic to YFV, 11 in South America and
34 in the sub-Saharan Africa (Jentes et al. 2011; Monath and Vasconcelos 2015;
Vasconcelos and Monath 2016).

For decades the origin of the YFV was polemic since the initial reports of yellow
fever were registered in the Americas; however, the close relationship of YFV with
other African flaviviruses (among other Banzi, Sepik, Uganda S, and Wesselsbron
viruses) was indicative of an African origin. Another important aspect of its origin is
the higher diversity of YFV in Africa compared to the Americas. Indeed, in Africa
five genotypes (West African I, West African II, East African, Central African, and
Angola) are recognized (Mutebi and Barrett 2002), while in South America only two
genotypes (South American I and South American II) are registered (Wang et al.
1996; Vasconcelos et al. 2004). The question was definitely clarified by an elegant
molecular study (Bryant et al. 2007) which showed special signatures showing that
YFV is definitely an African virus.

1.3.2 Cycles

YFV is maintained in jungle cycles in both regions, but the Culicidae vectors are
different. In Africa several Aedes species are responsible for transmission in the Old
World forests. Aedes africanus is the most important sylvatic vector in Africa, but
other Aedes mosquitoes play a secondary role and have been associated with the
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transmission cycle in Africa including Aedes furcifer, Aedes luteocephalus, and
Aedes simpsoni, among many others. On the other side of the Atlantic Ocean,
Haemagogus janthinomys is the most important sylvatic vector of YFV in South
America, but in Southern Cone Haemagogus leucocelaenus is responsible for jungle
transmission cycle; other mosquitoes have been incriminated as secondary vectors
including Haemagogus albomaculatus, Haemagogus tropicalis, Sabethes
chloropterus, Sabethes soperi, and Sabethes cyaneus (Vasconcelos 2003;
Vasconcelos et al. 2001; Monath and Vasconcelos 2015).

On both continents the primary hosts are non-human primates (NHPs). It is clear
that the NHPs are clearly implicated in the transmission cycles of the YFV as
vertebrate host. Other vertebrate can be infected by YFV but without epidemiologic
importance. In the Americas, the New World NHPs are largely susceptible to YFV
infection and many animals die with hemorrhagic disease. The rate of lethality is
variable, but in general Howler monkeys (Alouatta sp.) are more susceptible, while
Capuchin monkeys (Callicebus sp.) are more resistant to YFV and lethality is lower
(Vasconcelos 2003). Other genera have intermediate lethality such as marmosets
(Callithrix sp.) and squirrel monkeys (Saimiri sp.). On the contrary, in Africa
monkeys are resistant to YFV and do not die of yellow fever. These differences
are important, and represent an advantage for surveillance of YFV in the Americas,
once the monkey deaths are an important marker to intensify investigation and
increase vaccination. This limits the number of cases of yellow fever in the region,
while in Africa as the NHPs do not die of yellow fever, the circulation of the virus is
silent and the spread becomes easier in urban settings. In addition, in Africa the
intermediate cycle is the link between jungle and urban areas and facilitates the virus
circulation and spread, where Aedes aegypti levels are high. In NHPs, the YFV is
viscerotropic, and causes severe hemorrhagic diathesis and the liver is the main
target organ. As the liver is responsible for the synthesis of almost all coagulation
factors, the damage in the hepatic tissue is followed by hepatic insufficiency and
hemorrhages, in a picture too similar to that of humans.

In urban areas in both regions transmission is by Aedes aegypti mosquitoes
directly to humans. While in the Americas urban cycles were eliminated in the
1950s, in Africa the urban epidemics remain a threat and, almost annually, small or
large urban epidemics of yellow fever are reported (Monath 2001; Jentes et al. 2011).

In Africa an intermediate cycle (or emergence cycle) is well described; it is
recognized as Savannah cycle and is frequent in moist savannah regions where
different Aedes species have been incriminated in the transmission cycle; the species
are different in West and East Africa. In South America, an intermediate cycle has
not been recognized, but recently YFV was isolated from pools of Aedes albopictus
in Minas Gerais state (Lívia Martins, personal communication), and this finding calls
attention to this possibility, that is, that the Asian Tiger can be the linking vector
between sylvatic and urban cycles.

Infections in mosquitoes are for life and they do not present apparent tissue
changes or lesions. In the NHPs, the primary hosts, the infection is apparent, and
like humans they can become ill or develop asymptomatic infection. When they
become sick, the disease evolution will result in death or survival. The immune
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response of both the recovered NHPs and humans will be strong and protect against
other secondary YFV infections due to the presence of specific antibodies and
memory cells, meaning that they develop long-term protective immunity against
YFV. Interestingly, although African monkeys can be infected by YFV and develop
viremia, they do not develop clinical symptoms (i.e., do not show clinical signs/
symptoms nor die of yellow fever). In NHPs the viremia is short and in general lasts
up to 5 days (Monath and Vasconcelos 2015; Vasconcelos 2003).

1.3.3 Factors Associated with Disease Emergence

It is well known that several factors have been associated with emergence of yellow
fever activity. Since old times, it was observed that some environmental variables are
implicated with the increase of YFV circulation in the endemic areas of Africa and
South America. It is also clear that these factors play different role in the YFV
emergence. We have no intention to evaluate all of them, just the most commonly
implicated in the eco-epidemiology of yellow fever and the (re)emergence of YFV in
areas previously free of YFV for more than 50 years in South America and Africa.
For more detailed information, we suggest to review Barrett and Monath (2003),
Vasconcelos (2010), and Monath (2001) or Monath and Vasconcelos (2015).

1.3.4 The Role of Climatic Changes

In endemic countries, YFV activity is more frequently observed during rainy season
and in areas with increases of temperature during the summer. This occurs because
the vectors are more abundant; the reproductive period of the vectors is shorter and
increases the number of adult mosquitoes, facilitating the virus infection and trans-
mission not only to NHPs but also to susceptible (not immunized) humans. During
the dry season on the contrary, there is limitation in the activity and the density of
mosquitoes, which makes YFV circulation and mosquito infections difficult. Con-
sequently, the host infections (NHPs and humans) are rarer and many times absent.
Other climatic factors including El Nino have been incriminated in the YFV
emergence, but more studies are necessary to confirm the role of global warming
in it. It has been proposed that during dry season, animal movement looking for
water can be a source of YFV spread carried out by viremic animals especially NHPs
(Monath et al. 1981; Monath 2001).

Monath has shown that the epidemic in Nigeria in 1986 was caused by an
increase in rainfall, prolonged rainy season, and growing of vegetation. He had
also proposed that El Nino events were implicated in the emergence of yellow fever
in West Africa (Monath 2001). Similarly, Vasconcelos et al. (2001) showed that the
increase in the average temperature (in 2� C) associated with severe rainfall in
Central Brazil was implicated in the emergence of an yellow fever epidemic in
Goiás state.
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1.3.5 Cutting of Forest and Mining

This is another factor for the emergence of YFV. Indeed, deforestation for several
purposes especially cattle grazing, but also mining and construction of hydroelectric
power plant and its dam, has been well characterized as a risk factor of yellow fever
in endemic areas mainly in South America, where new colonized areas propitiate
favorable conditions for virus circulation and emergence of outbreaks and/or
epizootics. This has been well documented in the Brazilian Central and Amazon
regions (Vasconcelos et al. 2001, 2001).

1.3.6 Animal Traffic and Human Migration

These two factors although different have more or less the same mechanism and
show the movement of humans from one place (YFV endemic) to another (free of
YFV) and vice versa. In Brazil, the circulation of identical YFV strains in distant
areas far from one other for more than 2000 km in short times was demonstrated, and
the only possibility for this to occur was the human migration of infected people to
receptive areas but free of YFV or alternatively by traffic of sylvan animals particu-
larly the viremic NHPs by traffickers (Vasconcelos et al. 2004).

1.3.7 Recent Epidemic Emergence in Africa and South America

Urban yellow fever outbreaks have been recently described in Angola, Uganda, and
the Democratic Republic of Congo in 2015–2016, thereby demonstrating the con-
stant presence of YFV in Africa (Kraemer et al. 2017). Subsequently, between
December 2016 and June 2018, one of the largest yellow fever outbreaks in the
last eight decades occurred in Brazil, and 2153 human cases were confirmed to be
caused by YFV in Northern (Amazonas, Pará, and Tocantins States), Middle-
Western (Goiás, Brasília, and Mato Grosso States), and Southeast (Espírito Santo,
Rio de Janeiro, Minas Gerais, and São Paulo States) regions of Brazil. The mortality
rate was 34.56% (744 fatal cases). The highest number of cases occurred in Minas
Gerais (604; 28%) and São Paulo (397; 18.5%). In the same period, 2276 epizootics
were confirmed in the Northern (Pará, Rondônia, Roraima, and Tocantins States),
Northeast (Bahia State), Middle-Western (Brasília, Mato Grosso do Sul, and Mato
Grosso States), and Southeast (Espírito Santo, Rio de Janeiro, Minas Gerais, and São
Paulo States) regions of Brazil, with a predominance of Callithrix (26.7%) and
Alouatta (22.5%) species of NHPs and the first report involving the genera Aotus
spp. and Saimiri spp. in Brazil. Epizootics were more concentrated in the Southeast
Region of Brazil with a prevalence of 38% in Espírito Santo, 27.8% in Minas Gerais,
and 15.3% in São Paulo (Bonaldo et al. 2017; Brasil 2018). In Southeast Brazil,
during the epidemic of 2016–2018 there was evidence of multiple transmission
cycles simultaneously in different geographic areas and states (Moreira-Soto et al.
2018), while in São Paulo the velocity of YFV movement by day and week was
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determined, and it was observed that corridors of circulation of infected monkeys in
residual Atlantic forest were responsible for spread of the virus in the neighboring
city of São Paulo (Cunha et al. 2019; Delatorre et al. 2019).

1.3.8 Pathogenesis

The pathophysiological characteristics of yellow fever virus (YFV) infection are
known, in part thanks to scientific experiments carried out in PNH, hamsters, and
mice and the description of fatal cases in humans (Xiao, et al. 2001; Quaresma et al.
2006). Hamsters are used in studies to look at YFV viscerotropism. In these animals
the viral titer in the bloodstream rises up to 96 h after infection and then rapidly
decreases to be rarely found after 120 h. Many succumb to the infection presenting a
picture of fulminant hepatitis (Tesh et al. 2001).

The pathophysiology of yellow fever is characterized by vascular damage
resulting in increased permeability and, consequently, in low-flow tissue hypoxia.
Thus, hemodynamic stress in connection with hepatic tropism is directly linked to
the lesions caused in this organ, as it has also been described that hepatocyte death in
AF results preferentially from apoptotic phenomena and not from necrosis as
previously found (Quaresma et al. 2005).

In primates and humans, YFV is viscerotropic causing damage to various organs
such as the liver, spleen, heart, and kidneys. In the human liver, it induces hepato-
cellular damage characterized by eosinophilic necrosis, macrosteatosis and
microsteatosis, and apoptosis. Hemorrhagic foci and small neutrophil clumps were
observed around the areas of lytic necrosis. In addition, small inflammatory
infiltrates are found, as described in the literature (Hudson 1928; Councilman
1981; Quaresma et al. 2005).

The swelling, which is an increase in hepatocyte volume, is seen in all areas of the
lobes (Z1, Z2, and Z3), but is easily identified in Z1 and Z3 where the severity of
hepatocyte involvement is less intense. Hepatocytic steatosis is found mainly in the
Z2 region. In addition to the intense apoptotic component, there is a disproportion
between the degree of parenchymal involvement and the scarcity of inflammatory
infiltrate. Damage to hepatocytes leads to high blood levels of alanine, aminotrans-
ferase, and aspartate aminotransferase transaminases that aid in diagnosis (Tuboi
et al. 2007; Vieira et al. 1983; Quaresma et al. 2005).

In an experiment with rhesus monkey, the YFV in the liver infects Kupffer cells,
determining acidophilic degeneration in focal zones during the initial period of
replication, with ballooning degeneration characterized by vacuoles that gather
around the nucleus (Tigertt et al. 1960). In PNH, hyaline coagulation necrosis is
the main lesion in the hepatocyte, presenting a mild inflammatory process, especially
in areas where apoptosis is abundant (Monath 2001).

The appearance of Councilman-Rocha Lima bodies and necrosis in Z2 is a late
event that appears 24–48 h before death. In cases that evolved to cure, the preserva-
tion of cell architecture and complete regeneration of the organ is maintained
(Monath et al. 1981). They were also observed in Alouatta sp. apoptosis of
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hepatocytes, hepatocyte necrosis, steatosis, and hepatic hemorrhage that showed a
positive correlation with hepatocyte apoptosis indicating association with the patho-
genic effect of YFV (Leal et al. 2016).

The immune responses in yellow fever aim to neutralize the virus and interfere
with its intracellular replication, inducing responses aimed at eliminating infected
cells. It is known that this immunological process has adverse reactions, as they cause
release of cytokines that go beyond antiviral responses (Chisari and Ferrari 1995).
This process involves not only CD8+ T lymphocytes, but also CD4+ T lymphocytes,
macrophages, polymorphonuclear cells, and natural killer (NK) cells, as well as
cytokines, chemokines, and components of the complement system (Quaresma
et al. 2007).

It is important to mention that during yellow fever the anti-YFV IgM antibodies
appear within a few days of disease onset and are detected for up to 3 months. As for
IgG, it develops in days following the IgM response, and can be detected years later
(Gibney et al. 2012). In human yellow fever infection, the lysis of infected cells can
release viral particles that will be exposed to antibodies produced by B cells. B cells
are easily found in portal tracts (PT); therefore, they can play an important role in the
antigen processing mechanism during the immune response (Quaresma et al. 2005;
Quaresma et al. 2006; Monath et al. 1981).

NK cells recognize infected cells by molecules involved with the class I major
histocompatibility complex (MHC I), lysing these cells through the action of
granzymes and perforins. In addition, these cells stimulate the release of
interferon-gamma (IFN-γ), an antiviral cytokine that activates phagocytes and
potentiates MHC expression. CD4+ T lymphocytes express IFN-γ and tumor necro-
sis factor-α (TNF-α) promoting an immune response of the Th1 profile, where
molecules will stimulate CD8+ T cells, inducing inflammation and phagocyte
activation (Quaresma et al. 2007). Several cytokines are involved in the immune
response process against YFV, and these actions cannot only be limited to the liver;
cytokines may also be implicated in severe vasculopathy in severe cases of the YF,
dengue hemorrhagic fever, and dengue shock syndrome (Quaresma et al. 2006; Basu
and Chaturvedi 2008).

The main cell of the immune response against YFV is constituted by CD4+ T
lymphocytes, and to a lesser degree by CD8+ T lymphocytes. Associated with these
cells, antigen-presenting cells, S100 +, CD68+ macrophages, and CD57+ NK cells
are also found in the acinus areas (Quaresma et al. 2006; Quaresma et al. 2007).
However, the exact role and mechanisms of action of these cells in the
immunopathogenesis of yellow fever require further studies.

In the YFV-infected liver, the lack of inflammatory cells in areas of intense
apoptosis can, in part, be explained by the fact that the apoptotic phenomenon
does not trigger a cellular immune response, as the apoptotic bodies are
phagocytosed by nearby macrophages, leading to a shortage of inflammatory infil-
trate location (Quaresma et al. 2007). The expression of antigen-presenting cells,
macrophages, and NK cells is greater in the Z2 region, and their activities in the
characterization of the disease’s evolutionary image seem to be fundamental
(Quaresma et al. 2013).
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In the case of severe fatal yellow fever, a higher density of immunostained T
lymphocytes was observed in PT by the immunohistochemical method when com-
pared to acini, since the inflow of inflammatory cells into the liver tissue is from the
PT. In both acini and PT, CD4+ T cells are more frequent than CD8+ T cells. The
predominance of CD4+ T lymphocyte is a common finding in other hepatotropic
viral infections, which may be involved in viral destruction in the yellow fever, as in
hepatitis B and C infections (Quaresma et al. 2013). Furthermore, activated
macrophages release TNF-α which acts in the pathogenesis of tissue damage during
yellow fever (Monath 2001). Cytotoxic CD8+ T lymphocytes, induced by the
expression of class I MHCmolecules, will interact with infected hepatocytes playing
an important role in inducing necrosis or apoptotic cell death (Quaresma et al. 2006,
2007).

The induction of apoptotic cell death by TNF-α may be associated with the
persistence of the infection in the host (Quaresma et al. 2007; Rowan et al. 2007;
Brenndörfer et al. 2010). The interactions of TNF-α and IFN-γ in yellow fever have
yet to be determined; however, as a characteristic of cells of a Th1 type response, it is
known that T cells release these cytokines and act on the differentiation of CD8+ T
lymphocytes into T cytolytic lymphocytes, in the induction of inflammation and
activation of macrophages (Quaresma et al. 2007).

The intense presence of TGF-β cytokine immunostaining is a feature of yellow
fever liver infection; this has an immunosuppressive and pro-apoptotic action that
possibly induces an intense tissue damage observed in the yellow fever liver in fatal
cases (Quaresma et al. 2006).

1.4 Clinical Presentation

The period of incubation of yellow fever ranges from three to 7 days after the
infectious bite. The period of infection or viremia is characterized by prodromic
symptoms and a sudden onset of high fever, malaise, and severe aches (headache,
muscle, and joint pains). During this period viremia shows high levels of serum YFV
titers and during this period mosquitoes can be infected (Vasconcelos 2003).

Yellow fever is a severe public health threat, that is, an infectious disease of short
course and variable severity; clinically, the outcome of the classic hemorrhagic fever
in general is dramatic with case fatality rates reaching 50% (Monath and
Vasconcelos 2015). Nonetheless, the severe cases represent less than 20% of cases
of disease and around 10% of all YFV infections. In general, the yellow fever
infection can be asymptomatic and symptomatic (Monath 2001; Monath and
Vasconcelos 2015). Asymptomatic infections represent around 40% of all YFV
infections. The symptomatic infections can be classified according to their severity:
mild, moderate, and severe. This means that the clinical pictures are completely
different in terms of severity, presence of symptoms and signs, including the
occurrence of the classic triad (jaundice, hemorrhage, and albuminuria), and of
course the outcome. Indeed, while some patients present a light febrile illness, others
will present a dramatic picture of dying with the classic disease presentation. And as
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Nott has stated in the USA, and many other confirmed around the world, the
variation of severity of disease in an epidemic is superb even among members of
the same family or neighbors of a street or district. Globally, the case fatality rate of
yellow fever is approximately 15%; however, it can reach more than 50% in severe
forms. It is important to emphasize that any kind of clinical presentation will show
change in viremia; only the time of viremia is longer in severe disease (Monath and
Vasconcelos 2015).

1.4.1 Degrees of Yellow Fever Severity

Mild form: in general, patients present fever, headache ,and malaise for up
2–3 days. The disease onset is frequently sudden. Eventually, subictericia, slight
albuminuria, and the Faget’s sign (the relative slow pulse with rising temperature)
can be present. The patient’s recovery is complete without intercurrences. This
clinical presentation is common among young children with antibodies passively
acquired from their mothers and people with long time contact with YFV and/or
other flaviviruses closely related to it. This clinical presentation is frequently
misdiagnosed and only recognized during outbreaks or epidemics, when active
surveillance is implemented, the suspect case definition is broadly amplified, and
serologic surveys are used to diagnose these cases.

Moderate form: patients present with a sudden onset of high fever, headache,
dizziness, muscle and joint pains, and nausea in the first 3–5 days. Faget’s sign can
be present. Some patients also present with nausea and ocular pain. The headache
and muscle pains especially backache can be severe. Other patients have also skin
hemorrhages such as petechiae, ecchymoses, or other kinds of small hemorrhages,
including epistaxis, melena, menorrhage, and eventually other mucosal bleeding.
The evolution lasts for 5–7 days of disease, and recovery is slower with convales-
cence of at least 1–2 weeks with malaise and muscle pain. In general, these patients
present with a slight increase in the serum levels of aminotransferases, Gama GT,
and bilirubin, as well as the creatinine and blood urea nitrogen (BUN) (Tuboi et al.
2007).

Severe presentation: This is the classic yellow fever; the patients present all
symptoms of the moderate form, but the symptomatology is more severe, in general
dramatic. The jaundice is apparent in skin and sclerotic and the signs of hepatic and
renal failure are also too clear. Hemorrhages including black vomit (stomach
hemorrhage) and uterine and mucosal hemorrhages are more intense and are basi-
cally due to the intense hepatic injury and accumulation of coagulation factors
produced in the liver (Bailey et al. 2020); albuminuria is intense (++++/+4). The
evolution of these patients can be faster with 5 days or longer course with 10 or more
days. The convalescent period is common to last for 4–4 weeks. In fatal cases, death
usually occurs between 7 and 10 days of disease, but some deaths can be registered
up to 4 weeks and these in general are due to cardiac arrest (Monath 2001;
Vasconcelos 2003; Monath and Vasconcelos 2015; Tuboi et al. 2007).
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It is important to mention that moderate and severe cases are frequently
characterized by distinct periods of disease: Period of infection: this corresponds
to the infectious period and viremia. During this period, mosquito can become
infected if they bite patients. During this time, symptoms are characterized by high
fever (~39� C), headache, malaise, nausea, and joint and muscle pains. This period
lasts for three to 5 days and is followed by a period of remission. This period is not
easily recognized and cannot be present in some severe cases. When present, it lasts
for 12–48 h and is followed for the period of intoxication. This period is
characterized by an increase in the severity of symptoms. During this period, the
YFV is not recovered from the blood, but is easily detected in the viscera, especially
the liver. Clinically, patients present with symptoms and signs of liver and kidney
failures, but fever, joint, and muscle pains become more severe. This period is not
present in mild presentation of yellow fever (Monath 2001; Vasconcelos 2003).

1.5 Diagnosis

The specific diagnostic of yellow depends on the time of disease, kind of biological
specimen, and clinical situation of patients. Indeed, in the first days of disease,
during viremia, that is, infection period, blood samples (1–2 mL) are more indicated
for viremic investigation, especially attempts of virus isolation in cell culture or by
molecular approaches including real-time RT-PCR (RT-qPCR). This test is the gold
standard method for the virologic diagnosis of YFV infections. Theoretically, all
genomic part can be used for PCR in the molecular diagnostics of YFV; however,
segments of the envelope (E), NS5 genes, and 3’NCR are more utilized to synthesize
primers and probes. Several protocols have been published elsewhere with good
results (Domingo et al. 2012, 2018; Hughes et al. 2018).

After the first week of disease symptoms, serologic tests, such as ELISA for IgM
and IgG detection, are preferable to detect anti-YFV antibodies. The IgM ELISA is
the serologic gold standard method. The presence of IgM against YFV in
non-vaccinated persons is suggestive of recent or current infection. Normally,
collections of 3–5 mL of blood are enough to obtain serum for serologic testing
including retesting if necessary to confirm the YFV infection. In reference
laboratories, the hemagglutination-inhibition (HI) test, fixation-complement
(FC) test, and plaque reduction neutralization test (PRNT) are also used to confirm
serologic diagnosis of yellow fever (Vasconcelos et al. 2001). The use of these
techniques requires two blood samples: the first in acute phase and the second in the
convalescent phase with an interval of 2–3 weeks. When tested together, in general,
we observe the serologic conversion, that is, the change of negative or low titers in
acute serum samples to positive in high titers in the convalescent-phase samples. The
serologic conversion to YFV is indicative of recent infection in a non-vaccinated
person.

In patients with fatal outcome, an autopsy to obtain viscera samples from liver,
heart, kidney, lung, and others is recommended, or alternatively ultrasound-guided
biopsies can substitute autopsy which in general are more appropriate for obtaining
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authorization of patient’s relatives to collect these and other specimens. Viscera
samples can be used to attempt virus isolation and RT-qPCR and in this case should
be preferably stored at -80� C or to detect viral antigens by immunohistochemistry
(IHC). In this case, samples should not be frozen; instead they should be stored at
room temperature (~25� C) and preserved in 10% buffered-formalin solution (Hall
et al. 1991).

The RT-qPCR protocol is similar to the approach used for diagnostics of serum
samples. But viscera samples should be macerated and/or cells are lyzed before
submitting to molecular technique.

The IHC is similar to the procedures of other flaviviruses such as dengue and zika.
The detection of YFV antigens in the cytoplasm is easily seen in optical microscope
(Fig. 1.1).

1.6 Treatment

Specific antiviral drugs are not approved for treatment of yellow fever, and conse-
quently the treatment of severe cases is based on measures to support life of ill
people. Patients with severe illness should be admitted to intensive care units (ICU).
For more detailed information on the supportive treatment of hospitalized patients in
ICU, we recommend to consult Kallas et al. (2019) and Ho et al. (2019).

1.7 Control and Prevent Measures

Urban epidemics can be prevented by vector control programs. Index levels more
than 5% in receptive areas where the vaccination rate is very low are at risk for urban
transmission. Although this is true, it was demonstrated in Africa that urban trans-
mission is only sustainable when vector indexes are high than 20%. This occurs
because Aedes aegypti, an exceptional dengue and zika virus vector, is not a good

Fig. 1.1 Histopathological aspects of the liver during yellow fever. (a) In the hepatic parenchyma
hemorrhagic area with hemorrhage resulting from vascular alterations induced by the yellow fever
virus and by proinflammatory cytokines is noted. (b) In the portal tract, we observe mild inflamma-
tory infiltration of lymphocytes. (c) We can see multiple Councilman corpuscles representing the
apoptotic hepatocytes induced by the yellow fever virus infection and anti-inflammatory cytokines,
such as TGF-β
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vector for YFV (Miller et al. 1989). In fact, during an epidemic in Nigeria in the
1980s the expansion of yellow fever was slow and this probably occurred due to the
receptivity of Aedes aegypti to YFV. It has been hypothesized that in the large
yellow fever epidemics in the past centuries (1800s and 1900s) when the indexes
were not developed yet, the vector indexes were probably too high, another possi-
bility that is associated with the lineage vector. Some authors have proposed that in
the past the Aedes aegypti lineage was more competent to transmit YFV because it
was from African origin, and that presently the circulating lineage is the Asian
lineage that would be less competent to transmit YFV, but excellent to transmit other
flaviviruses like the serotypes of dengue and also the zika virus (Monath 2001;
Monath and Vasconcelos 2015).

It is not possible to prevent epizootics in nature, but the occurrence of human
cases is preventable by vaccination.

The 17D vaccine (Theiler and Smith 1937a, b) has been used for more than
80 years and probably saved millions of lives. A single dose of vaccine is sufficient
to immunize people for at least 10 years. Recently, the WHO has recommended a
single shot to immunize people probably for life (WHO 2014). Nonetheless, addi-
tional research is necessary to define with more scientific data the real persistence of
YFV antibodies in neutralizing titers after a single shot or two or more shots of the
YFV 17D vaccines, especially in children. Indeed, some well-defined studies sup-
port the need of an additional YFV 17D vaccine dose among children after 10 years
of the first vaccination (Campi-Azevedo et al. 2016; Domingo et al. 2018;
Vasconcelos and Barrett 2019).

17D vaccines are safe and antigenic for more than 98% of vaccinees. Unfortu-
nately, in 2001 the occurrence of several cases in Brazil and the USA of
viscerotropic disease resembling the wild-type disease was demonstrated; the sever-
ity of cases was reported and the case fatality rate has been estimated at around
25–40% and the incidence ranging from one case for 100,000–1 million vaccines.
The susceptibility to these cases is rare but severe adverse events are not
demonstrated yet has. Individual susceptibility of unknown origin, possible of
genetic background, has been hypothesized (Vasconcelos et al. 2001; WHO 2014).

Recently, due to the shortage of YFV 17D vaccines and following the emergence
of yellow fever in Africa, the vaccine was fractioned 1:10 and administered in Africa
with good results during the urban epidemic in Kinshasa, Democratic Republic of
Congo, in 2016, as well as in Mbarara (Uganda) and Kilifi (Kenya). The follow-up of
vaccines showed neutralizing antibodies in high percentage after and in identical
titer levels of standard 17D dose in inducing seroconversion after 28 days post-
vaccination and without major safety concern. These results support the use of
fractional dosage in the general adult population for outbreak response in situations
of vaccine shortage (Roukens et al. 2018). Additional studies, however, are neces-
sary to investigate if this fractional dose is also efficient to protect children against
yellow fever.
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Abstract

Chikungunya is a viral disease transmitted to humans by infected mosquitoes. It is
an acute febrile illness caused by the chikungunya virus (CHIKV)—an arbovirus
belonging to Togaviridae and the genus Alphavirus. It was initially described in
Africa, where it circulates in wild cycles involving vectors (genus Aedes) and
non-human primates. The term “chikungunya” is derived from the Makonde
language of the Bantu people. It means “that which bends up” or “stooped
walk” because of the incapacitating arthralgia caused by the disease.
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2.1 An Overview

Chikungunya is a viral disease transmitted to humans by infected mosquitoes. It is an
acute febrile illness caused by the chikungunya virus (CHIKV)—an arbovirus
belonging to Togaviridae and the genus Alphavirus. It was initially described in
Africa, where it circulates in wild cycles involving vectors (genus Aedes) and
non-human primates. The term “chikungunya” is derived from the Makonde lan-
guage of the Bantu people. It means “that which bends up” or “stooped walk”
because of the incapacitating arthralgia caused by the disease.

It has a wide worldwide distribution and has caused great concern, mainly due to
the impact generated to health services and the fact that part of the infected patients is
unable to perform their daily activities, causing severe economic impacts due to
reduced productivity (Mohan et al. 2010; Donalísio et al. 2015; Krutikov and
Manson 2016).

Chikungunya is transmitted by the mosquito vectors Aedes aegypti and Aedes
albopictus. Infected travelers can import chikungunya into new areas, in areas with
Ae. aegypti and/or Ae. albopictusmosquitoes and local transmission can follow (i.e.,
in Italy, where the first outbreak occurred in 2007).

Several large outbreaks with high attack rates have been documented, affecting
one-third to three-quarters of the population in areas where the virus is circulating.
From 2005 to 2006, Reunion Island reported a large outbreak involving approxi-
mately 34% of the islands’ residents.

One of the challenges imposed by CHIKV has been identifying suspected
individuals correctly in the co-circulation of other arboviruses that present similarly
in tropical regions and are transmitted by the same mosquito vectors chikungunya
virus (i.e., Dengue, Zika, and Mayaro). The viruses can cocirculate in a geographic
region, and coinfections have been documented; however, whether the dual infection
has been associated with worse outcomes than mono-infection remains further
investigated.

The laboratory diagnosis has mainly focused on either RNA or virus-specific
antibody detection through RT-PCR and ELISA techniques. However, such diag-
nostic technologies require complex instrumentation and are not easy to perform
outside sophisticated laboratories in urban settings where trained personnel are
available. Therefore, these tests are not accessible or affordable to patients at the
lower healthcare system levels, where most CHIKV outbreaks occur. In contrast,
rapid diagnostic tests (RDTs) promise to overcome some of these challenges by
bridging many gaps along the diagnostic test pathway in CHIKV-endemic areas.

Herein, we aim to comprehensively review the epidemiology, pathogenesis,
diagnosis, treatment, prevention, and prognosis of the chikungunya infection, focus-
ing on Latin America.
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2.2 Chikungunya: A Global Public Health Concern

Chikungunya is a global public health concern. The disease was first described in
1952 in the Makonde Plains, along the borders between Tanzania and Mozambique.
It emerged as an acute febrile illness with exanthem and arthralgia. However, it
differed from previous dengue reports by presenting severe joint pain (Robinson
1955). In 1953, an epidemic in Newala, Tanzania, allowed for the first time the
isolation of the virus from the serum of a febrile patient and clarified some issues
related to viral pathogenesis (Ross 1956). Since then, CHIKV has been responsible
for emerging and re-emerging outbreaks in several tropical and temperate regions
worldwide.

The virus remained restricted in some tropical regions of the world until 2004,
when it re-emerged with an outbreak off the coast of Kenya, with approximately half
a million cases spreading to Comoros, Mauritius, Reunion Island, and the other
Indian Ocean islands between 2005 and 2006 (González-Sánchez and Ramirez-
Arroyo 2018). In Europe, the first autochthonic outbreak was reported in Emilia-
Romagna, Italy, in 2007. In 2010, there were reports of cases in India, Indonesia,
Myanmar, Thailand, Maldives Islands, and Taiwan. France and the United States
also registered cases between 2010 and 2014 (Delisle et al. 2015; González-Sánchez
and Ramirez-Arroyo 2018).

In the Americas, CHIKV began in December 2013, on the Caribbean Island of
Saint Martin, after an investigation of febrile disease with laboratory results negative
for dengue (Zeller et al. 2016). The emerging CHIKV belonged to the Asian
genotype and spread to 17 countries in South America by December 2014. Since
it is first reported, local transmission has been identified in more than 50 countries in
the Caribbean, North America, South America, and Central America (Henry et al.
2017; Wahid et al. 2017).

Chikungunya was considered, until recently, to be the cause of benign disease.
However, this understanding of the disease is being changed. Until the chikungunya
emergence that began in 2004 in the Indian Ocean, few cases of deaths from
chikungunya had been. In Réunion, several death certificates mentioned
chikungunya as one of the diseases leading directly to death or as an associated
event challenging the conventional view of the non-lethal nature of CHIKV (Renault
et al. 2007). Reports of hospitalized and laboratory-confirmed chikungunya cases
that progressed to death reinforced the severity of this disease (Economopoulou et al.
2009). Upon arrival in the Americas, mortality studies in different countries show an
excess of deaths in epidemic periods compared to previous non-epidemic years,
suggesting that these analyzes can estimate the impact of chikungunya in situations
where not all deaths from the disease are correctly diagnosed (Freitas et al. 2017,
2018a, b, c, 2019). Recent necropsy studies have demonstrated viral antigens in
different tissues, confirming chikungunya’s systemic and potentially fatal character
(Sharp et al. 2021).
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2.3 The Biology of the Chikungunya Virus

The Chikungunya virus (CHIKV) is a simple-taped ribonucleic acid (RNA) virus,
which belongs to the family Togaviridae, genus Alphavirus,measuring 60–70 nm in
diameter and consisting of four non-structural proteins and three structural proteins.
The surface of the lipid envelope is located viral glycoproteins E1 and E2, which are
associated with heterodimers, forming 80 trimers, besides the presence in the
periphery of glycoprotein E3. The nucleocapsid consists of a c protein of the viral
capsid and an RNA molecule (Strauss and Strauss 1986; Uchime et al. 2013).

Twenty-nine arboviruses belonging to this genus are classified into seven distinct
antigenic complexes (Barmah Forest, Eastern Equine Encephalitis, Middelburg,
Ndumu, Semliki Forest, Venezuelan Equine Encephalitis, and Western Equine
Encephalitis). CHIKV belongs to the Semliki Forest complex, which also involves
other pathogens causing fever, exanthem, and arthralgias of medical importance,
such as the O’nyong nyong (ONNV), Mayaro (MAYV), and Ross River (RRV)
viruses (Solignat et al. 2009).

The human–mosquito–human transmission cycle begins when an arthropod
vector feeds on a vertebrate host in a viremic state. During this period (extrinsic
incubation), a wide range of mechanisms is activated in the mosquito to fight viral
infection. However, arboviruses have strategies to overcome these barriers in the
mosquito and multiply until they reach their salivary glands, which will be excreted
during blood repast, thus infecting a susceptible new host. In humans bitten by an
infected mosquito, symptoms of the disease usually occur after an (intrinsic) period
of incubation. After this period, the viremia in the host enables the renewal of the
cycle from a blood repast of a susceptible vector (Conway et al. 2014; Lum and Ng
2015; Liang et al. 2015).

2.4 The Immunopathogenesis of Chikungunya

The pathogenesis of CHIKV infection in humans is not fully defined. However,
recent epidemics have helped to provide information about cells and organisms
involved in viral replication.

The CHKV is transmitted by Aedes spp. mosquitoes’ bites but can also result
from form maternal-fetal transmission. After initially replicating in the skin, the virus
disseminates to the liver and joints through the blood and lymphatic circulation. The
incubation period between transmission and development of symptoms is 2–4 days.
During this period, there is rapid and robust viral replication reaching up to
108 particles/ml. The CHIKV is known for its arthritogenic potential and tropism
for joint tissue. However, apart from the blood, it can also be found to infect stromal
cells of the central nervous system (potentially leading to meningoencephalitis),
muscle, skin fibroblasts, liver, spleen, and other connective tissue cells.

CHIKV has a direct cytopathic activity that leads to apoptotic cell death in
cultures and is likely to dominate its properties in vivo. The viraemic acute phase
is accompanied by high levels of IFN-I and other inflammatory cytokines. The virus
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is cleared of the circulation after usually 7 to 10 days when it is also possible to
identify specific antibodies against CHIKV. Antibodies against CHIKV are believed
to be long-lived and promote life immunity against reinfection. Unlike other viral
infections, IgM against CHIKV can be detected for more than 10 months after initial
infections, with some individuals presenting positivity for more than 5 years. It has
been suggested that virus particles persistence in the joint tissues could lead to the
maintenance of IgM detection and correlate with chronic joint manifestations.
Nevertheless, this is still to be confirmed, and studies in this area are still being done.

2.5 Global Genetic Diversity of Chikungunya Virus

CHIKV has a single serotype, and, until that time, it is believed that it confers
protective immunity throughout the life of the recovered individuals (Sahadeo et al.
2015).

Phylogenetic analysis studies based on genotypic and antigenic characteristics
show the existence of three genotypes and one lineage, which were named according
to the first site of isolation: Western or West African genotype (WA), Eastern or
East/Central/South African genotype (ECSA), Asian genotype and the Indic Ocean
Lineage (IOL), which emerged from the Genotype ECSA (Powers and Logue 2007;
Tsetsarkin et al. 2007; Arankalle et al. 2007; Sudeep and Parashar 2008; Volk et al.
2010; Nunes et al. 2015a, b).

The lineage of the Indian Ocean (IOL), derived from ECSA, was first reported
between 2005 and 2006, being responsible for explosive epidemics in the Indian
Ocean Islands and Asia between 2005 and 2011 (Schuffenecker et al. 2006; Volk
et al. 2010; Nunes et al. 2015a, b), spreading throughout several regions of the
Eastern Hemisphere, causing outbreaks in more than 60 countries (Rezza et al. 2007;
Tsetsarkin et al. 2007; Kumar et al. 2008, Pulmanausahakul et al. 2011). The
expansion of this lineage was attributed to adaptive mutations in position 226 of
the gene encoding glycoprotein E1 that provided physical conditioning advantage to
Aedes albopictus without reducing the physical conditioning of Aedes aegypti,
allowing a rapid diversification of the lineage (Sahadeo et al. 2015).

In 2013, the Asian genotype was detected in the Caribbean region and spread to
38 countries in the Americas. In Brazil, in addition to the Asian genotype detected in
Amapá and probably imported from French Guiana, the circulation of the ECSA
genotype in Bahia and Rio de Janeiro was also evidenced, probably from Angola
where this genotype was already endemic (Vega-Rúa et al. 2014). Genetic analysis
showed the circulation of two CHIKV East-Central-South African (ECSA) lineages
in the northeast of Brazil. It revealed no unique virus genomic mutation associated
with fatal outcomes (Lima et al. 2020). Thus, Brazil presents itself in a differentiated
context in the CHIKV epidemic that occurred in the Americas, between 2014 and
2017, with the co-circulation of viral strains of two distinct genotypes. In addition,
the dispersion of the ECSA genotype in Brazil created an environment conducive to
outbreaks similar to those observed in the Indian Ocean islands due to the presence
of Aedes aegypti and Aedes albopictus (Vega-Rúa et al. 2014).
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2.6 Approach to Chikungunya Diagnosis in the Context
of Other Acute Febrile Illnesses Prevalent in Latin America

At different stages of the disease, chikungunya can be confused with other arbovirus
infections, such as dengue and Zika. From a clinical perspective, there is no clinical
algorithm robust enough to distinguish between these three arboviruses. Hence,
testing for dengue and Zika should also be pursued. Clinical guidelines in Latin
America recommend patients to be managed in the initial phase as dengue, as lack of
early intervention can result in high rates of complications. We recommend that
front-line clinicians, in the face of acute febrile illness, (1) conduct a broad differen-
tial diagnosis considering a syndrome-based approach; (2) recognize the alarming
signs of severe febrile illness; and (3) stratify the mortality risk with prediction
scores. Table 2.1 shows the primary febrile syndromes and their main etiologies in
Latin America.

The diagnosis of CHIKV infection should be suspected in patients with acute
onset of fever and polyarthralgia accompanied by relevant epidemiologic exposure
(residence in or travel to area where mosquito-borne transmission of CHIKV has
been reported). The prominent laboratory abnormalities are lymphopenia, thrombo-
cytopenia, and mild changes in hepatocellular enzymes. During a CHIKV outbreak
that occurred between October 2018 and July 2019 in Rio de Janeiro, Brazil, we
found that predictors independently associated with RT-PCR confirmed CHIKV
infection was the presence of cough [OR: 0.30 (0.13–0.69)], joint pain [OR: 11.87
(5.35–26.32)], rash [OR: 7.07 (3.06–16.30)], temperature (OR: 1.67 (1.16–2.40)],
and leukocytopenia [OR: 3.57 (1.24–10.28)].

CHIKV infection can be detected through direct methods such as viral culture and
detection of the virus genetic material or indirect methods using serological methods.
Viral cultures are usually not used for clinical and surveillance purposes. They can
detect the virus up to 4 days after the onset of symptoms. RT-PCR is considered the
gold standard for diagnosing acute infection and can detect the viral genetic material
up to 7 days after onset of symptoms when sensitivity can be close to 100%.
Although the virus has been detected up to 10 days of symptoms, sensitivity can
drop to around 40%, making this approach inappropriate for discarding infection.
Other molecular methods have been developed, most notably LAMP (loop-mediated
isothermal amplification) assays. However, its use has not yet been disseminated to
clinical and public health settings. So far, unlike other arboviral infections, there is
no antigen-based test for point-of-care diagnosis, which makes it more difficult for
health professionals to reach a conclusive diagnosis.

Serological methods have been used for post-acute (after 10 days of symptoms
onset) diagnosis and community serosurveys. IgG levels can be present for years,
acting as a good marker for past infection and as an epidemiological tool to
determine the seroprevalence of a population.

Most of the commercial kits available are based on ELISA techniques. They have
reliable results, and point-of-care rapid diagnostic tests are under development. As
previously mentioned, IgM can persist detectable for months or years and should not
be used isolated to infer recent infection. Cross-reactivity can be detected with other
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alphaviruses, especially the ones in the Semliki Forest serocomplex, such as Mayaro
(MAYV), O’nyong-nyong (OONV), and Ross River viruses (RRV), making it more
difficult to distinguish in regions of co-circulation of these viruses.

2.7 Global Availability of Chikungunya RDTs

We recently conducted a scoping review of the global landscape of CHIKV rapid
diagnostic tests currently under development or commercially available (Moreira J
et al. unpublished data). We found that the in vitro diagnostic medical device
manufacturers are primarily concentrated on CHIKV antibody-based RDTs, and
their accuracy overall performs poorly. It should not be used in clinical settings as
long as they suffer significant improvements. Conversely, antigen-based RDTs,

Table 2.1 The differential diagnosis for acute febrile illness according to presenting symptoms in
Latin America

Syndromes Common etiologies Less common etiologies

Fever with
respiratory
symptoms

Influenza virus, Mycoplasma
pneumoniae, Streptococcus
pneumoniae

Q fever, Burkholderia
pseudomallei, Hantavirus spp.,
Leptospira spp., Histoplasma spp.,
Paracoccidioides brasiliensis
complex, Strongyloides stercolaris,
Legionella spp.,

Fever with
jaundice

Leptospira spp., Plasmodium spp.,
viral hepatitis, Salmonella spp.

YF, arenavirus

Fever with
diarrhea

Norovirus, Escherichia coli,
Salmonella spp., Shigella,
Campylobacter spp., Giardia
intestinalis

Liver flukes, Vibrio spp.,
Cryptosporidium, Schistosoma
mansoni, intestinal amebiasis

Fever with rash
or eschar

Rickettsiosis, DENV, CHIKV,
ZIKV, acute HIV

Sporothrix spp., Bartonella spp.,
Spirilum minus

Fever with CNS
manifestations

DENV, ZIKV, CHIKV
Streptococcus pneumoniae,
Haemophilus influenza, Leptospira
spp., Toxoplasma, P. falciparum

Free-living amebae (i.e., Naegleria
fowleri, Angiostrongylus
cantonensis), neurosyphilis, WNV,
SL, Rocio, rabies, EEE, WEE,
VEEV, YF, P vivax, T cruzi

Fever with
hemorrhagic
manifestations

Plasmodium spp., DENV, CHIKV,
ZIKV, rickettsiosis, Leptospira spp.

Arenavirus, hantavirus, T cruzi, YF

Undifferentiated
non-malarial
fever illness

DENV, CHIKV, ZIKV, Salmonella
spp., Toxoplasma, rickettsiosis,
Leptospira spp., bacterial sepsis,
acute HIV

OROV, MAYV, VEEV, SLE,
Ehrlichia spp., Coxiella burnetti,
Bartonella spp., Brucella spp.,
Trypanosoma cruzi

DENV: dengue virus; CHIKV: chikungunya virus; EEE: eastern equine encephalitis virus; HIV:
human immunodeficiency virus; OROV: Oropuche virus; SLE: Saint Louis encephalitis
virus; MAYV: Mayaro virus; VEEV: Venezuelan equine encephalitis virus; WNV: West Nile
virus; WEE: western equine encephalitis; YF: yellow fever; ZIKV: Zika virus
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although still in a development phase, promise to have a high level of sensitivity and
specificity across the distinct CHIKV genotypes.

Given the problems associated with the existing diagnostic strategies for CHIKV,
there is a clear and urgent need for new, appropriate diagnostic tools for CHIKV that
meet the ideal product profile of “REASSURED” diagnostics. The characteristics of
the diagnostics products mentioned above are defined by a set of criteria which
includes: (1) Real-time connectivity; (2) Ease of specimen collection; (3) Environ-
mental friendliness; (4) Affordable by those at risk of infection; (5) Sensitive (few
false-negatives); (6) Specific (few false-positives); (7) User-friendly (simple to
perform and requiring minimal training); (8) Rapid (to enable treatment at first
visit) and Robust (does not require refrigerated storage); (9) Equipment-free; and
(10) Delivered to those who need it. Few products right now meet the ideal
“REASSURED” profile, and new research and investments are required to develop
those that match the profile needed. Pertinent questions about feasibility, acceptabil-
ity, cost-effectiveness, sustainability policy implications must be addressed before
the widespread use of CHIKV RDTs in endemic countries. More importantly, we
also need to address the impact of CHIKV RDTs into integrated fever case manage-
ment and how its implementation translates into a better prescription practice for
acute febrile patients (i.e., reducing unnecessary antibiotic prescription).

2.8 Clinical Manifestations: Neonates, Children, and Adults

After the incubation period, the viremic host initiates an acute clinical picture, which
may evolve to a post-acute or chronic phase of the disease. The clinical picture of the
acute phase is very similar to dengue, with sudden onset of high fever, headache,
arthralgia, muscle pain, exanthem, nausea, and fatigue (Nayar and Albur 2017; Burt
et al. 2017). The main characteristic of the disease is the presence of polyarthralgia
described in more than 90% of patients in the acute phase, which causes essential
physical dysfunction, significantly impacting the quality of life of affected patients.
The work disability caused by the disease in an economically active age group
further expands the magnitude of the problem for the affected population (Burt et al.
2014; Rodriguez-Morales et al. 2016).

In its different phases, joint pain is the most frequent and disabling symptom in
chikungunya infection—the aggravating factor of being intense and not responsive
to analgesics (De Andrade et al. 2010). However, patients usually report joint
clinical improvement 7–10 days after symptoms (Nunes et al. 2015a, b).

In some cases of the disease are reported atypical manifestations, which may be:
neurological, severely affecting CNS with meningitis, encephalitis, myelitis, paraly-
sis, ataxia, convulsions, Guillain–Barré syndrome, behavioral disorders, among
others (Arpino et al. 2009; Chandak et al. 2009; Zacks and Paessler 2010; Rust
2012; Bale 2015). They may present cardiac manifestations (myocarditis, pericardi-
tis, heart failure, arrhythmia, and hemodynamic instability), renal (nephritis and
acute renal failure), dermal (photosensitivity hyperpigmentation, vesiculobullous
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dermatosis, and aphthous ulcerations), and ocular (optic neuritis, iridocyclitis,
episcleritis, retinitis, and uveitis).

Severe forms of acute infection have been observed in different age groups, not
only in elderly patients. These forms involve the central, respiratory, and urinary
nervous systems. Occasionally, decompensation of pre-existing chronic diseases,
particularly cardiovascular, respiratory, renal, and autoimmune diseases, may occur.

Patients with severe forms must be hospitalized, and a portion may need intensive
care such as respiratory, hemodynamic, or dialysis support. In Reunion Island, of
610 patients, 84 (14%) needed ICU, and 65 (11%) died.

Unlike dengue and Zika, the musculoskeletal manifestations of CHIK, as previ-
ously mentioned, undergo a chronic process requiring adequate knowledge from
health professionals for the long-term follow-up of these patients. After the acute
phase, symptoms may persist to a post-acute (up to 3 months) and chronic (>
3 months). Joint involvement after the acute phase may assume different clinical
patterns. The rate of sub-acute joint symptoms ranges from 50% to nearly 90% in
some studies, and more than 10% of patients progress to the persistence of symptoms
for months or years (Van Aalst et al. 2017).

In the chronic phase, arthralgia is characterized by fluctuations in pain intensity,
with recurrences generally affecting the same joints involved in the acute phase,
causing a reduction in range of motion and worsening quality of life (Burt et al.
2014). The main predictors of chronicity are advanced age, female gender, initial
intensity of joint pain, detection of CHIKV-RNA after 7 days of symptom onset
(Van Aalst et al. 2017; Huits et al. 2018).

The first signs and symptoms start between the 1st and 15th days of life. The most
common signs and symptoms are fever, rash, refusal of breastfeeding, skin hyper-
pigmentation, and edema of extremities. Neurological complications are most fre-
quent and manifest as meningoencephalitis, encephalitis, hypotonia, irritability,
hyperalgesia, and seizures. Clinical manifestations of organs and systems can
manifest as respiratory failure, hemodynamic instability, gastrointestinal symptoms,
and septic shock. Other serious complications such as intracranial hemorrhage,
pericarditis, myocarditis, pericardial effusion, and necrotizing enterocolitis have
also been reported (Ferreira et al. 2021).

Although it affects the entire population, regardless of age and gender, younger
children and the elderly are more susceptible to the severe form of the disease and
more significant progression to death (Fig. 2.1).

2.8.1 Chikungunya Clinical Presentation in Children Versus Adults

There are limited data on pediatric-specific presentation of CHIKV. Ritz N and
colleagues observed up to 40% of asymptomatic infection rates in children. This
proportion is much higher than in adults. During a CHIKV outbreak in Rio de
Janeiro, 2018–2019, we observed that children frequently reported rash
(70.8% vs. 48.7%), and arthralgia was less present (66.7% vs. 94.7%) compared
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with the adult’s counterpart. Table 2.2 summarizes the primary clinical manifestation
between children and adults.

Fig. 2.1 (a) A
maculopapular rash during the
acute infectious phase of
chikungunya. The rash was
distributed over the entire
body, resolved after a few
days, and was followed by
desquamation; (b) Eight-year-
old male complaints of acute
onset high-grade fever,
maculopapular rash (mainly
over the limbs, face, and
trunk), and bilateral
polyarthralgia; (c) The same
child comes back 2-week on
for clinical and laboratory
evaluation. The rash has
resolved, and he is entirely
asymptomatic. (d) Acute
arthritis involving the
metacarpophalangeal and
proximal interphalangeal
joints in a patient with
chikungunya arthritis.
Arthralgia is usually bilateral
and symmetric, involves distal
joints more than proximal
joints, and is associated with
morning stiffness

Table 2.2 Main differences regarding Chikungunya clinical manifestations in children against
adults

Characteristics Children Adults

Asymptomatic
disease

35–40% (rare in
neonates and infants)

16–27%

Neurologic Headache (15%) Headache (40–81%)

Musculoskeletal Myalgia and arthralgia
(30–50%)

Arthritis/arthralgia, symmetric, more commonly
affecting distal joints (87–99%)

Mucocutaneous Oral ulcers (rare) Oral ulcers (16%)

Skin Maculopapular rash
(33–60%)

Maculopapular rash on trunk and limbs (35–50%)
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2.9 Treatment: Acute Phase, Post-Acute, and Chronic Arthritis

2.9.1 Acute Phase

To date, there is no specific antiviral treatment for chikungunya. The therapeutic
approach, therefore, is symptomatic support, hydration, and rest. Evidence that rest
is a protective factor in avoiding evolution to the post-acute phase is critical. In the
acute phase, the objectives are to control fever and pain, treat dehydration or
involvement of other organs, prevent iatrogenic risk, maintain functional capacity,
and avoid dissemination to relatives and contacts (Brasil, Ministério da Saúde 2017).

To control pain, analgesics such as dipyrone or paracetamol can be used (oral
paracetamol 60 mg/kg/dia maximum 4 g/day and dipyrone 1 g 4 times a day), or
opioids (codeine 50–100 mg 4 times a day and tramadol 50–100 mg 4 times a day),
the treatment can be done in monotherapy or combination. In the presence of
neuropathic pain, tricyclic antidepressants and anticonvulsants should be used
(oral amitriptyline 25–50 mg/day, oral pregabalin 50–150 mg 2–4 times a day, and
oral gabapentin 300 mg 2–3 times a day).

The use of non-steroidal anti-inflammatory (NSAID) is contraindicated in the first
days until the differential diagnosis with dengue has been removed due to the higher
risk of bleeding. Aspirin is also contraindicated in the acute phase due to the risk of
Reye syndrome and bleeding.

Special attention needs to be paid to the risks of self-medication, overdoses, and
adverse effects of the medications used in the post-acute phase. In addition to simple
analgesics or weak opioids, NSAIDs can be used once the diagnosis of dengue has
been removed.

2.9.2 Post-Acute and Chronic Arthritis

Several treatments have been developed for the subacute and chronic forms of
chikungunya, and several alternatives have been tried with varying success. In
general, the initial treatment is with non-steroidal anti-inflammatory drugs (NSAIDs,
ibuprofen 400 mg three times daily, diclofenac 50 mg twice daily, naproxen 250 mg
twice daily, aceclofenac 200 mg daily), in unresponsive cases, corticosteroids can be
used (oral prednisolone, 5–10 mg/day.

More complicated cases are treated with disease-modifying antirheumatic drugs
(DMARDs) hydroxychloroquine, 5 mg/kg/day, maximum 400 mg daily; methotrex-
ate, 10–25 mg/week with folic acid 1 mg/day; sulfasalazine, 1–2 g/day (Pathak et al.
2019). Chronic patients who present with neuropathic pain also may respond well to
treatment with tricyclic antidepressants and anticonvulsants (Oral amitriptyline
25–50 mg/day, oral pregabalin 50–150 mg 2–4 times a day, and oral gabapentin
300 mg 2–3 times a day) (Figs. 2.2, 2.3, and 2.4).
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Fig. 2.2 Therapy for the acute phase of Chikungunya infection according to the Brazilian Society
of Rheumatology (Rev Bras Reumatol 2017; 57 (S2): S438–S451)

Fig. 2.3 Therapy for the post-acute phase of Chikungunya infection according to the Brazilian
Society of Rheumatology (Rev Bras Reumatol 2017; 57 (S2): S438–S451)
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2.10 Prevention and Control

2.10.1 Vaccine Development

The ongoing Coronavirus disease 2019 (COVID-19) pandemic has brilliantly taught
us the importance of vaccine development of emerging infections and its impact on
controlling disease dynamics and morbi-mortality. Chikungunya vaccine develop-
ment is interesting because promise candidates are in the pipeline in phase 1 and
2 trials. Such candidates apply different vaccine platforms for delivery such as
inactivation, attenuation, chimeric constructions with different viral backbones,
viral proteins, DNA, and virus-like particles.

The most advanced vaccine candidates, a measles-vectored vaccine (Reisinger
et al. 2018) and a virus-like particles vaccine (Chen et al. 2020), have reached high
seroconversion rates in humans but required more than a single shot to achieve it.

In a randomized trial (Reisinger et al. 2018), including more than 260 healthy
adults in non-chikungunya-endemic regions, a live-attenuated, measles-vectored
vaccine expressing CHIKV structural proteins (MV-CHIKV) induced neutralizing
antibodies against CHIKV after one or two immunizations. Seroconversion rates in
those who received MV-CHIKV ranged from 50 to 93% after one dose and
86–100% after two doses. Immune responses were durable up to 6 months after
one or two doses, and the vaccine was safe and well-tolerated.

In another randomized phase 2 trial (Chen et al. 2020) of a CHIKV virus-like
particle vaccine, 400 adults in CHIKV-endemic Caribbean countries received two
intramuscular injections or a placebo. Among those seronegative at baseline, 88%
had at least a fourfold increase from baseline neutralization titers. The immune

Fig. 2.4 Therapy for the chronic phase of Chikungunya infection according to the Brazilian
Society of Rheumatology (Marques et al. 2017)
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response was durable up to 72 weeks after vaccination, and the vaccine was safe and
well-tolerated. Phase 3 trials are desperately needed to understand better the efficacy,
safety, and long-term immune response.

These two trials and others have raised important questions about correlates of
protection, duration of protection, and whether vaccines are effective against infec-
tion or symptomatic disease. In the future, a suitable vaccine might be available for
each situation—that is, explosive outbreak, endemic countries, travelers, military,
and people with underlying medical conditions. The difficulties of implementing
clinical efficacy trials are notorious because of the epidemiological pattern of
CHIKV (cyclical movement characterized by remote outbreaks interspersed with
periods of epidemiological silence). However, we hope that such barriers will be
overcome and make way for other promising candidates.

2.10.2 Mosquito Protection

While we do not have an efficient vaccine, the main prevention strategies are linked
to controlling its main vectors, the mosquitoes of the genus Aedes (Aedes aegypti
and Aedes albopictus). Despite the new control technologies described in recent
years, nothing has been enough for effective and long-lasting control of these
vectors. Individuals with CHIKV infection may reduce the spread of infection to
others by following precautions to avoid mosquito bites during the first week of
illness (i.e., viremia phase).

Guidelines regarding the safe and effective use of insect repellents in order to
maximize effectiveness and minimize side effects were issued by the United States
Environmental Protection Agency. The most widely used insect repellents are
DEET (N, N-diethyl-3-methylbenzamide), Icaridin (Picaridin) (KBR 3023), PMD
(P-menthane-3,8-diol), BioUD (2-undecanone), IR3535, and Metofluthrin. These
agents are not equal in efficacy and provide varying degrees of protection against
different arthropods vectors. Experimental studies have shown that repellents pro-
tection is reduced by swimming, washing, sweating, wiping, exercise, and rainfall.

2.11 Summary and Take-Home Messages

• Chikungunya (CHIK) is an arbovirus caused by the chikungunya virus (CHIKV),
virus of the Togaviridae family, Alphavirus genus.

• The clinical picture of the acute phase can be very similar to dengue and Zika,
with sudden onset of high fever and malaise. Polyarthralgia often begins two to
5 days after onset of fever and commonly involves multiple joints. Arthralgia is
usually bilateral and symmetric, involves distal joints more than proximal joints,
and is associated with morning stiffness. The most common skin manifestation is
macular or maculopapular rash. Severe complications (i.e., meningoencephalitis,
cardiopulmonary failure, kidney injury, and death) have been described more
frequently in older individuals and those with underlying comorbidities.
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• Patients commonly develop chronic musculoskeletal manifestations, including
inflammatory polyarthritis, polyarthralgia, and tenosynovitis during and follow-
ing acute infection. Inflammatory arthritis can persist for weeks, months, or years.
The chronic manifestations usually involve joints affected during the acute illness
and can be relapsing or unremitting and incapacitating. Multiple predictors of
chronicity have been described including age > 40, severity of acute disease, and
underlying osteoarthritis.

• Given the remarkable and rapid growth of its incidence in the Americas, it
affected a considerable proportion of naïve-individuals, in a short period, causing
significant attack rates. In Brazil, where the first autochthonous cases were
registered in 2014, epidemics were already registered in the following year in
several regions, especially in the northeast.

• Despite the production of guidelines for clinical management in several countries,
there are still many gaps that need to be addressed; highlighting: chronicity rate,
risk factors for progression to more severe forms and deaths, the persistence of the
disease, and evaluation of which the best drug or non-drug strategies are more
suitable for management in the different stages of the disease.

• There is no specific antiviral therapy for the treatment of CHIKV infection, and
management during the acute phase is supportive, including rest, fluids, and anti-
inflammatory or analgesic drugs. For patients with chronic arthritis who are
unable to taper corticosteroid without recurrence of symptoms, disease-
modifying antirheumatic drugs (i.e., methotrexate, sulfasalazine) are
recommended.

• There is an essential diversity of factors related to the evolution of the infection,
involving demographic factors (age and sex), genetic, virological, pre-existing
diseases (DM, obesity, and rheumatologic diseases), and used therapies
(immunosuppressive and biological).

• The health, economic and psychosocial impact caused during chikungunya
epidemics, in addition to the high mortality rates recently revealed, as well as
the overload caused on health systems, which need to respond efficiently to this
emergency, make chikungunya one of the most critical arboviruses to be con-
trolled. Besides that, accumulated experience of Brazil, with recent epidemics,
has highlighted that the current chikungunya case classification does not encom-
pass the actual needs presented by some instances with atypical features, nor does
it contribute to the management of potentially severe cases. As the circulation of
CHIKV increases on all continents, we will need a prospective case classification.

• On the other hand, choosing rational empiric therapy for patients with febrile
syndromes in low-resource settings is complicated because many of them may be
caused by neglected tropical diseases. Such infections are severe and treatable but
often clinically indistinguishable without confirmatory tests. Making matters
worse, very little epidemiological data underpin clinicians’ assessment of prior
probability in vast areas of Latin America. In this context, many vital questions
remain unanswered.
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Zika Virosis: A Known, But Long Time
Underestimated Disease That Got New
and High Attention Before, During,
and After the Olympic Games in Brazil 2016

3

Heinz Mehlhorn

Abstract

Infections due to the so-called Zika virus had been known since 1947. However,
it reached only worldwide attention when numerous human infections were noted
before, during, and after the Olympic Games in Brazil in the year 2016.
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3.1 Introduction

The outbreak or the official notice of the spreading of the so-called Zika virus fever
in Brazil at the end of the year 2015 just some months before the start of the Olympic
Games in the year 2016 (August 5, 2016–21, 2016) shocked not alone the sports
world, but also many people living in whole South America, Central America as well
as in the Southern regions of the USA and also many people around the globe, who
had made plans to participate at the Olympic Games in and around Rio de Janeiro
(Martins et al. 2021). This outbreak was astonishing and surprising, since the normal
population was not aware that this agent (a virus) was already known since 1947,
when it was found in females of the mosquito species Aedes africanus and other
related species (Aedes aegypti syn. Stegomyia aegypti, A. albopictus, A. hensilli,
etc.). Years before it had also been proven that monkeys and humans had been
infected in many countries in Africa, Asia, and the Caribbean. However, in many
countries of South America medical care and research in this field had not been very
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effective, although in some regions 73% of the people had been proven to be
infected, wherefrom, however, only 18% of the tested persons showed clear, signifi-
cant symptoms of disease. Thus infections had not been considered as very impor-
tant, especially since mostly poor people living under poor dwelling conditions had
been infected and had no or poor contacts to physicians who would have been able to
diagnose the disease (Plourde and Bloch 2016). Furthermore, the symptoms varied
in their intensity and thus low-graded symptoms had not been registered.

3.2 The Zika Virus

The name (Zika) of this disease has its origin in the fact that its detection occurred
during a Yellow fever expedition in the so-called Zika forest in Uganda (Africa).
Furthermore, the name Zika is today used in several countries as a first name as well
as family name for both males and females This dangerous 50 nm sized organism
(ZIKV) belongs to the so-called positive-sense single-stranded RNA viruses within
the family of Flaviviridae, which contains a bunch of several other mosquito-borne
viruses being important due to their clinical importance (e.g., like those inducing the
Yellow fever or the Guillain-Barré disease, which is the inducer of the Guillain-
Barré syndrome in adult humans and the microcephaly in babies).

The Zika virus was first isolated in the year 1947 from a macaque monkey hit by
high fever and later (1954) also detected in humans in Nigeria. This new virus was
later found, too, in the intestine of mosquitoes of the species Aedes africanus as well
as in many other species of this genus. Again later this virus has been detected to be
widespread throughout Africa, Asia and Oceania, South and North America
(Plourde and Bloch 2016). Later it reached worldwide attention, when it was
found before and after the Olympic Games in Rio de Janeiro, Brazil, in the year
2016. The public attention was very high due leading to the fact that, that un- and
newborn children had been severely hit by developing microcephaly, so that the
WHO declared the Zika virus a so-called Public Health Emerging of International
Concern in February 2016. Why the observed severeness of the disease was so
intensive remained unclear, since before and after this outbreak humans became
much less hit.

The Zika virus, which has been shown to be a single-stranded RNA virus in the
family of Flaviviridae, which are known to include many other mosquito-transmitted
viruses of high clinical importance such as Yellow fever virus (YFV), has a genome
containing 10,794 nt encoding 3419 aa as it is in the case in other flaviviruses, too
(Kuno and Chang 2007).

3.3 Transmission of the Zika Virus

This virus is predominantly transmitted during the bloodsucking act of female
mosquitoes of the genus Aedes, which is known as vector of many agents of disease.
The first proof was shown already in 1948 during experimental studies using Aedes
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africanus mosquitoes (Dick et al. 1952). The Zika virus was also isolated from other
mosquitoes of the genus Aedes (e.g., A. africanus, A. hensilli, A. albopictus). In the
year 1956 experiments showed, that the virus can be transported without problems
by Aedes aegypti and that the virus survived inside the female mosquitoes for at least
10 weeks. Similar data were achieved, when further species like Aedes hensilli,
A. polynesiensis were proven to have transmitted this virus in French Polynesia. In
Asia Aedes aegypti mosquitoes apparently have reached a predominant position as
vectors of different viruses thus indicating that it apparently had been widely spread
without being detected. According to the Brazilian Information (SINASC) the
prevalence of microcephaly from 2000 to 2014 was 5.5 per 100,000 persons,
while this rate increased to 54.6 per 100,000 humans. The reasons remained not
understood, since actually the severe cases have again significantly decreased. In any
way today the disease occurs still in low rates in many countries. This might be due
to the import via travellers (Freitas et al. 2020). The spreading of this virus is also
increased due to the fact that there are further pathways of transmission, since this
virus was also found in human sperm fluids, in blood preservations, or in fluids
during the birth process.

3.4 Clinical Symptoms

After an incubation period of about 2–6 days symptoms may occur in (only) about
20% of the infected persons. The most common symptoms are fever, exanthema,
muscle pain, cephalgias, gastrointestinal symptoms, conjunctivitis, which, however,
mostly decrease within a few days. It was noted that in special cases persons could
die from symptoms of the Guillain-Barré syndrome, which had been found rather
often in patients in French Polynesia (Meyer 2021). The rate of cases of microceph-
aly, which was enormous in the period before and after the Olympic Games in Brazil
2016, has decreased considerably in recent times.

3.5 Prevention

Since apparently bloodsucking mosquitoes seem to be the most important vectors
(besides sexual transmission), the use of repellents (i.e., icaridin) is strongly
recommended when visiting regions with an abundance of the mosquitoes of the
genus Aedes. Although the spread of the Zika virus is currently (2022) considerably
low, it is strongly recommended when worldwide visiting rural regions with high
prevalence of mosquito species of the genus Aedes. Especially pregnant women
should protect themselves from Aedes mosquito bites if visiting tropical regions and
should use condoms during sexual intercourse with persons returning from tropical
regions. Since also sexual transmission seems reasonable, the use of condoms is
recommended, since infected persons may not have symptoms of disease.

Furthermore, people, who had visited especially tropical regions and suffer from
fever symptoms now, should inform their physician that they stayed in tropical or
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subtropical regions before. Then he may find the cause of potential infections more
easily (Fig. 3.1).
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Important Infectious Diseases in Latin
America and the Caribbean: Plague 4
Matheus Filgueira Bezerra and Alzira Maria Paiva de Almeida

Abstract

In this chapter, we present a review of the historical, epidemiological, clinical,
and diagnostic aspects of plague, a zoonosis caused by the bacterium Yersinia
pestis, which has rodents as its main host but can also be conveyed to humans and
other mammals. Within an updated panorama of the plague in Latin America, we
discuss the dynamics of this disease in a twentieth-century context to address
topics such as the entry of the disease in Latin American countries, prevention and
control strategies and their impact on societies, the rodent hosts and flea vectors as
well as other factors contributing to the establishment of natural foci on the
continent, and the current epidemiological situation of the disease.

Keywords

Plague · Yersinia pestis · Epidemiology · Latin America · rodent hosts · flea
vectors

4.1 Introduction

Plague is a flea-transmitted disease caused by the gram-negative bacterium Yersinia
pestis. There were at least three pandemics in the past. Although treatable with
antibiotics, there is a lack of long-term efficient vaccines. This disease still threatens
individuals living mostly in remote areas in rural regions in several countries across
Africa, Asia, and the Americas. Many parallels can be traced between the ongoing
COVID-19 pandemic and the historic bubonic plague pandemics: there is an
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overload of healthcare services and health professionals, economic disruption, and
social conflicts caused by isolation measures. Although popularly recognized from
history classes as the deadly disease that caused devastation in the Middle Age,
plague remains a disease of epidemic potential. Across centuries, this vector-borne
infection became the emblematic symbol of an epidemic disease, as it claimed
millions of lives over the centuries, shaping the way of life, science, and arts across
civilizations (Bramanti et al. 2016).

The first official reports of bubonic plague in Latin America took place in 1899 in
port zones from Paraguay, Brazil, and Argentina. In the following years, plague was
reported in Uruguay (1901), Mexico (1902), Chile (1903), Peru (1903), Panama
(1905), Ecuador (1908), Venezuela (1908), Cuba (1912), Puerto Rico (1912),
Bolivia (1921), and El Salvador (1955). Plague was introduced in Latin America
by the arrival of ships with contaminated crew and rats, causing outbreaks in port
cities. In many of these countries, the disease escaped the seaport zones and spread
out by inland transportation of goods. Reaching rural sites, plague flipped to wild
rodents from local fauna, establishing several natural foci where the ecological
conditions were congenial for its persistence (Moll and O’Leary 1940; Pollitzer
1954; Pollitzer and Meyer 1965).

Since its first reports, the occurrence of human plague cases was recorded almost
annually in those countries, and after different periods of persistence, the last cases
were reported in Cuba (1915), Puerto Rico (1921), Mexico (1923), Chile (1931),
Uruguay (1932), Argentina (1958), and Venezuela (1963). Although Colombia and
the Guianas share some climatic and geographic aspects with other plague-affected
neighbors, there are no reports of the establishment of plague foci in these regions
(Faccini-Martínez Sotomayor 2013). Currently, four countries are still considered
endemic for plague in Latin America: Bolivia, Brazil, Ecuador, and Peru.

The broad access to the use of antibiotics in post-exposure prophylaxis and
efficient vector and host control measures may have contributed to reduction in
human cases. However, the mechanisms that have driven the disease to its current
state of quiescence in these countries are not yet fully understood (Faccini-Martínez
Sotomayor 2013; Schneider et al. 2014; Bertherat 2019). Plague has a complex cycle
with natural foci that remain active or may reemerge after several decades. Under-
standing plague transmission dynamics across different ecosystems and social
contexts is crucial to establish effective surveillance strategies, capable of
recognizing eventual issues that may precede spillovers to human populations
(Zeppelini et al. 2016).

In this chapter, we present a review of the epidemiological, clinical, and diagnos-
tic aspects of this zoonosis and an updated panorama of plague and where it remains
in Latin America.
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4.2 Plague: One of the Oldest and Most Feared Diseases
of Mankind

Genomic sequences of Y. pestis found in 5000 years-old tooth pulps in remains from
Eurasian populations point toward an endemic presence of plague at that time. In
literature, records from the First Book of Samuel describe the rodent-related “Plague
from Ashdod” (today’s Israel) that afflicted the Philistines, dating back to 1320
B.C. (Barbieri et al. 2021; Bramanti et al. 2016).

During the Christian era, at least three major plague pandemics are well
characterized: The Justinian Plague (542–602 A.D.), which started in Egypt and
spread widely through Asia, Africa, and Europe with an estimated death toll of
100 million people. It is believed that the pandemic had a significant contribution to
the failure of Justinian I in the reconquest and reunification of the western Roman
Empire. The second plague pandemic started in Asia and reached Europe and North
Africa, enduring from the XIV until the XVI century. It claimed the lives of one-third
of the European population in the period from 1346 to 1353, which nowadays is
commonly known as the Black Death. The third pandemic started in the Chinese
province of Yunnan after a fast populational expansion due to extraction of cooper
and minerals and quickly spread with the opening of trade routes. After reaching
Hong Kong in 1894, the disease spread globally through steamships, reaching lands
without prior contact with the disease (Pollitzer 1954). It was during the third
pandemic, with the availability of new scientific equipment that plague could be
better studied. Observations from scientists such as Alexander Yersin, Shibasaburo
Kitasato, Paul-Louis Simond, and Masanori Ogata brought fundamental information
about plague’s pathogen, hosts, and vectors (Butler 2014). With these data coming
into light, health authorities had for the first time a fair opportunity to fight against
the spread of the disease.

4.2.1 A Forgotten Zoonosis with a Potential for Public Health
Emergency of International Concern (PHEIC)

Despite its declining incidence worldwide, plague remains a disease of global
interest due to its epidemic potential, high case fatality rate when untreated, its
ability to rekindle after decades of epidemiological silence, and its potential use as a
biological weapon. This ability to resurge could be evidenced in multiple situations:
when the plague reappeared in Algeria in 2003 after over 50 years of quiescence
(Bertherat et al. 2007); in the Peruvian coastal district of Mórrope in 1994, after
70 years quiescence (Rodriguez-Morales et al. 2019); in Ecuador, 12 deaths from
related individuals exposed to sick guinea pigs (cuyes) in 1998, after 12 years of
quiescence (Gabastou et al., 2000); and in Brazil, there was an outbreak in the state
of Paraiba in 1986, after 8 years of quiescence in the area (Tavares et al. 2012).

As per the International Health Regulations (IHR) (2008), the pneumonic form of
plague is one of the notifiable diseases listed as a potential Public Health Emergency
of International Concern (PHEIC). However, political interest (and related funds) is
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usually more focused on biohazard reduction than development and support for
control programs in most endemic countries. According to the IHR, an event needs
to fulfill at least two of the four criteria to be a potential PHEIC: it would be a serious
public health problem; unusual or unexpected; significant risk of international
spread; and significant risk to trade and tourism. Pneumonic plague is one of the
few diseases on the IHR notification list. Indeed, the disease has been classified
among the zoonosis of top priority interest from a One Health perspective (http://
www.onehealthinitiative.com).

Cumulative field observations in plague foci combined with the critical review of
data issuing from paleomicrobiological, anthropological, and historical studies con-
tinue to shed new light on questions related to the reservoirs, sources, transmission,
and vectors of Y. pestis and to provide new avenues for addressing these questions
(Barbieri et al. 2021). It had been shown that plague spillovers to human populations
require the combination of some factors: the wild rodent population to be above a
certain threshold continuously for some years, a high flea/host ratio, and proper
climate conditions.

4.2.2 Yersinia pestis, the Plague Bacillus

Out of the 25 species described in the Yersinia genus to date, only three are known to
cause disease in human and other mammals: Y. pestis, Y. pseudotuberculosis, and
Y. enterocolitica. While Y. pestis is the causative agent of plague, the other two
species cause gastrointestinal infections. Evolutionary genomic studies estimate that
Y. pestis diverged from Y. pseudotuberculosis up to 28,000 years ago. Since its first
description, the plague microbial received the names Bacterium pestis, Bacillus
pestis, Pasteurella pestis, and finally, Yersinia pestis, in reference to the French-
Swiss scientist Alexander Yersin who isolated the bacterium for the first time in
Hong Kong (Butler 2014; Demeure et al. 2019) parallel to Kitasato.

Yersinia pestis is a nonmotile gram-negative bacillus that belongs to the
Enterobacteriaceae family, categorized in the Biohazard Class 3 and Bioterrorism
Agents Group A (Demeure et al. 2019; Inglesby et al. 2000). It is a facultative
anaerobic microorganism that can be cultured on basic agar media. The bacterium is
sensitive to UV radiation and chloride-based disinfectants, and despite its short half-
life in dry metallic surfaces, it can remain viable for years in biological environments
such as sputum, flea feces, bone marrow, and other protected tissues. Experimental
and field data suggest that Y. pestis can survive in rodent burrows, digestive tract of
parasites, and even free-life soil protozoa (Gage 2012; Perry and Fetherston 1997).

When compared to other pathogenic bacteria, Y. pestis strains are considerably
conserved. The recent technical advances and growing accessibility to next-
generation sequencing methods, combined with extraction protocols able to retrieve
Y. pestis DNA from the teeth of ancient remains, allowed a better understanding of
plague evolution. Phylogenetic analysis of Y. pestis genomes revealed five distinct
branches, that were related to population declines dated back to the Neolithic Age or
later pandemics described by history. The analysis of genomic sequence from
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ancient samples also suggested that, after diverging from Y. pseudotuberculosis, the
early strains of Y. pestis were unable to produce biofilm and had their dispersion
limited to human-to-human transmission, predominating the pneumonic or septice-
mic clinical forms rather than bubonic (Barbieri et al. 2021; Demeure et al. 2019;
Vogler et al. 2016).

Y. pestis virulence can be attributed to several genes found across three plasmids
(pFra, pPst, and pYV) and its 4.650 kilobase chromosome. Among these virulence
factors, the Yersiniabactin is probably one of the most relevant, as in its absence,
Y. pestis infection causes only mild to moderate symptoms. This molecule presents a
high affinity for Fe3+, allowing its uptake by the bacterium in the low-iron environ-
ment, commonly observed in hosts due to the increased expression of ferritin, a
positive acute-phase protein (Demeure et al. 2019).

Another well-described virulence factor are the Yersinia effector proteins (Yops),
which are encoded by the pYV plasmid and are able to subvert host cell pathways,
triggering cell death and inhibiting inflammatory cytokines. These factors are
injected in host cells by the type three secretion system (T3SS), a needle-like
structure containing the LcrV protein on the tip, able to trespass the host cell
membrane. The pFra plasmid, exclusively found in Y. pestis, encodes the capsular
fraction 1 protein (F1), which intermediates escape from phagocytosis and phospho-
lipase D (toxin murine), which increases survival in the digestive tract of the fleas.
The pPst plasmid, also specific of Y. pestis, encodes the plasminogen activator (Pla),
which facilitates the spread of the bacteria from the flea bite site (Demeure et al.
2019; Perry and Fetherston 1997).

4.2.3 Transmission of Plague

Humans can be exposed to flea bites outdoors or at the household environment,
when people, domestic animals (especially cats), or peridomestic rodents bring
infected fleas inside the house. Although the bubonic form transmitted by the flea
is the most common situation, other transmission routes that have been reported are
discussed below:

• Lung infection by Y. pestis may be transmitted human to human or animal to
human through air droplets, resulting in a much aggressive disease if compared to
the bubonic form.

• Gastrointestinal plague can result from the ingestion of undercooked
contaminated meat and perhaps from the manual transfer of infected fluids to
the mouth during the handling of infected animal tissues.

• Plague can also be transmitted during the skinning and handling of carcasses of
wild animals such as rabbits and hares, prairie dogs, wildcats, and coyotes.

• Some Andean communities’ custom to capture and grind hair lice with the teeth,
which when contaminated induces an oropharyngeal syndrome with formation of
peritonsillar abscess and pneumonia.
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Of note, direct inoculation of mammal-adapted organisms is associated with
primary septicemia and high case fatality rates. These severe forms can be at least
partially explained by the fact that many of the Y. pestis virulence factors expressed
at 37 degrees are already present at the moment of the contamination.

4.2.4 Animal Hosts of Plague

Plague is essentially a zoonotic flea-transmitted disease, able to infect a broad range
of mammal species that can be considered main or incidental hosts and contribute to
the dynamics between wildlife and human cases. Of the 351 species reported as hosts
for plague, 279 belong to the order Rodentia (279 species). Others are Carnivora
(31 species), Lagomorpha (14 species), Eulipotyphla (13 species), Artiodactyla
(seven species), Primates (two species), Didelphimorphia (two species), Scandentia
(one species), Hyracoidea (one species), and Afrosoricida (one species) (Mahmoudi
et al. 2020).

In South America, at least 50 wild rodent species have been identified as plague
hosts, in addition to one lagomorph and two marsupials. Upon a taxonomic revision
and update, many species involved with plague in Brazil, Peru, Ecuador, and Bolivia
have undergone taxonomic changes (Bonvicino et al. 2015). Table 4.1 shows the
rodent species involved with plague in the four endemic countries in Latin America.

Multiple studies performed worldwide reveal an exuberant diversity of hosts and
vector communities that interplay with climate and geographic features, resulting in
unique and intricate panorama for each plague focus. Therefore, it is of most
importance to understand the dynamics of plague at a regional level, in order to
design adequate surveillance and control measures. Although more commonly
perceived as a human hazard condition, plague is also considered an anthropogenic
invader and has the potential to cause significant impact on local ecosystems
(Zeppelini et al. 2016).

Plague surveillancemust take into consideration that domestic animals also have
an important role in transmission dynamics. The domestic carnivores may transport
infected carcasses and fleas to the home environment. While infected cats usually
progress with severe symptoms, dogs tend to show mild or no symptoms. Raising
guinea pigs (Cavia porcellus, popularly known as cuyes) inside homes is a common
use of some Andean communities that presents an additional risk factor for
outbreaks. These animals become infected and multiply the infection by sharing
their fleas with humans.

4.2.5 Insect Vectors of Yersinia pestis

Although rodents may acquire the infection by direct contact with contaminated soil,
vector transmission plays a major role in the dissemination of plague in animal
populations. Mainly the fleas (Siphonaptera; approximately 80 species found
infected) but also other hematophagous insects, such as human lice (Pediculus
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humanus), have been reported to transmit plague. Table 4.1 shows the flea species
involved with plague in the four endemic countries in Latin America. Two major
routes of plague transmission by fleas have been described so far: the mass trans-
mission (early phase) and the biofilm-dependent transmission (Hinnebusch et al.
2017).

The early phase transmission (EPT) was described shortly after the discovery of
the flea as a vector for plague. After feeding on an infected animal’s blood, the flea
mouthparts are contaminated with a small amount of plague bacilli; within a short
window of time, they can infect the next animal bitten by the flea. Further
experiments demonstrated that this mechanism has a low efficiency, due to the
small number of individual bacteria transferred to the host, requiring multiple fleas
to establish an infection. On the other hand, the biofilm-dependent transmission is
based on the ability of Y. pestis to produce a bacterial biofilm that blocks the passage
of food in the proventricular valve of the flea’s midgut. Within a few days, the
infected flea suffers from starvation and tries desperately to feed, biting multiple
animals. During the bite, the host blood reaches the flea’s midgut, gets contaminated
with bacilli from the biofilm, and due to the blockage, is returned to the biting point
in the host’s skin. Due to the higher number of bacilli transferred to the host and the
increased number of exposed hosts, this vectorial mechanism is significantly more
efficient than EPT (Hinnebusch et al. 2017).

On the top of its role as vector, the flea can also act as a plague reservoir, as it can
survive for months inside rodent burrows. The microclimate inside the burrows also
prolonged Y. pestis viability in flea feces. Xenopsylla cheopis, the so-called rat flea,
has cosmopolitan geographic distribution, is found in many plague foci and is
considered the main plague vector. Pulex irritans, known as the “human flea,” is
widely distributed over the globe and is suspected to have contributed to the Black
Death during the Medieval Age, promoting human-to-human flea transmission in the
absence of commensal rats and the X. cheopis (Gage 2012).

4.2.6 Clinical Features

The spectrum of clinical manifestations in plague patients ranges from extremely
severe clinical forms to asymptomatic cases and is influenced by the overall health
status of the patient, the virulence, inoculum load, and most importantly, the site of
entry of the infection. The main clinical forms of the disease are bubonic plague,
pneumonic plague, and septicemic plague. Other less frequent forms may occur,
such as pharyngeal, gastrointestinal, meningeal, primary cutaneous, and
endophthalmic plague. Nonspecific signs and symptoms include chills, fever,
myalgias, arthralgias, and weakness (Bin-Saeed et al. 2005; Butler 2014; Edmunds
et al. 2008; Perry and Fetherston 1997).

The bubonic form is characterized by swelling of cervical, axillary, or inguinal
lymph nodes, depending on the site of the flea bite (Fig. 4.1). Septicemic plague
affects the bloodstream and can be contracted by handling infected animals. Hema-
togenous dissemination of the bacteria to other organs and tissues may cause
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intravascular disseminated coagulation and endotoxic shock, producing dark discol-
oration in the extremities. Pneumonic plague affects the lungs and can spread from
person to person, through contaminated air droplets. Pneumonic plague can also
evolve from a bubonic or septicemic plague left untreated. In this case, symptoms
include breath shortness, chest pain, and coughing blood or watery mucous. Shock
and respiratory failure can become fatal, requiring rapid diagnosis, and treatment
with antibiotics is important for a full recovery. The incubation period is from 3 to
6 days for the bubonic form, and 1–3 days for the pneumonic form (Butler 2014;
Perry and Fetherston 1997).

4.2.7 Laboratorial Diagnosis of Plague

In case of suspected diagnosis of plague, a range of laboratorial tests can provide
useful information. For an adequate results interpretation, it is important to take into
consideration the time from initial symptoms and the clinical form of the disease
(Fig. 4.2).

4.2.7.1 Serology
Serological diagnosis of plague is divided into indirect and direct tests. Direct tests
rely on the detection of Y. pestis-specific antigens, more commonly the F1 capsular
antigen by ELISA or rapid diagnostic test (RDT). These tests are ideal for early days
of symptoms and can be applied to distinct types of samples, such as sputum, serum,

Fig. 4.1 (a) Plague patient with inguinal bubo, and B–F risk factors for plague. (b) domestic Cavia
porcellus (cuyes) raised as food source; (c) rural settings in remote areas with food sources and
potential nesting for rodents; (d) contamination of domestic animals in close contact with wild
fauna; (e) vulnerable indigenous communities; (f) improper storage of crops in patio area
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urine, and bubo aspirates. Indirect methods rely on the detection of anti-F1
antibodies in serum by using assays such as hemagglutination, ELISA-IgG (spe-
cie-specific), or ELISA Protein A (multi-species, Fig. 4.2). Anti-F1 IgG antibodies
are detectable from 8 days after disease onset, reaching a titer plateau after 2 weeks
and lasting for years. These features implicate that samples collected during the first
week may cause false-negative results, but allow proper diagnosis in late days of
onset and are the best option to detect previously exposed hosts in epidemiologic
surveillance of plague foci (Demeure et al. 2019; Valles et al. 2020).

4.2.7.2 Bacteriology
Laboratorial isolation of Y. pestis in culture is considered the gold-standard tech-
nique for plague diagnosis. Y. pestis can be cultivated in non-selective medium, such
as blood agar base, Luria-Bertani, and brain heart infusion, or gram-negative selec-
tive medias, such as agar MacConkey or the antibiotic-based agar CIN (novobiocin-
irgasan-cefsulodin). On optimal growth temperature (28 �C), Y. pestis can take up to

Fig. 4.2 (a) Handling Yersinia pestis in BSL3; (b) Mouse spleen smear stained by Loeffler’s
methylene blue method; (c) Yersinia pestis colonies in BAB medium and phage lysis; (d) Biochem-
ical tests of glycerol fermentation and nitrate reduction (South America strains are Biovar
orientalis); (e) Hemagglutination test; (f) ELISA test; (g) M-PCR (caf1, irp2, pla, lcrV)
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8 days to form colonies and in liquid culture shows a flocculate growth without
turbid media. The bacteriophage lysis test is used for confirmation of suspected
colonies. Further biochemical tests such as glycerol fermentation and nitrate reduc-
tion can be used to further characterize the Biovar. Additionally, bipolar plague
bacilli can be visualized in microscopy of the biological samples using Loeffler’s
methylene blue staining method.

Although very important, bacteriology presents some limitations, as the
procedures must be performed in a level-3 biosafety facility (BSL-3), the slow
bacterial growth may take up to 8 days, and results are released when patients are
already under antibiotic treatment (Fig. 4.2). Results can also be confirmed by
analysis of peptide profile of the bacterium extracts in MALDI-TOF. Due to reports
of resistant strains of Y. pestis, it is recommended to perform antibiotic sensitivity
tests in the isolates, including streptomycin, gentamicin, chloramphenicol, tetracy-
cline, trimethoprim, and ciprofloxacin (Demeure et al. 2019; Perry and Fetherston
1997; Valles et al. 2020).

Of note, there are reports of false-positive results in automatic microbiology
equipment as the adopted setup of biochemical tests may misinterpret results from
Shigella spp., Acinetobacter spp., Pseudomonas spp., and some environmental
non-fermenting bacilli isolates. Therefore, it is highly recommended that Y. pestis
diagnosis by automated equipment should be confirmed with other tests or sample
should be sent to a reference laboratory before reporting results to patients and local
healthcare authorities (Almeida et al. 2020).

4.2.7.3 Molecular Biology
Several protocols for molecular diagnosis of plague have been described, including
nested-PCR, multiplex-PCR, and LAMP, among others (Fig. 4.2). Usually, the
reactions are based on the primers or probes targeting the caf1 and pla genes.
Other genes including inv, irp2, and LcrV may also be evaluated for identification
of virulence factors, but these genes are shared with other species of bacteria and,
therefore, have limited diagnostic value (Demeure et al. 2019; Valles et al. 2020).

4.2.8 Treatment

Plague is treatable with antibiotics and due to the severity and rapid progression of
the disease, an early therapeutic intervention is mandatory for an effective response.
Although samples for bacterial culture are usually collected before treatment, antibi-
otic therapy must not wait for laboratorial results and start as soon as possible.
Healthcare team should pay attention to biosafety measures, especially in case of
lung symptoms, when the patient must stay in strict isolation (Butler 2014; Inglesby
et al. 2000).

Some antimicrobials from the beta-lactam and macrolide groups may present a
misleading sensitivity in antibiogram while having poor results in clinical practice
and should be avoided. Aminoglycosides, such as streptomycin and gentamicin, are
the frontline options, but doxycycline, chloramphenicol, fluoroquinolones, and
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trimethoprim sulfamethoxazole also show positive results. As streptomycin produc-
tion has stopped in many countries, a combination of gentamicin and doxycycline
had been shown to be similarly effective. Treatment should take between 10 and
14 days, and clinical improvements can be observed from the second or third day of
therapy (Butler 2014).

4.2.9 Plague as an Occupational Disease

Farmers, hikers, campers, hunters, and individuals occupationally exposed to wild
rodents in endemic areas such as anthropologists, archeologists, geologists, and
spelunkers are at greater risk of exposure. Researchers and students of biological
areas, veterinarians, and zoo employees are exposed to the risk of becoming infected
in the exercise of their activities, regardless of whether they are carried out in focal or
free areas. Health professionals, such as doctors, nurses, laboratory staff, commu-
nity, and health agents, are also exposed.

In 2009, an experienced researcher died from septicemia caused by an attenuated
Y. pestis strain that he manipulated in a laboratory project. Although this strain is
widely used because it does not cause disease in humans, the researcher had
hemochromatosis and the excess of iron in his organism may have contributed to a
more aggressive infection by this strain (MMWR 2011). Cases have also been
reported in point-of-care assistance professionals. In 2010, a physician and a medical
student gave assistance to a patient suspected of bacterial pneumonia or H1N1
without using protective equipment. Unfortunately, both professionals contracted
the disease and the 21-year old student died (Donaires et al. 2010). In 2007, a
biologist working at the Grand Canyon National Park (USA) died from pneumonic
plague after examining the carcass of a deceased mountain lion during his research in
the park (Wong et al. 2009).

4.2.10 Prevention

4.2.10.1 Measures Taken During the Twentieth Century Epidemics
in South America

Due to its iconic potential for devastation, the arrival of plague in Latin America in
the early twentieth century forced the major ports in South America to adopt
preventive measures. These included quarantines, fumigating commercial ships
and cargos with sulfur and cyanide-based toxic gas with machines such as
Clayton and Aparato Marot upon arrival at the port, and setting rat traps in the
docks surroundings (Engelmann 2018).

Once the disease entered the cities, the so far overlooked public health agencies,
quarantine hospitals, clinical laboratories, and research institutes were promptly
established. Preventive measures focused on decontaminating sewers and
households, combating the accumulation of trash in the streets, and organizing
highly dense human habitations. Several affected cities across the continent
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underwent drastic urbanistic restructuring, encompassing housing conditions, street
paving, and sewage systems. In the Ecuadorian city of Guayaquil, wooden houses
and even historic buildings were destroyed and rebuilt with other materials such as
cement and zinc foil. The new houses had their floor uplifted from the ground, the
windows were enlarged for extra sunlight exposure, and hollow walls were
prohibited (Palacios and Estévez 2006; Padilla 2007).

During the epidemics in Rio de Janeiro, the Brazilian capital at the time, the
sanitary doctor Oswaldo Cruz established a policy of rewarding the population for
the capture of rats. Documents reveals that as much as 1.6 million rats were captured
and incinerated between 1903 and 1907 in the city. Although this measure could
successfully reduce the spread of the disease, some citizens were found to be
intentionally farming rats over profit, entailing its suspension (Nascimento and
Silva 2013).

4.2.10.2 Prevention Nowadays
There is currently no commercially available vaccine or preventive medication
against plague. Educative programs should be constantly carried out in the endemic
regions and publicity regarding preventive measures should take into consideration
the cultural and ethnic characteristics of the communities. Messages considered
offensive and disrespectful to local culture and beliefs may have undesirable effects,
including low compliance with the proposed measures.

General recommendations include:

• Avoid rodent populations nearby the household area by removing any food
sources or potential nesting materials.

• Avoid direct contact with rodents or wild animals that prey on rodents. Animal
remains can also maintain plague viable for days.

• Treat domestic animals for fleas.
• Houses constructed with thatched walls and roofs or adobe walls are highly

vulnerable to rodent activities (seen in plague-endemic areas of Andean
countries). Improper storage of crops in patio areas or in the roof provides easy
food access for rodents, facilitating transmission of plague (Fig. 4.1).

• Build deposits for grain and food production in rural houses.
• In case of human pneumonic plague, individuals directly exposed must undergo

post-exposure chemoprophylaxis with antibiotics and the use of masks must be
implemented in the community.

4.3 Introduction of Plague Into Latin America
and the Caribbean

The plague entered Latin America along the Atlantic Coast in April 1899 in
Montevideo (Uruguay) conveyed by the Dutch sailboat Zeier, from Rotterdam,
carrying a cargo of rice from India. During the journey to South America, when
the sealed packs of sugar were first opened in Las Palmas, in the Canary Islands,
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dead rats were found inside the containers. In the following days, two men from the
crew fell sick and one died. In Montevideo, the cargo was transferred to the
Argentine steamboat Centauro, which departed on April 19 crossing the port of
Buenos Aires, La Plata, and the Paraguay River (death of rats was registered on
board in this trip) and arrived in Asunción (Paraguay) on April 26. Four sailors got
sick and just one recovered. The deaths were initially attributed to other conditions,
such as typhoid fever, and plague diagnosis was not considered due to the inland
position of the city. However, 37 soldiers got sick in August of the same year and
having their installations burned could not stop the disease from spreading to the rest
of Asuncion and smaller cities along railway lines (Moll and O’Leary 1940; Pollitzer
1954; Pollitzer and Meyer 1965).

Interestingly, large amounts of the contaminated rice cargo that introduced plague
in Paraguay also disembarked in Montevideo during the same trip, without reports of
plague cases. This was at least partially attributed to the poorer sanitary conditions in
the port from Asuncion and the lack of sulfuric gas-based disinfection machines
known as Aparato Marot, used in commercial ships at that time (Engelmann 2018).
From 1899 to 1913, the plague reached the Argentinian cities of Rosario (1899),
Buenos Aires (1899), Tucumán (1900), Córdoba (1907), Bahía Blanca (1913), and
others. Due to the quick rise of cases in Rosario and Buenos Aires, a medical
committee directed by Carlos Malbrán instituted control measures, such as reporting
suspicious cases, isolation of patients and contact tracing, and disinfection of houses
and cargos (Moll and O’Leary 1940; Pollitzer and Meyer 1965).

In October 1899, the disease also reached Brazil conveyed by ships with rice
cargoes coming from Rangoon (Burma, Southeast Asia) via Porto (Portugal),
infecting first the port city of Santos and then Sao Paulo and spread in the coastal
cities reaching the ports from the south to the north of the country by 1912. Rio de
Janeiro, the capital of Brazil at that time, registered a plague epidemic with over
960 officially recorded deaths until 1907 (Moll and O’Leary 1940; Pollitzer and
Meyer 1965). While the infection has disappeared from Sao Paulo, several natural
foci have become established in the states of Pernambuco, Paraíba, Piauí, Ceará, Rio
Grande do Norte, Alagoas, Bahia, and northern Minas Gerais which constitute the
“focus of the Northeast,” and also in the Serra dos Órgãos (Rio de Janeiro) which
remains to date (Baltazard 2004; Giles et al. 2011; Tavares et al. 2012).

In the Pacific coast of South America, the plague entered through the port of
Callao, Lima (Peru), in December 1902 with the arrival of a ship loaded with rice
from Bangkok (Thailand), to spread to other coastal cities and the countryside. In
Ecuador, the disease was introduced through Guayaquil and Santa Rosa by the ships
from Paita (Piura, Peru) in February 1908. In Chile, the disease appeared for the first
time in the port of Iquique and later, in Valparaíso, in 1903, after the arrival of ships
from Callao. Due to the isolation and distance from the coast, Bolivia did not present
official cases of plague until 1921; however, there are unconfirmed reports of plague
cases in La Paz in September 1903. Historic records suggest that plague may have
been introduced in Venezuela in 1908 by a ship from Guayaquil that disembarked
goods in La Guaira (Vargas State, Venezuela) (Moll and O’Leary 1940; Pollitzer and
Meyer 1965). Figure 4.3 shows the years with notification of human plague cases per
country in Latin America and the Caribbean from 1899 to 2020.
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4.3.1 Establishment of Plague Foci in South America.

Currently, four countries are considered endemic for plague in Latin America
(Bolivia, Brazil, Ecuador, and Peru), as the disease seems highly established in
these countries according to the regular occurrence of cases since its introduction. In
the last 50 years (1970–2020), these four countries notified to the WHO 5286 cases
and 264 deaths (5% deaths). Most of the cases (2487; 47%) and deaths (163; 61,7%)
were from Peru. Brazil notified 2187 cases (41.4%) and 33 deaths (12.5%). Bolivia
reported 440 (8.3%) cases and 58 deaths (22%); Ecuador reported 172 (3.3%) cases
and 10 deaths (3.8%). Fig. 4.4 shows the annual occurrence of plague cases in these

Fig. 4.3 Occurrence of plague cases in Latin America and the Caribbean from 1899 to 2020

Fig. 4.4 Plague cases during the last 50 years: 1970–2020 in the four endemic countries
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four countries in the last 50 years, and Fig. 4.5 shows a map of the countries
considered endemic for plague in Latin America at the department/state/province
level.

The countries that were affected only during the first years after the arrival of
plague (Cuba, Chile, Mexico, Panama, Paraguay, Puerto Rico, and Uruguay) are
considered to be unlikely to have a reemergence. In these countries, cases were
sparse events, registered in regions close to introduction sites and now silent for over
70 years. On the other hand, Argentina and Venezuela are considered to have
potential of reemergence, as they had multiple outbreaks over time and last case
was notified less than 40 years ago (Rodriguez-Morales et al. 2019). Therefore,
similarly to the four endemic countries, it is important to maintain epidemiologic
surveillance of the historical plague foci in Argentina and Venezuela.

Fig. 4.5 Map of South America showing the plague areas (Department/State) in the four countries
considered endemic
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In a recent study, the investigation of the spatiotemporal dispersion of human
cases in a plague focus from Northeast Brazil revealed a pattern that may be
representative of several plague foci in Latin America: after a brief ports phase
(approximately 1899–1910), the disease traveled inland to smaller cities, causing
urban-delimited outbreaks. Next, during the period of epidemiological silence, the
bacterium was transmitted from the urban commensal rats to species from the local
fauna. The infection of wild rodents occasioned the establishment of new natural foci
in the wild-sylvatic areas, followed by resurgence of plague in rural zones after years
of epidemiological silence (Fernandes et al. 2021).

4.3.2 Plague on the Atlantic Coast of South America

4.3.2.1 Brazil
During the 50 years period of 1970–2020, there were 2187 cases with 33 deaths
(case fatality rate 1.5%) in Brazil. During the 1970s, Brazil was the country that has
had the highest occurrence of human plague infection in the Americas. Cases
occurred every year, with a peak of 496 cases reported to the WHO in 1975. The
last outbreaks of plague in Brazil were recorded in the states of Bahia (1975), Ceará
and Pernambuco (1974/1975), and Paraíba (1986/1987). Ever since, all foci have
tended to quiescence, as only three cases were laboratory confirmed in the 1990s and
one in 2005, in the state of Ceará. Isolated suspected cases have still been recorded,
but without laboratory confirmation. Furthermore, the Y. pestis bacterium was no
more identified in rodents nor flea by the routine surveillance activities since 1987,
and serologic testing for antibodies against the Y. pestis F1 antigen in sentinel
animals is declining over time.

Practically since the arrival of the plague in Brazil, a surveillance and control
program adapted to the epidemiological situation, ecological and demographic
characteristics, and scientific and technological conditions has been implemented.
For decades, surveillance consisted of searching Y. pestis in rodents and fleas or
detecting specific anti-plague (anti-F1) antibodies by hemagglutination (HA) among
sentinel animals (dogs and cats) in the focal areas. An analysis of the results revealed
higher sensitivity of serological testing among domestic dogs. Therefore, surveil-
lance has been restricted to the analysis of serological samples from free-roaming
dogs (Fig. 4.1), and since 2007, rodent and flea monitoring has been discontinued
(Tavares et al. 2012).

Several studies on the various elements involved in the epidemiological cycle of
plague have been carried out in Brazil, identifying the potential rodent reservoirs of
the infection, their habitats and behaviors, and their susceptibility to the plague,
besides the flea species, vector ability, and their role in plague transmission
(Fernandes et al. 2020; Tavares et al. 2012). The rodent species involved in plague
in Brazil are the Necromys lasiurus, Cerradomys langguthi, Calomys expulsus,
Akodon cursor, Holochilus sciureus, Nectomys squamipes, Oligoryzomys
stramineus, Oxymycterus dasytrichus, Galea spixii, Thrichomys laurentius, and
Rattus rattus. The species Necromys lasiurus was recognized as the epizootic
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(amplifier) host, spreading the infection to other species and further spillover to the
human populations. Therefore, the growth of Necromys populations and the rise of
its flea index (the ratio between fleas - the vector and rodents - the host) were
acknowledged as a warning signal of the plague threat. The species Galea spixii and
Rattus rattus are relatively resistant and are supposed to participate in the long-term
maintenance of the infection in the focal areas (Fernandes et al. 2020).

The flea species involved in plague in Brazil are Polygenis bohlsi jordani and
P. tripus (ectoparasites of wild rodents), Xenopsylla cheopis (rat flea), Pulex irritans
(known as the human flea, is ubiquitous and also parasite of domestic animals),
Ctenocephalides felis (ectoparasite of dogs and cats), and Adoratopsylla antiquorum
(parasite of small marsupials, carnivores, predators of rodents) (Fernandes et al.
2020). Studies on the plague transmission by P. b. jordani and P. tripus using flea
colonies raised in the laboratory demonstrated that they are efficient plague vectors.
The flea Polygenis b. jordani parasitizes practically all rodent species of the North-
east foci; therefore, it was incriminated for the epizootization of the plague among
the rodents and for the genesis of most of the human plague cases (Baltazard 2004).

Plague diagnosis was initially limited to bacteriological analysis: culture from
biological samples on peptone agar plates, animal inoculations, and the bacteria
identification using anti-plague phage. Animal inoculation was gradually abandoned
due to biosafety issues. Between 1966 and 1997, a total of 907 Y. pestis strains were
isolated from rodents, fleas, and humans. These cultures are deposited in the Yersinia
spp. collection (Fiocruz—CYP) (http://cyp.fiocruz.br/index?services). The Brazilian
strains belong to the Orientalis variety that spread during the third pandemic and
have been studied from various approaches (Tavares et al. 2012; Leal et al. 2015).
Whole-genome sequencing of several Y. pestis strains isolated from different sources
and periods provided evidence for the hypothesis of only a single introduction of the
plague in Brazil (Vogler et al. 2019).

4.3.3 Plague on the Pacific coast of South America

4.3.3.1 Peru
The plague entered Peru in 1903, through the ports of Callao and Pisco, and then
spread throughout the coast and to the interior of the country. In the La Libertad
region, northern Peru, it entered through the port of Pacasmayo and settled in the
Piura, Lambayeque, Cajamarca, and La Libertad regions. Currently, plague areas
persist in northern Peru in the departments of Cajamarca (Chota, San Miguel, and
San Pablo provinces), La Libertad, Lambayeque, Piura (Ayabaca, Huancabamba,
Piura provinces, Mórrope), and Ancash (southern part) (Moll and O’Leary 1940;
Pollitzer and Meyer 1965).

Between 1970 and 2020, there were 2487 cases with 163 deaths (case fatality rate
6.5%) in Peru. Cases were almost annually reported during the whole period until
2019, and no cases occurred in 2020. Since the 1970s, there was a downward trend
in the incidence of human plague in Peru until 1984, when a large outbreak occurred,
affecting large areas of the departments of Cajamarca and Piura (413 cases,
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31 deaths) and from 1992 to 1994 (1151 cases, 54 deaths). In 1994, plague
reemerged on the coast (Mórrope), after 70 years, and in 2009 reemerged in La
Libertad after 12 years of quiescence (25 cases). New foci emerged in 2013
(24 cases) (Bertherat 2019; Dávalos et al. 2001; Pareja-Ramos et al. 2013).

In 1993, a collaborative effort between Peruvian government and PAHO
structured a national program of control and prevention of plague, focused on
avoiding the arrival of plague in highly populated urban zones. To achieve this
goal, measures were delineated according to the following priorities: (1) improve-
ment of grain storage conditions; (2) epidemiological and ecological investigation of
plague natural foci in a > 10.000 km2 area; (3) use of pesticide and training of local
teams in regions with plague activity; and (4) educational measures with local
populations. Altogether, the program had effective results, as it reduced the lethality
rate of the disease to 2%; installed a network of surveillance laboratories; and
reduced the domestic farming of “cuyes” through informing the population of its
risks. Despite the success of the program, Peru still is the country with more recent
cases in Latin America (Ruiz et al. 1996).

The most common wild rodents and most frequently found infected with plague
in Peru are Aegialomys xanthaeolus (¼Oryzomys xanthaeolus), Akodon dolore,
Akodon orophilus (¼Akodon mollis orophilu), Hylaeamys perenensis, Oecomys
spp., Rhipidomys leucodactylus (¼Rhipidomys equatoris), Simosciurus nebouxii
(¼Sciureus stramineus nebouxii), Oryzomys andinus (¼Phyllotis fruticicolus),
Cavia tschudii, the tree squirrel Sciurus stramineus, and the cottontail rabbits
(Lagomorph) Sylvilagus andinus and S. ecaudatus (Arrieta et al. 2001; Bonvicino
et al. 2015; Pozo et al. 2005; Ruiz 2001).

The fleas associated with plague are Polygenis litargus, parasite of Simosciurus
nebouxii (¼Sciureus stramineus nebouxii), Hectopsylla spp. and Tiamastus
cavicola, parasite of Cavia tschudii, and the domestic Cavia porcellus (cuyes)
(Arrieta et al. 2001; Pozo et al. 2005; Ruiz 2001).

4.3.3.2 Ecuador
During the 50 years period of 1970–2020, there were 172 cases with 10 deaths (case
fatality rate 5.8%) in Ecuador. After 1970 (30 cases, 1 death) and 1971 (27 cases),
plague cases decreased and became sporadic, between periods of quiescence and
important outbreaks. In 1983, an outbreak affecting 65 people occurred, and further
cases occurred in 1984 (seven cases, one death) and 1985 (three cases, two deaths).
After 12 years of quiescence, the last outbreak occurred in 1998 in Chimborazo
Province with 14 cases and four deaths, out of which two had laboratory evidence of
pneumonic plague. They were all members of the same family and the origin of their
infection was associated with exposure to sick guinea pigs (cuyes). The presence of
plague antibody among dogs from the communities provided evidence of a recent
plague epizootic in the area. After that episode, no other cases were registered in
Ecuador, but plague foci still persist in the southern part of Ecuador in Loya province
(Chimborazo, Tungurahua, Cotopaxi, Loja) (Bertherat 2019; Gabastou et al. 2000;
Ruiz 2001).
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Plague-associated rodents in Ecuador are Rattus norvegicus, Rattus rattus, Mus
musculus, and the domestic Cavia porcellus or “cuyes” in the intradomiciliary
environment and the wild species Aegialomys xanthaeolus (¼Oryzomys
xanthaeolus), Akodon dolores, Akodon mollis, Oligoryzomys flavescens
(¼Oryzomys flavescens), Oligoryzomys longicaudatus (¼Oryzomys longicaudatus),
Phyllotis andium (¼Phyllotis fruticicolus), Sciurus stramineus, Sigmodon peruanus
(¼Sigmodon peruanus, Sigmodon puna), and Simosciurus nebouxii (¼Sciureus
stramineus nebouxii) (Bonvicino et al. 2015; Ruiz 2001).

The squirrel Simosciurus nebouxii (formerly Sciurus stramineus nebouxi) is
comparatively resistant to plague and purportedly one of the plague reservoirs during
the interepizootic periods. The species Akodon mollis and Aegialomys xanthaeolus
(formerly O. xanthaeolus) are highly susceptible and undergo acute epizootics.

The fleas associated with plague are Pulex irritans and Xenopsylla cheopis
intradomiciliary, Tiamastus cavicola parasite of the domestic Cavia porcellus
(cuyes), and Polygenes litargus, P. bohlsi bohlsi, P. brachimus, and Nopsosilla
londinenses parasites of the wild species Aegialomys xanthaeolus (formerly
Oryzomys xanthaeolus), Akodon mollis, and Simosciurus nebouxii (formerly Sciurus
stramineus nebouxi) (Ruiz 2001).

4.3.3.3 Bolivia
After the first reports of plague in Bolivia in the early 1920s, plague has spread
widely throughout the country (Padilla 2007; Pollitzer and Meyer 1965). Today,
there are two widely separated foci, one in the northwest in La Paz Department in
Franz Tamayo and Nor Yungas Provinces and the other in south central Bolivia in
the departments of Chuquisaca, Santa Cruz, Tarija. During the 50 years’ period of
1970–2020, there were 440 cases with 58 deaths (case fatality rate 13.2%). Human
plague was recorded annually during the first two decades until 1990, except for the
years 1972, 1973, 1985, and 1989. There were 409 cases with 51 deaths (case fatality
rate 12.5%) in this 20 years’ period. No case was reported in the following 5 years;
then there were 26 cases in 1996 and 1 case in 1997. After that, only a single case and
death were reported in the years 2010 and 2018 and 2 cases and a death in 2014
(Bertherat 2019; Faccini-Martínez Sotomayor 2013; Ruiz 2001).

The rodents associated with plague in Bolivia are Rattus rattus, Calomys boliviae
(¼Hesperomys fecundus), Calomys venustus (¼Hesperomys v. venustus), Graomys
griseoflavus (¼G. cachinus, G. chacoensis, G. g. griseoflavus, G. medius),
Oligoryzomys flavescens (¼Oryzomys flavescens), Oligoryzomys longicaudatus
(¼Oryzomys longicaudatus), Oxymycterus paramensis, Tapecomys wolffsohni
(¼Phyllotis wolffsohni), Rhipidomys leucodactylus (¼Rhipidomys equatoris),
Dasyprocta azarae (¼Dasyprocta variegata boliviae), Galea littoralis littoralis
(¼G.m. leucoblephara), and the Lagomorph Sylvilagus brasiliensis
(¼S. b. gibsoni), and the fleas are Xenopsylla cheopis, Pulex irritans, Tiamastus
cavicola, Polygenis spp., and Ctenocephalides spp. (Bonvicino et al. 2015; Ruiz
2001).
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The speciesGraomys griseoflavus is considered particularly important, because it
inhabits both in the wild and intradomiciliary. Therefore, it can interchange plague
between these environments.

4.3.4 Important Considerations of Plague in Latin America

Plague affects mostly poor populations in rural settings in remote areas; affected
regions have high poverty and poor socioeconomic levels and poor sanitation,
household hygiene, and living conditions. Indigenous communities from the Andean
region are considered vulnerable to plague, due to the increased exposure to wildlife,
cultural habits, and poorer access to healthcare services. The houses built with
inadequate materials are vulnerable to the invasion of rodents or fleas; improper
storage of crops and the accumulation of garbage attract rodents and favor their
reproduction by providing them with a source of food and at the same time facilitate
transmission of the disease to humans (Fig. 4.1).

Some customs and traditions may impact the risk of human plague such as
holding funeral wakes and offering the deceased’s clothing to relatives, favoring
human-to-human transmission in many Andean communities. Raising guinea pigs
(Cavia porcellus) called “cuyes” inside homes as food source (Fig. 4.1). These
animals are frequently infected and can pass the infection on to humans through
infected fleas or directly by handling. They can harbor the flea species Tiamastus
cavicola and P. irritans, which have been found naturally infected with plague, and
Hectopsylla spp.

Overall, nowadays in Latin America the cases are essentially sporadic and have
the bubonic form, associated with farming activities in rural areas. Sporadic
outbreaks are purportedly transmitted by the human flea P. irritans (anthroponotic
plague). In urban areas, in the coastal pacific cities, R. norvegicus and R. rattus are
common hosts, and it is assumed that their fleas’ parasite (X. cheopis) is involved in
plague transmission in human settlements.

Human cases and outbreaks usually are preceded by intensive plague epizootics
of wild rodents. Climatic disturbances (e.g., increased rainfall) increase the food
sources for rodents, resulting in fast population growth and invasion of human
dwellings by Y. pestis-infected rodents and fleas. Deforestation provokes the dis-
placement of wildlife and the incursion of humans into plague-infected areas and
results in the migration of rodents and fleas to urban areas (e.g., significant increase
in rodents in La Hermelinda the largest supply center in the city of Trujillo, Peru, in
2012) (Pareja-Ramos et al. 2013).

4.4 Final Remarks

Currently, the global incidence of human plague is the lowest reported by the WHO
in 30 years. Most cases are reported in Madagascar, followed by the Democratic
Republic of the Congo. Sporadic cases have also been reported annually in other
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regions outside Africa, such as China, Mongolia, USA, Peru, and Bolivia. It is well
established that plague can remain in epidemiological silence for several decades
and suddenly spill over into human populations, and despite the current downward
trend, we must remain vigilant and maintain rigorous epidemiological surveillance
(Bertherat 2019).

Due to its widespread presence in wildlife reservoirs, the eradication of plague is
a momentarily unattainable objective. Attempts to eradicate plague from ecosystems
by some countries (USA, USSR) were ineffective and, consequently, discontinued
(Gage 2012; Jones et al. 2019). The PAHO (2009) established as the GOAL
Indicator for plague the absence of fatal cases and domiciliary outbreaks and
recommends the following priorities: improved capacity in early detection (diagno-
sis), risk analysis (host and vectors surveillance in natural foci), and establishment of
plans regarding control measures in case of outbreaks. Ultimately, the best preven-
tion of plague is to secure a good human living condition, with access to the basic
needs, education, and a wholesome environment. Healthcare and research
institutions must be solid and prepared to contain emergencies.

Many aspects remain to be clarified regarding the epidemiology of plague
transmission in Latin America, particularly those related to the wild rodent reservoirs
and flea vectors. Epidemiological surveillance and diagnosis are very poor in most of
the countries from the region. It is important that each endemic country maintain
well-trained teams and adequate diagnostic supplies to stand ready for prompt
diagnosis, treatment, and control measures in case of emergencies.

Despite the human tragedy and economical losses caused by this scourge in South
America during the early twentieth century, the plague brought into the attention of
the authorities the importance of investing in science, public health, urban planning,
and social welfare to prevent the quick spread of epidemics. This disease reshaped
not only the fast-growing South American metropolis of Rio de Janeiro and Buenos
Aires, but also many others all around the world (Surat, India) into cleaner and
healthier cities. Moreover, it motivated the creation of renowned research institutes,
such as Fiocruz, Butantan, and Carlos Malbrán, which are a landmark in the combat
of infectious diseases in South America and benefit the population until nowadays.

As in 2020 a new pandemic brings the world down to its knees, the scenario
evocates many of the challenges faced by Latin American societies during the third
plague pandemics. Insights from the disruptive advances achieved during epidemics
from the past are key to comprehend and overcome the current COVID-19
pandemic.
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Abstract

Despite the growing global awareness of the importance of environmental pres-
ervation and the interdependence of plant, animal, and environmental health,
there are still few long-term studies of free-living wild animal parasites. The
difficulty in setting up multidisciplinary teams for this kind of study may consti-
tute a plausible explanation. This is the case of trypanosomiasis by T. cruzi, the
etiologic agent of Chagas disease that is a pan-infective multi-host parasite,
dispersed in the wild environment of all Brazilian biomes. In addition to
discussing the issue of parasitism of wild animals by T. cruzi and the outbreaks
of acute Chagas disease in humans, we present a cartographic approach that
allows us to determine the environmental suitability of the transmission of
T. cruzi and, therefore, may be used as a predictive tool of the transmission of
T. cruzi in the wild environment. The cartography is particularly interesting in
cases such as trypanosomiasis (T. cruzi), allowing to model areas with high
adequacy of the parasite’s enzootic cycle; therefore, of risk of human disease if
any project in the environment is being planned. This approach reduces the need
for fieldwork (expensive and difficult), especially in a country with continental
dimensions as Brazil.
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5.1 Parasites: General Aspects

All organisms associate and interact so that living beings are, therefore, interdepen-
dent. These interactions are dynamic and may acquire distinct peculiarities both at an
individual level and along its coevolutionary process on a temporal and spatial scale.
Perhaps the most common and most successful type of association among living
organisms is termed parasitism, in which the energy flow is unilateral. It is estimated
that parasites make up the majority of living species (Dobson et al. 2008), and, very
importantly, parasites seldom occur in single infections but rather in mixed
infections (including at least the host resident microbiota). These assemblages
constitute communities that also undergo constant adjustments. Cooperation and
competition are some of the interactions that take place among these community
members. Parasites are very important pieces of the complex life interaction nets.
Parasites forge biodiversity and deeply influence the ecology, evolution, and behav-
ior of free-living species (Kuris et al. 2008; Dunne et al. 2013) to such a degree that
they were considered as “ecosystem engineers” by Hatcher et al. (2012).

Heinrich Anton de Bary (1879) who coined the term symbiosis (living together)
refers to the capacity of distinct species of living together, in 1879. It did not enter
into Bary’s elegant definition any allusion to benefit, illness, or pathogenicity. Many
authors still associate parasitism, with unilaterality of damage or benefits, which is a
rather simplistic way of interpreting a phenomenon as complex as parasitism, which
is modulated by so many variables. Also very common is the use of the terms
virulence and pathogenicity as synonyms. Here, we prefer to use the term virulence
to define the proliferative competence of a parasite in its host and the term pathoge-
nicity as the capacity of the parasite to inflict harm to its host. These attributes do not
always coincide. Thus, Trypanosoma evansi is able to maintain high rates of
trypomastigotes multiplying in the blood of capybaras (Hydrochoerus hydrochaeris)
without causing damage to this animal species. That is, T. evansi is virulent but not
pathogenic for this mammal species (Herrera et al. 2004). It is also important to point
out that virulence and pathogenicity are not exclusive attributes of the parasite, but
are the resultant from the set of peculiarities of each partner of this interaction. That
is, one same species of parasite can be pathogenic or virulent for one host species but
not for another. This is true at the individual level within a host species or also
genotype of the parasite species.

A point that presents many gaps in knowledge is the possible synergistic or
antagonistic effects resulting from mixed infections both by different genotypes of
a same parasite species or by concomitant infections by distinct species of parasites.
From a classical point of view, virulence and pathogenicity are solely attributes of
the parasite. So that, throughout the coevolutionary process, successful parasites are
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proposed as those that established a “balanced” relationship with their hosts because,
if parasites kill the host, it will also disappear. This concept has been revised as is
become increasingly clear that, virulence and pathogenicity can be, and often are,
fitness traits of the parasite for ensuring its transmission. Long-lasting parasitemias
or the decrease or even loss of mobility of an animal, increases the chances of
transmission of the parasite by enhancing the encounter with vectors or predators.

Although parasitism is the most common “modus vivendi” among living beings
and, in spite of being a widely studied subject, there is still a relative lack of
knowledge of parasites of free-living wild animals. In fact, only nowadays the
study of wild animal parasites that do not include pets or animals of economic
interest is gaining increasing interest. This is due to the growing awareness of the
interdependence of all living beings which even means an interdependence of health,
as well as the recognition of the importance of including parasites in studies of
biodiversity. Indeed, parasites are an important part of biodiversity.

Paradoxically, there are still relatively few publications and studies of free-living
wild animal parasites. Part of the scarcity of studies of free-living wild animals is due
to the lack of specific reagents for diagnosis, but also, and mainly, due to the
difficulty of their capture and management and the impossibility of forming cohorts
for follow-up. Most of the data are obtained from punctual collections of samples
that are very probably biased since very young or very old or ill individuals will
certainly not be able to walk into a trap. This means that these data only reflect a
snapshot of the enzootic situation. Here, in addition to discussing the issue of
parasitism of wild animals by T. cruzi and the outbreaks of acute Chagas disease
in humans, we present a cartographic approach that allows us to determine the
environmental suitability of the transmission of T. cruzi and; therefore, means a
and predictive tool on the transmission of T. cruzi in the wild environment.

5.1.1 Origin of Parasitism

A canonical statement about the origin of parasitism proposes a long coevolutionary
process between host and parasite to explain the distribution of parasites among
living being taxa. This hypothesis completely disregards that, despite suffering
selective pressures exerted by their hosts, parasites have their own evolutionary
peculiarities and are not simply appendages of their hosts’ evolutionary history
(Araujo et al. 2015). Additionally, in the above-mentioned scenario, host switching
should be rare, which contrasts with the increasingly frequent description spill over
events; that is, parasites previously described as specific to one host species or genre,
parasitizing totally distinct taxa (Hoberg and Brooks 2008, 2015).

Agosta and Klemens (2008) termed as “Ecological host fitting” the ability of a
parasite to use novel resources or to colonize new species and tissues forming novel
associations without having a previous contact with them. This process (according to
these authors) results from the set of traits and adaptive competences that these
parasites already have had at the time they encounter the new host/tissue.
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Over the past two decades, much attention has turned to understanding a phe-
nomenon common to absolutely all, if not all, life forms including parasites—the
genetic parasites that include transposable elements, plasmids, viruses, and others.
Parasite-host interactions are deeply imbricated in the process of evolution of living
beings. Parasitic DNA, or transposon, are short sequences of DNA that propagate in
the host cell genome. By inserting into new DNA locations in the genome,
transporting genetic information from one location in the genome to another, the
result can either increase your potential for adaptation to a new environment
represented by a new tissue or even to a new host or, on the contrary, result in its
extinction. Indeed, sequences derived from transposable elements constitute large
fractions of the genomes of diverse eukaryotes, parasites or not but are not quite as
prominent in prokaryotes (Carmody et al. 2016; Iranzo et al. 2016).

5.1.2 The Euglenozoa

Euglenozoa are the living relatives of some of the earliest unicellular eukaryotes. The
most characteristic aspect of this group is the presence of an expressive amount of
extranuclear DNA located in the mitochondria (kDNA). This kDNA presents dis-
tinct distribution patterns that distinguish three main groups: (1) organisms that
display compressed kDNA located near the flagellar pocket (the eukinetoplast or
the true kinetoplastids), (2) organisms that display scattered kDNA in the mitochon-
drial lumen that may be distributed as regular clusters termed polykinetoplast, and
(3) kDNA as diffuse masses the so-named pankinetoplast.

Euglenozoa have extremely diverse lifestyles and a range of features that were
never observed in other eukaryotes very probably due to the limited knowledge of
the free-living representatives of this group. In fact, almost nothing is known about
free-living protists in general (Adl et al. 2019). Nevertheless, the increasing aware-
ness of the emergence of parasitic diseases reinforced the importance of studying
spill-over phenomena and, consequently, the evolutionary processes underlying the
adaptation of a free-living organism to a parasitic lifestyle.

5.1.3 The Kinetoplastea

Kinetoplastids are perhaps the organisms among the protists that display a higher
degree of abundance and richness (Pawlowski et al. 2012). The class Kinetoplastea
includes the orders Trypanosomatida, Eubodonida, Parabodoida, Neobodonida, and
Prokinetoplastida (Adl et al. 2019; Moreira et al. 2004). Trypanosomatida is perhaps
the most studied group of Kinetoplastea because they include agents of diseases of
human, animal, and plant of economic value. Compared with other groups of
protists, Kinetoplastids are highly adaptable and widespread and are among those
eukaryotes that diverged earlier from the ancestral group (Lukeš et al. 2014). Within
the Kinetoplastid lineage, adaptation to parasitism is proposed as having evolved
only once. The steps that have been taken by these organisms to adapt to the parasitic
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lifestyle are still far from being clarified and probably will depend on the availability
of the genomes of their free-living closest relatives (Lukeš et al. 2014).

5.1.4 The Trypanosomatidae

Trypanosomatidae are characterized by the presence of one elongated mitochon-
drion that displays a particular region that harbors flagellum and a particular region,
the kinetoplast, harbors a uniquely arranged extra nuclear DNA (kDNA) which may
vary according to systematic morphological characteristics (Kaufer et al. 2017).
These ancient eukaryotic organisms that are obligate parasites and are found in all
vertebrate classes are widely distributed in nature and are basically distributed into
two major phylogenetic lineages: the Terrestrial clade composed of trypanosomes of
mammals, snakes, lizards, crocodilians and birds and the Aquatic Clade that includes
trypanosomes of fishes chelonians, anurans and platypus and are frequently trans-
mitted by leeches. These two main clades, in turn, branch out into numerous other
clades (Stevens et al. 2001; Hamilton et al. 2005, 2007).

Regarding mammalian trypanosomes, an intense debate started in the early
twentieth century with (Leger 1904, apud Lankester 2016) proposing diametrically
opposed hypotheses. Namely: (1) the origin of mammalian Trypanosomas would
have been the consequence of the adaptation of monogenetic Trypanosomatids from
insects ingested by mammals, initially to the digestive tract and later to other tissues
and organs and (2) the acquisition of hematophagic habits by insects led to the
adaptation from monogenetic Trypanosomatides of insects to the blood of mammals
that served as their food source. This debate lasted a few decades and currently the
insect first hypothesis is a consensus. In fact, these hypotheses were proposed long
before the amplitude of the universe of these protozoans was known and long before
the current methodological possibilities. These hypotheses were, therefore,
constructed from inductive reasoning without empirical evidence. However, the
insect first hypothesis remains valid to the present.

Taxonomy of Trypanosomatids was up to less than a decade ago, defined by
morphological characteristics such as the presence of one or two flagella, presence
and aspect of the flagellar pocket, position and characteristics of kDNA, and
morphology of evolutionary stages (d’Avila-Levy et al. 2015). According to their
life cycle, two major groups are recognized in the Trypanosomatidae family: the
monoxenous species, that complete their life cycle in one single host species,
predominantly insects (mainly Dipterans and Hemipterans) and that make up the
majority of Trypanosomatids and those that have included in their life cycle, besides
insects, a vertebrate host and therefore are termed, dixenous Trypanosomatids.
Phylogenic inferences concluded that dixeny in Trypanosomatidae has been
acquired in multiple and independent events (Lukeš et al. 2014, 2018). As in any
other biological phenomenon, the boundaries between these two groups are far from
being rigid and exceptions as well as intermediate situations exist. Actually, most
likely other still unknown types of interactions and survival strategies exist among
the Trypanosomatids.
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There are Trypanosomatids that adapted to phytophagous insects and are able to
parasitize many families of vascular plants, using nectar seed albumen latex, phloem,
and fruit sap (Camargo 1999). Other Trypanosomatids perform their life cycle inside
other protists as is the case of Herpetomonas that parasitize ciliates (Fokin et al.
2014). Still others harbor viruses and bacteria that have been acquired independently
from several environmental (including hosts) sources. The association of
Trypanosomatids with viruses is being increasingly studied and demonstrated to
be another important piece for understanding the pathogenicity of these parasites.
Metatranscriptomic surveys detected numerous Trypanosomatid viruses, some of
which have been associated with the increase of pathogenicity in the Leishmania
genus. These findings that are still very incipient show how there are still so many
aspects to reveal in relation to the pathogenicity and virulence of parasites and also
show how reductionist it is to classify parasites as pathogenic or not (Grybchuk et al.
2018).

The members of Trypanosomatidae include the etiologic agents of important
zoonoses namely the trypanosomiasis and leishmaniasis. Among trypanosomiasis
are Chagas disease and sleeping sickness in humans and nagana and surra in cattle,
besides other potentially disabling trypanosomiasis of domestic wild animals and
humans. In common, these taxa are widely dispersed and display huge genetic
diversity. Also, monoxenous, that is, insect-restricted Trypanosomatids, display
genetic diversity besides being highly dispersed in nature demonstrating that they
are not that restricted to insects. In fact, encounters of Trypanosomatids of the genus
Chritidia in wild mammals and even in humans have been increasingly reported
(Ghobakhloo et al. 2019; Rangel et al. 2019; Dario et al. 2021). Trypanosomatids
themselves may be parasitized by procariota and even viruses, a phenomenon whose
consequences for the mammalian host are far from known. Among insects, the
Coleoptera and Diptera demonstrate the higher prevalence of infection by
monoxenous Trypanosomatids in comparison to other insect taxa.

Dixeny, that is, the ability of using two hosts, typical of Trypanosoma spp. that
circulate between invertebrate and vertebrate hosts is described as a derived trait.
Some Trypanosome species are described as being restricted to just one vertebrate
host species in contrast to others that are able to parasitize a wide spectrum of
vertebrate species. The recent findings of the bee parasitizing species, Crithidia
mellificae in the blood and other tissues of several mammalian have signaled that at
least this species, seems to be one step to be a generalist as well as a dixenic
Trypanosomatid as well (Dario et al. 2021). Monoxenous Trypanosomatids
infecting vertebrates is not a new phenomenon. In experimental conditions, it was
possible to infect chicken embryos with a hemipteran-derived Crithidia isolate. Two
other axenic culture-derived monoxenous species (Leptomonas sp. and Crithidia
sp.) were able to survive and stimulate the humoral immune response when directly
injected into the scent glands of the marsupial species Didelphis aurita (McGhee
1959; Sá et al. 1980; Deane and Jansen 1988).

Actually, little is known about the real host restriction, that is, the competence of
Trypanosoma spp. to infect distinct mammal species or its ability to spill over to
other species, a point of fundamental importance under one health perspective. Our
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group has found several examples of biological plasticity of this taxon. Thus, we
have already found T. dionisii described as restricted to bats infecting a human
(Dario et al. 2017), T. lainsoni, originally described in rodents but already diagnosed
in marsupials and bats (Rodrigues et al. 2019); and T. cascavelli, a parasite described
in Crotalus durissus rattlesnake and later diagnosed infecting the marsupials
Monodelphis americana, Marmosa demerarae, and Didelphis albiventris (Dario
et al. 2017; Rodrigues et al. 2019). These and many other examples help us to
understand the trends of the phenomena that occur, turning it possible to make
predictions of the potential distributions of the parasite genotypes.

5.2 Trypanosoma Cruzi

Trypanosoma cruzi is a highly successful parasite in that it displays a huge hetero-
geneity, parasitizes hundreds of mammalian species, in these is able to thrive in
almost all mammalian cell types and is transmitted by dozens of triatomine species.
Besides, almost all its evolutive stages are infective since all of its evolutionary
stages are capable of infecting as also epimastigotes are increasingly being described
as infective (De Souza and Barrias 2020). Currently, genotypes of T. cruzi are
assembled in 6 DTUs (Discrete Typing Units) and the genotype Tcbat, described
as associated with these mammals that in short time will be named TcVII (Zingales
et al. 2009).

Transmission of T. cruzi in nature takes place within a complex trophic network,
in which each animal species plays a different role, in space and time, in terms of its
maintenance and infective potential (Roellig et al. 2009). Thus, the transmission of
T. cruzi is maintained through a complex trophic network, in which the nodes are the
different species and the edges the interactions between them (Jansen et al. 2015,
2018), resulting in different enzootic scenarios (Fig. 5.1). That is, each region is
unique, has a characteristic transmission network, which needs to be understood and
known, so that areas of epidemiological risk can be recognized and, thus, correctly
guide prevention and control measures, directing the actions of health agents and
local residents (Roque and Jansen 2008).

According to Jansen et al. (2015), DTU distributions have not yet been unambig-
uously associated with hosts biomes or habitats. Through an analysis of data
collected from 9000 wild mammals species from eight orders, it could be
seen that: (1) TcI is the most widely distributed genotype in Brazil, with 58% of
T. cruzi isolates; (2) TcII (17%), although less frequent than TcI, is also widely
distributed; (3) T. cruzi hybrid genotypes (TcV and TcVI) are less prevalent, being
extremely rare in Brazil, at rates of 0.3%; and (4) TcIII and TcIV are widely
distributed but occur at significantly lower rates of 3% and 2.5%. Regarding hybrids,
the authors highlight three non-mutually exclusive explanations: (1) these DTUs
depend on simultaneous infection with other DTUs or parasites to be transmitted;
(2) these DTUs are kept in nature in very low parasitemias, undetectable by the
methods used; and/or (3) it was unsuccessful in sampling its suitable reservoir
species (Jansen et al. 2015).
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The map in Fig. 5.2 represents the distribution of T. cruzi DTUs, and their mixed
infections with other Trypanosomatids and between his DTUs in Brazil, which is a
country with continental dimensions and a wide variety of environments and
biocenoses. This map is an update of the Trypanosomatids database distributions
from the work of Jansen et al. (2020). T. cruzi is primarily a wild enzooty that was
transmitted among the mammalian fauna that consisted in South America, basically
of the orders Cingulata, Pilosa, and Didelphimorphia. As other taxa entered the
continent, they were incorporated into the transmission cycle of this parasite. Thus,
primates and caviomorph rodents arrived in the Americas 35 myr ago; carnivores
and other taxa during the great exchange of mammals, which took place 5 years ago
myr (Webb 1976; Flynn and Wyss 1998). And how did humans enter this complex
T. cruzi transmission network? The classic hypothesis proposed that Chagas disease
emerged among the prehistoric populations of the Andes when they started to
domesticate animals, changed to sedentary habits, and adopted agriculture. These
changes in their lifestyle habits happened approximately 6000 years ago. This was
coincident with the domestication of guinea pigs (Cavia sp.) and grain storage that
attracted rodents (Cortez et al. 2010). Wild triatomine was attracted by these easy
food sources and adapted to the clay constructions of these ancient populations.
However, molecular analysis of human mummies showed that T. cruzi infection in
humans and Chagas disease were already common in prehistoric populations of
South America and North America, long before this period. Data obtained by the

Fig. 5.1 Main mammalian hosts involved in the Trypanosoma cruzi transmission network in the
wild environment in Brazil. Some of these species (B, C, D, G, and L) are considered environmental
engineers, creating new habitats that will be explored by other species. (a) Field team, (b)
Priodontes maximus, (c) Nasua nasua, (d) Tamandua tetradactyla, (e) Didelphis albiventris, (f)
Alouatta seniculus, (g) Leopardus pardalis, (h) Bradypus variegatus, (i) Mephitis mephitis, (j)
Philander opossum, (k) Cerdocyon thous, (k) Lycalopex vetulus
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analysis of mummified human tissues up to 9000 BP by molecular tools showed that
Chagas disease was extant among prehistoric nomad people of Brazil and other
countries of the American continent, showing that the entrance of humans in the
zoonotic transmission cycle of T. cruzi probably started as soon as they arrived in the
American continent ground 16,000 BP (Aufderheide et al. 2004; Lima et al. 2008;
Fernandes et al. 2008). Typical Intestinal and heart lesions of Chagas disease lesions
as well as amastigote nests were already described in mummified tissues of Andean
cultures in the past (Rothhammer et al. 1985; Fornaciari et al. 1992; Guhl et al. 1997,
1999, 2000).

Triatoma infestans was the first triatomine species to be associated with human
dwellings, dispersed to other parts of the American continent. In Bolivia up to the
present time, T. infestans remains a public health problem mainly in the Andean
areas since individuals from the wild colonies reinfest the houses, making the
constant control of them, essential. The classical hypothesis on the origin of Chagas
disease proposed that the dispersion of Triatoma infestans occurred during colonial
times, when precarious dwellings made of mud that were disseminated throughout
Brazil offered a suitable niche to which T. infestans became adapted (Dias 2000).

Fig. 5.2 (a) Spatial distribution of Trypanosoma cruzi DTUs in Brazilian biomes according to the
isolates deposited in the Coltryp, (b) Spatial distribution of the observed mixed infections between
Trypanosoma cruzi DTUs and others Trypanosomatids, and their most representative hosts in
different Brazilian biomes. Coltryp: Coleção de Trypanosoma de mamíferos Silvestres,
Domésticos e Vetores (http://coltryp.fiocruz.br)
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5.2.1 Intergovernmental Efforts to Interrupt the Trypanosoma cruzi
Transmission by Triatoma infestans

At the present time, it became clear that, despite the multiples scenarios of T. cruzi
transmission to humans, one in special highlights as the responsible for the vast
majority of the thousands of yearly new cases: the contaminative transmission
vectored by the domiciliary kissing bug Triatoma infestans. This vector species
originated in the Andean Valleys of Bolivia, where it is found in the sylvatic
environment (Cortez et al. 2010). The adaptation process to human housing probably
occurred concomitantly with the beginning of human settlements close to forest
environments and simultaneously to the process of domestication and breeding of
guinea pigs that started to be maintained in breeding cages adjacent to these
settlements (Cortez et al. 2010). This animal species breeding, from which it was
expected to provide food supply for humans, also showed to be an important food
source for hematophagous insects, including kissing bugs. After Americas’ coloni-
zation, the greater movement of people and supplies helped to establish the domestic
colonies of T. infestans, previously adapted to the human dwellings of the Bolivian
Valleys, in different parts of Latin America, especially the Southern Cone.

Although derived from wild populations of T. infestans, still present in sylvatic
areas of Bolivia and Paraguay, the vector populations that were disseminated
throughout Brazil and other countries below the Amazon basin, was eminently
domestic, fully adapted to this environment. As a result, T. infestans never become
sylvatic in Brazil and this peculiarity helped to spread the parasite in the so-called
domestic transmission cycles. The scenario that dominated the T. cruzi transmission
to humans, maintaining high levels of Chagas disease incidence was based on an
etiological agent transmitted by a single vector species that inhabited exclusively the
intra-domiciliary wall cracks. Despite the elevated number of infested domiciles in a
continental geographic dispersion, one single and homogeneous measure would
expect to substantially impact T. cruzi transmission: the intra-domiciliary elimina-
tion of this vector. The insecticide spraying in human dwellings and attachments
started to be implemented in 1975 in Brazil, when the Chagas Disease Control
Program was created. The constant entomological and serological surveys defined
the priority areas where the insecticide spraying would take place (Ramos Jr. and
Carvalho Ramos and de Carvalho 2001). Along with this practical action, educa-
tional campaigns and house improvements (gradually replacing adobe for brick
houses) were also established as complementary actions. Moreover, the modification
of population profile, from about 70% of population living in rural areas in the 1950s
to no more than 12% in the 2000s, also positively impact the in-house T. cruzi
transmission. As a result, only about two decades after the implementation of these
associated measures, the T. cruzi transmission by T. infestans was severally
impacted.

In 2006, Brazil was certified as free of T. cruzi transmission by T. infestans
(Schofield et al. 2006). Residual foci of T. infestans colonies are still observed in few
areas, especially in semi-arid parts of Bahia state and in Rio de Grande do Sul state,
in the extreme of south Brazil (Bedin et al. 2021). However, no T. cruzi infection is
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observed in these colonies and this scenario is also observed in other Southern Cone
countries and regions that are already certified (or in the process of certification) as
free of T. infestans vectorial transmission. Currently, the better conditions of housing
hamper the adaptation of other (sylvatic) vector populations to human dwellings.
However, several triatominae species are described as having this potential, mainly:
Triatoma braziliensis, T. pseudomaculata, T. sordida, and Panstrongylus megistus
(Costa and Lorenzo 2009; Costa et al. 2021). The colonization process of these
insects is generally associated with homes built with poor health conditions and
rudimentary building techniques, such as mud and adobe huts (Walter et al. 2005;
Gürtler and Yadon 2015). However, it is known that behavior change and insect’s
adaptation to a new (and completely different) environment, as is the case of the
human domiciles for sylvatic vectors, constitute a long evolutionary process for
triatomines (Schofield and Dias 1999). The good news is that the resistance ratios to
deltamethrin in Brazil are considered low (RR50 < 8.0) (Pessoa et al. 2015). The
T. infestans control, associated with the virtually absence of T. cruzi transmission
due to blood and tissue transfusions, achieved some years before, led authorities to
consider that in a few years, no more new cases of Chagas disease would be noticed.
However, the maintenance of the sylvatic cycle, the presence of infected and sylvatic
vectors inhabiting peridomestic areas and, mainly, the constant and increased
human’s exposition to wild environments, rapidly remembered all of us that the
elimination of the transmission of an enzootic parasite is a goal not suitable to be
achieved.

5.2.2 Chagas Disease After T. Infestans Control: Distinct Scenarios
of Transmission and the Consequent Disease Outbreaks

Even 1 year before Brazil was certified as free of the T. cruzi intradomiciliary
transmission by T. infestans, one major outbreak due to oral transmission was
noticed in the margin of a highway that led to some rich destinies in South Brazil,
just after the Carnival holiday. Thirty-three cases, dozens of hospital admission, and
four deaths characterized this event that is still nowadays the higher Chagas disease
outbreak noticed in Brazil. The sanitary investigation confirmed the consumption of
contaminated sugarcane juice as the causative event of transmission to different
families (Steindel et al. 2008). Despite the initial attempts to correlate any specific
characteristic of the sugarcane plantations with triatomines, studies performed at that
moment described the maintenance of T. cruzi in wild fauna (especially opossums)
and the presence of infected T. tibiamaculata in palm trees very close to the
establishment as the origin of human infections (Roque et al. 2008). The lack of
care in the storage of sugarcane, as well as the lack of barriers to prevent the entry of
insects attracted by light, resulted in infected insects (perhaps just one) being crushed
together with the sugarcane, infecting the juice and leading to the oral infection of
dozens of people. The terrible truth that emerged from this event was that wherever
an infected sylvatic triatomine entered an establishment attracted to the light and was
ground up or defecated into food, an oral outbreak of Chagas disease could occur.
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Infected triatomines in forested areas around houses and dwellings is the common
scenario in every rural area of entire country. In this way, as for example observed in
Redenção, Ceará State, in Northern Brazil, Chagas disease oral outbreaks would be
likely to occur anywhere and in an unexpected way (Roque et al. 2008).

The unexpected pattern cannot be attributed to the Amazon basin, where the
majority of cases are currently reported (Santos et al. 2020). In this area, human
dwellings are inserted inside the forest, and wild and domestic mammals interact in
the same manner in the wild and domestic environment (Fig. 5.3). The fact that
insects are attracted to light and contaminate food does not differ from the scenario
above described.

In these areas, dog T. cruzi infection showed not only to be an efficient indicator
of reduction of wild mammalian fauna richness but also signalize for the presence of
small wild mammals with high parasitemia. The lower richness of small mammal
species is discussed as a risk factor for the re-emergence of Chagas disease (das
Xavier et al. 2012). This scenario requires a new approach to identify hotspot
transmission areas and implement control measures. Monitoring of T. cruzi infection
in dogs may be a valuable tool for detecting the fauna lower richness of small wild
mammals and elucidating the transmission cycle of T. cruzi in the wild (das Xavier
et al. 2012). The difference in the amazon basin is that houses rarely have windows
or other protection against insect entry, the wooden cracks in the walls allow insects’
free access to the houses and, in some areas, the habit of process açaí fruit (Euterpe
oleracea) juice outside the houses, under artificial lighting, and precariousness
sanitary and educational conditions is not an exceptional situation. On the contrary,
it is a cultural rule that is related to familiar outbreaks and usually occurs in the more
hot and dry period of year, coincident to the açaí harvest and triatomine’s more often
flying activities. Sometimes, infected bugs from one area (usually a sylvatic one)
infest the panniers that transport the fruits for another area (usually an urban area)
and are crushed with the fruits, resulting in human cases far from the origin of the
infected bugs. This is the explanation for Belém, one of the largest urban areas in the
Brazilian Amazon region, reporting the higher incidence of Chagas disease cases in
Brazil. T. cruzi remote transmission by the transport of açaí baskets contaminated by
infected triatomines has also been described. To this peculiar route of parasite
dissemination, authors named as Distantiae transmission (Xavier et al. 2014).
There are also areas in the Amazon where T. cruzi transmission occurs by oral or
contaminative routes, by invading triatomines. The Chagas disease outbreaks
associated to urban areas are much easier to be detected, both due to the usually
higher number of infected people and the better health conditions in these urban
centers. On the contrary, the familiar outbreaks in pristine areas where access to
health professionals is difficult and people are usually not aware of the mechanisms
of transmission and common symptoms (usually confused with malaria, common in
the whole Amazonia) are underestimated in a still unknown magnitude.

As first hypothesized for sugarcane, also the açaí fruit (and its palms) was
believed to present some characteristics that could attract and maybe favor the
triatomines’ presence. But this was further not confirmed because açaí palm trees
usually present poor accumulation of organic material, the most important aspect
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Fig. 5.3 Main scenarios of Trypanosoma cruzi transmission in areas of acute Chagas disease
outbreaks in the Amazon biome. (A) Transport from the islands that provide the majority of the açaí
fruit; (B, C and D) typical house in the Amazon, highlighting its proximity to the forest; (E and F)
livestock areas in the Amazon; (G) rural school; (H) palm trees; (I) Community açaí fruit whisk in
house’s backyard; (J and L) The açaí palm, Euterpe oleracea and fruit collection; (K) samaúma
(Ceiba pentandra); (M1 and N2) occupational Chagas disease among piaçava (Leopoldinia
piassaba) palm fiber gatherers (M1: https://thomazrural.com.br/2014/08/21/novo-preco-minimo-
da-piacava/, N2: Araquém Alcântara, www.terrabrasilimagens.com.br)
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related to the presence of triatomines in Amazon trees (Abad-Franch et al. 2010). So,
insects are probably attracted to the açaí fruit panniers during its storage and
transportation as a consequence of the released of volatile gases, heat, light, and
wind present on the banks of rivers, from where they are transported in small boats to
the places where they will be sold (Jansen et al. 2020). The cases related to the
consumption of other palm fruits juice, also as common as açaí in the Amazon
region, as the bacaba (Oenocarpus bacaba) and the patawa tree (Oenocarpus
bataua), shows that the T. cruzi transmission is associated to the way the fruit is
processed (poor sanitary education bad food manipulation practices) and not with the
characteristics of the fruit itself. In the case of outbreaks resulting from the con-
sumption of bacaba juice contaminated with infected bug feces, cultural differences
in consumption usually result in the infection of a greater number of people from a
single contaminated juice, as observed in Ananás, Tocantins State, Brazil (Jansen
et al. 2020).

Finally, not only beverages are associated with the outbreaks of Chagas disease in
Brazil. Solid food as babaçu palm heart (Jansen et al. 2020) and also the direct
contact of infected bug feces with mouth, as was the case of a 2-year-old boy (Dario
et al. 2016) were also reported. Intriguingly, a recent outbreak that represented one of
the largest even reported in Brazil (Ibimirim municipality, Brazil, in 2019) led to the
infection of more than 30 people, and the food supply associated with the infections
was never defined. Infected triatomines were found in a garden that provided
vegetables for people staying there (Fig. 5.4). T. cruzi was isolated from a local

Fig. 5.4 Trypanosoma cruzi transmission scenario in the municipality of Ibimirim, in the state of
Pernambuco, associated with the outbreak of acute Chagas disease, in the Caatinga biome. (a and b)
Bird nests with the presence of Triatoma pseudomaculata, (c) Triatoma pseudomaculata
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Didelphis albiventris, that is, there was enzootic transmission of the parasite in the
area, which led to the never proven hypothesis of contamination of vegetables that
were ingested without proper hygiene.

As can be seen, the current scenario of Chagas disease requires a different
approach from the one adopted for the control of T. infestans in Brazil, which
consisted of massive house spraying. The success of this measure was partly due
to the fact that in Brazil T. infestans did not adapt to the wild environment.

The epidemiological scenario of Chagas disease is complex and requires the
adoption of new surveillance and monitoring tools mainly in areas presenting
more than one transmission mechanisms. T. cruzi transmission in the wild is focal;
therefore, cartography is a highly promising tool in detecting hot-spots transmission
areas and different epidemiological scenarios of Chagas disease.

Chagas disease outbreaks will continue to challenge the health authorities
concerning the heterogeneity of clinical signs presented by the patients (which
vary according to the initial parasite load and route of infection), environmental
scenario (proximity of infected mammals and/or vectors) to which humans are
exposed and, mainly, due to the lack of knowledge of the numerous variables
involved in these outbreaks. For sure, such different scenarios of transmission
point to different (and locally specific) control measures which only will be effective
if planned and executed under a transdisciplinary focus. This is particularly true for
the açaí production area of the Pará state in Brazil. Although apparently the cases of
Chagas disease in these areas display the same common epidemiological history,
that is, the consumption of the same infection source (açaí juice) and infection route
(oral), there are local differences that need to be evaluated. Was the infection
acquired inside houses by triatomine that invade the houses and fell into some
food bowl or did the infected insects attracted by light feel in the açaí mixer?
Were the characteristics of the enzootic cycle also similar?

There are many steps of preparation of the açaí juice before consuming it during
which, there may have been contamination: harvesting and transporting the fruits,
softening the fruits in warm water and finally the way people obtain the pulp of the
fruit. These steps may be regionally peculiar; therefore, contamination can occur in
each of these stages according to the açaí juice preparation schedule.

The collection of açaí is done manually and the açaí bunches are placed on the
ground. Then, the fruits are placed in a large container with water at approximately
60 �C to soften the fine pulp of the fruit, thus facilitating its extraction. Afterward,
the fruits are generally pulped in handcrafted mechanical devices called “açaí
mixers.” These açaí mixers are normally exposed to environment since they are
located in areas close to the kitchen, which allows insects to be attracted by artificial
lighting (açaí is prepared in the morning and evening twilight) and to fall into the
açaí mixer or into the freshly prepared juice. The even poorer riverside populations
do not have açaí mixers thus, they pulp the fruit manually and sometimes even heat
the water up to 60 �C and, what is worse, they do not change the water. In the rainy
season, rivers often become muddy and the population uses stored rainwater, that is,
all waste of clean water needs to be avoided. In addition, there is also the fact that the
baskets full of fruit waiting on the pier to be transported to the larger cities, eliminate
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CO2, which is an attraction factor for triatomines. The outbreaks of Chagas disease
in Amazonas would certainly diminish significantly if the fruit juice was properly
prepared. In fact, the number of outbreaks of Chagas disease through oral transmis-
sion has steadily increased due to the national and international interest in açaí.

5.2.3 The Niche Modeling as a Promising Method to Forecast
Trypanosoma Cruzi High Transmission Areas

The ecological niche of a parasite is its host that, in turn, is subject to different types
of selective pressures, whether biotic, such as predation, food opportunity, competi-
tion, reproductive investment, or abiotic, such as climate conditions. Thus, it is not
possible to understand parasitism without considering environmental conditions and
at all the intrinsic and complex interactions that occur in this environment. The
ecological niche modeling used to study host–parasite interactions seeks to compre-
hend and explain all the complexity of the host–parasite interaction in a given
environment.

Although Ecological Niche Modeling (ENM) is widely used to study the distri-
bution of mammals and vectors in geographic and environmental space, it only
recently has increasingly gained interest in the study of parasites. Parasitism is a
phenomenon that involves the interaction between different species, with different
degrees of dependence in a given environment that therefore presents spatial and
temporal peculiarities. Actually, Cartographic studies, with applications of
Geoprocessing tools, can contribute to a better understanding of the parasite/host/
environment triad.

The definition of the Ecological Niche began to be discussed at the beginning of
the twentieth century by Joseph Grinnell (1917) and Charles Elton (1927) under two
distinct focuses, the first based on the importance of the environmental
characteristics, and the second related to kind of interactions between species. For
Grinnell (1917), the geographic distribution of species is a response to environmen-
tal variables, treating environmental and habitat requirements as defining factors of
their home ranges, allowing their presence, survival, and reproduction. However,
Elton (1927) defined the ecological niche as the functional relationship of species in
community, and the interaction between them as the factor that influences the
geographic distribution.

Although these two approaches seem antagonistic in the definition of niche, in
reality, they are complementary to each other, their first interconnection occurring in
Hutchinson’s (Hutchinson 1957) innovative and elegant definition of ecological
niche as the sum of all the environmental factors that act on a given organism, like
a hyper-volume with n-dimensions. Hutchinson (1957) separated the ecological
niche in i) the Fundamental Niche (FN), which corresponds to the environmental
characteristics that allow the species to live indefinitely, and ii) the Realized Niche
(RN), which, due to the competition between species and local environmental
characteristics favors the more adapted species by competitive exclusion (Gause
1936).
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What are the ecological interactions involved in the environment/host/parasite
triad? Specifically concerning T. cruzi: its host species—mammals and triatomine
vectors—have their own ecological niches, which are related to biotic and abiotic
characteristics in the geographic space, while the parasite has its niche in the host
organism, and is, therefore, influenced by the niche itself (of the mammal or vector)
(Jansen et al. 2015). In this interaction, the parasite may negatively affect the
phenotypic characteristics and behavior of the host, influencing its morphology,
foraging, and habitat use, due to pathological consequences and the energy costs
involved in the movement, restricting the host’s niche to the niche of the infected
host (Rohde 1994; Britton and Andreou 2016). However, this is still a possibility
without a concrete answer, due to the difficulty of measuring these impacts of
T. cruzi on free-living wild host health (Jansen et al. 2015).

ENM applications have demonstrated to be able to clarify directly or indirectly
the ecology of the environment/host/parasite triad, both for the identification of areas
of the potential presence of infection in hosts, as well as for the identification of
suitable areas for the presence of mammals, hosts, and vectors (Gurgel-Gonçalves
et al. 2012; Meyer et al. 2014; Ramsey et al. 2015; Parra-Henao et al. 2016a, b;
Cáceres et al. 2016; Izeta-Alberdi et al. 2016; Ferro e Silva et al. 2018; Kindler et al.
2020).

Geospatial analysis is based on the concept of landscape epidemiology
(Pavlovsky 1939) and is a tool that has been increasingly used in studies of
vector-borne multi-host parasites. Understanding the landscape where transmission
takes place makes it possible to model and identify possible high transmission areas
and consequently the risk of disease of a target species. The knowledge of the wild
cycle of T. cruzi transmission depends on the understanding of the ratio between the
richness diversity of potential of reservoir mammals, vectors and their function in the
ecosystem, rate of infection prevalence, parasitemic level and pattern of infection.
For this reason, data on the distribution of triatomine and wild and domestic mammal
hosts are used in combination with environmental, anthropogenic, demographic, and
socioeconomic factors to model the risk of transmission of T. cruzi and its DTUs.

There are some diversity metrics that should be considered. Thus, the beta-
diversity concept was originally developed to estimate the variation in species
composition of free-living organisms, in which spatial renewal is due to the replace-
ment of species by others, from location to location (turnover). Nesting, a parasite
can optimally exploit a subset of host species that are regionally restricted (nested
host communities), which may reflect a non-random situation of species loss as a
consequence of any factor that promotes orderly disaggregation (Baselga 2010;
Krasnov et al. 2011; Izeta-Alberdi et al. 2016).

Baselga (2010) proposed a technique to separate the effect of turnover (species
replacing rates in different regions) and nesting in the calculation of beta-diversity,
as they are additive and antagonistic. An additive partition of beta-diversity that
provides the two separate components of spatial rotation and nesting underlying the
total amount of beta-diversity, two families of beta-diversity measures for peer and
multi-site situations. Each family comprises a measure responsible for all aspects of
beta-diversity, which is additively decomposed into two measures responsible for
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pure spatial turnover and nesting components, respectively. Attributing the different
beta-diversity patterns to their respective biological phenomena is essential to
analyze the causality of processes underlying biodiversity.

Parasite specificity is often measured as the number of host species that a parasite
is able to infect, sometimes even without considering the genetic distance between
these host species. However, this situation can be totally changed in the temporal
scale and in accordance with an eventual alteration of the local faunal composition.
In fact, the immigration of new species to a particular location can result in the
expansion (or reduction) of the host spectrum that will be exploited by a particular
parasite. This becomes even more complex in the case of the transmission cycle of a
heterogeneous, multi-host, and pan-infective parasite such as T. cruzi. To capture
these spatial nuances of host specificity, it was proposed to use an index to assess the
rate of host species replacement between localities at beta-specificity a β (SPF),
which is derived from studies of spatial patterns in the diversity of plants and
animals. It was concluded that: (1) beta-specificity is statistically independent of
traditional parasite metrics and (2) it is also independent of the size of the studied
geographic area or of the host and parasite sampling effort. In addition, beta-
specificity considers the phylogenetic proximity in order to distribute β (SPF) values
between species, that is, more related species have β (SPF) values more similar than
expected by chance. However, most possible combinations of local specificity (alpha
specificity) or global (gamma specificity) and beta-specificity are observed,
suggesting that adding a spatial component to host use studies will reveal a new
facet of specificity. This emergence provides a new perspective on parasite specific-
ity at a scale relevant to studies ranging from biogeography to evolution to the rate
and extent of parasite transmission (Krasnov et al. 2011).

Considering mammalian hosts and vectors Izeta-Alberdi et al. (2016) performed,
based on metadata, the analysis of beta-specificity for all DTUs of T. cruzi. These
authors found values that point to a high rate of species renewal in different areas of
the American continent. Concerning triatomine and three orders of mammals it was
concluded that, on a geographic scale, T. cruzi is an opportunistic parasite since its
free beta-specificity for species exchange was greater than the nesting (reduction of
host diversity) for all 7 DTUs. The beta-diversity of DTU was generally high,
indicating highly diverse host numbers across regions.

In addition to the beta-specificity analysis, Izeta-Alberdi et al. (2016) performed
ecological niche modeling for the 6 DTUs (TcI-TcVI) across the American conti-
nent, individually, finding that, according to the models, TcIV extends from the
Nearctic region of Mexico, through the southeastern US to Argentina; TcIII projects
a narrower range, from southern Mexico to Argentina, with less coverage on the
drier Pacific coast; TcI is distributed throughout the Neotropical region from
mid-Mexico to northeastern Argentina; TcII has a much more sparse geographic
projection, occurring mainly in Central America and in the non-Amazonian regions
of Venezuela and southern Brazil; and TcV and TcVI are more concentrated,
although focused on the non-equatorial Neotropical regions of the continent
(Mexico, Central America, southern Brazil, Bolivia).
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An application for these niche concepts on parasitology was proposed Villalobos
et al. (2019), in which the Maxent machine learning algorithm was applied to model
areas with potential environmental suitability for the presence of triatomines and
their infection by T. cruzi. As a result, it was identified that the infection limited the
ability of triatomines to move, keeping them with the greatest suitability in the
centroid of the vector distribution.

This technique is known as Ecological Niche Modeling (ENM), which aims to
estimate the Existing Fundamental Niche (“potential niche”) of a species using the
variations of the environmental characteristics where its points of occurrence are
located and predicting the areas of potential suitability for the presence of this
species (Peterson 2011). Data on the presence of the target species and the environ-
mental variables are processed in machine learning algorithms and statistical
methods by Multiple Regression (MR: Multiple Regression); Linear Models
(GAM: Generalized Additive Models); Classification Trees (CTA: Classification
Tree Analysis); Genetic Algorithms (GA: Genetic Algorithm); Neural Networks
(MN: Neural Networks); DOMAIN; FloraMap; Maxent, among others (Soberon and
Peterson 2005; de Siqueira 2005; Giannini et al. 2012).

Ferro and Silva et al. (Ferro e Silva et al. 2018), used ecological niche modeling to
identify areas with a potential risk of transmission of T. cruzi in the state of Paraná,
using climatic and landscape variables in separate approaches, modeling the distri-
bution areas of the triatomines Panstrongylus megistus, Panstrongylus geniculatus,
Rhodnius neglectus, Rhodnius prolixus, and Triatoma sordida. To analyze their
models, Ferro and Silva et al. (Ferro e Silva et al. 2018) developed the Ecoland
approach, which is based on the possibility that models that use only climate
variables and models that use only landscape variables can result in contradictory
distribution patterns of suitability for a species. Climatic and landscape variables,
such as temperature, precipitation, relative humidity, vegetation and wind speed and
its temperature, are factors that admittedly influence the life dynamics, dispersion,
and search for food sources of triatomines (Forattini et al. 1978; Zeledon and
Rabinovich 1981; Gonçalves et al. 1998; Abrahan et al. 2011; dos Santos et al.
2013; Parra-Henao et al. 2016a).

This approach performs a comparative analysis by applying map algebra between
the models generated in a climatic approach and in a landscape approach at a
municipality level. Subsequently, the classification of high, medium, and low con-
cordance and discordance between these approaches is performed resulting in a
simplified way of mapping areas of potential distribution of triatomines.

An application of ENM for niche analysis of T. cruzi infection in the Southeast
and South of the Atlantic Forest biome was performed. This study aimed at Ecologi-
cal Niche Modeling for triatomines as well as T. cruzi infected and uninfected
Didelphis aurita. T. cruzi infection was determined by blood culture in axenic
medium and positive testing D. aurita pointed to potential transmission areas. The
two main triatomine species Triatoma vitticeps and Panstrongylus megistus were
used as explanatory biotic variables for T. cruzi infection in D. aurita.

The modeling of D. aurita was carried out under two approaches, one that used
only climate variables, and one that considered only landscape variables. Four
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models were produced (Uninfected D. aurita, climate and landscape, and infected
D. aurita climate and landscape). The division of these models aimed to analyze the
different areas of suitability for the presence of the marsupial and its infection in
climate and landscape models (Ferro e Silva et al. 2018). The modleR package of
MNE was used, in the R programming language, performing the modeling with the
algorithms: Bioclim, Maxent, Random Forest, SVM (Support Vector Machine),
GLM (Generalized Linear Model), Mahalanobis Distance, DOMAIN and BRT
(Boosted Regression Trees).

Weather data were acquired from the Wordclim website, and landscape data from
the Google Earth Engine (GEE) platform and the IBGE website. The variables used
for the modeling of triatomines and D. aurita are shown in Tables 5.1 and 5.2.

An analysis of climate models + landscape was performed using the Ecoland
method (Ferro e Silva et al. 2018), applying a map algebra between the models to
verify the locations of agreement and disagreement between these two approaches.
For this, the Districts (available on the IBGE website) were defined as the analysis
scale, which were classified into three categories of environmental suitability (β),
being high (β � 66.67%), medium (33.33% � β < 66.67%) and low
(0 � β < 33.33%). For the analysis by Ecoland for D. aurita, in addition to relating
the climate and landscape models, the sum of the niche models of T. vitticeps and
P. megistus was also included.

Through these models, it was possible to identify the different scenarios in which
D. aurita can act as a potential reservoir in three areas where cases and/or outbreaks
of acute Chagas disease—ACD occurred in the Southeast and South of the Atlantic
Forest biome.

5.2.3.1 Modeling Didelphis Aurita and Its Trypanosoma Cruzi Infection:
Navegates—Santa Catarina, Brazil

Figure 5.5 shows a comparative analysis performed between the climate and land-
scape models and the Ecoland analysis, respectively, for the municipality of
Navegantes-SC, area of the ACD outbreak in 2005 (Roque et al. 2008), when
comparing climate and landscape models for D. aurita and its infection by T. cruzi

Table 5.1 Environmental variables climate and landscape, used in the modeling of Triatoma
vitticeps and Panstrongylus megistus in the Southeast and South of the Atlantic Forest biome

Variables Spatial resolution

Mean diurnal range (BIO 2) 30 arc-second (~1 km2)a

Max temperature of warmest month (BIO 5) 30 arc-second (~1 km2)a

Annual precipitation (BIO 12) 30 arc-second (~1 km2)a

Precipitation of wettest month (BIO 13) 30 arc-second (~1 km2)a

Precipitation of driest month (BIO 14) 30 arc-second (~1 km2)a

Wind speed range 30 arc-second (~1 km2)a

Water vapor pressure range 30 arc-second (~1 km2)a

Normalized difference vegetation index (NDVI) 30 arc-second (~1 km2)b

a Worldclim (https://www.worldclim.org/data/worldclim21.html)
b Google Earth Engine (https://developers.google.com/earth-engine/datasets/catalog)
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Navegantes demonstrated high climatic and landscape suitability for the presence of
D. aurita, with values ranging from [63%–69%] and [36%–98%], respectively.
Infected D. aurita, were found inside the areas with environmental suitability
[27%–71%] and [17%–97%], respectively.

By the comparative analysis of the Ecoland approaches between the models of the
presence of D. aurita and D. aurita infected by T. cruzi (Fig. 5.5), Navegantes
presents an agreement between climate and landscape for high suitability in the
D. aurita model, with averages of 68.5%, 97%. However, paradoxically it is an area
that displays low suitability for the presence of T. vitticeps and P. megistus (25.03%).
This result indicates that other species may are acting as vectors. In fact, Triatoma
tibiamaculata was the species found in palm trees at the site of the ACD outbreak
(Roque et al. 2008), and this is a species that demonstrated suitability in this
municipality (Galvão 2014).

Navegantes was classified by the Ecoland model as displaying high suitability for
the presence of D. aurita infected by T. cruzi, with an average value of 70.4% for
climate and 95.3% for landscape. This showing that this municipality display high
suitability, for the presence of D. aurita and for its infection by T. cruzi and role as a
reservoir for T. cruzi in the area as proposed by Roque et al. (Roque et al. 2008),
based on parasitological and serological tests. These intensities of suitability can be
better visualized on the map of Fig. 5.6.

Finally, the joint analysis of Ecological Niche Modeling and Ecoland proved to
be a sensitive method for identifying areas of suitability for the presence ofD. aurita,

Table 5.2 Climate and landscape variables used in modeling Didelphis aurita and its infection by
Trypanosoma cruzi (positive blood culture)

Variables Resolution

Mean diurnal range (BIO 2) 30 arc-second (~1 km2)1

Temperature seasonality (BIO 4) 30 arc-second (~1 km2)b

Max temperature of warmest month (BIO 5) 30 arc-second (~1 km2)b

Mean temperature of wettest quarter (BIO 8) 30 arc-second (~1 km2)b

Mean temperature of driest quarter (BIO 9) 30 arc-second (~1 km2)b

Annual precipitation (BIO 12) 30 arc-second (~1 km2)b

Precipitation of wettest month (BIO 13) 30 arc-second (~1 km2)b

Precipitation seasonality (BIO 15) 30 arc-second (~1 km2)b

Normalized difference vegetation index (NDVI) 30 arc-second (~1 km2)a

Euclidean distance to nearest location with human presence ~1 km2 (GHSL)b

Euclidean distance to the nearest drainage section (~1 km2)c

Ecological niche model of Triatoma vitticeps 30 arc-second (~1 km2)

Ecological niche model of Panstrongylus megistus 30 arc-second (~1 km2)

The variables “Triatoma vitticeps ecological niche model” and “Panstrongylus megistus ecological
niche model” were included only in the modeling of D. aurita infected by T. cruzi
a Google Earth Engine (https://developers.google.com/earth-engine/datasets/catalog);
b Worldclim (https://www.worldclim.org/data/worldclim21.html);
c Brazilian Institute of Geography and Statistics—IBGE—(11,000,000 e 125,000) (https://www.
ibge.gov.br/geociencias/downloads-geociencias.html).
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infected or not by T. cruzi. In Navegantes-SC, in the area of Chagas disease
outbreak, it was indicated as being highly suitable for the presence of D. aurita,
with and without T. cruzi infection. The high suitability of a given region is a
necessary, but not sufficient, condition for the performance of D. aurita as a
reservoir for T. cruzi. As an example, Ecoland demonstrated that D. aurita has
different importance as a reservoir of T. cruzi in different locations of the Atlantic
Forest.

Fig. 5.5 Comparison between climate models and landscape for Didelphis aurita and Didelphis
aurita infected by Trypanosoma cruzi in the municipality of Navegantes—Santa Catarina, Brazil.
D1 Ecological niche model of D. aurita in the climatic approach, for the district of Navegantes—
SC, H1 Ecological niche model of D. aurita infected by T. cruzi in the climatic approach, for the
district of Navegantes—SC, D2 Ecological niche model of D. aurita in the landscape approach, for
the district of Navegantes—SC, H2 Ecological niche model of D. aurita infected by T. cruzi in the
landscape approach, for the district of Navegantes—SC
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5.2.3.2 Modeling Didelphis Aurita and Its Trypanosoma Cruzi Infection:
Guarapari—Espírito Santo, Brazil

In Espírito Santo, Dario et al. (2016) carried out a study to investigate a fatal case of
ACD that occurred in the city of Guarapari, by the oral contamination of a child that
put his fingers in the mouth after manipulating an infected T. vitticeps. The charac-
terization of heart tissue demonstrated that this child was infected by T. dionisii and
T. cruzi TcI, TcII, TcIII and TcIV genotypes. Later, Dario et al. (2017) confirmed the
hypothesis that, in the region, bats act as the main reservoirs of T. cruzi, while
T. vitticeps is the main triatomine vector found in this area, with high rates of single
and mixed infections by T. cruzi and T. dionisii. Dogs of the locality displayed
negative results for T. cruzi infection by serological and parasitological tests. The
same results were observed in the local small wild mammals except one opossum
D. aurita. High rates of T. cruzi infection were observed in the adult T. vitticeps that
very often invaded the local houses infected with the same DTUs that have been
observed in the heart tissue of the infected child. Rare nymphs were found but no
sign of triatomine colonization could be observed.

When comparing the climate and landscape models for D. aurita without and
with T. cruzi infection, in Fig. 5.7, the D1 model showed high climatic suitability for
the presence of marsupial in the municipality of Guarapari, from 67% to 83%, while
for its infection by T. cruzi (H1) the suitability was drastically reduced to values from
25% to 87%, where only its coastline has suitability above 40%. For the landscape,
almost all of its territory (approximately 98%) presents suitability above 50%, D2,
with pixels with high suitability prevailing. However, for the H2 model, the land-
scape followed the same pattern that occurred for the D1 and H1 models, in which

Fig. 5.6 Comparison between Ecoland for Didelphis aurita and its infection by Trypanosoma
cruzi in the city of Navegantes—Santa Catarina, Brazil. D Ecoland analysis for the distribution of
D. aurita, in the district of Navegantes—SC, H Ecoland analysis for the distribution of D. aurita
infected by T. cruzi, in the district of Navegantes—SC
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only the coast of the municipality (Guarapari) as indicated with medium and high
suitability, ranging from 22% to 85%, while in the locality (Rio da Prata) were the
case of ACD occurred, ranged between 22% and 50%, with more pixels of low
adequacy than average.

By analyzing D. aurita’s Ecoland (Fig. 5.8), the three districts of Guarapari were
classified as having high climate, landscape, and presence of triatomines. As for
D. aurita infected by T. cruzi, the two most coastal districts were classified with the
agreement of medium suitability for climate and landscape, while the innermost
district was classified as low for climate and medium for landscape.

These results indicate that, although Guarapari is a municipality with very high
suitability for the presence of D. aurita, it is not suitable for the occurrence of

Fig. 5.7 Comparison between climate and landscape models for Didelphis aurita and its infection
by Trypanosoma cruzi in the city of Guarapari—Espírito Santo, Brazil. D1 Ecological niche model
of D. aurita in the climatic approach, for the districts of the municipality of Guarapari—ES, H1
Ecological niche model of D. aurita infected by T. cruzi in the climatic approach, for the districts of
the municipality of Guarapari—ES, D2 Ecological niche model of D. aurita in the landscape
approach, for the districts of the municipality of Guarapari—ES, H2 Ecological niche model of
D. aurita infected by T. cruzi in the landscape approach, for the districts of the municipality of
Guarapari—ES, 1 Todos os Santos, 2 Rio Calçado, 3 Guarapari
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D. aurita infected by T. cruzi, despite the high suitability for the presence of
triatomines (mainly T. vitticeps). Thus, these results are in agreement with the
work of Dario et al. (2017), indicating none of the sylvatic animal does act as the
main host of T. cruzi in the region, in addition show that CD cases can occur without
an enzootic cycle near residential areas.

This is an example of the complexity diversity of the epidemiological scenarios of
Chagas disease. But the already mentioned other cases and outbreaks in different
epidemiological scenarios, show the importance of taking a comprehensive and
multidisciplinary look at each situation. All together show that effective control
strategies must consider socioeconomic and cultural aspects of each vulnerable
population. But, regardless of the strategy, investing in education and scientific
dissemination will be a mandatory path to reduce the occurrence of Chagas disease
outbreaks.

Prehistoric people very probably became infected by oral and by the contamina-
tive route. Consumption of raw meat was not exceptional as well as the contact with
triatomines in natural shelters where our ancestors sought shelter to rest from
excessive heat or storms. Again, as pointed above, oral route is turning important.
In fact, over time, Chagas disease assumed and still assumes different epidemiologi-
cal pictures, always in accordance with the human “modus vivendi” but always

Fig. 5.8 Comparison between Ecoland approaches for Didelphis aurita and its infection by
Trypanosoma cruzi in the city of Guarapari—Espírito Santo, Brazil. D Ecoland analysis for the
distribution of D. aurita, for the districts of the municipality of Guarapari—ES, H Ecoland analysis
for the distribution of D. aurita infected by T. cruzi, for the districts of the municipality of
Guarapari—ES, 1 Todos os Santos, 2 Rio Calçado, 3 Guarapari
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mostly related to the most socially vulnerable people. It is currently mainly a food-
borne disease and one of the more neglected diseases.
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Abstract

The leishmaniases are vector-borne diseases caused by protozoan parasites of the
genus Leishmania and transmitted by the bite of female phlebotomine sand flies.
In the Americas, the transmission cycle is primarily zoonotic both for American
cutaneous leishmaniasis (ACL) endemic in 18 countries and American visceral
leishmaniasis (AVL) endemic to 13 countries. The range of parasites, vectors,
reservoirs, and epidemiological scenarios involved in the transmission of
leishmaniases, their distribution, and geographical expansion are challenges for
theoretical analysis as well as for the design of control strategies. Therefore, to
contribute to knowledge but also to the preventive program interventions, in this
chapter we will focus on the environmental and socioeconomic determinants of
the spatial and temporal distribution of the leishmaniases in the Americas, from
the eco-epidemiology as conceptual framework to remote sensing image analysis
as an analytical tool, approaching the theme by looking at the main elements
involved in the transmission cycle: vectors, reservoirs, and humans.
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6.1 Introduction

The spatial and temporal variability in the occurrence of infectious diseases reflects
the intrinsic characteristics of the transmission dynamics and the heterogeneity in the
distribution of risk factors (Anderson and May 1992). To understand the causal
mechanisms underlying these distinct spatiotemporal patterns, it is necessary to
consider that not all risk factors for infectious diseases are restricted to individual
or local features (Werneck et al. 2007). Contextual ecological factors may be
important determinants of infection rates in subjects notwithstanding their
individual-level risk factors. For instance, individuals (or small areas) with no
significant high exposure levels may be at high risk just because the prevalence of
infection is high among closely connected regions.

The incidence of zoonotic vector-borne diseases, such as the leishmaniases in the
Americas, involves multiple levels of determination (Werneck et al. 2007; Shaw
2007; Belo et al. 2013a, b; Buzanovsky et al. 2020). For instance, environmental
factors, such as temperature and land use, affect the size, longevity, and distribution
of the vector populations. Poor living conditions increase the degree of contact
between persons, reservoirs, and vectors. Malnutrition and genetic factors may
contribute to poor outcomes after infection. The transmission of the leishmaniases
often leads to geographical clustering of cases and hotspots of high incidence (Bern
et al. 2008), suggesting that contextual level variables interact with individual- and
local-level risk factors to trigger disease occurrence.

6.2 The Leishmaniases

The leishmaniases are a group of vector-borne diseases caused by protozoan
parasites of the genus Leishmania and transmitted by the bite of female sand flies
from over 90 species (WHO 2010). The leishmaniases are among the most important
neglected tropical diseases, affecting mostly the poor populations in developing
countries, contributing to the maintenance of the poverty cycle.

There are three basic clinical presentations of the leishmaniases: visceral, cutane-
ous, and mucocutaneous (WHO 2010). The main etiologic agents of cutaneous
leishmaniasis (CL) are L. major, L. tropica, and L. aethiopica in the Old World
and L. mexicana, L. braziliensis, L. guyanensis, and L. amazonensis in the New
World. Mucocutaneous leishmaniasis (MCL) is mainly attributed to L. braziliensis
and L. panamensis (both species from the subgenus Viannia). The Leishmania
donovani complex (L. donovani and L. infantum [syn: L. chagasi]) is responsible
for visceral leishmaniasis (VL). Other recognized clinical presentations are leish-
maniasis recidivans, diffuse cutaneous leishmaniasis, and post-kala-azar dermal
leishmaniasis.

The World Health Organization (WHO) estimates the incidence of 700,000–1
million new cases of leishmaniases each year worldwide, more than 90% from
CL. More than 90% of MCL cases occur in Bolivia, Brazil, Ethiopia, and Peru.
Visceral leishmaniasis is the most severe clinical form of the leishmaniases and is
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often fatal if not adequately treated. Between 50 and 90,000 new cases of VL occur
worldwide annually, with case fatality rates between 5 and 10% (WHO 2021).

In the Americas, from 2001 to 2019, 1,028,054 CL/MCL and 65,934 VL cases
were reported. American CL/MCL (ACL) is endemic to 18 countries, and, in 2019,
77% of the cases reported occurred in five countries: Brazil, Colombia, Peru,
Nicaragua, and Bolivia. American VL (AVL) is endemic to 13 countries, and in
2019, 97% of the reported cases were from Brazil (PAHO 2020).

The leishmaniasis transmission cycle is primarily zoonotic with a few exceptions
outside the Americas, mainly in the Indian subcontinent (VL) and in the Middle East
and some areas of North Africa (CL caused by L. tropica). The domestic dog is
considered the main reservoir of AVL in urban areas, and marsupials and wild canids
are thought to maintain the cycle in the sylvatic environment. The main vector of
AVL is the sand fly Lutzomyia longipalpis, although other species have been
incriminated (e.g., Lu. cruzi and Pintomyia evansi). The transmission cycles of
ACL show high variability, involving different Leishmania species, reservoirs
(e.g., dogs, rodents, marsupials, anteaters, and sloths), and vectors (e.g., Nyssomyia
flaviscutellata, Ny. whitmani, Ny. intermedia, Ny. umbratilis, Ny. shawi,
Migonemyia migonei, Lu. peruensis, and Bichromomyia olmeca, among many
others).

With such variety of transmission cycles, a range of factors have been pointed as
determinants of the spatial and temporal distribution of AVL and ACL (Almeida and
Werneck 2014; Alves et al. 2016; Belo et al. 2013a, b; Buzanovsky et al. 2020;
Falcão de Oliveira et al. 2020; Hernández et al. 2019; Silva Santana Cruz et al. 2021;
Salomon 2021; Valero and Uriarte 2020). Among the multiple and complex
variables that these studies have associated with the introduction, propagation, and
dissemination of leishmaniases, socioeconomic and environmental variables are
frequently cited. In particular, environmental changes due to migration movements,
disorderly occupation of city’s outskirts, high population density, inadequate living
conditions, climate variables, land use, and land cover features have been
highlighted.

In this chapter, we will focus on the environmental and socioeconomic
determinants of the spatial and temporal distribution of the leishmaniases in the
Americas, approaching the theme by looking at the main elements involved in the
transmission cycle: vectors, reservoirs, and humans.

6.3 The Vectors of Leishmaniasis

The definition of leishmaniases often includes the requirement of transmission of the
etiologic agent Leishmania sp. by female Phlebotominae insects (PAHO 2020), but
this concept has been limited once the parasite cycle and vectorial competence for
parasites related to L. henrietti was demonstrated in Ceratopogonidae dipterans
(Panahi et al. 2020; Cotton 2017), given the continuity over time of some Leish-
mania species transmitted in mammals by vertical or horizontal routes. On the other
hand, infection without apparent clinical manifestations, a phenomenon recorded in
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most known Leishmania species, is excluded from the definition, which also
includes clinical signs in its most rigorous form, which does not diminish the
epidemiological importance of the asymptomatic mammals.

Approximately 1000 species of the subfamily Phlebotominae (order: Diptera;
suborder: Nematocera; family: Psychodidae) have been described. Its greatest diver-
sity is found in both subtropics – except New Zealand and the islands of Oceania,
although there are species that colonize up to 50� north latitude in Canada and 40�

south latitude in Argentina, and there are stable populations in areas with altitudes
below sea level, such as the Dead Sea, and at more than 3000 m above sea level. In
the Americas, 536 species are recognized. Those that represent a health risk belong
to the genus Lutzomyia, according to the Lewis classification revised by Young, the
most widely used at the programmatic level, but in the Galati classification, which is
more widely used in the academic field, 23 genera are recognized (Akhoundi et al.
2016; Shimabukuro et al. 2017).

Adult phlebotomine sand flies are small insects, usually up to 3 mm in length.
They have dense pilosity and a hirsute appearance on the body and wings; the thorax
is gibbous and hides the head in dorsal view; the wings at rest are arranged in a “V”
shape. Morphological characters used to discriminate between species are useful
most of the times (Galati et al. 2017), but not within species complexes or very close
sibling species. In Lu. longipalpis complex, the main vector of L. infantum in the
Americas, populations with behavioral (“love songs”), physiochemical
(pheromones), biochemical (cuticular hydrocarbons), and genetic differences are
described, which may generate reproductive barriers and be associated with different
vectorial capacities. However, despite the potential use of molecular means such as
barcoding (Rodrigues et al. 2018), the determination using morphological taxonomy
requires currently entomological laboratories with trained technicians and quality
control, a challenge for programmatic transfer still pending in most countries.

Phlebotomine sand flies are insects of complete metamorphosis; its life cycle
involves eggs up to 0.5 mm long and 0.15 mm wide, followed by four larval stages,
which increase their morphological complexity and size (from less than 1–4 mm,
followed by a relatively immobile pupa, which then becomes an adult). Larvae are
terrestrial, are saprophagous, and develop in temperate, humid microenvironments
rich in organic matter, usually with good canopy cover. Due to the difficulty in
identifying natural breeding sites and the vagility of the pre-imaginal stages, anti-
vectorial chemical interventions have so far been directed against adults. Under fixed
experimental conditions of temperature and relative humidity, the life-cycle period
of species of epidemiological interest is 6–10 days from female blood ingestion to
oviposition, and 5–6 weeks to adult emergence, although there may be diapause due
to adverse conditions. Adult females have longevities of 14–60 days, with
ovipositions of 30 up to 200 eggs (Lawyer et al. 2017). Adults are usually active
from dusk to dawn and remain during the day resting in shadowy places. Their adult
dispersal radius by active flight does not exceed 100–200 m, and is less when the
insects are released from a food source, although there are records of specimens
found up to 2 km from the release site. Actually the dispersal radius as in many
insects should be understood as concentric circles of probability. Adults, males and
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females, feed on sugary solutions of vegetables or aphids for their metabolism.
Females require blood to complete their ovarian cycle, although autogeny has
been described in some species. Non-hematophagous males could reach the host
first and attract females, with whom they copulate once the latter have ingested
blood, thus ensuring the presence of fertilizable oocytes (PAHO 2020).

Ten percent of the described species of Phlebotominae are associated with the
transmission of 20 species and subspecies of Trypanosomatida protozoa of the genus
Leishmania to mammalians, by regurgitation during blood ingestion. Sand flies are
also known to be vectors of other pathogens, bacteria such as Bartonella
bacilliformis (Wachter et al. 2020), and bunyavirus such as those causing sand fly
fever, summer meningitis, and vesicular stomatitis (Marklewitz et al. 2019). The
subgenera of Leishmania are characterized, in turn, according to the site of adhesion
and development of the parasite in the digestive tract of the vector, taking as
reference the anterior region of the proctodeum where the Malpighian tubules
open as peripyloric (Viannia), suprapyloric (Leishmania), and hypopyloric
(Sauroleishmania), regions of adhesion corresponding to different histological and
functional structures and to different embryological origins. Under controlled exper-
imental conditions, L. infantum, agent of AVL, has metacyclic forms in 3 to 4 days in
its American vectors after ingestion, and L. braziliensis, agent of ACL, in 4–6 days.
However, to incriminate a species as a vector, studies of competence and vectorial
capacity are necessary; especially considering that in sites with high host prevalence,
fragments of parasitic DNA can be found in the blood-food content of many
hematophagous ectoparasites, where parasites do not amplify, but could participate
in mechanical transmission, for example in social grooming in non-human primates
(Martínez et al. 2020).

According to different authors, the criteria to incriminate a Phlebotominae species
as a vector, and specifically as a vector of transmission to humans, include (1) the
association in time, space, and environment between vector (blood feeding source),
reservoirs (zoophily), and humans (anthropophily); (2) the identity between parasites
repeatedly isolated from vectors without recent blood meals and those isolated from
reservoirs and human cases; (3) the association in time, space, and environment
between infection in mammalian hosts and the vector, with consistent parasite
density and infection rate; (4) the growth and amplification of the parasite in the
vector in the presence of metacyclic promastigotes in the stomodeal valve or anterior
midgut; and (5) the experimental infection of the vector during blood ingestion, and
afterward the vector infective bite (Maroli et al. 2013). Vector-competent
Phlebotominae can be classified from species-specific to permissive ones, while
vector capacity is defined by intrinsic and extrinsic factors. Intrinsic factors include
the enzymatic time pattern during blood digestion and the peritrophic matrix,
parasite anchorage to the intestinal wall according to different mechanisms
(Coutinho-Abreu et al. 2020), the magnitude of parasite amplification, anterior
migration, metacyclogenesis, and the mechanisms of regurgitation and multiple
bites (Serafim et al. 2018). Among these “injected” factors, the immune response
of the host to the vector’s saliva may have protective functions for the host in case of
previous non-infective bites; however, the vasodilator maxadilan from Lu.
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longipalpis saliva is a facilitator of infection together with macrophage recruiters or
capillary permeability promoters, as well as the immunomodulation of the insect’s
digestive microbiota egested during the bite (Dey et al. 2018), microbiota that is also
involved in the vector–parasite interactions (Campolina et al. 2020). Extrinsic
factors depend on the bioecological and behavioral aspects of the vector already
mentioned above, and on the characteristics of the vector–reservoir complex, such as
the attraction of vector females to infected reservoirs (Staniek and Hamilton 2021),
as well as behavioral and cultural factors that modulate the probability of contact
between the infected vector and the host.

6.4 Eco-Epidemiology and Vectors

To say that vector-borne diseases are only transmitted where the vector species of the
pathogen is present and that transmission is dense-dependent is almost a tautology;
however, this statement carries the implicit conceptual framework of Pavlovsky’s
nidality (Pavlovsky and Pious Jr 1966) and landscape epidemiology (Kitron 1998),
the physical and biological conditions of the environment in which the species
colonization is most successful. Adding reservoir nidality and pathogen circulation
can encompass much of the definition in time and space of biological risk. However,
three concepts complicate this static picture:

Biological risk only indicates the possibility of transmission, but to characterize
and even quantify the real probability of transmission, the exposure of the suscepti-
ble individual must be included, and human exposure is given by social, cultural, and
economic factors, which can be separated from biological factors for analytical
purposes but actually form an integral multidimensional eco-epidemiological
momentum (Susser and Susser 1996). So, for instance in ACL only when it is
controlled by social exclusion, the climate becomes the most significant factor of
risk (Chaves et al. 2008).

The associations between vector or reservoir abundance or biological risk and
environmental and social determinants are valid only for the scales of time and space
in which they were recorded and analyzed, as these variables may even have
opposite signs at different scales. Therefore, the same determinant can be
counterbalanced or canceled when different scales are mixed.

The variables that determine the possibility and probability of risk of transmission
are neither qualitatively nor quantitatively stable in time or space.

In relation to the last point, we must consider that the usually slow process of
species adaptation has been pressured in the last century by forces of unprecedented
magnitude and speed due to anthropogenic actions, including changes in land use,
planned and unplanned urbanization, voluntary and forced movement of people, and
the frequency of extraordinary climatic events (climate crisis). Pathogens, insect
vectors, and some reservoirs, with their reproductive “r” strategy of relatively short
cycles, many individuals, and genetic diversity, have a good chance of adapting and
thriving in these fluctuating scenarios, albeit through different strategies. Aedes and
their arboviruses, rodents and their fleas, and pathogens, thanks to their plasticity for
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environmental adaptation, have managed to exploit human environments
accompanying the process of urbanization taking advantage of this unprecedented
concentration of food resources in the domestic environment and cities, including
the blood source of these “human and animal monocultures”; in the case of parasites
such as Trypanosoma cruzi, given the decrease in the event of direct vector–human
contact, the oral route of transmission becomes important for parasite sustainability
as the vertical mother–child route, with the possibility of evolving toward “com-
mensal” strains with little or no morbidity.

Leishmaniases are no exception to these processes, but in the Americas the course
of ACL and AVL shows two different alternatives, although both take advantage of
the effect of the concentration of human and animal blood resources in the urban,
rural, and rururban domestic environment; the decrease in competition for these
resources by decreasing the richness of Phlebotominae species and increasing the
prevalence of those better ones adapted to the anthropized landscape: indoor human
dwellings for rest (endophily) and feed (endophagy); multiple artificial sites for
shelter, feed of vegetable carbohydrates, breed in sites enriched of organic matter
(Manteca et al. 2021), soil-related differential microbiota and illegal waste sites as in
Phlebotomus papatasi (Chelbi et al. 2020; Kakumanu et al. 2021); and even larval
passive dispersal facilitated by land translocation, and parasite dispersal by transit or
traffic of domestic reservoirs such as dogs, and intensified vertical transmission in
these through animal crossbreeding.

However, as stated above, the adaptive strategies of ACL and AVL parasites
differ between them. The parasites of ACL circulated in the Americas with man as an
incidental host before the European conquest. Parasites and vectors presented then
already a wide diversity of species adapted to different environments, from the
Andean highlands to the tropical rainforest, although usually without association
with arid and rocky environments as in other regions of the world, so the common
name sand fly is not representative of American species. Spatial segregation as a
force of speciation originated by changes in geological periods, such as the forma-
tion of the inter-Andean valleys or the isthmus of Panama. But once the European
colonial society was installed, at the same time as there was a progressive change in
land use, the system of forced and massive migrations in conditions of servitude of
the indigenous people, known as “mita” and “yanaconazgo,” and the same
displacements of the colonial armies, going into virgin forests, possibly generated
a first dispersion of infected people, domestic animals and pets, and new cycles of
transmission. These cycles, in areas where there was no previous transmission, could
have involved permissive vectors and new reservoirs according to the Stockholm
paradigm (Brooks et al. 2019), with transmission dynamics due to multi-host
reservoir and multi-vector communities rather than a single vector or reservoir
(Viana et al. 2014). This multiplicity of pathogens and ecological fittings of
Phlebotominae and mammals involved conferred to ACL a preconditioning of
plasticity that initiated the rapid changes of the twentieth century and the enormous
magnitude of environmental fragmentation it entailed allowed the ACL vector–
parasite–reservoir system to persist, despite forecasting of dilution or extinction of
the disease due to the disappearance of primary vegetation woods. Although there
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are still no examples in America of a typical urban cycle of ACL, as we will see later,
at the focus spatial scale there is a strong pressure toward the adaptation of vectors to
anthropized environments, and at the microscale, domestic spaces are generated
where the risk of transmission is already permanently installed, or the vector has
periodical colonizations from “wild” source populations through metapopulation
dynamics (Levins 1969).

A different scenario is that of AVL, for which there is a broad consensus that
L. infantum parasite was introduced to the Americas from infected humans and dogs
arriving from the Iberian Peninsula. In this relatively recent opportunity of an
invasive parasite transmitted by Phlebotominae from the Old World in search of a
local vector, L. infantum achieved its American dream by encountering the neotrop-
ical Phlebotominae Lu. longipalpis. Although today other vector species have
already been described and several species have been incriminated as permissive
vectors, which could play a major role in several outbreaks, Lu. longipalpis remains
the main vector of AVL in most of the continent (Salomón et al. 2015). This situation
implies that, unlike ACL with its interspecific diversity, the permanence of AVL in a
changing world used intraspecific diversity as a strategy, of a species that
demonstrated environmental plasticity from a complex with wide genetic diversity
(Araki et al. 2009), which has allowed its rapid dispersal and adaptation to urbanized
environments. Again, these mechanisms of adaptation and generation of transmis-
sion risk must be discriminated in spatiotemporal scales as we will see below.

6.4.1 American Cutaneous Leishmaniasis

As previously mentioned, ACL transmission comprises a diversity of Phlebotominae
vectors and reservoir mammals (PAHO 2019). But despite this wide range of
epidemiological scenarios and extension of geographical distribution from the
USA (Kipp et al. 2020) to Argentina, the event “vector-to-human transmission” is
a phenomenon usually restricted in time and space and manifested by focal
outbreaks, even in hyperendemic areas with recurrent peaks of cases that do not
respond to a regular seasonal pattern.

These epidemic outbreaks have sometimes been recorded in recent years on the
basis of notifications from urban centers, which has led to the proposal of urbaniza-
tion of the ACL. However, the risk is often associated at focus scale with vector
mobilization during urban growth processes or land occupation in the periphery with
deforestation of primary or secondary vegetation, or it is related to intra-urban
vegetation patches due to microheterogeneity of the landscape, gallery forests
associated with rivers, proximity to the green belt, parks-reserves, and zoos
(Salomon 2019). Thus, rather than urbanization, ACL transmission despite the
urban focus scale corresponds, from the vector scale perspective, to a non-urban
micro-habitat. So, the spatial distribution of risk is actually related to the organiza-
tion of space in cities, planned and unplanned urbanization with the creation of
environmental interfaces where vector populations circulate, and socio-economic
segregation of the human population. This last point may affect the two extremes of
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the socioeconomic pyramid, at the vertex with the creation of private neighborhoods
responding to the trend of return to nature, a community quantitatively not very
important but with great visibility, social and political agency, and media presence,
and at the base the fragile sectors, displaced to marginal areas of low real state value,
usually floodable. This last scenario is the one that reinforces the association
between the risk of ACL with inequity in the distribution of wealth and the social
determination of the disease in peri-urban areas, due to increased vulnerability or
exposure, related to determinants such as housing quality and overcrowding, access
to the health system and public services, illiteracy, income, and hierarchy in the labor
relationship, a context that in turn reduces the agency capacity of these groups to
change their social and health situation.

The interface or “edge effect” used to explain many cases of transmission in
urbanized environments actually serves as a conceptual framework to understand
most epidemic outbreaks of ACL, also in non-urban environments (Quintana et al.
2010). This edge effect at higher resolution scales can be characterized according to
the duration of human exposure as ephemeral, transient, and permanent, and
according to the location of the life cycle of the vector and the actual site of
human exposure in forest cycle – forest transmission, forest cycle - peridomestic
transmission, peridomestic cycle - peridomestic transmission.

Ephemeral exposure is related to infections due to human exposure to the wild
cycle in wild environments (hunters, military, researchers, tourists, migrants, and
intensive extractive activities such as mining, lumbering, and tropical crops). They
can generate outbreaks reported at health centers far from the actual sites of
transmission when groups are exposed, as after military demobilization (Mubayi
et al. 2018). The human incidence curve is usually narrow, related to gender and age
exposed.

Exposure in transient edges originates in temporary camps, recreational activity
close to the forest, and with wild cycles and peridomestic transmission during peri-
urban growth or expansion of subsistence farms. Larger outbreaks are generated due
to agro-industrial deforestation fronts, extensive fires as in the Amazonia, and focal
ones due to commercial agricultural practices close to the forest ecotone such as
organic soil enrichment in cultures of cocoa, coffee, banana, and sugar cane
(Alexander et al. 2009; da Silva et al. 2000; Carrada Figueroa et al. 2014), and
large development projects, sometimes accompanied by massive migrations of
susceptible populations with high social vulnerability (Furtado et al. 2016; Zorrilla
et al. 2017). The human incidence curve is usually wider than in ephemeral expo-
sure, falls as the transient edge disappears, and if there is peridomestic-indoor
transmission, does not differ by gender or age.

Permanent edges imply the establishment of urban environments with relatively
long-standing interphases between the forest and domestic landscapes, which can
generate microclimatic particularities and outbreaks associated with extraordinary
climatic events. The risk is still associated with the proximity to forest borders
(Moreno et al. 2020), but some vector species can colonize the peridomestic area,
at least as sink populations in a metapopulation dynamics, and so increase the indoor
transmission risk. Regarding the extraordinary climatic events, there are time lags
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between the trigger event and the peak of adult vectors due to population cycle
periods and expansion of breeding area, or with the wild reservoirs due to the
increase of food or displacement, and a further lag time with the human cases due
to the intrinsic cycle of the parasite (Salomón et al. 2004; Lewnard et al. 2014). The
human incidence curve is usually sigmoid, saturating as long as the border remains,
similar between genders, but increasing with age due to the probability of exposure.
However, the border as a generator of risk of infection or exposure to Phlebotominae
vectors still requires a more detailed analysis from the approach of gender and age by
activities and risk perception, independent of the differential clinical susceptibility
according to sex (Lockard et al. 2019).

The conceptualization of risk associated with edge effect also allows thinking
about different control strategies, in addition to ephemeral personal protection for
ephemeral edges. Transient chemical barriers have been tested in transitory fields or
transitory on the way to be permanent (Perich et al. 1995; Feliciangeli et al. 2003),
together with physical barriers as buffer areas (Esterre et al. 1986), and domiciliary
chemical interventions during the season of highest vector activity (Acosta et al.
2017; Cabrera et al. 2018). Environmental management trials, although they have
given encouraging results (Gouveia et al. 2012. Reinhold-Castro et al. 2013), are
difficult to extrapolate programmatically beyond microfocal recommendations.

When the scale of analysis is changed to a third subnational jurisdiction, it is
observed that 36% of Latin American municipalities (n 4951) present ACL trans-
mission. These municipalities by degree of similarity in environmental and socio-
economic determinants were grouped into seven clusters; the risk of transmission
was positively associated, in decreasing order of magnitude with the Amazonian,
Andean, and Savannah clusters (Maia-Elkhoury et al. 2021). The Amazonian cluster
is the one with the largest extension, geographical continuity, and environmental
homogeneity, still indicating the relative importance of the wild cycle. The Andean
conglomerate, on the other hand, with its fragmentation into valleys separated by
mountain barriers, presents a great diversity of epidemiological scenarios and focal
situations, from endemic transmission in the semiarid highlands, settlements due to
mining prospecting, to interventions in high altitude rainforests with transmission
records 2000 m above sea level. Risk communities in the Savannah conglomerate
are usually located in environmental transition zones, with components of rural
peridomestic transmission, although socio-environmental alterations in “hot spots”
can generate large-scale outbreaks, as a result of the exploitation and transport of gas
in “La Convención” in Peru (Torres-Slimming 2010; Gutiérrez et al. 2017). This
conglomerate approach suggests that environmental surveillance of ACL in areas
with a high probability of transmission is cost-effective, if the impact of
interventions to prevent or mitigate changes in exposure and risk is adequately
assessed. Consistently leishmaniasis should be incorporated into prospection envi-
ronmental risk studies for development projects, as malaria is currently included in
water or irrigation projects, and environmental surveillance should be integrated into
entomological and epidemiological surveillance.

112 O. D. Salomón and G. L. Werneck



6.4.2 American Visceral Leishmaniasis

About the principal vector for AVL, Lu. longipalpis, as it was stated above, the
genetic polymorphism of this species complex, a biological platform with ongoing
cryptic speciation and introgression processes, provides plasticity but poses a prob-
lem for the extrapolation of research results, as local populations can present
different vectorial and spreading capacity (Casaril et al. 2019). In this sense,
geographic dispersal and urbanization have been associated with the pheromone
chemotype (S)-9-methylgermacrane-B, in contrast to the cembrene-1 chemotype
(Casanova et al. 2015), although despite the reproductive barriers (Dos Reis and
Alevi Dos Reis and Alevi 2020) it is also possible that dispersing populations
hybridize along its spread with local populations, giving rise to haplotypes with
urbanization potential and good adaptation to local conditions (Quintana et al. 2019).

In jungle environments Lu. longipalpis relative abundance is usually 5% or less
(Thomaz-Soccol et al. 2018; de Souza Freitas et al. 2018), but reaches between 80%
and 100% in colonized urban areas, while its absolute abundance can grow from
5 times to more than 250 times once the environment is anthropized (Oliveira et al.
2011; Vilela et al. 2011). In relation to the dispersal-urbanization of the vector
observed mainly since 1980 (Salomón et al. 2015), this process has been associated
at macroscale with environmental modifications due to the construction of roads,
dams, and infrastructure works such as the Bolivia-Brazil gas pipeline in the State of
Mato Grosso do Sul (Pasquali et al. 2019), unplanned urbanization, deforestation in
“fishbone” shape, and road network and intensity of exchange between neighboring
localities (Oliveira et al. 2018). These large developmental projects in turn entail
massive migration of workers and their families and dogs, to seek opportunities for a
better quality of life, increasing the probability of parasite dispersal and AVL
outbreaks. In a recent colonized city 2 years may elapse between the first record of
Lu. longipalpis and the first canine case and 1 year more for the first human case
(Casanova et al. 2015; Oliveira et al. 2016).

Large cities, once colonized, act as radial sources of spreading to their network of
satellite localities (Harvim et al. 2019), decreasing their dispersal speed or
reorienting its direction as the vector encounters environments with less ecological
fitting, as in the state of São Paulo where the dispersal goes from 200 km/year at the
beginning of the spreading wave to less than 25 km/year (Oliveira et al. 2016).
Similarly, within a city, from the initial colonization site Lu. longipalpis spread
radially, in steps, to the closer peridomiciles where the environment is conducive to
its development; however, accounting for spatial discontinuities at the macro-scale
and micro-scale, at any scale passive transport cannot be ruled out associated with
transport of plants with soil presumably carrying eggs or larvae, such as a the initial
colonization of a city from a flower nursery or a cemetery (Prestes-Carneiro et al.
2019; Brazil 2013), or the association with plant pots at microscale in urbanized
areas (Santini et al. 2012).

This dependence on soil and organic matter for breeding, even in the cities, as
well as the flight radius and fidelity to blood food sources, explains that populations
with good adaptation to the urban environment, at the microscale, are still associated
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with the microheterogeneity of the landscape and persistence of green spaces, or its
expression through indicators such as the normalized difference vegetation index
(NDVI) (Quintana et al. 2019; Berrozpe et al. 2019). Therefore, the vectors have a
contagious distribution clustered in few places, the so-called critical sites, with
abundance differences of up to more than 1000 times between spatially close traps
(Figueiredo et al. 2016; Quinnell and Dye 1994), while the spatial autocorrelation of
urban abundance for Lu. longipalpis was estimated to be around 600–700 m
(Fernández et al. 2013).

Another micro-scale variable usually associated with the presence and abundance
of vectors, regardless of the characterization of the landscape as urban or rural or the
specific attractiveness of each host, is the abundance of blood-food sources in the
domestic environment, especially chickens, pigs, and dogs, and secondarily other
animals such as cats, horses, cows, and even bats in caves (Salomon 2021). How-
ever, many linear analytical approaches that tried to correlate the number of
phlebotomine with the number hosts of the same species or between species
normalized as biomass did not show significant associations, probably due to the
fact that the olfactory stimulus in insects increases not in linear shape but in jumps
assimilable to quadratic functions (Andersson et al. 2013). Furthermore, other
factors modify the linear relationships as the male’s pheromone recruitment process
depends on host density (Quinnell and Dye 1994), which arrests both sexes at the site
of the trap, phenomenon that can be used to improve chemical control (Courtenay
et al. 2019).

In addition to the aforementioned association with food sources, adult harborage
conditions and breeding sites with fallen organic matter from fruit or deciduous trees
and housing quality such as wall openings or the bathroom or kitchen outside the
dormitory building are related to the risk of exposure (Luz et al. 2020). However,
socioeconomic variables or their proxies are interdependent with environmental
conditions when referring to vector distribution, mainly in urban scenarios where
the area with highest captures of Lu. longipalpis is the intermediate one between the
highly urbanized center and the rururban periphery, generally in the shape of ring
(Fernández et al. 2010). On the other hand, sometimes the lack of association
between vector abundance and domestic animals or vegetation may be due to the
fact that the design involves their presence as a precondition to select the sites for
sampling, and so these variables were controlled a priori (Costa et al. 2019). In the
same way, the distance from the trap to the blood source and the size of the source
can bias many results such as the outdoor/indoor abundance, gut content, and even
the rate of infection. Birds are refractory to Leishmania development so Lu.
longipalpis populations associated with chicken coops or roosting trees have low
infections, but the poultry amplifies the size of these vector populations increasing
the human risk at closer “verandas,” where people stay unprotected during the hours
of maximum phlebotomine activity (Santini et al. 2010; Andrade et al. 2009).

In relation to temporal patterns, at different spatial and temporal scales, where
climatic or environmental variables by proxy (NDVI, NDWI) are associated with Lu.
longipalpis population size or transmission indexes such as AVL canine or human
incidence, these results should be interpreted with attention to the sampling design of
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the dependent variable and the explanatory variables. Meteorological data concur-
rent with captures actually reflect the activity of already existing adult sand flies, but
only previous climatic data, attending to egg–adult cycles, can be associated with
population size. On the other hand, the critical variables may vary according to
season, since in the dry season the water deficit or rainfall may be critical but in the
rainy season it could be the temperature. In Argentinean cities, the NDVI and land
surface temperature (LST) were the significant variables during the summer but low
urban coverage during the winter in one focus, while in another locality the signifi-
cant variables were LST with lags of 2 months, and NDVI and normalized difference
water index (NDWI) with lags of 2 and 3 months (Gómez-Bravo et al. 2017;
Berrozpe et al. 2019). In turn, environmental changes at the microscale landscape
or in the abundance of domestic animals can modify the presence and abundance of
the vector independently of seasonal or extraordinary climate conditions (de Oliveira
et al. 2013; Holcman et al. 2013).

However, despite the difficulties in extrapolating the spatiotemporal determinants
of Lu. longipalpis distribution at the scale of urban focus, the phenomenon of
persistent clustering and the possibility of defining the factors that modulate it at
the micro-focal scale create the opportunity to develop prevention and integrated
control strategies. There, environmental management focused on surveillance or
mitigation on the most likely hotspots/source populations would be more cost-
effective than interventions on the entire community (Salomon 2021).

6.5 The Challenges to the Control of American Visceral
Leishmaniasis in Urban Areas

AVL is endemic to 13 countries, but the vast majority of the human cases occur in
Brazil (PAHO 2021). Although reports on the occurrence of AVL cases in urban
areas have been described in Argentina (Salomón et al. 2012), Colombia (Zambrano-
Hernandez et al. 2015), Paraguay (Canese 2010), and Venezuela (Aguilar et al.
1998), the process of urbanization in Brazil has been dramatic and more extensively
and historically described (Costa 2008; Maia-Elkhoury et al. 2008; Nascimento et al.
2008; Oliveira et al. 2008; Rangel and Vilela 2008; Werneck 2008). A close look at
the Brazilian case might be useful for informing surveillance and control activities in
other Latin American countries.

Historically recognized as a rural endemic disease, there has been a gradual
process of urbanization of AVL in Brazil, and the disease found in large cities the
suitable conditions for its occurrence (Werneck 2008; Harhay et al. 2011). Major
urban epidemics were first recorded in the 1980s in the capitals of the states of Piauí
(city of Teresina), Rio Grande do Norte (city of Natal), and Maranhão (city of São
Luís), all in the Northeast region of the country (Costa et al. 1990; Jeronimo et al.
1994; Rafael da Silva et al. 1997). Subsequently the disease spread to large cities in
all other regions of the country.

The epidemiological scenario leaves no doubt about the magnitude of the process
of urbanization and geographical expansion of AVL. From 1980 to 2019, more than
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105,000 cases of AVL were reported in the country, leading to the death of more
than 6400 people. The average number of cases registered annually increased from
1601 (1985–1989) to 3630 (2000–2004), stabilizing around 3300 annual cases since
then. In the 1990s, only 10% of cases occurred outside the Northeast Region, but in
2010s, this figure reached more than 50% of cases, demonstrating the insidious
territorial expansion of the disease. Between 2015 and 2019, the indigenous trans-
mission of AVL was recorded in more than 1700 municipalities in 23 Federated
Units.

The reasons why this traditionally rural disease emerged in urban centers are not
clear, but environmental changes associated with migratory movements and popula-
tion growth have been frequently implicated. On the one hand, the disorderly process
of urban occupation results in precarious living conditions and environmental
destruction, promoting favorable conditions for the reproduction of the vector, the
sand fly Lutzomyia longipalpis, which easily adapts to the peridomestic conditions
of depleted areas, exploiting the accumulation of organic matter generated by
domestic animals and poor sanitary conditions (Rangel and Vilela 2008). On the
other hand, dogs wandering on the outskirts of the city can become infected when
they come into direct contact with the sylvatic transmission cycle and, when they
return to the inner city, serve as amplifiers of the infection for other dogs and
humans. Foxes, potential wild reservoirs of the parasite, have also come to be seen
relatively frequently on the outskirts of some cities, rummaging through urban waste
in search of food (Werneck and Costa 2005). In this context, the presence of a large
number of susceptible people, infected reservoirs, and vectors in abundance consti-
tute basic conditions for the occurrence of autochthonous cases of the disease in
urban areas.

Control of urban AVL in Brazil has been a resounding failure (Barreto et al.
2011). The Brazilian program for visceral leishmaniasis control (PVLC) was
launched in the beginning of the 1960s, and the main proposed control strategies
were obligatory notification of human cases, opportune diagnostic and treatment of
human cases, vector control with insecticides, and culling of seropositive dogs.
Indeed, these strategies seemed to be appropriate for confronting an eminently
rural disease for which the typical foci of high incidence of infection could be
identified with relative ease. However, in the last 50 years there was no substantial
update or revision of the control strategies recommended by the original PVLC,
despite the immense transformations in the Brazilian society during this period. In
particular, social changes involved an intense, fast, and excluding process of urbani-
zation associated with population movements from rural areas, leading to social
segregation, with the peripheries of the large metropolitan areas characterized by the
lack of urban services, environmental destruction, and poor living conditions
(Werneck 2018).

The main supports of the current measures to reduce transmission still are vector
control with residual insecticides and culling of seropositive dogs, although the first
is underused. What supports the use of vector control and reservoirs as intervention
strategies on AVL is the assumption that the incidence of infection in humans is
directly related to the number of infectious dogs and the vectorial capacity of sand

116 O. D. Salomón and G. L. Werneck



flies to transmit the infection (Dye 1996). However, even though there is a theoreti-
cal basis to support the use of these strategies and VL surveillance and control
actions are currently focusing on the areas of greatest risk, in practice, these
measures have not been successful in interrupting the process of geographic expan-
sion of AVL in the country (Werneck 2016).

A fundamental reason for the ineffectiveness of these strategies is the need for a
permanent surveillance system, with extensive use of human and financial resources.
Other specific factors can contribute to the ineffectiveness of dog culling, including
(1) the inadequate sensitivity of the diagnostic tests commonly used to detect
infectious dogs, (2) eliminated dogs are almost immediately replaced by a new
population that can acquire infection quickly in highly endemic areas, (3) the large
time span between diagnosis and removal of the infected dog from the environment,
(4) low priority of VL compared to other diseases, and (5) chronic shortages of
humans, material, and financial resources for sustaining the activities (Nunes et al.
2008; Zuben and Donalísio 2016). Concerning vector control, the operational
difficulties and high cost related to the sustained large-scale implementation of
intra- and peridomestic household spraying with insecticides, associated with limited
knowledge about the ecology and biology of sand flies in the urban environment and
the need for a comprehensive entomological surveillance system that provides
qualitative and quantitative information about the vector, are other factors that
favor the maintenance of transmission (Maia-Elkhoury et al. 2008; Rangel and
Vilela 2008). The situation is aggravated by other difficulties such as the growing
judicialization against canine euthanasia promoted by nongovernmental
organizations and veterinarians; the low impact of health education activities; and
insufficient investment in environmental sanitation (Romero 2016; Zuben and
Donalísio 2016).

The urbanization process brings new challenges to the AVL control programs.
The intra-urban heterogeneities in the distribution of vectors and other risk factors,
patterns of vector–host contact, and host’s susceptibility give rise to a variety of
eco-epidemiological transmission scenarios. Spatial distribution of urban AVL is
markedly heterogeneous, which may lead to a substantial increase in the force of
transmission (Woolhouse et al. 1997). For canine leishmaniasis, for example, it was
estimated that spatial heterogeneity in contact rates between dogs and vectors was
able to produce a 3.5-fold increase in transmission rates (Woolhouse et al. 1997). In
this situation, population subgroups contribute more to transmission and others have
no contribution at all. As a result, focusing on interventions in higher-risk groups can
lead to a substantial reduction in infection rates (Koopman et al. 2005).

Thus, considering these heterogeneities is fundamental to guide the choice of
intervention strategies to be implemented, since the effectiveness of control
measures can be modified according to several factors, such as the level of baseline
transmission in the area, number of susceptible people, size of the canine and vector
populations, social vulnerability, sanitation services, household structure, and envi-
ronmental features, including land use and climate (Werneck 2008). Since AVL is
considered a disease in which the conditions for transmission depend mostly on local
factors, these underlying heterogeneities are important factors modulating the
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effectiveness of the interventions. Therefore, the choice of control measures to use
against AVL should be based on the specific context to which it will be
implemented. There is probably no means to reduce AVL transmission in urban
areas without using a combination of interventions which should be delivered
according to the different transmission scenarios, preferably targeting areas at
highest risk (Werneck 2018).

6.6 Remote Sensing as a Tool for Exploring the Role
of Environment in the Spread of Visceral Leishmaniasis

Many efforts have been made to develop methods with the aim of identifying areas at
risk for AVL transmission, most of them based on spatial analysis of historical data
on human disease. However, since only a fraction of individuals infected will
develop clinical disease and the incubation period of AVL varies between 3 and
6 months, such approaches fail to provide an up-to-date scenario useful for
informing where interventions should be focused. Indeed, there is a consensus that
information on vector distribution would be the most useful for that purpose, but, at
the same time, is difficult to be obtained systematically due to the insufficient
knowledge about sand flies breeding sites and behavior and the operational problems
involved in monitoring of insect population at large geographical scales. The
heterogeneous landscape of cities requires that data on vectors be gathered with
finer geographical resolution, adding more complexity to the process.

In the last few decades, researches have been exploring the use of remote sensing
images to identify areas of high risk of transmission of different vector-borne
diseases. Most of the initial successful approaches have used these techniques to
predict the occurrence of breeding sites and abundance of arthropod vectors that
transmit malaria. However, there are substantial differences in the ecology of malaria
and AVL vectors, the latter breeding in smaller and often difficult to recognize
habitats. For this reason, the use of remote sensing in AVL research has focused less
on the prediction of AVL vectors and mainly on the cross-sectional identification of
environmental features associated with the occurrence of the disease with the aim of
producing maps of risk.

In this chapter, we present an example of potential use of RS imagery to describe
the relationship between landscape features and the distribution of AVL in the city of
Teresina, the site of the first registered large urban epidemic of AVL in Brazil (Costa
et al. 1990) (Fig. 6.1).

In this example, we examined the role of environmental risk factors in the
occurrence of AVL in a population-based case-control study. Cases were persons
newly diagnosed with AVL and controls were chosen at random from a list of
residential addresses. We used a Global Positioning System to identify the location
of the household of each participant (Fig. 6.2A). A remote sensing image (Landsat-
TM) was processed to generate a map of land use/land cover classes and values of
the NDVI (Fig. 6.2B). Four environmental variables were extracted with a 300 m
radius buffer zone around the house (total of 304 pixels). The first two variables, the
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Fig. 6.1 (a) State of Piauí, Brazil and (b) The city of Teresina, Piauí State

Fig. 6.2 (a) Geographical location of cases (red) and controls (blue); (b) Land use/land cover
categories in Teresina’s neighborhoods, 1995
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“deforestation” and “urbanization” indices, were obtained by applying correspon-
dence analysis to the land use/land cover classes. The deforestation index was a
continuous variable with values varying from households located in new develop-
ment settlements at one extreme to those located in highly residential areas with little
vegetation on the other. The urbanization index was also a continuous variable
ranging from values corresponding to households located in high-density residential
areas to those in sparsely inhabited areas with abundant trees and vegetation. The
third environmental variable, the “grass/pasture” index, was based on the percentage
of pixels classified as pasture, grass, and bare soil in the buffer zone. The last
environmental variable was the “commercial/residential” index, based on the per-
centage of the pixels in the buffer zone that were classified as mainly residential or
commercial. All four indices entered in the model as binary factors (high/low) based
on cutoff values suggested by classification tree models. The last set of variables
used to describe the environment around the houses was the NDVI. In this study, we
determined the minimum, the maximum, and the mean NDVI in the buffer zone, and
recorded the values as high or low, based on the following cutoff values: 0.25
(maximum NDVI), 0.2 (mean), and � 0.2 (minimum).

After controlling for age, living conditions, and household characteristics, the risk
of AVL was higher for persons living in areas with high percentage of land covered
by grass or pasture, with high minimum NDVI, and with evidence of recent
deforestation. Living in highly commercial and/or residential regions decreased the
risk of VL by 85% (Table 6.1).

This example highlights the potential of remote sensing for the planning and
execution of control programs. By using RS, it is possible to identify areas of high
risk, based on environmental information that is associated with the incidence of
AVL. Focusing control measures on these areas may be a useful strategy to increase
their effectiveness, reduce operational costs, and contribute to the sustainability of
control actions.

6.7 Closing Remarks

The distribution and geographic expansion of the leishmaniases in the Americas are
strongly influenced by several factors. The transmission dynamics depends on the
diversity of parasite, vector, and reservoir species, and on the local variation the
various socioeconomic factors and man-made environmental transformations, lead-
ing to a diversity of epidemiological patterns of transmission. Despite strong theo-
retical models suggesting that certain interventions might be effective for controlling
zoonotic leishmaniasis, the impact of such measures essentially depends on
the spatial variability in the transmission rates, which is strongly determined by
the distribution of the vector population. There is no simple solution for tackling the
problem, but considering the heterogeneous spatial pattern of disease distribution
and the lack of high levels of effectiveness of the available interventions, there is
probably no means to reduce transmission without using a combination of
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interventions delivered according to the different transmission scenarios, preferably
targeting areas at highest risk.
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Toxoplasmosis in South America 7
Heinz Mehlhorn

Abstract

The protozoan parasite Toxoplasma gondii is distributed worldwide and
parasitizes animals as well as humans. The latter become infected by eating raw
or undercooked meat of infected animals (e.g., that of pigs). Infections of
pregnant women may lead to infections of the fetus introducing eventually very
severe symptoms of disease or even death of the growing fetus. Thus, doctors
should inform pregnant women to avoid raw meat.

Keywords

Toxoplasma gondii · Oocysts · Congenital toxoplasmosis · Raw meat as pathway
of infection · Cats as vectors · Chemotherapy

7.1 Name

The genus name Toxoplasma has been selected in the years 1908/1909 by two
French scientists working in North African countries: Charles Nicolle and Louis
Manceaux. During their studies in Tunis dealing with the North African rodent
Ctenodactylus gundi, both these scientists detected bow-like appearing protozoan
stages, which they named Toxoplasma gondii based on the Greek terms toxon ¼ arc
bow and plasma ¼ life, whereby they apparently mixed the official genus name
gundi with gondii. At first the authors thought that this parasite is related to the
genus Leishmania (c.f. Ferguson 2009). At the same time (1908), this parasite was
found in Brazil in rabbits by Splendore. Both scientific groups considered at first this
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parasite as a related organism belonging to the genus Leishmania. In the following
years (1908–1937), many papers became published documenting that this organism
occurs worldwide in a broad spectrum of hosts inducing often severe symptoms of
disease. However, it took until 1937 to find out the true relationship of this appar-
ently widespread parasite, when Sabin and Olitsky showed that T. gondii was an
obligate intracellular parasite which could be transmitted by oral uptake of infected
tissues. They also showed that eating raw Toxoplasma-contaminated meat may
transmit this new parasite and first cases of diseased humans were described (Wolf
and Cowen 1937). Starting in the year 1948, when Sabin and Feldman developed a
serological technique characterizing antibodies against the now named organism
Toxoplasma gondii. This protozoan parasite reached a worldwide broad attention.
Since then, Toxoplasma gondii was found worldwide (Mehlhorn 2016a, b).

7.2 Geographic Distribution and Transmission of Toxoplasma
gondii

The papers of Sabin and Olitski (1937), Sabin (1942), and Sabin and Feldman
(1948) showed with the help of their serological methods that the newly described
parasite Toxoplasma gondii has reached a worldwide distribution among humans
and many vertebrate animals. It turned out that not only carnivorous host species
including humans are involved but also those which ingest food contaminated by
oocysts originating from cat feces (Fig. 7.1). Due to this flexibility, this parasite has
reached worldwide distribution among felids and is considered to have reached the
third place of the most common parasites among humans and vertebrate animals. It
was shown in many trials that about 0.4–2% of all free-ranging cats are infected due
to their common consumption of cyst containing mice/rats or by uptake of feces
containing oocysts. It is estimated that worldwide about one-third of the human
world population is infected.

7.3 Biology, Morphology

Domestic cats or closely related species are final hosts (Fig. 7.1) as well as free-
roaming felids like lions and tigers. After ingestion of tissue cysts containing animals
or by ingesting sporulated oocysts, the thus infected cats excrete non-sporulated
oocysts, which measure 12 � 10 μm in size (Fig. 7.2). Inside the oocyst wall two
sporocysts become developed each containing finally four infectious sporozoites
(Fig. 7.3). Such tiny oocysts might be spread from excreted cat feces by insects like
cockroaches or flies or just by wind onto human or animal food. This offers the
significant possibility of infections of humans and many animals, which might
become intermediate hosts. It is estimated that around 80% of the elderly human
population (eating undercooked meat) or many free-roaming cats that catch infected
mice have antibodies against Toxoplasma gondii.
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Fig. 7.1 Life cycle and transmission pathways of Toxoplasma gondii. The typical life cycle
proceeds in the intestinal epithelium of felids (final host) which are infected by oral uptake of
sporulated oocysts (2), ingestion of “pseudocysts” (4.1, 8) or tissue cysts (6.1, 11) with meat of
various intermediate hosts (of 2 types). (1) Unsporulated oocysts are excreted with feces. (2)
Sporulation (i.e., formation of sporocysts and sporozoites) occurs outside the final host. These
stages may become spread by transport hosts such as flies and cockroaches. (3) After ingestion of
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7.3.1 Pathway of Human Infections

Infections of humans may occur in different ways:

1. Oral uptake of sporulated oocysts (Fig. 7.3) by contact with cat feces or from hair
of cats (cats like to lick both their anus and hair).

2. Oral uptake of oocysts (Fig. 7.3) that had been transported by flies from cat feces
to human food or to lips of babies.

3. Oral uptake of tissue cysts in raw or undercooked meat of animals (e.g., in mild
raw ham, salami, sausages, and steak tartar) (Figs. 7.6 and 7.7).

4. Intrauterine, diaplacental, or congenital transmissions. In the case of the first
infection of females during pregnancy, Toxoplasma tachyzoites (Figs. 7.4 and
7.5). may pass the placenta and enter the fetus, which may become severely
infected. Tests have shown that already 1% of the newborn had been infected.

5. Blood transfusions from latent infected people to previously noninfected persons.
However, this pathway is apparently not very important in the case of Toxo-
plasma transmission, since the blood of patients contains in general rather few
trophozoites/tachyzoites.

7.4 Symptoms of Disease (Toxoplasmosis)

7.4.1 Cats and Related Species

In the case of low -graded infections, clear clinical symptoms do either not occur or
are not registered by the owners. However, in high-graded infections especially
young cats show phases of watery diarrheas, which often stop without special

Fig. 7.1 (continued) oocysts by intermediate hosts of type 1, the sporozoites are set free inside its
intestine and penetrate numerous types of extraintestinal cells (i.e., cells of the RES). (4) Inside the
host cell the parasites reproduce by a typical binary fission (endodyogeny) leading to “pseudocysts”
which are filled with merozoites (i.e., tachyzoites). (4.1) After ingestion of such pseudocysts, cats
may become infected. (5) Free merozoite (tachyzoite) in blood or lymph fluid after bursting of a
pseudocyst. (5.1) When the first infection occurs in pregnant women (or female animals), these
merozoites may pass into the placenta and infect the fetus, leading to severe damage. (6) Formation
of tissue cysts, mainly inside brain and muscle cells. After several endodyogenies these cysts
(waiting stages) contain numerous cyst merozoites (bradyzoites, cystozoites) which are infectious
for cats (6.1). (7–10) If carnivorous animals or humans (intermediate host of type 2) ingest such
tissue cysts (10) as in intermediate hosts of type 1, diaplacental transmission (9.1) may also occur
(see Fig. 5.1), leading to congenital toxoplasmosis. (11) Cats may also become infected by
ingestion of tissue cysts from type 2 intermediate hosts. Then they pass oocysts after 3–5 days,
whereas this prepatent period is longer after inoculation of pseudocysts (9–11 days) or oocysts
(21–24 days). EN division by endodyogeny;HC host cell; N nucleus; NH nucleus of host cell;OC
oocyst; PC primary cyst wall; PV parasitophorous vacuole; RB residual body; SP sporozoite; SPC
sporocyst. Reprinted by permission from Springer Nature: Springer International Publishing
(Mehlhorn 2016b)
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treatment and the animals receive a rather solid immunity. Old cats and
immunosuppressed animals may become severely sick—especially due to the loss
of large amounts of water within excreted watery feces. Acute toxoplasmosis may
also lead to serious damages of the brain and muscles of the legs and heart and thus
limits the movements of infected hosts (vertebrate animals), which thus become an
easy prey of the final hosts (cats).

Fig. 7.2 Light micrograph of
an oocyst of Toxoplasma
gondii isolated from feces of
an infected cat

Fig. 7.3 Light micrograph of
a sporulated oocyst of
Toxoplasma gondii containing
two sporocysts each with
4 sporozoites (found on soil)
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7.4.2 Human Infections

As it is the case of diseases of animals, also human infections due to T. gondii might
not be easily discovered, since the symptoms are unspecific and often low-graded
(e.g., body pain, weakness), and thus, the disease might not be correctly diagnosed.
In addition, there are different types of toxoplasmosis described occurring around the
world.

7.4.2.1 Acquired Postnatal Toxoplasmosis
In this case, the infection starts due to the oral uptake of oocysts excreted by cats or
by ingestion of the parasite stages in cysts of raw meat of infected animals belonging

Fig. 7.4 Light micrograph of
a human macrophage
containing penetrated
tachyzoites each within a
separate vacuole. Two further
tachyzoites start penetration of
the cell. Reprinted by
permission from Springer
Nature: Springer International
Publishing (Mehlhorn 2016b)

Fig. 7.5 Transmission
electron micrograph of a
section through the protruded
anterior end of a tachyzoite
showing sections of the
typical organelles:
mitochondrion: green;
apicoplast: blue; rhoptries:
grey + brown; conoid: gray at
the top of the protrusion.
Reprinted by permission from
Springer Nature: Springer
International Publishing
(Mehlhorn 2016b)
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to the human food chain (Fig. 7.1). Such an infection induces the following
symptoms starting after a symptomless incubation period of about 2–3 weeks.
This rather long time leads to the fact that the infected persons mostly do not
remember when and where the infection occurred. Common symptoms are:

– Swelling of lymph nodes (adenitis)
– Infection of eyes (iridocyclitis, chorioretinitis, so-called ocular toxoplasmosis)
– Infection of the brain (meningoencephalitis)

Fig. 7.6 Light micrograph of
a Toxoplasma cyst in the brain
of a mouse containing large
numbers of banana-shaped,
infectious tachyzoites (see
Figs. 7.4, 7.5). Reprinted by
permission from Springer
Nature: Springer International
Publishing (Mehlhorn 2016b)

Fig. 7.7 Transmission
electron micrograph of a cross
section through a tissue cyst of
T. gondii. Layers: outside red:
muscle layer; yellow:
destroyed muscle cell
material; green: cover of the
cyst inside the muscle cell; the
inside is filled by sections
through bradyzoites.
Reprinted by permission from
Springer Nature: Springer
International Publishing
(Mehlhorn 2016b)
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– Infection of visceral organs (interstitial pneumonia, hepatitis, myocarditis, entero-
colitis, myositis, skin eczema)

– Skin exanthema
– All of them may induce severe symptoms of disease (especially in persons with

low immunostatus)

7.4.2.2 Congenital Toxoplasmosis
This disease is most dangerous for mothers and their unborn or very young children,
if the mother is infected for the first time during pregnancy. In about 5% of the
infections the agents of disease enter the unborn child. This may lead to severe
damages, which may start immediately or increase even up to 20 years after the
infection (e.g., diseased eyes). The development of a so-called hydrocephalus is
unfortunately rather common as well as further spectrum fetopathies.

7.4.2.3 Ocular Toxoplasmosis (OT)
Studies have shown that the infection of eyes is much more common and severe in
South America than in Europe and increases the damage due to the so-called
posterior infectious uveitis.

7.4.2.4 Toxoplasmosis Due to Blood Transfusions
There had been reported several cases in the literature. However, the total number is
rather low—probably due to the low number of tests and the mostly/often occurring
rather mild symptoms.

7.5 Prophylaxis

Very young children, pregnant women (in case, they are still seronegative for
Toxoplasma), and immunosuppressed persons should avoid contact with cats and
cat feces and should not eat raw or undercooked meat (especially not that of free-
ranging pigs). Deep-freezing of meat at ~20 �C for at least 24 h and cooking of meat
at about 54 �Cwill potentially kill Toxoplasma stages inside the meat. Cats in private
households should not be fed with raw meat. Important: Pregnant women should be
tested for Toxoplasma antibodies at the very beginning of the pregnancy. In case that
there are no existing Toxoplasma antibodies, this test must (!) be repeated at each of
the following monthly investigations.

136 H. Mehlhorn



7.6 Incubation Period

Hours up to 2 days in cases of acute toxoplasmosis.

7.7 Prepatent Period

Depending on the pathogenicity and virulence of the Toxoplasma strain: 1–2 days up
to several weeks.

7.8 Patency

Tissue cysts may exist for years within tissue cells without any symptoms. In cases
of ruptures of these cysts, new phases of infections of other cells may occur (see
chronic toxoplasmosis).

7.9 Diagnosis of Human Infections

Acute Toxoplasma infections may be diagnosed by detection of parasites
(tachyzoites) in blood, in lymph node punctions, in fluids, or in biopsies of tissues.
For the determination of the age of an infection, serological tests are used, which can
be done by examination of the presence of the different antibody classes. Fresh
infections are indicated by the early presence of the IgM class. If these antibodies
are lacking or occur in lower numbers than those of the IgG class, an old infection is
still present.

IgM antibodies can be diagnosed by the following tests:

– Double-sandwich IgM-ELISA (DSIgM-ELISA)
– Reverse-enzyme immunoassay (REIA)
– Immunosorbent agglutination assay (ISAGA)
– Enzyme immunoassay (EIA)

The following tests show a persistent infection for about 1 year. The IgG
antibodies can be demonstrated by the following tests:

– Complement binding reaction (KBR)
– Coloring according to the Sabin and Feldman test (SFT)
– Indirect immunofluorescence test (IIFT)
– Enzyme-linked immunosorbent assay (ELISA)
– Direct agglutination test (DAT)
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7.10 Determination of a First Infection of a Pregnant Woman

The seroconversion is an essential marker of an infection. Thus, it is needed to
control monthly the blood status of Toxoplasma-seronegative pregnant women,
since fresh first infections need treatment. Within this context, it is needed to
evaluate and interpret the antibody reactions:

– Toxoplasma antibodies are noted with the help of the IIFT test system already
11 days after the infection and reach their highest levels after 3–4 weeks (like
those in SAF tests).

– Occurrence of significant IgG levels, absence of IgM antibodies, and KBR titers
of �1:10 indicate an acute toxoplasmosis.

Attention: Variations of the antibody titers may be based on physiological
reactions and on the methods of analysis. Thus, repetitions of the tests are strongly
recommended.

7.11 Therapy

7.11.1 Congenital Toxoplasmosis

The treatment is recommended not only in cases of existing symptoms but also in a
persistent asymptomatic congenital toxoplasmosis (detected accidentally in
serotests) in order to avoid later toxoplasmosis symptoms:

– Pyrimethamine: 1 mg/kg body weight every 2 days (in cases of severe organ
infections: 2 mg for 3 days) combined with sulfadiazine (250 mg/kg body weight
daily). In addition, the application of 5 mg folic acid for 2 days and control of the
blood composition and amount of thrombocytes are recommended.
Duration of chemotherapy: In cases of asymptomatic infections: 6 months; in
cases of defined clinical symptoms: 12 months.

– Spiramycin (100 mg/kg body weight daily in two to three portions) is
recommended in the case that the above-described treatment is not tolerated. In
cases of clear CNS symptoms and/or chorioretinitis inclusive macular damages, it
is recommended to give additionally prednisolone (1–2 mg/kg bodyweight) until
inflammation symptoms decrease. Important: Always check the package insert
of the product before use.

7.11.2 Postnatal Toxoplasmosis in the Case of Immunocompetent
Persons

Low-grade symptoms and non-complicated lymphadenopathy do not warrant treat-
ment, which, however, is recommended in cases of encephalitis, myocarditis,
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chorioretinitis, etc. or in cases with strong persistent general symptoms. The stan-
dard therapy is the following: Pyrimethamine: Adults: 2 � 100 mg on day
1 (children 2 mg/kg body weight), followed by daily 20–50 mg (children 1 mg/kg
bodyweight) combined with sulfadiazine 4 � 500–1000 mg daily (children
50–100 mg/kg body weight) and in addition folic acid (10 mg daily only, blood
control is needed). Important: Discuss with physician the recent status!

7.11.3 Length of Treatment

2–6 weeks (in cases of chorioretinitis 4 weeks), since blindness might occur. Always
discuss with the physician.

7.11.4 Progress of Control

The success of treatment must be constantly controlled by the physician.

7.11.5 Toxoplasmosis During Pregnancy

Therapeutic approaches should be done only in clearly documented cases of infec-
tion. The beginning is reasonable at the 20th week of pregnancy, applying pyrimeth-
amine (50 mg on the first day, followed by 25 mg daily). It should be given with
standard sulfadiazine and folic acid under strict blood status control. Treatment
should be done in 3–4 always 1-week-long cycles interrupted by 4–6-week-long
intervals until the birth of the baby. Before the 20th week and in cases that
pyrimethamine is not accepted, spiramycin might be applicated (3 g ¼ 9 mio I.E.)
daily—divided into 3–4 doses until birth. The checking of the actual treatment
status should always be done to avoid old, no longer valid recommendations!

7.11.6 Toxoplasmosis in the Case of Immunocompromised Persons

If by computer tomography typical symptoms have been detected (e.g., encephalitis,
hypodense regions, and hollows inside the brain), therapy should be started as soon
as possible. Treatment should be done by administration of pyrimethamine (first
day 200 mg, followed by 75 mg (25–100 mg) daily plus sulfadiazine 4 g (2–6) daily
in four divided doses. These compounds are administered for at least 3 weeks—
depending on the severity of clinical symptoms. In the case of sulfonamide intoler-
ance, pyrimethamine should be combined with clindamycin (4600 mg daily).
Atovaquone (4740 mg daily) and azithromycin/pyrimethamine have been tested
in pilot studies and have shown high efficacy. Due to the high rates of possible
recurrence after a successful treatment, it is needed to add a so-called secondary
prophylaxis. This can be done by ingestion of 25–50 mg pyrimethamine plus 2–4 g
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sulfadiazine per day or by pyrimethamine alone (50–75 mg daily). Less effective is
the ingestion of dapsone, cotrimoxazole, or clindamycin. The combination
epiroprim and dapsone showed in animals a very good efficacy with respect to
the elimination of Toxoplasma gondii stages and showed at the same time good
effects against bacterial infections.

7.12 Toxoplasma Infections of Animals Which Are Potential
Vectors for Human Infections

7.12.1 Final Hosts Cats

Diagnosis is done by demonstration of the typically unsporulated oocysts in fresh
feces (Fig. 7.2) or sporulated ones (Fig. 7.3) in feces, which had been already
situated for several days outside of the body.

7.12.2 Intermediate Hosts

Search for presence of cysts in muscle probes of animals before using it in home
cooking (e.g. in pork meat). Also, a broad spectrum of serological tests show
indications of persistent infections. However, it remains often doubtful whether an
infection is acute or persisting since long time. Complete cooking of meat will
inactivate potential infectious parasites.

Note: In some countries, toxoplasmosis of cats has to be announced to the
veterinarian authorities!

7.12.3 Pathway of Infection of Cats

(1) Oral uptake of sporulated oocysts within feces of other cats
(2) Ingestion of mice containing muscle cysts of T. gondii

7.12.4 Prophylaxis

1. Do not feed raw meat to cats.
2. Prohibit entrance of cats into stables of farmed animals.
3. In households and farms: Clean regularly defecation places of cats.
4. Sheep might be protected by vaccines (e.g., OvilisToxovax®).
5. Humans: Important: Pregnant women without antibodies against T. gondii

should avoid contacts with cats and their feces and they should not eat raw
meat (especially that of pigs). Furthermore, they should be tested at monthly
intervals for potentially rising antibodies.

140 H. Mehlhorn



7.12.5 Incubation Period

The occurring of symptoms of disease depends on the number of ingested oocysts or
stages in raw meat. For example, in the case of pigs: mostly a few up to 7 days.

7.12.6 Prepatent Period

Cats excrete oocysts:

(a) In the case of oral uptake of sporulated oocysts; 21–24 days
(b) In the case of having ingested pseudocysts within meat of an infected interme-

diate host (e.g., mice): 9–11 days.
(c) In the case of feeding of mature muscle cysts: 3–5 days.

7.12.7 Patency

1–15 days depending on the ingested amounts of infectious stages.

7.12.8 Therapy

Application of toltrazuril (Baycox®): A permanent administration of 5–10 mg/kg
bodyweight suppresses the excretion of oocysts by cats and thus can be used in
households with a pregnant woman without antibodies against T. gondii (Rommel
et al. 2006).

In cases of an acute toxoplasmosis of dogs and cats, the administration of
clindamycin or sulfadiazine plus trimethoprim stops severe symptoms.

Attention: Pyrimethamine (Daraprim®) cannot be used, since it induces terato-
genic effects in doses needed to eliminate the Toxoplasma stages.

7.13 Importance of Human Toxoplasmosis in South America

The countries on the South American continent are the regions with the highest
burden rates of congenital toxoplasmosis and are known to harbor most pathogenic
genotypes known around the globe (Table 7.1). In total 136 genotypes have been
proven to occur there endangering the health and (rather often) life (Strang et al.
2020). The related data can be checked in different databases: For example, check
the CAPES portal, which offers access to, for example, PubMed, Web of Science,
Science Direct (Elsevier), SpringerLink, Taylor & Francis Online, or Embase.

Although in general 90% of the infections with Toxoplasma gondii remain
asymptomatic, the remaining ones often lead to severe damages like adenopathies,
macula popular erythema, hepatosplenomegalic reactions, fever, and myalgias (see
Table 7.1).
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Table 7.1 Selected published data of Toxoplasma gondii seroprevalence rates in South American
countries, surrounding ones, and Europe (Pappas et al. 2009; Pleyer et al. 2019)

Countries, authors Test region

Numbers of samples
taken from pregnant
women

Seroprevalence in % (95%
confidence intervals)

Argentina Rickard et al.
1999; Marguez et
Etcheverry 2003)

Buenos
Aires

6,502,421 49.6–57.2

Brazil Porto et al. 2008 Recife 503 73.9–81.1

Brazil Lago et al. 2009 Rio Grande
do Sul

2421 65.1–68.9

Brazil Reis et al. 2006;
Varella et al. 2003

Porto
Allegre

10,468
1261

60.2–62.0
57.1–62.5

Brazil Spalding et al.
2005

Rio Grande
do Sul

2126 72.7–76.3

Brazil Olbrich Neto and
Meira 2004

Sao Paulo 478 55.6–64.4

Brazil Rey and Ramalho
1999

Fortaleza 186 64.8–77.8

Colombia Rosso et al.
2008

Cali 955 60.3–66.7

Colombia Barrera et al.
2002

Bogota 637 43.1–50.9

Costa Rica Zapata et al.
2005

Central
Valley

243 non-pregnant
women 20–40 years

49.2–60.8

Cuba Sanchez-Gutierrez
et al. 2003

Havanna +
Pina del Rio

1210 59.1–64.5

EcuadorVelásquez Serra
2020

Pinchincha
Guayas El
Oro

1,405,683 250 71.4 73 16

Grenada Asthana et al.
2006

Nationwide 534 52.8–61.2

Mexico Alvarado-
Esquivel et al. 2006

Durango 343 3.6–8.6

Trinidad and Tobago
Ramsewak et al. 2008

Two-thirds
of hospitals

450 38.3–47.5

Venezuela Triolo-Mieses
and Traviezo-Valles 2006

Lara state 446 33.5–42.5

United States Jones et al.
2007

Nationwide
childbearing
age

6000 10.2–11.8

Germany Pleyer et al.
2019

Nationwide Not given Age dependent: Young
(18–28 years) 20 old
(70–79 years) 77

Norway Nationwide Not given 7–10

United Kingdom Nationwide Not given 44

France Nationwide Not given 50
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The South American strains of Toxoplasma gondii are apparently much more
pathogenic than most of the rest of the world (Flegr et al. 2014; Rostami et al. 2020;
Bigna et al. 2020). For example, the occurring infection symptoms are quite different
in Europe, the USA, and the countries of South America (Tables 7.1 and 7.2). In the
latter countries, the seroprevalences are similar and very high, so that it is suggested
that in South America other strains of T. gondii have been spread. They have

Table 7.2 Comparison of symptoms of toxoplasmosis occurring in persons living either along the
Amazon river in French Guiana or in other regions of this country published by Blaizot et al. (2019)
(shortened). Rather similar results had been obtained in other countries of South America

Patients
11 confirmed
Amazonian cases

94 acute cases overall French
Guiana

Sex (male, female) M 6, F 5 M 35, F 59

Age (months) 8–71 4–210

Ethnic groups Caucasian 42.9%
Amerindian 42.9%
Maroon 14.2%

Amerindian 21.4%
Maroon 28.6%
Remnant?

Risk factors: Environment Forest 45.5%
Semiurban 36.4%
Urban 18.2%

Forest and semiurban 51.2%
Urban 48.8%

Type of symptoms Fever 100%
Lymphadenopathy
63.6%
Hepatomegaly 54.5%
Splenomegaly 54.5%
Cutaneous signs
54.5%
Digestive signs 27.2%
Flu-like symptoms
27.2%
Respiratory disorders
27.2%
Shock 18.2%
Death 0%

Fever 100%
Lymphadenopathy 70.3%
Hepatomegaly 65.8%
Splenomegaly 35%
Cutaneous signs 11.9%
Digestive signs 38.1%
Flu-like symptoms 4.8%
Respiratory disorders 28.6%
Septic shock 19%
Death 7%

Biological characteristics at
hospital admission

Anemia 67.7%
High AST 45.5%
Lymphocytosis
36.4%
Neutrophilia 27.3%
Thrombocytopenia
9%

Anemia 64.3%
High AST 69.2%
Lymphocytosis 48.6%
Neutrophilia 40.3%
Thrombocytopenia 0%

Fundoscopy Normal when
performed 36.4%

Performed in 69% of children:
Abnormal 17.2%

Treatment of persons PMT/SFD 45.5%
TMP/SMX 45.5%
SFD/TMP/SMX 9%

PMT/SFD 85.4%
TMP/SMX 7.4%
Spiramycin or TMP/sulfadoxine
7.4%

Time to apyrexia (days) Median 5 d (1–16) Median 5 d (1–14)

AST: Aspartate aminotransferase
PMT/SFD: Pyrimethamine (1 mg/kg/d) and sulfadiazine 100 mg/d
TMP/SMX: Trimethoprim 40–85 mg/kg/d and sulfamethoxazole 8–10 mg/kg/d
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probably existed before Europeans entered this continent. This seems to support that
retinochoroiditis and intracranial lesions due to toxoplasmosis are much more
common than in Europe (Table 7.3). The final severeness of an infection, however,
depends finally on the health status of the infected persons, weakening
accompanying diseases, and the available food in the related environment
(Velásquez Serra et al. 2020).
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Abstract

The fleas of the genus Tunga (Jarocki, 1838; family Tungidae) are ectoparasites
of the order Siphonaptera. There are in total 14 Tunga species known, 12 of them
occurring in Latin America. In this chapter, we present Tunga spp. described from
South America. The fleas parasitize humans as well as domestic and sylvatic
mammalian animals, but there are only two zoonotic species known to parasitize
both animals and humans: Tunga penetrans and Tunga trimamillata. In general,
knowledge on the life cycle, distribution, hosts, and pathology is very scant, with
the exception of T. penetrans (L., 1758). Tungiasis is described in animals and
humans, including the life cycle, epidemiology, and clinical aspects. We discuss
integrated tungiasis control approaches, within the realm of One Health.
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8.1 Tunga Spp.

The genus Tunga (family Tungidae, order Siphonaptera; Jarocki, 1838) includes
14 species. Tunga spp. are the smallest fleas known—only about 1 mm in length—
and show a very particular behavior, which differs from the other Siphonaptera: the
females penetrate the skin of their hosts, enlarge massively, forming by hypertrophy
of abdominal segments a so-called neosome, and produce eggs which are expulsed
during parasitic life. The neosome contains the eggs and varies in form and size,
according to the species (Linardi et al. 2014; Linardi and de Avelar 2014).

Tunga spp. are distributed mainly throughout Latin America—12 of the
14 known species occur in this region. With the exception of Tunga penetrans
which has established itself in sub-Saharan Africa after introduction from South
America, these 12 species are restricted to the American continent (Linardi and de
Avelar 2014).

According to morphological characteristics and host preferences, the genus
Tunga is divided into two groups: the so-called caecata group and the penetrans
group (Smit 1962). Currently, there are seven known species of the caecata group, all
infesting rodents: Tunga caecata and Tunga bossii, described from Brazil; Tunga
caecigena and Tunga callida, found in China; Tunga libis encountered in Ecuador;
Tunga bonneti described from Chile; and Tunga monositus from Mexico. The
penetrans group consists of another seven distinct species infesting edentates,
humans, and domestic animals: Tunga penetrans, Tunga bondari, Tunga travassosi,
Tunga terasma, Tunga trimamillata, Tunga hexalobulata, and Tunga perforans, all
encountered in South America.

In this chapter, we describe the parasite species of the penetrans group, as this
group parasitizes primarily domestic animals, edentates, and humans. Table 8.1
presents these species, their host preferences, and geographic distribution. Three
species have been described to infest domestic animals: T. penetrans,
T. trimamillata, and T. hexalobulata. Human infestations have been described by
T. penetrans and T. trimamillata. T. penetrans is known all over the continent,
whereas the other species seem to have a more restricted geographic distribution. In
general, data on distribution are scarce, with the exception of T. penetrans. Figure 8.1
presents the geographic distribution of Tunga spp. in Latin America, according to
current knowledge available. It can be assumed that in fact several species are
considerably more widespread on the continent.

8.1.1 Tunga penetrans

The so-called sand flea T. penetrans originally occurred only on the American
continent, but has spread to the African continent, with trading routes during colonial
times. Nowadays, the parasite is autochthonous on the American continent from
southern Mexico to northern Argentina (excluding Chile), in the Caribbean, and in
sub-Saharan Africa.
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Table 8.1 Tunga spp.—hosts and distribution of the penetrans group in Latin America

Species Hosts Geographic distribution
Autochthonous human
cases

T. penetrans Primates
Artiodactyla
Rodentia
Carnívora
Cingulata
Perissodactyla
Pilosa

Latin America
(from Southern Mexico
to Northern Argentina),
excluding Chile

Latin America
(from Southern Mexico
to Northern Argentina),
excluding Chile

T. trimamillata Primates
Artiodactyla
Rodentia

Ecuador, Peru, Brazil Ecuador, Perua

T. bondari Pilosa: Tamandua Brazil –

T. travasossi Cingulata: Dasypus Brazil –

T terasma Cingulata: Dasypus,
Cabassous,
Euphrates,
Priodontes

Brazil, Argentina –

T. hexalobulata Artiodactyla: Bos Brazil –

T. perforans Cingulata: Oasypus Argentina –

aMost probably also in other Latin American countries

Fig. 8.1 Geographic distribution of Tunga spp. in Latin America
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The life cycle of T. penetrans is depicted in Fig. 8.2. Eggs are expelled from
lesions, most commonly on the human feet or pads of animals and develop into
larvae. There are only two larval stages, unlike the majority of known flea species,
which usually have three stages. In the soil, under favorable temperature and
humidity conditions, first-stage (L1) larvae eclode from the fertilized eggs, about
two to three days after being expelled. Some days later, L1 larvae differentiate under
laboratory conditions into second-stage (L2) larvae. The larvae feed on organic
debris found in the soil, and on their own carcass.

T. penetrans larvae and pupae are most commonly found inside human dwellings,
especially if there is no solid floor, and in the sandy soil near houses and habitats of
domestic animals (Linardi et al. 2010). About 9 days after egg excretion, the larvae
differentiate into pupae, which become adult fleas around the 16th day, ready to
penetrate skin of their host. Copulation seems to occur not only in the environment
(Hicks 1930), but also after complete penetration of the female flea into the host’s
epidermis (Geigy and Suter 1960).

Both sexes of T. penetrans are obligate hematophagous. Only the female
penetrates permanently, by introducing the head, thorax, and part of the abdomen
into the host’s tissues. For the continuation of the life cycle, the female flea needs to
penetrate the epidermis of the host obligatorily and permanently. The male only
seeks out the host to feed on blood and to mate with the female, and then leaves. The
penetrated female flea undergoes through different stages of development, ending up

Fig. 8.2 Biological cycle of Tunga spp.
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with considerable enlargement of her abdomen, forming a neosome: the flea grows
from 1 mm in length to about 1 cm in diameter and begins to eliminate the eggs into
the environment.

Six to seven days after penetration, when there are about 200 eggs in its abdomen,
the flea begins to eliminate them into the environment. During its life in the host, the
female can eliminate thousands of eggs. We counted a total of 2765 eggs eliminated
by a single flea during a 46-day period (personal observation). After all the eggs are
expelled, the flea dies, and eventually the remains are eliminated. Finally, a small
scar limited to the epidermis remains, which disappears with time.

The pupae can survive for a prolonged time in the environment and after a
stimulus, such as the vibration caused by a person walking in the sand, hatch within
seconds, and then attack the host. Thus, houses left unattended for a prolonged time
may remain infested, even in the absence of an animal reservoir that can maintain the
cycle. After entering abandoned houses, within few moments hundreds of attacking
fleas may appear (personal observation).

Morphologically, the adult flea has developed mouthparts, with long, serrated
laciniae, adapted to penetrate the host. The eyes are pigmented, and the thorax is
reduced in relation to the abdominal segment I (Fig. 8.3). As with other
Siphonaptera, the eggs are ellipsoidal and whitish, measuring 0.4 mm on average.
The larvae are eucephalic, vermiform, apodal, and whitish, with a chewing-type
mouth apparatus. The L1 larvae, which measure about 1 mm in length, have a dorsal
structure on the head intended for breaking eggs during hatching, called an
egg-breaker. The pre-pupa stage is originated by the folding of the L2, which
measures about 3 mm long, and subsequent joining of the cephalic and anal parts
(Fig. 8.4). The pupae are encased, with sand particle adhesion on the outside, and
internally coated by a delicate cuticle; they are initially whitish, and later turn
brownish, measuring about 1 mm in length, much smaller than Ctenocephalides
pupae.

Fig. 8.3 Male and female adult T. penetrans
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8.1.2 Tunga trimamillata

T. trimamillata infests humans and domestic animals (cows, sheep, pigs, goats). In
bovines, deformation of nails has been observed, causing difficulty in walking. As
with infestation with T. penetrans, secondary bacterial infection is common, often
leading to ulcerations. The species has been described from Ecuador, Peru, and
Brazil (Fioravanti et al. 2003; Pampiglione et al. 2003; Linardi et al. 2013), but may
occur also in other Latin American countries. Many epidemiological studies on
tungiasis do not differ between T. penetrans and T. trimamillata, and tungiasis
may have been claimed falsely as T. penetrans infestation, instead of
T. trimamillata (Linardi et al. 2013). Thus, T. trimamillata may be more widely
dispersed than described. In contrast to T. penetrans which forms a globular
neosome, the neosome of T. trimamillata is conical and larger. Infestations with
T. trimamillata have been described to be more painful than those with T. penetrans
(Linardi et al. 2013; Fioravanti et al. 2006).

8.1.3 Tunga terasma

T. terasma’s first description dates back from 1937, by Jordan who described the
penetrated female parasite in the southern naked-tailed armadillo Cabassous
unicinctus. Since then, the parasite has been described to parasitize different arma-
dillo species in Brazil: Cabassous unicinctus, Euphractus sexcinctus, and
Priodontes maximus (Linardi et al. 2000). During a survey on leprosy mycobacteria
in Brazil, Antunes et al. (2006) identified penetrated and hypertrophied T. terasma
females on the abdomen of four nine-banded armadillos (Dasypus novemcinctus).
Recently, T. terasma was also recorded from Argentinian armadillos (Ezquiaga et al.
2015). However, clinical and pathological data and information on life cycle, variety
of host animals, and geographical distribution are virtually nonexistent.

8.1.4 Tunga travassosi

T. travassosi has been described parasitizing different species of armadillos in
Brazil, and seemed to have been very common in these host animals in the 1920s

Fig. 8.4 T. Penetrans egg, L1 and L2, and pupa
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and 1930s (da Fonseca 1936; Pinto and Dreyfus 1927). However, this species is only
known by its neosome, and there are no recent data on T. travassosi available
(Linardi and de Avelar 2014).

8.1.5 Tunga bondari

T. bondari was described in an anteater in 1932 by Wagner (1932). The species is
only known by its hypertrophied and penetrated female neosome, and there are no
current data on any aspects related to this flea species.

8.1.6 Tunga perforans

T. perforans was described recently as a new species parasitizing Argentinian
armadillos (Ezquiaga et al. 2015). No additional data on distribution and host
animals are available.

8.1.7 Tunga hexalobulata

T. hexalobulata has been described in 2013 parasitizing the coronary band of cattle
in Brazil (De Avelar et al. 2013). The hypertrophied female’s neosome has six
anterior humps and is smaller than those of the other Tunga species. There are no
additional data available on other host animals, on the life cycle, or on the geograph-
ical distribution of the parasite.

8.2 Tungiasis in Domestic Animals

Tungiasis in domestic and wild animals and synanthropic rodents has been reported
from Latin America, the Caribbean, sub-Saharan Africa, and Asia. Latin America
concentrates 12 species that affect animals, unlike sub-Saharan Africa, where the
infestation is caused particularly by T. penetrans, and in Asia, where only
infestations by T. callida and T. caecigena have been reported (Linardi and de
Avelar 2014; Ezquiaga et al. 2015). Three Tunga species infest domestic animals:
T. penetrans, T. trimamillata, and T. hexalobulata.

Infestations by T. penetrans in domestic animals have been reported all over the
African continent, such as Cameroon, the Democratic Republic of Congo, Ethiopia,
Kenya, Nigeria, São Tome and Príncipe, Tanzania, and Uganda (Cooper 1967, 1976;
Verhulst 1976; Njeumi et al. 2002; Ugbomoiko et al. 2008; Mutebi et al. 2015;
Pampiglione et al. 1998; Nair et al. 2013). In Latin America, infestations occur
throughout the continent, such as Argentina, Ecuador, Peru, and Brazil (Fig. 8.1)
(De Avelar et al. 2013; Marin et al. 2015; Harvey et al. 2021; Pampiglione et al.
2009).
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Tunga spp. infest the skin of farm animals, such as pigs, bovines, goats, and
sheep, also occurring in dogs (Fig. 8.5b), cats, guinea pigs, horses, donkeys, and
llamas. The infestation spectrum of T. penetrans is broad, encompassing hosts
belonging to eight different mammalian orders, such as Artiodactyla, Carnivora,
Cingulata, Perissodactyla, Pilosa, Primates, Proboscidea, and Rodentia, including
11 domestic species (Table 8.1) (Linardi and de Avelar 2014). The main animal
reservoirs of this species are pigs and dogs, besides rodents (Ugbomoiko et al. 2008;
Mutebi et al. 2016a; Harvey et al. 2019). High prevalence rates in swine and canine
populations are recorded particularly from resource-poor communities.
T. trimamillata was found in cattle (Bos taurus), swine, sheep, and goat in Ecuador
and Peru, and in cattle (Bos taurus and Bos indicus) and capybara in Brazil.
T. hexalobulata has been reported only in Brazilian cattle (Bos indicus) (Linardi
and de Avelar 2014).

Infestations in wild animals are caused by species of both the penetrans and
caecata groups. Penetrans group infestations include T. bondari (anteater),
T. terasma, and T. travassosi (armadillo) in Brazil; T. perforans (armadillo) in
Argentina; and T. penetrans, which infests anteaters, armadillos, tapirs, pacas,
agoutis, capuchins, monkeys, vicuñas, warblers, panthers, and wild rodents in
Latin America, and porcupines and red river hogs in Africa. Species of the caecata
group infest wild and synanthropic rodents mainly in Latin America, with the
exception of T. callida and T. caecigena, which occur in China and Japan (Linardi
and de Avelar 2014; Ezquiaga et al. 2015; Schott et al. 2020).

The clinical signs resulting from acute inflammation of the skin surrounding the
neosomes vary in the degree of severity, according to the parasite burden, as well as
the presence of secondary bacterial infections. Intense and continuous reinfestations
cause severe disease, which can result in prostration, behavioral changes, lameness,

Fig. 8.5 Flea infestation in a resident (a) and a dog (b) from endemic Brazilian communities
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self-mutilation, severe anemia, septicemia, deformities, loss of digits, and even lead
to death.

Routinely, the diagnosis of tungiasis is clinical and based on the detection of
typical lesions; epidermal changes such as hyperkeratosis can make it difficult to
identify lesions. Infestations usually occur in the less hairy and more vascular areas
of the animals’ paws. In ruminants and horses, sand fleas preferentially penetrate the
coronary band and the interdigital spaces; in pigs, the coronary band and sole,
especially in the forelegs; and in dogs and cats, the paw pads and the periungual
area. Ectopic injuries are frequent and reported in other areas of the limbs, in addition
to muzzle, nose pad, tail, abdomen, mammary glands, perineal area, scrotal sac, and
foreskin (Harvey et al. 2021; Mutebi et al. 2016a, b, 2017; Heukelbach et al. 2004;
Ribeiro et al. 2007).

Tungiasis can lead to a loss of profitability for meat and leather producers. Intense
and chronic infestations in the paws can result in reduced food consumption and,
consequently, interfere with body weight gain, in addition to causing the deprecia-
tion of the quality of the skin and leather of ruminants. Severe infestations in nursing
sows have resulted in mastitis and agalactia, which can delay piglet development, as
well as lead to death of the offspring. Severe scrotal injuries can interfere with the
fertility potential of breeding males (Ribeiro et al. 2007; Mutebi et al. 2017).

Treatment options for tungiasis in domestic animals are limited, and registered
drugs are not available for farm animals. A formulation containing 50% permethrin
(pyrethroid) and 10% imidacloprid (neonicotinoid) showed 97.5% effectiveness
after 14 days of treatment, possibly being suitable for pets (Klimpel et al. 2005).
The silicone oil dimethicone, which kills embedded parasites by physical means,
also appears as an option for the treatment of animals, but further studies are needed
before its recommendation for use (Thielecke et al. 2014; Nordin et al. 2017).

8.3 Tungiasis in Humans

The first written reports of human tungiasis were made in the early colonial period.
As early as 1525, tungiasis was described in Haiti, when Spanish conquistadores
were frequently affected by the disease. At the same period, a German, who lived for
several years with the Tupinambá Indians in southeastern Brazil, described tungiasis
in indigenous communities, reporting biological, taxonomic, epidemiological, and
semiological aspects (Heukelbach et al. 2001; Heukelbach 2005). Human
infestations have been described for T. penetrans and T. trimamillata.

Tungiasis occurs in rural and urban areas, such as slums of big cities, and fishing
communities. Prevalence may be high in these settings, and as a consequence of a
high parasite load (Fig. 8.5a), complications are common, such as bacterial superin-
fection possibly leading to tetanus, ulceration, and deformation of digits and toes
(Heukelbach 2005; Feldmeier et al. 2014). Children are usually more commonly
affected, with prevalence reaching up to 80%.

The diagnosis of tungiasis is clinical and usually made by visual inspection,
considering the typical topographic location and the natural history of the disease. A
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mature penetrated female flea appears as a convex white lesion of about one
centimeter with a central black spot, representing the last abdominal segments of
the flea (Fig. 8.6). Local inflammation, hyperkeratosis, and desquamation of the skin
around the mature lesion can commonly be observed. Eggs can often be seen around
the lesion. Typically, tungiasis affects the periungual area of the toes, the heels, as
well as the sides and soles of the feet. Penetrated fleas can be found on almost any
part of the body, such as the hands, elbows, buttocks, legs, and anogenital region.

Infestation with one or a few fleas usually does not cause significant pathology if
the lesion is removed under suitable and hygienic conditions. Itching and pain are
commonly present. The disease is self-limited, lasting four to six weeks. However, in
endemic areas constant and massive infestation occurs, and affected individuals may
accumulate a few dozen or hundreds of penetrated fleas. In these cases, superinfec-
tion with pathogenic bacteria is present without exception. Most commonly, super-
infection is caused by Staphylococcus aureus and streptococci, but other aerobic and
anaerobic bacteria have also been isolated (Feldmeier et al. 2002). The superinfected
lesions lead to the formation of pustules, suppuration, and ulceration. Severe infes-
tation leads to chronic inflammation, cracks, difficulty in walking, deformity, and
loss of toenails.

The occurrence of severe infestation is associated with precarious housing
conditions, such as sandy floors inside houses, with the presence of animals on the
compound, access to water and hygienic conditions, and low education and socio-
economic level. The male gender is usually more commonly affected. Behavior such
as the type of common resting places and the non-use or irregular use of closed shoes

Fig. 8.6 Typical tungiasis
lesion: a convex white lesion
of about 1 cm with a central
black spot, representing the
last abdominal segments of
the flea
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are associated with tungiasis (Heukelbach 2005; Feldmeier et al. 2014; Muehlen
et al. 2006; Ugbomoiko et al. 2007; Elson et al. 2019b).

Treatment consists of surgical extraction of the penetrated parasites under sterile
conditions, and the application of a topical antibiotic. The lesion in the epidermis
should be carefully widened, starting at the central point of the lesion, with a sterile
needle or similar instrument, to allow extraction of the entire flea without breaking
it. In socio-economically disadvantaged areas, hygiene precautions are generally not
applied, people use thorns or other instruments without appropriate disinfection
(Fig. 8.7), and severe inflammation and bacterial superinfection may occur as a
result of inadequate extraction. The tetanus immune status of the affected individual
needs to be checked. In case of insufficient immune protection, vaccination is
indicated.

Locally produced plant products are commonly used in affected communities,
such as coconut oil, neem seed oil, cork bush, black monkey orange velvet leaf,
potassium permanganate, or Sodom apple (Elson et al. 2017, 2019a). While espe-
cially coconut oil and neem seed oil are promising compounds, some of these plants
are toxic, and in most cases, the efficacy has not been assessed systematically.
Different types of other hazardous treatments are sometimes applied, such as
insecticides for household use, motor oil, or kerosene (Winter et al. 2009).

Some randomized controlled trials have shown the efficacy of dimethicones,
which are synthetic silicone oils (Miller et al. 2020). The topical use of dimethicone
is safe in humans (Thielecke et al. 2014; Nordin et al. 2017; Miller et al. 2020;
Heukelbach et al. 2008), but its high inflammability may pose logistical and safety
challenges in communities where open fire cooking is common.

A repellent based on coconut oil, also containing jojoba, aloe vera, and panthenol
(Zanzarin®), reduced the attack rate of sand fleas by more than 90%, and resolved
tungiasis-associated morbidity in Brazil (Buckendahl et al. 2010; Feldmeier et al.
2006), and another study from Madagascar confirmed these impressive findings
(Thielecke et al. 2013).

Fig. 8.7 Inadequate
extraction of a Tunga
sp. neosome
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8.4 Control of Tungiasis Considering One Health

According to the World Health Organization (WHO), One Health is defined as “an
approach to designing and implementing programmes, policies, legislation and
research in which multiple sectors communicate and work together to achieve better
public health outcomes.” In fact, to effectively control tungiasis and to reduce the
occurrence of severe disease, the associated determinants need to be considered as a
whole. Several disciplines should be involved and work hand in hand, such as
medicine, and veterinary, biological, agricultural, urban planning/architecture, and
social sciences (Heukelbach 2020). Effective and sustainable control can only be
achieved if policy makers and the healthcare sector create synergies and develop
control programs to eliminate tungiasis as a public health problem. However, some
politicians continue with their silo thinking, and the implementation of disciplinary
approaches may be a major challenge in political practice (Gaviria 2021).

In addition, tungiasis is often not seen as an important condition, neither by the
populations living in endemic areas (Fig. 8.8) nor by decision makers or health
personnel, and there are usually no specifically dedicated disease control programs
(Heukelbach et al. 2001; Winter et al. 2009; Heukelbach and Feldmeier 2004). Due
to the absence of state and national tungiasis control programs, interventions will
have to rely on commitment by non-governmental organizations, on motivation
from single health professionals, and on collaboration with community leaders and
with the entire community.

Fig. 8.8 Characteristics of Brazilian endemic communities
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Tungiasis and severe tungiasis—caused by T. penetrans most commonly and to
an unknown extent by T. trimamillata—are determined by a variety of factors,
including those related to people and society, animal health, governance and health
systems, and environment and climate change, as detailed in Table 8.2. There are
domestic and sylvatic animal reservoirs; off-host stages develop at certain breeding
sites in the community and even within houses; there is a strong link to poverty, poor
living conditions, and hygiene; and individual behavior such as resting places and
walking barefooted is important for transmission dynamics (Feldmeier et al. 2014;
Heukelbach et al. 2002). Risk factor studies have shown that socioeconomic factors,
male gender, age <15 years and the older age groups, sandy floor inside houses, no
regular use of footwear, and presence of animals in the surroundings are usually
associated with a higher risk of human tungiasis (Muehlen et al. 2006; Elson et al.

Table 8.2 Determinants leading to tungiasis and severe disease

People and Society Poverty and social inequity

Inadequate housing and Irving conditions

Poor access to education

Conflicts and wars, migration

Increased agglomeration of people and animals

Cultural aspects and individual behavior

Gender

Stigma and ostracism

Inadequate health-care seeking behavior

Inadequate treatment practices

No specific professional training

Governance and Health
Systems

Weak and vulnerable health systems

Poor access of the population to the health system

Missing prevention programs, no surveillance

Health not a political priority

Little research on poverty-related diseases

Missing regional networks

Traditional sector and silo thinking

Underdeveloped and inadequate urban planning

Animal Health Pets and farm animals as reservoirs

Stray dogs as reservoirs

Wild animals as reservoirs

Rats and mice In urban settlements

Destruction and reduction of natural habitats

Environment and Climate
Change

More pronounced and prolonged dry seasons

increasing contact of people in rural and urban settlements with
wild animals

Inadequate waste management practices

Development of off-host stages in the environment
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2019b; Obebe and Aluko 2020; Nsanzimana et al. 2019; Girma et al. 2018; Wafula
et al. 2016).

A recent report has shown that a low-cost interdisciplinary community-based
approach has been effective for the control of tungiasis in Nigeria (Heukelbach et al.
2021). In Kenya, tungiasis control also counted on cooperation with local
communities; a local NGO intensively cooperated with communities and policy
makers (Elson et al. 2017). In different communities, interventions may be adapted
to the local conditions. In rural Madagascar, the attack rate could be reduced to zero
by application of a plant-based repellent based on coconut oil; studies from Brazil
also reported very high efficacy of this repellent (Buckendahl et al. 2010; Feldmeier
et al. 2006). The dimethicone product is also known as a very effective treatment
against head lice (Heukelbach et al. 2008, 2009). In a fishing community in Brazil,
effective control was achieved by treatment of affected individuals and insecticide
spraying of premises, but the effect did not last for a long time (Pilger et al. 2008).
Treatment of individuals with a product made from neem and coconut oil, in-house
floor spraying with neem solution, and propagation of the use of closed shoes
effectively controlled human tungiasis in the Kenyan study (Elson et al. 2017). In
some communities, people will most probably not change their behavior in relation
to the use of closed shoes, as these are considered valuable assets (Feldmeier et al.
2014), while in other regions the provision of shoes may be an effective means to
reduce the transmission pressure, especially in schoolchildren.

Regardless of the approach in a specific setting, it is important to think out of the
box, and to join hands with other disease control programs, particularly neglected
tropical diseases. For example, control should consider the reduction of disease
burden and suffering in animals. This will also have positive effects on transmission
in the community, and there will positive spillover effects regarding other zoonotic
diseases. Reduction of the number of free-roaming pigs in rural communities will
also have a positive effect not only on tungiasis but possibly also on the occurrence
of cysticercosis in a rural community. Control of rats in low socioeconomic urban
settings will further reduce the risk of leptospirosis and of rodent-borne viral diseases
transmitted by rats (Mwabonimana et al. 2020; Boey et al. 2019). On the contrary,
after widespread prohibition of free-roaming pigs due to cysticercosis risk in many
Brazilian communities during the past few decades, reduction of tungiasis has been
observed commonly, as seen with the reduction of tungiasis after anti-rat campaigns
aimed at the reduction of transmission of leptospirosis in urban slums (personal
observation).

Topical compounds such as dimethicones may also be used in the community for
mass treatment against other diseases, such as pediculosis and possibly scabies. The
reduction of the stray dog population and deworming of dogs will improve both
animal health and human health. The application of an effective repellent to the feet
may have positive effects on other diseases such as hookworms and hookworm-
related cutaneous larva migrans, which you get by direct contact of bare skin with
dog and cat feces (see Chap. 12). As severe tungiasis may be a port of entry for
tetanus bacteria, tetanus vaccination should be considered in settings where severe
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infestations occur to reduce the incidence of tetanus at high-risk areas (Feldmeier
et al. 2002; Tonge 1989).

Increasing urbanization and improved housing conditions have contributed to a
general reduction of the occurrence of tungiasis in recent decades (Heukelbach et al.
2021). However, it is still a highly prevalent disease in populations living in areas of
extreme poverty. One Health intervention measures are needed to reduce the attack
rate in high-risk communities. Interventions may not eradicate the disease, but may
reduce the parasite load of highly infested individuals, thereby preventing severe
pathology. Clearly, more research, political commitment, advocacy, and priority
setting toward poverty-related diseases are needed, including increased financing
and integration with other programs aiming at the elimination of neglected tropical
diseases as a public health problem.
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Human Myiasis on the South American
Continent 9
Heinz Mehlhorn

Abstract

Humans and their animals are worldwide attacked by different groups of flies.
The adults which may transfer various types of agents of diseases and their larvae
even may enter the body of humans thus inducing eventually severe or even lethal
diseases called myiasis. These parasites occur worldwide and thus also can be
found often in large numbers in warm regions of the South American continent.
Some common and important species are the targets of the present chapter.
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9.1 Definition of Myiasis

The term myiasis is based on the old Greek term myia (fly, mosquito) and describes
today a disease due to infestations by fly (¼ dipterous) larvae, which have entered
the skin or organs of humans and/or animals and feed there ingesting dead and/or
living cells/tissues Hall and Smith (1995); Goddard 2003; Mehlhorn 2016a, b; Singh
and Singh 2015). All over the South American continent many fly species occur,
wherefrom the larvae enter the skin of humans and many animals (Table 9.1). There
are defined three different stages: (1) papular protrusion, (2) furuncular protru-
sion, (3) protuberant protrusion (Ragi et al. 2021). The term pseudomyiasis
describes the apathogenic passage of fly larvae passaging the gastrointestinal tract
of humans and animals (Fig 9.1).
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Explanations of Signs:

1. Black diamonds: characterize obligate parasites of vertebrates (Calliphoridae).
2. White diamonds: obligate endoparasites of vertebrates (Oestridae).
3. Black circles: facultative primary myiasis species.
4. White circles: facultative secondary myiasis species.
5. White squares: obligate parasites of invertebrates, for example, earthworms

(Calliphoridae, Sarcophagidae).

9.2 Main Types of Myiasis According to Hall and Smith (1995)

9.2.1 Cutaneous Myiasis

9.2.1.1 Wound and Traumatic Myiasis
The larvae enter wounds either obligatorily (o) or facultatively (f):

– Calliphoridae (o, f)
– Fanniidae (f)
– Muscidae (f)
– Phoridae (f)
– Sarcophagidae (o, f).

9.2.1.2 Bloodsucking (Sanguinivorous) Myiasis
The larvae attach to the skin of hosts and start biting and sucking:

Involved families are:

Table 9.1 Some skin-penetrating dipteran flies based on investigations of Francesconi and Lupi
(2012)

Family Subfamily Genera/species

Muscidae Muscinae Muscina sp., Musca domestica

Fanniidae Fanninae Fannia scalaris, Fannia canicularis

Oestridae Oestrinae Oestrus sp.

Hypodermatidae Hypodermaninae Hypoderma species: H. bovis, H. lineatum

Gasterophilidae Gasterophilinae Gasterophilus sp.

Cuterobridae Cuterobrinae Cuterebra sp., Dermatobia hominis

Calliphoridae Luciliinae Lucilia sp.

Calliphorinae Calliphora sp.

Calliphoridae Calliphorinae Cordylobia anthropophaga

Calliphoridae Calliphorinae Cochliomyia hominivorax

Calliphoridae Calliphorinae Cochliomyia macellaria

Sarcophagidae Sarcophaginae Sarcophaga sp., Wohlfartia sp.
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– Auchmeromyia (Calliphoridae) (o)
– Tabanidae (f)
– Therevidae (f)

9.2.1.3 Furuncular Myiasis
The larvae of this species penetrate deeper into the skin and induce during growth
typical boil-like, mostly larger swellings:

– Cordylobia sp. (o)
– Dermatobia (o)
– Wohlfahrtia sp. (o)

Fig. 9.1 Relations of some
important fly species inducing
potentially different types of
myiasis in humans and
vertebrate animals on different
continents (according to
several international authors,
see references)
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9.2.1.4 Creeping Myiasis
The larvae enter the skin of humans, wander around, but do not finish their
development in humans (¼ no pupa formation):

– Oestridae (e.g., Hypoderma) (o)
– Gasterophilidae (o)

9.2.2 Body Cavity Myiasis

The females deposit—depending on the species—their eggs either into the nose,
sinuses, or pharynx. The larvae belong to the following families:

– Calliphoridae (o, f)
– Muscidae (f)
– Oestridae (f)
– Phoridae (f)
– Sarcophagidae (o, f)

9.2.3 Accidental Myiasis

9.2.3.1 Intestinal (Enteric, Rectal) Myiasis
This type is given, when eggs or larvae had been ingested within food. Involved
species belong to the families of Calliphoridae, Fanniidae, Muscidae,
Sarcophagidae, Sepsidae, and Tipulidae (f).

9.2.3.2 Urogenital Myiasis
Occurs due to smell attraction of adult female flies and their of laying eggs onto
human tissues or clothes, from where the larvae become able to enter related human
systems (f). Common and other involved species belong to the families of
Calliphoridae, Fanniidae, Muscidae, Sarcophagidae.

Abbreviations: o ¼ obligate parasitosis; f ¼ facultative parasitosis.

9.3 Biology

The first stage larvae of some cyclorrhapha flies parasitize as stationary agents of
disease in the skin, eyes, and/or other organs of humans and animals in their
surroundings inducing clinical symptoms described by the Greek term myiasis.
While the females of most of the typical and medically relevant fly species deposit
their eggs immediately onto their selected vertebrate host (mammals and humans),
the females of Dermatobia hominis attach them to the body of females of adult
blood-feeding insects, which transport them to their hosts. This peculiar activity
helps them to spread their eggs to a broader spectrum of hosts, since the females of

172 H. Mehlhorn



bloodsucking mosquitoes attack many different hosts in a variety of biotopes. The
different adult specimens may in addition be worldwide spread by tourists or when
being attached at containers/material being transported from the tropics to countries
with moderate temperatures.

9.4 Important Species in South America

9.4.1 Dermatobia hominis

(a) Trivial name: Human bot fly or locally also called “torsala” fly, berne,
tropical warble fly, or vermacaque belonging to the family Calliphoridae. In
some regions of South America it is also called berne or torsalo (Fig. 9.2).

(b) Hosts: Humans, vertebrate animals (wild, domestic; for example, cattle, sheep,
pigs, horses, dogs, cats, and even birds).

(c) Geographic distribution: Mexico, Central, and South America.
(d) Appearance: Adults: characteristic is their blueish body reaching a length of

15–17 mm. Their head and legs appear yellowish to brown and is equipped with
a plumose arista (¼ a bristle-like branch of the two antennae). The whitish larvae
reach a length of 2 cm and a width of 1 cm and they are provided with two hooks
at the anterior end being followed by 6 rows of hooks surrounding the anterior
half of the body (Fig. 9.3). Two spiracles are situated at the terminal end of the
larval stages, which take up oxygen being distributed inside the body via a chitin
channel system.

(e) Biology/Development: The life cycle of D. hominis is rather unique, since the
fertilized adult females fix their eggs at the body of bloodsucking flies or
mosquitoes by help of a quickly drying glue. As soon as these vectors feed on
humans or on other potential warm-blooded hosts, the bot fly larvae leave (¼
hatch from) this vector and penetrate into the skin of the new host and feed

Fig. 9.2 Diagrammatic
representation of an adult
Dermatobia hominis fly

9 Human Myiasis on the South American Continent 173



inside a subdermal cavity (furuncle) of this host for 3 up to 6 weeks breathing air
via a hole of this furuncle-like protrusion, which is often misdiagnosed as a
so-called “staphylococcal boil.”When having reached the full development, the
larva emerges from the skin cavity via an opening, drops down to the ground
during the night, and becomes a chitin-surrounded rather stiff pupa. When
laying about 1 month on the ground the adult stages (♀ or ♂) emerge from
their pupal cocoon and start the flying period of their life cycle. Worldwide exist
at least 50 insect species, wherefrom the adult females attach their larvae at hosts
and thus become spread over large regions endangering the health of humans
and animals.

D. hominis attacks besides humans as well as animals (especially cattle) in tropical
and subtropical regions of Central and South America. This activity increases their
chances for local spreading, when these bloodsuckers seek their hosts and note the
change of temperature on the vertebrate (phoretic) host (including humans). When
the eggs are deposited on the skin of humans, the larvae note the change of
temperature and penetrate immediately into the skin of the new host, stay in a
subdermal cavity for 6–9 weeks and grow up via three instar larvae. The final larval
stage drops down to the soil and pupates there. Finally the adult males and females
emerge from the pupa shell and reach about 15 mm in length. Worldwide there exist
at least up to 50 insect species, wherefrom the adults of which act as transporters of
the larvae of Dermatobia hominis (Oestridae). This species—also described as
human bot fly—is widely spread from Mexico down to Central and South American
countries. Besides humans, many vertebrates (cattle, sheep, swine, horses, cats,
dogs, and even birds) become infected and suffer from the same symptoms of
disease as humans. The posterior margins of segment 11 are not equipped with
dorsal spines.

Fig. 9.3 Light micrograph of
a second stage larva of
Dermatobia hominis.
Reprinted by permission from
Springer Nature: Springer
International Publishing
(Mehlhorn 2016b)
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Symptoms: Furuncular and urogenital myiasis.

9.4.2 Cuterebra Sp.

Eighty-five percent of human cases are cutaneous infections, main hosts are rodents
(squirrels, rabbits), while humans are occasionally infected. The larva in human skin
appears like a warble-like dermal tumor and thus is often misdiagnosed. Thus it is
also misdiagnosed as boils or larva migrans.

9.4.3 Oestrus Ovis (Nose Bot Flies)

Greek: oistros ¼ penetrating fly. Adults are ~1 cm long, females are about 1.3 cm
long and throw their 500–600 larvae towards the nose and eyes of sheep and (!)
humans (Fig. 9.4). The females, which do not feed, deposit the first stage larvae into
the nostrils of their hosts (including humans). In humans also eyes, mouth, and outer
ear have found to be filled—especially people working with sheep and goats. For
example, there are reports that up to 50 larvae have been removed from the
conjunctival sac of a single patient. However, larvae do not survive the first stage
in man, but induce inflammations. In the nose of animals, the larva 3 is developed,
drops down to soil, where the mature stage is reached within 2–4 weeks.

Fig. 9.4 Diagrammatic
representation of an adult
Oestrus ovis fly
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9.4.4 Cochliomyia Hominivorax

(a) Trivial names: (1) coquerel (especially in Argentina, Brazil, Chile), (2) New
World screwworm fly (named honoring the Brazilian scientist Coquerel in the
year 1858).

(b) Hosts: Humans, wild and domestic mammals.
(c) Geographic distribution: It occurs in Central and South America—especially

in Brazil the larvae induce the so-called primary myiasis in wild and domestic
animals as well as in humans. Formerly and occasionally in recent times, it was
reimported to the Caribbean Islands and to regions of the USA and Southern
Mexico, where their numbers have been decreasing due to eradication programs
using the sterile male release technique.

(d) Appearance: Adult stages of C. hominivorax appear bluish-green, are medium-
sized (mm in length), have a yellowish-orange face, and are characterized by
three longitudinal stripes along the thorax plate (Goddard 2003). Fully grown-
up larvae reach a length of 2 cm, appear pinkish, and are typically characterized
by rings with prominent spines around their body.

(e) Biology/development: The fertilized adult females of C. hominivorax are
attracted by skin wounds of humans along the borders of which they deposit
up to 500 eggs during different touch-downs. Around 12–15 h later the larvae
(Fig. 9.5) hatch from the egg and enter the living tissue but leave air access to
their posterior peritremes (¼ the plate with the breathing openings). The larvae
may travel through living tissues and thus do not remain subdermal like the
tumbu fly. After having fed for 4–7 days, the final larvae leave the skin and drop
down to the ground, where they pupate within 7–10 days before the male or
female adult hatches from the pupa skin. The whole developmental cycle takes
about 20–24 days under optimum conditions. Thus in endemic regions masses
of such females may attack (mainly during daylight) humans and their domestic
animals year-round. Since the females lay mostly batches of eggs, often large
numbers of maggots might be found in a wound thus endangering the health of
humans considerably.

Fig. 9.5 Light micrograph of
a larva of Cochliomyia
hominivorax
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(f) Diseases: Adult flies may transmit massive amounts of agents of diseases,
which may and do kill persons and considerable amounts of animals every
year. Thus a quick removal of the larvae is needed and cleaning of the wounds
from bacteria and fungi is highly needed.

(g) Treatment: The control of screwworm fly myiasis of humans is mainly based
on mechanical removal of the penetrated larvae under local anesthetics. How-
ever, special sites like spots in ears, nose, etc. require surgery. Infected dogs had
been successfully treated using ivermectin and sarolaner, which both showed in
addition high expulsion rates (Oliveira et al. 2019). Muñoz et al. (2020)
recommended the use of cephalexin (20 mg/kg twice a day orally for
15 days)—sites like spots in the ears, nose, etc. require surgery under local
anesthesia.

Attention: Screwworm flies lay eggs in large batches, which may comprise 10–100
in a single wound and thus the larvae increase the severeness of this infection.

9.4.5 Cochliomyia Macellaria

This species is also called “secondary screwworm.” It is a carrion-breeding species,
which has reached high importance in the field of medical and veterinary diseases as
well as in forensic investigations. It occurs mainly in South America, but has also
been described in parks of Southern Canada and all over down the USA. The adults
fly in anthropized environments and also enter human dwellings. Usually the adults
feed decomposing organic material and also human feces. Thus they may become
transmitter of enteric pathogens such as, for example, Salmonella species. This
species, which is characterized by the absence of dorsal spines at the margin of
segment, is also considered as a secondary screwworm (Masiero et al. 2020), which
induces a facultative myiasis when feeding on necrotic tissues. Thus they may be
used in larval therapy. Thereby they are rather safe, because the larvae feed exclu-
sively on injured integument and enter only dead bodies in contrast to other species
(Oliveira et al. 2019).

According to measurements of Alvarez Garcia et al. (2017) their eggs measure
~1 mm in length, the larva 1 about 3 mm in length, the larva 2 about 7 mm, the larva
3 about 144 and the pupae reach 9 mm in length and about 3 mm in width.

The time of development takes in males about 20–30 days and 21–30 days in
females. Cleaned and surface sterile larvae from laboratory productions are very
useful to eliminate bacteria and viruses from inflamed wounds of humans (Masiero
et al. 2020; Alvarez Garcia et al. 2017). Although the females in their adult stage live
only for about 3 weeks, they produce up to 680 eggs, and thus in cases of large
amounts they endanger the health of humans and farm animals to a high degree.
Their status of developments has also reached significant importance in the forensic
determination of the date of death of humans and animals, especially in cases of
doubtful diseases.
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9.4.6 Chrysomya Species

On the South American continent several Chrysomya species have been described
(e.g., C. albiceps, C. putoria, C. rufifacies, C. megacephala) (Grella et al. 2015).
Their bodies appear uniformly green to violet-blue.

9.4.7 Lucilia Eximia

This species belongs to the group of so-called green bottle flies and induces a
so-called facultative wound myiasis as is done by the cosmopolitan species Lucilia
sericata (Figs. 9.6, 9.7, and 9.8).

9.4.8 Wohlfartia Species

These species attack many hosts besides humans, who after infestations may suffer
from a so-called furuncular myiasis due to boil-like skin protrusions. They belong
to the group of flesh flies. The females are larviparous deponing first stage larvae
instead of eggs.

9.4.9 Cordylobia anthropophaga

Single specimens of this species have been discovered in Latin American regions in
persons coming back from Africa (Suárez et al. 2018)—thus their spreading and
propagation should be underway. The penetrated larvae induce a boil-like
swelling ¼ a so-called furuncular myiasis.

Fig. 9.6 Light micrograph of
an adult Lucilia fly
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9.4.10 Sarcophaga haemorrhoidales (Syn S. cruentata)

This is one of the most common species being involved in human myiasis. It is
spread worldwide except for parts of Australasia (Fig. 9.9).

9.5 Treatment of Human Myiasis

9.5.1 Mechanical Removal

The larvae of the different species can be removed from their “bore hollow” by
squeezing, during which the abdominal region of the larva will appear and thus can
be removed by use of a forceps. However, in most cases, bacterial superinfections
occur, which must be treated by application of antibiotics after removal of the larva.

Fig. 9.7 Light micrograph of
a Lucilia larva

Fig. 9.8 Light micrograph of
pupae of Lucilia sp.
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9.5.2 Chemical Control Measurements

It is important to keep the number of flies low inside and close to human dwellings.
The method of choice is the use of products that block the larval development by
spraying growth inhibitors on potential fly breeding sites (e.g., cyromazine,
diflubenzuron, methoprene among several others, which have to be used in combi-
nation). So-called glueing catcher products are especially helpful to decrease the
number of flies and other aggressive insects in homes in addition to the use of nets in
front of windows.

9.5.3 Sterile Male Insect Technique

In the year 1957 started in South America a program to sterilize male flies based on
the successful action in North and Central America (Wyss 2000) followed by a
program rearing mass production and sterilization of males being set free thus
decreasing the production of fertile eggs and progeny by females (Concha et al.
2016). However, due to the large amounts of untreated males, the amount of females
bearing the stages remain still high and treatment phases must go on consequently as
well as self-protection activities (e.g., use of repellents and body covers, etc.).

9.5.4 Use of Living Larvae to Clean Infected Wounds

As shown above (e.g., Masiero et al. 2020; Mehlhorn 2016a, b) a broad spectrum of
flies deposit their eggs/larvae on wounds of animals and humans in order to feed
thereon considerable amounts of tissues. During feeding, they induce massive
amounts of inflammations by spreading bacteria, which often have developed
resistances against common antibiotics. Thus efforts had been done to produce
clean fly larvae, which are placed onto contaminated wounds. They start feeding
there, which leads to elimination of bacteria from the wound surface (Masiero et al.
2020). However, the permanent movements of the feeding larvae are not very
agreeable, so that it was looked for further methods.

Fig. 9.9 Macrophoto of an
adult Sarcophaga fly and a
pupa. Typical are the dorsal
stripes. Reprinted by
permission from Springer
Nature: Springer International
Publishing (Mehlhorn 2016b)
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9.5.5 Larveel®—A Powder Obtained from Fly Maggots to Heal
Non-healing Wounds

The university spin-off company Alpha-Biocare GmbH (Neuss, Germany) has
developed an ultrafine, sterile powder obtained from laboratory-grown, sterile fly
maggots of the fly Lucilia sericata (trade name Larveel®). If this powder is diluted in
sterile water and dropped onto non-healing wounds of humans and animals, a rather
thin film layer is formed on the wounds. If these wounds become covered using a
sterile plastic wound cover, the Larveel® layer with the bacteria becomes fixed at the
plaster and thus the agents of disease become removed from the wound. This process
is repeated every 3 days, the wound starts closing from the periphery and is finally
fully closed (Fig. 9.10).

9.5.6 Manual Removal of Fly Larvae from Skin

The manual removal of such larvae from the skin is difficult, since they stick mostly
rather deep in the skin of humans and animals. Furthermore, the surface of the larvae
is equipped with numerous, retrograde orientated hooks, which fix them in the skin.
Therefore it is recommended to proceed as follows in cases of furuncular myiasis:

Fig. 9.10 Macrophoto of a wound at the beginning of treatment with Larveel® (above) and
healing stages (below) starting from the left. The cleaning of the wound can also be done by living
larvae, which, however, takes much longer and induces at bad feeling at all
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1. One method is to cover the opening of the furuncular protrusion with a layer of
paraffine in order to inhibit the entrance of oxygen into the larva-containing
hollow. As consequence of the lack of oxygen, the larva will move to the opening
and thus can be taken and removed by help of a forceps.

2. Another (somewhat rustical) method is to cover the larva-containing opening by a
piece of bacon, so that the larva lacks oxygen and will enter the bacon, from
where it can be removed mechanically without problems.

3. A third method of larval removal is to fill the cavity of the hollow with oil. This
also will lead to the fact that the larva leaves the hollow and thus can be easily
removed by help of a forceps.

9.5.7 Prevention

To avoid invasion of adult flies that could depone eggs on bodies or special place, it
is recommended to clean sites where females could depone their eggs. This could be
done by placing fly nets before windows, cleaning tables contaminated by food,
establishing electric fly killers, etc.

9.5.8 Chemical Elimination

Specialists could spray products onto walls that contain registered chemicals like
cyfluthrin, fenfluthrin, propoxur, pyrethrum, etc.
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Abstract

Schistosomiasis mansoni is an infectious disease of poverty that affects over
2 million people in communities deprived of proper sanitation and safe water
supply in Latin America; it is endemic in Brazil, which accounts for 90% of the
cases, and Venezuela. This chapter shows that, although infection indices have
progressively decreased in the last decades, elimination of this disease as a public
health problem, pledged for 2030, will only be achieved with strong interdisci-
plinary and intersectoral efforts under the One Health approach targeted to the
Sustained Development Goals.

Keywords

Schistosoma mansoni · Infection · Disease · Morbidity · Zoonosis · History ·
Distribution · Control guidelines · Prevalence · Diagnosis · Treatment · Snail
control · Health education

C. Graeff-Teixeira (*)
Department of Pathology, Infectious Diseases Unit, CCS, Federal University of Espirito Santo,
Vitória, Brazil
e-mail: carlos.teixeira@ufes.br

O. S. Pieri
Laboratory of Environmental and Health Education, Oswaldo Cruz Institute, Fiocruz, Rio de
Janeiro, Brazil
e-mail: opieri@ioc.fiocruz.br

# The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
H. Mehlhorn, J. Heukelbach (eds.), Infectious Tropical Diseases and One Health
in Latin America, Parasitology Research Monographs 16,
https://doi.org/10.1007/978-3-030-99712-0_10

191

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99712-0_10&domain=pdf
mailto:carlos.teixeira@ufes.br
mailto:opieri@ioc.fiocruz.br
https://doi.org/10.1007/978-3-030-99712-0_10#DOI


10.1 Parasite, Infection, and Disease

Schistosoma mansoni is a trematode flatworm living inside venous vessels in the
portal-mesenteric systems. Oviposition occurs especially at sigmoid-rectal venous
distal branches and eggs shall reach feces after a challenging migration facing
inflammatory response, the physical barriers of a counter-current blood flow and
the thickness of intestinal wall tissues (Colley et al. 2014). It is estimated that
approximately only one-third of eggs reach the intestinal lumen and are released
with feces in the environment (Cheever et al. 1994). Sanitation with proper handling
of human excreta breaks the transmission cycle and it is a fundamental control
measure (Sarvel et al. 2011).

Miracidia are ciliated multicellular larvae, and they hatch if eggs reach fresh
water, but not saline water. They are infective to snails from Biomphalaria genus,
especially B. glabrata, and their mobility and infectivity are highly dependent on
temperature and water density. Miracidia usually survive for less than 1 day. If they
penetrate the snail tegument, the parasite asexually reproduces with several
generations of stages called sporocysts. Cercaria is the ultimate stage of development
in snails and the infective stage for vertebrate hosts, that is released continuously by
snails for weeks. The release is especially triggered by light, which explains the
higher risk of infection from 10 a.m. to 4 p.m. (Nguyen et al. 2020).

Human infection is a consequence of skin exposure to cercaria-containing envi-
ronmental water. The larvae lose their bifurcated tail and migrate through the skin
and venous vessels to mature into worms inside portal-mesenteric venous system.

At any stage, most infected individuals are asymptomatic. Three main clinical
manifestations may occur at the acute phase: (1) cercarial dermatitis; (2) febrile
illness; (3) neuroschistosomiasis, only after oviposition begins. At each isolated
cercaria penetration site, a localized dermatitis may manifest as pruritic papules
with spontaneous remission after 7 days, popularly known as “swimmers’ itch,”with
its typical distribution in skin areas submersed in contaminated waters. Cercaria
from many other trematode species may similarly produce papular dermatitis.
Another clinical manifestation within the acute phase may result from systemic
hypersensitivity reaction to migrating worms and/or initial oviposition (few initial
weeks/months). Sudden onset of a febrile illness, malaise, weakness, myalgia,
non-productive cough, followed by unspecific abdominal symptoms and
accompanied by blood eosinophilia. Chest imaging may disclose patchy scattered
infiltrates suggestive of schistosomula migrating in the lungs. Patients usually
spontaneously recover after 2–10 weeks. This “toxemic” febrile disease was
named “Katayama’s Fever,” a more common and severe clinical manifestation of
Schistosoma japonicum infections in Asia. These allergic reactions are usually more
common and more severe within populations from non-endemic areas, either visiting
endemic areas or after a recent introduction/re-emergence of the infection.

While pathogenesis is dominated by hypersensitivity reactions in acute phase, the
chronic pathology is centered in eggs trapped in tissues with the granulomatous
reaction and a dysfunctional fibrotic resolution. Clinical forms occurring in the
chronic phase of schistosomiasis mainly affect intestines and the liver. Compromise
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of liver and spleen may evolve to the classical hepatosplenic schistosomiasis with
periportal fibrosis, leading eventually to portal hypertension and liver failure
(Andrade and Bina 1983). Three main clinical syndromes are recognized in chronic
schistosomiasis: (1) intestinal; (2) hepato-intestinal; (3) hepatosplenic (Brasil 2014).

Intestinal schistosomiasis is characterized by unspecific general symptoms
(malaise, weakness, dizziness, headaches) diarrhea and dysenteric episodes (some-
times with blood in feces) and abdominal pain may indicate an affected large
intestine. Colons may be painful at palpation. It is hard to rule out hepatic involve-
ment and many authors avoid consideration of an isolated intestinal involvement.

Liver is enlarged and palpable in the right abdominal quadrant, with hard
consistency and also a prominent left lobe, besides the manifestations of intestinal
lesions in hepato-intestinal schistosomiasis. But liver function markers are normal
and there is no jaundice.

Two key findings for definition of hepatosplenic schistosomiasis (HSS) are
(1) periportal thickening due to fibrosis (Symmers pipe stem fibrosis); (2) portal
hypertension and secondary spleen enlargement (Lambertucci 2014). Abdominal
palpation shall be accompanied by ultrasound examination for a proper evaluation. It
is important to differentiate other causes of hepatosplenomegaly, like visceral
leishmaniasis, malaria, lymphoma, leukemia, infectious mononucleosis. Integrity
of hepatic functions is a major criterion to classify HSS either as compensated or
decompensated (e.g., hypoalbuminemia, hyperbilirubinemia). Patients gradually
develop portal hypertension and start presenting bleeding from secondary gastro-
esophageal varices, one main cause of death in schistosomiasis (Barbosa et al. 2016).
Compensated HSS may exceptionally occur without portal hypertension, generally
in children, who may also show growth retardation. Decompensated HSS is
characterized by severe degradation of hepatic functions alongside the widespread
deposition of fibrotic tissue in portal spaces, with reduction in size of the organ.
Ascites, jaundice, and encephalopathy are three important consequences of hepatic
failure.

HSS and other clinical forms may complicate after association with (1) many
other organs affected by schistosomiasis: like lungs and kidney (glomerulonephri-
tis); (2) other liver diseases: chronic active hepatitis, viral hepatitis B and C,
non-infectious cirrhosis, portal thrombosis; (3) pseudo-neoplasic, tumoral inflam-
matory lesions; (4) co-morbidities: chronic Salmonella bacteremia, other
enterobacteria bacteremia, soft tissues and liver abscesses, and immunosuppressive
conditions (drugs, AIDS, HTLV) (Brasil 2014).

Transverse myelitis due to granulomatous reaction to eggs trapped in spinal
venous plexus may produce lower limbs paralysis and anal/bladder sphincter
dysfunctions. Neuroschistosomiasis is a severe complication arising at either acute
or chronic phase of the infection and not necessarily associated with heavy egg
burdens (Lambertucci et al. 2007; Ferrari et al. 2008).

With S. mansoni infection it is not expected a frequent presence of eggs and
lesions in the genito-urinary tract, usually seen in Africa with S. haematobium
infections. But genito-urinary schistosomiasis is a topic of interest for a raised
awareness and proper screening of lesions affecting female and male reproductive
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organs, what can lead to infertility and an increased risk for transmission of sexually
transmitted diseases (Sturt et al. 2020).

Although it is true that classical severe morbidity depends on the number of eggs
trapped in tissues and the chronicity of infection, there is evidence for a more subtle
but debilitating and persistent disease, even with low egg numbers. The evidence
coming from two robust metanalysis studies leads to the understanding that the
highest burden of disease is produced by this “generalized morbidity” rather than the
well-known “site specific morbidity” (King et al. 2005; King and Dangerfield-Cha
2008). Anemia, chronic abdominal pain, diarrhea, exercise intolerance, undernutri-
tion, and growth stunting have been associated with a chronic inflammatory disease
in infected individuals that recover after praziquantel treatment (King and
Dangerfield-Cha 2008). Cognitive deficits are also improved with better control of
schistosomiasis and other chronic parasitic infections, like soil-transmitted helmin-
thiasis (Yuan et al. 2005).

10.2 One Health Approach: Zoonotic Schistosomiasis

Unlike S. japonicum infections from Asia (Zou et al. 2020), animals other than
humans do not have an important role in maintaining the S. mansoni cycle in nature,
but rodents may contribute to maintenance of the latter species, both in Africa and in
Central and South America (Gentile et al. 2006; Catalano et al. 2018; Hewitt and
Willingham 2019). Susceptibility to experimental infection and in semi-natural
conditions, as well as several surveys demonstrating high prevalence estimates,
have been reported mostly from Brazil and the Caribbean Island of Guadeloupe
(Table 10.1) (Kawazoe and Pinto 1983; Théron et al. 1992; Gentile et al. 2006).
There are indications that a zoonotic cycle can support the transmission of
S. mansoni in late stages of control when prevalence and intensity in humans are
expected to reach very low numbers. But this is an issue open for further
investigations, especially in low endemicity areas.

Infection in the black rat, Rattus rattus, was followed for 8 years in Guadeloupe,
French West Indies, with prevalence estimates from 28% (sample: 72 animals) to
61% (sample: 66) and an overall prevalence of 40% (243/611 animals) (Théron et al.
1992). Rattus norvegicus was also found with infection in Guadeloupe, but it was a
small sample and these animals are apparently less adapted to the parasite as
indicated by lack of egg elimination in feces (Alarcón-de-Noya et al. 1997).

Animals other than rodents are either apparently not involved in the maintenance
of the cycle in the Americas or have a role yet to be investigated. No infection was
detected in 15 monkeys examined in Saint Lucia (Jordan 1985). S. mansoni infection
was reported from Saint Kitts, in five to seven West African Green monkeys,
Chlorocebus aethiops (Cameron 1928), but a later survey in 2015 did not detect
any infection in 94 monkeys (Hewitt and Willingham 2019). Other apparently
incidental isolated findings came from Suriname: a single squirrel monkey and a
great anteater, Myrmecophaga tridactyla presenting eggs with a lateral-spine in the
intestines (Swellengrebel and Rijpstra 1965; Rijpstra and Swellengrebel 1962).
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Bovine species can hold productive infections as demonstrated both from experi-
mental infections and surveys looking for natural infections (Modena et al. 2008).

10.3 Brief Story and Occurrence of Schistosomiasis
in the Americas

S. mansoni was most probably introduced in the New World with the slave traffic
from West Africa for almost 300 years beginning in mid-sixteenth century. DNA
sequencing data and analysis provided several indications supporting this hypothe-
sis, although evidences are not considered as strong as those produced with studies
on the origins of Plasmodium falciparum, Fasciola hepatica, and Onchocerca
volvulus occurring in the New World (see extensive review by Morgan et al. 2005).

Table 10.1 Rodent species infected with Schistosoma mansoni in the Caribbean Region and
South America: selected examples of evaluation of natural infection and higher prevalences from
1975 to 2019

Country/
Locality Prevalence

N
examined Taxon References

Brasil
Maranhão, 64% 225 Holochilus sciureus Silva-Souza et al. (2019)

São Bento

Maranhão, 28.7% 101 Holochilus sciureus Miranda et al. (2015)

São Bento
Rio de
Janeiro,

46.1%
(avg)a

9 (avg) Nectomys
squamipes

Gentile et al. (2006)

Sumidoro 71.1%
(avg)

9 (avg) Nectomys
squamipes

Rio de
Janeiro,

56.5% 23 Nectomys
squamipes

Silva et al. (1992)

Sumidoro Akodon
arviculoides

Bahia,
Planalto

47% 48 Nectomys Silva and Andrade (1989)

da Conquista
Minas Gerais, 2.7% 111 Zygodontomys

lasiurus
Carvalho et al. (1975)

Belo
Horizonte

39.3% 28 Holochilus
brasiliensis

75% 8 Nectomys
squamipes

Guadaloupe (French West Indies)
59% 73 Rattus rattus Alarcón-de-Noya et al.

(1997)

40% 611 Rattus rattus Théron et al. (1992)
aAvg: average
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South America and the Caribbean region are at the center of the early history of
schistosomiasis mansoni discoveries. In 1902, Sir Patrick Manson published a short
case report of an Englishman presenting lateral-spined eggs in stools, that lived since
1887 in Antigua, Anguilla, and finally in Saint Kitts (Manson 1902). Five years later,
the new species was proposed by Sambon as Schistosoma mansoni in honor of
Manson, after examination of a poorly conserved male worm (Katz 2008b). A full
description and definitive differentiation between S.haematobium and the new
species was made possible with examination of 24 worms performed by Manoel
Pirajá da Silva, in Salvador, Brazil, 4 years after his first findings in 1904 of lateral-
spined eggs in Brazilian patients (Katz 2008b). In Venezuela, the first patient was
diagnosed in Caracas and the report was published in 1906 by Vicente Raúl Soto
(Noya et al. 2015).

Schistosomiasis occurs in 10 countries or territories in the Caribbean region
(Fig. 10.1) and South America (WHO 2013) (Fig. 10.1). Most of the people at risk
of infection and hot spots for transmission are situated in the Latin-American largest
country: 9 out of 10 individuals at risk for acquiring schistosomiasis live in Brazil
(PAHO 2016). Two countries, Brazil and Venezuela (Fig. 10.2), concentrate on the
populations requiring chemotherapy (WHO 2013).

Fig. 10.1 Countries and territories in the Caribbean region with a history of schistosomiasis
mansoni endemicity and their current transmission status. (Hewitt and Willingham 2019—https://
www.mdpi.com/2414-6366/4/1/24/htm, Attribution 4.0 International CC BY 4.0)
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Brazil hosted 91 population surveys from 1952 to 2010, including a national
survey in 2011–2014 (Katz 2018). All other countries are required to update their
prevalence and intensity data, after 50–20 years without published reports (Zoni
et al. 2016) (Table 10.1). Countries and territories have been classified as requiring:
(1) preventive chemotherapy: Brazil and Venezuela; (2) updated surveys: Saint
Lucia and Suriname, with possibility of transmission remaining; (3) verification to
confirm transmission interruption: Antigua-Barbado, Dominican Republic,
Guadeloupe, Martinique, Monserrat, Puerto Rico (WHO 2013). In Saint Kitts,
Saint Martin, and Vieques, transmission is considered eliminated (Hewitt and
Willingham 2019) (Tables 10.2 and 10.3).

Fig. 10.2 Status of schistosomiasis transmission in Latin-American countries (blue). Only Brazil
and Venezuela have areas requiring periodic chemotherapy (red)

10 Schistosomiasis Control: Present Situation and Perspectives 197



10.4 Guidelines, Control Efforts in the World
and in the Americas

Since the 1950s, the World Health Organization has established a series of
guidelines for schistosomiasis control on a global scale (WHO 2020). Scientific
research has provided the advancement of knowledge, redefining goals, and
strategies. Revised and new control recommendations were progressively adjusted
by the WHO Expert Committees, based on the accumulated experience in endemic
countries, including Brazil. Successive WHO guidelines recommended changes in
control priorities, from emphasis in transmission control until the early 1980s to

Table 10.2 Countries in
the Caribbean region and
South America with a his-
tory of schistosomiasis
transmission and time
period for the last survey in
human populations,
modified from Zoni and
collaborators, 2016

Country Time period

Martinique 1970

Guadaloupe 1969–1973

Monserrat 1978

Dominican Republic 1994

Suriname 1995

Saint Lucia 1996

Puerto Rico 1999

Venezuela 1998–2000

Table 10.3 Countries and territories in the Caribbean region and South America with occurrence
of Schistosoma mansoni transmission

1900 10 20 30 40 50 60 70 80 90 2000 2010 Prevalence

Puerto Rico 1904 1989 2%

Martinique 1906 1984 0%

Suriname 1911 2011 20%

Saint Kitts 1918 1955 0%

Saint Martin 1920 1929 0%

Antigua 1923 2003 0,20%

Saint Lucia 1924 2006 0,60%

Dominican Republic 1947 2013 0%

Montserrat 1947 1995 0%

Vieques 1954 1959 0%

Guadeloupe 1960 2003 1%

Years of first report and last survey on human populations. Green: countries where transmission has
been interrupted. Yellow: countries where surveys are needed to access the possibility of remaining
transmission. Orange: countries that require chemotherapy. Adapted from Hewitt and Willingham
(2019)

198 C. Graeff-Teixeira and O. S. Pieri



morbidity control after mid-1980s. As pointed out by Katz (2008a), the significant
drop in the incidence and prevalence of hepatosplenic forms due to treatment of
infection carriers as shown by several Brazilian studies, was pivotal for this change
in emphasis. As a result, control measures mainly based on snail control were
replaced by selective chemotherapy until the end of the 1990s and, since the early
2000s, mass drug administration (MDA) targeted at the most vulnerable groups.
Other control measures, although recommended, have not had as much priority over
the decades (Barbosa et al. 2008).

In 2009, resolution CD49.R19 of the Directing Council of the Pan American
Health Organization (PAHO 2009) urged Member States to drastically reduce
schistosomiasis prevalence and parasite load in high transmission areas to less
than 10% prevalence as measured by quantitative egg counts (with available cost-
effective interventions). The proposed strategy, as recommended by WHO (2002,
2006), was MDA for at least 75% of the school-age children (SAC) living in at-risk
areas, improvements of excreta disposal systems, access to safe water, and educa-
tional actions. However, the Brazilian Government’s representatives strongly
opposed to the MDA scheme, as it would represent a step backward for the Region.
It was argued that studies conducted in Brazil had shown that MDA effect on
infection indicators was transitory; instead, countries should focus on strengthening
capacity for diagnosis and treatment of infection carriers at the primary care level
and on improving environmental sanitation (PAHO 2009).

From 2010, WHO began publishing yearly estimates of population requiring
MDA and number of people given praziquantel based on information provided at
district or secondary administrative level for each endemic country (WHO 2012b).
To estimate the population requiring preventive chemotherapy for schistosomiasis
annually, available national population data were adjusted using the annually
reported growth rate. For Brazil, the strategy recommended by WHO has been
annual MDA of SAC attending the initial and the final schooling years as the country
was considered low risk; thus, 1.5 million of SAC (33% of the at-risk SAC in the
country) were required to undergo MDA regardless their individual infection status
(https://www.who.int/neglected_diseases/preventive_chemotherapy/sch/en/). In
contrast, the strategy recommended by the Brazilian MoH has been periodic active
search surveys in the endemic area followed by different treatment schemes
according to the prevalence level (Brasil 2014). As a result, the annual report
provided by the Brazilian MoH for the WHO/PCT databank does not contain the
required information on the number of SAC treated, which misleadingly reduces the
number of people treated and the national coverage (Table 10.4).

According to WHO, the yearly national coverage of treatment for schistosomiasis
in Brazil has been negligible whereas it has been more than 70% according to the
MoH (Table 10.4). It can be calculated from the SISPCE database (2006–2016) that
an annual average of 1.6 million people from the endemic area were targeted for
testing, of which 1.2 million were assayed by the Kato-Katz method; the annual
egg-positive rate during that period averaged 6.4%. As pointed out by Cabello et al.
(2016), the MoH emphasis on community-based surveys followed by treatment of
the infection carriers of all age groups at the primary health care level aims to attend
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Brazil’s epidemiological peculiarities and to comply with public health policies and
principles pertaining the country’s Unified Health System (SUS).

10.5 Morbidity and Mortality Trends

Decreasing infection intensity, prevalence, and mortality estimates, as well as
decreasing occurrence of severe hepatosplenic clinical forms, have been reported
in the last four decades, in most endemic areas in Brazil, Venezuela, and the
Caribbean region following the reduction in prevalence and intensity of infections
(Zoni et al. 2016; Hofstede et al. 2014). Several systematic analyses of secondary
data (Amaral et al. 2006; Martins-Melo et al. 2014) and also from the experience of
several research groups and anatomo-pathological services from Brazil have
described a decreasing trend (Andrade 1998). Hospitalizations because of schistoso-
miasis also show a reducing trend (Fig. 10.3) (Amaral et al. 2006). While spontane-
ous morbidity and mortality reduction may occur (Katz and Brener 1966)
chemotherapy of human populations has had a fundamental role in the successful
control of schistosomiasis (Hofstede et al. 2014). Parasite-killing drugs may at least
partially revert liver fibrosis and spleen compromise in hepatosplenic clinical forms
(Bina and Prata 1983). Several other factors contribute to the current decreasing
trend: urbanization, improved socio-economic conditions, increased supply of

Table 10.4 Schistosomiasis (SCH) implementation data by year for Brazil according to WHO and
to the MoH

The PCT databank convenes information on mass administration of praziquantel among school-age
children (SAC) as required by WHO; the SISPCE databank records information on selective
administration of praziquantel among all ages as required by the MoH
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qualified health services and political priority for nation-wide control programs with
integrated actions on the environment, water and sanitation, health education, and
snail control (Andrade 1998; Amaral et al. 2006; Hofstede et al. 2014; Barbosa et al.
2016). Reduction in morbidity is usually less dramatic, but more persistent. Preva-
lence reduction can be more striking, but less persistent, especially because of
reinfection, demonstrating the need for integrated, sustained, long-term control
programs (Coura et al. 1992). In some settings, like in Venezuela, Puerto Rico,
and Saint Kitts, changing farming practices and environmental conditions, both
pre-existent and resulting from control actions, were key drivers for successful
reductions in transmission (Hewitt and Willingham 2019).

The north-eastern Brazilian State of Pernambuco and other hot spots in Minas
Gerais and Bahia are exceptions to this general decreasing trend with a remaining
high number of severe hepatosplenic forms and deaths (Barbosa et al. 2016; Zoni
et al. 2016; Martins-Melo et al. 2018). Exceptions like Pernambuco remind us the
focal occurrence of schistosomiasis with its remaining transmission hot spots, as
well as the conjunction of factors favoring persistence and expansion of transmis-
sion, including the lack of a sustained and integrated approach as proposed by WHO
(Barbosa et al. 2016; WHO 2013). Important to note that four low endemic areas:
Venezuela, Puerto Rico, Suriname, and Dominican Republic, lack published surveys
in human populations since 1990s (Zoni et al. 2016). There are indications that
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Fig. 10.3 Decreasing trends of mortality (1977–2016) and hospitalization (1984–2016) for schis-
tosomiasis in Brazil, as recorded by the Ministry of Health. Sources: Mortality Information System
(SIM) and Hospital Information System (SIH)
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schistosomiasis is re-emerging in Venezuela after discontinuation of a very success-
ful control program initiated in 1940s (Noya et al. 2015).

Neuroschistosomiasis was usually not included in the category of “severe
clinical forms,” what has been partially corrected in recent years with a growing
awareness of its severity, especially considering its egg burden independent associ-
ation and occurrence with lightly infected individuals (Ferrari et al. 2008). While in
most areas the classical severe forms, especially hepatosplenic schistosomiasis, are
gradually disappearing (Andrade 1998), neuroschistosomiasis remains a most prob-
ably underdiagnosed condition as we advance to late stages of morbidity and
transmission elimination (Lambertucci et al. 2007).

10.6 Control Situation: Reducing Intensity and Prevalence
Towards Elimination as a Public Health Problem

As a signatory to resolution WHA65.21 on the elimination of schistosomiasis, the
Brazilian government has committed to attain WHO goals for morbidity control by
2020 and elimination as a public health problem by 2025 (WHO 2012a; PAHO
2014), later postponed to 2030 (WHO 2020). As shown in Fig. 10.4, this would
involve progressively lowering endemicity by initially focusing on morbidity to
reduce the intensity of infection, then on prevalence to reduce the number of cases;
subsequently, focus would be on transmission to reduce the risk of infection, and
finally on surveillance to validate elimination. The currently recommended indicator
for the target of morbidity control is 5% prevalence of heavy-intensity infections,
whereas for elimination as public health problem it is 1% prevalence of heavy-
intensity infections (PAHO 2014; WHO 2020). For schistosomiasis mansoni, these
indicators are estimated by carrying out regular stool surveys in sentinel sites and
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Fig. 10.4 Steps towards the elimination of schistosomiasis as a public health problem. Modified
from Bergquist et al. (2009)
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egg counting by the Kato-Katz method (two slides from one stool sample). Thus, the
prevalence of heavy-intensity infections is expressed as the proportion (%) of
subjects with 400 eggs per gram of stool (epg) or more among all subjects examined
and is calculated as follows: [(number of subjects with epg � 400) � (number of
subjects examined) � 100] (WHO 2011).

The main strategy proposed by WHO for reducing morbidity and transmission of
schistosomiasis towards its elimination is through preventive chemotherapy, the
regular distribution of praziquantel to population groups at risk according to preva-
lence classes estimated from baseline stool survey (one Kato-Katz sample, two
slides) among school-aged children (Crompton and WHO 2006; Gabrielli et al.
2011; WHO 2011; 2013). For Brazil, WHO has recommended the distribution of
praziquantel to all school-age children twice during their schooling years (e.g., once
on entry and once on exit), as most endemic municipalities are considered at low
risk; this is equivalent to mass drug administration (MDA) of one-third of school-age
population annually (WHO 2012b). As a result, the number of individuals requiring
preventive chemotherapy for schistosomiasis in Brazil every year has been estimated
by WHO at 1.5 million.

The current MoH guideline for schistosomiasis elimination in Brazil, launched in
2012 to attend resolution WHA65.21 (Brasil 2014), prescribes community-wide
stool surveys (one Kato-Katz sample, two slides) at regular intervals in endemic
municipalities with baseline prevalence at 5% or above. As shown in Fig. 10.5,
MDA is proposed only to persons over 5 years of age from localities with baseline
prevalence above 25%. From that value down to 15% it is necessary to identify the
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Fig. 10.5 Diagnosis and treatment scheme recommended by the Brazilian Ministry of Health for
elimination of schistosomiasis as a public health problem
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infection carriers in the locality and treat them together with their households; below
15%, only the infection carriers in the locality are required to be treated. Endemic
municipalities with baseline prevalence below 5% are not screened and treatment is
subjected to spontaneous demand at the local health units.

According to the Information System for the Schistosomiasis Control Program
(SISPCE 2021), in the 5 years (2008–2012) prior to the implementation of the new
MoH guideline 901 endemic municipalities had been surveyed, totaling 6.5 million
Kato-Katz tests, 320,393 (5%) of which positives; a total of 284,052 treatments had
been administered, averaging 56,810 per year. In the first 5 years (2013–2017) under
the new MoH guideline, 2.7 million Kato-Katz tests were performed in 623 endemic
municipalities, yielding 105,187 (3.9%) positives, and 79,905 treatments were
administered, averaging 15,981 per year. It is noteworthy that the number of
municipalities of the endemic area in the spontaneous demand category (prevalence
less than 5%) increased from 69.5% (626 out of 901) in the 2008–2012 period to
77.0% (480 out of 623) in the 2013–2017 period. Thus, as shown in Fig. 10.6, the
endemic municipalities requiring active search (either for selective chemotherapy or
MDA) were already minority in the former period and decreased even more in the
latter. It is also of interest that the number of exams with more than 400 epg was
21,184 in the 2008–2012 period and 5,965 in the 2013–2017 period, yielding a
prevalence of heavy-intensity infections of 0.32% and 0.22%, respectively.

It is clear from the data available in the SISPCE (2021) that both intensity and
prevalence of schistosomiasis infection in Brazil have been falling to levels compat-
ible with achieving elimination as a public health problem by 2030. It is unfortunate
that this accomplishment is not reflected in WHO/PCT databank where annual
coverage of preventive chemotherapy is calculated on the assumption that
one-third of the at risk school-age population (1.5 million) should be subjected to

2008-2012 2013-2017

< 5 (low)

5 - 24 (moderate)

≥ 25 (high)

Egg posi�vity (%):

Fig. 10.6 Geographical distribution of schistosomiasis mansoni in Brazil by prevalence class in
two periods of 5 years (2008–2012 and 2013–2017) according to SISPCE (System for the
Schistosomiasis Control Program)
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MDA every year (WHO 2012b, 2021). As pointed out by Favre et al. (2015),
Brazil’s public health policies and epidemiological characteristics advocate
community-wide interventions against schistosomiasis within the Family Health
Strategy (FHS), conducted at the primary health care level and framed by the Unified
Health System (SUS). This involves early identification of infection carriers and
timely treatment of all at-risk age groups rather than only school-aged children.
Implementation of genuine preventive measures such as environmental sanitation
and safe water supply backed by community mobilization and health education is
also of paramount importance. So far, emphasis on diagnosis and treatment has been
disproportionately greater than on the other intervention measures.

As shown in Fig. 10.5, the diagnostic method currently used by the MoH (Kato-
Katz) is useful in monitoring S. mansoni infection in sentinel sites but not in
detecting infected individuals for treatment, particularly in low endemicity areas.
As the target shifts from morbidity control towards elimination as public health
problems, the effectiveness of community interventions will require highly accurate
diagnostic methods which may not be available by 2030. Therefore, a One Health
approach will be needed to incorporate initiatives such as WASH (health promotion,
improved water supply, sanitation, and hygiene) to effectively combat schistosomi-
asis and other diseases of poverty (Zhou 2012).

10.7 Control Situation in Brazil: Snails and Environmental
Interventions Including Sanitation and Water

Until the mid-1970s, the fight against schistosomiasis as recommended by WHO
was focused on the control of transmission due to the lack of effective and safe
drugs. In Brazil, the strategy was chiefly through the reduction of populations of
intermediate host snails (Biomphalaria glabrata, B. straminea, and B. tenagophila)
by periodically applying molluscicide in the potential transmission sites (Brasil
2008). However, results from the few studies carried out under field conditions
with the only molluscicide approved for large-scale use (niclosamide) in schistoso-
miasis control campaigns were disappointing; the effect on snail populations was
transitory and not cost-effective, the impact on non-target organisms was significant,
whereas the influence on human infection was negligible (Barbosa et al. 2008). With
the advent of oxamniquine, a more effective and safer drug, the MoH initiated a
partly successful large-scale program for controlling transmission in highly endemic
areas focused on chemotherapy and, to a lesser extent, niclosamide application
(Machado 1982). In the mid-1980s, the focus of control recommended by the
WHO shifted from transmission to morbidity, aimed at reducing infection intensity
and preventing severe forms of the disease (Katz 1998). As a result, the Brazilian
Schistosomiasis Control Program (PCE) further intensified chemotherapy by
replacing oxamniquine with a much cheaper drug (praziquantel), and progressively
reduced the use of niclosamide, the cost of which had become prohibitive (Barbosa
et al. 2008). Other products with molluscicide proprieties, including those of plant
origin, as well as alternative methods using predators, competitors, parasites, or
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pathogens (biological control) have been sought for snail control (Brasil 2008;
Coelho and Caldeira 2016). However, so far none has been submitted to the MoH
and the regulatory agencies for approval.

In the mid-2000s, the MoH assigned a group of specialists from various academic
institutions, as well as from governmental agencies involved in environmental
regulation, to participate in the elaboration of directives for surveillance and control
of epidemiologically important molluscs in Brazil. Since then, it has been
established that snail control, whether by chemical, biological, or physical methods,
must comply with the concerning environmental legislation; public health organs
may be exempted from authorization by the environmental agencies provided the
action is part of a government program. At present, the PCE recommends snail
control with niclosamide only in special situations, such as when there is a localized
outbreak of acute cases or when high prevalence (>25%) estimated by routine Kato-
Katz method (one stool sample with two slides) persists even with the periodic
treatment of the population (Brasil 2014); in this situation, molluscicide application
is recommended shortly before chemotherapy and again a few weeks later (WHO
2017). However, as pointed out by Coelho and Caldeira (2016), routine Kato-Katz
method is likely to underestimate prevalence levels in some endemic areas, which
may require reassessment of the need for snail control using more robust egg-finding
methods.

MoH directives for schistosomiasis surveillance and control strongly
recommends the elimination of host snail populations by physical or environmental
measures e.g., draining or filling in the breeding sites, whenever technically
recommended and acceptable by the community in highly endemic areas. Rectifica-
tion, lining, and channeling of water courses are recommended as long lasting but
relatively expensive measures of environmental control; low-cost measures, such as
regularly cleaning and removing aquatic vegetation, may suffice in some cases
(Brasil 2014).

The MoH also provides a set of engineering interventions through the National
Health Foundation (FUNASA) for promoting sanitary solutions aimed at disease
prevention and control within the Unified Health System (SUS), primarily in
municipalities with less than 50,000 inhabitants and in rural areas. This includes
allocation of resources for environmental sanitation and safe water supply measures
that are selected by epidemiological and technical criteria and implemented through
agreement with the local and municipal Health Councils to warrant community
involvement (Brasil 2014; Funasa 2020). As pointed out on Sect. 10.6, sanitation
and water supply may ensure the reduction of various infectious diseases of poverty,
whereas chemotherapy and snail control are disease-specific (Fig. 10.7).
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10.8 Strategies of Health Education and Insertion in Basic Care,
Integration with Control of Other Infectious Diseases
of Poverty

It was pointed out in Sect. 10.6 that health education is sought as a key component
for schistosomiasis prevention at the primary health care level within Brazil’s
Unified Health System (SUS). However, educational actions must be contextualized
to the realities of the target population or group to promote higher participation in
control campaigns and better knowledge about the disease (Favre et al. 2021). The
MoH directives for schistosomiasis surveillance and control (Brasil 2014) include
recommendations and operational guidance on educational strategies that are useful
not only to combat schistosomiasis but other infectious diseases of poverty as well.
The main recommendations for the health educator under this One Health
approach are:

• Participate in the negotiations for the allocation of resources, together with the
local health and education groups, community associations, and other
stakeholders, before the implementation of educational actions.

• Stimulate the integration of the various participants (decision-makers, health
professionals, teachers, community leaders, and the target population) in the
implementation of educational actions.

Schistosomiasis
Diarrhea
Cholera
Dengue
Yellow fever
Trachoma 
Hepa��s
Poliomyeli�s
Scabies 
Leptospirosis
Typhoid fever 
Malaria.

Schistosomiasis
Diarrhea
Soil-transmi�ed

helminthiases
Cis�cercosis
Taeniasis
Plague
Yellow fever
Dengue
Toxoplasmosis
Leishamiasis
Salmonelosis
Leptospirosis
Tiphoid fever
Malaria

Fig. 10.7 Life cycle of Schistosoma mansoni and control interventions. Sanitation and water
supply are recommended by the Brazilian Ministry of Health against various infectious diseases
of poverty besides schistosomiasis (FUNASA 2020)
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• Ensure the participation and involvement of the community in the continuity and
sustainability of all phases of disease control.

• Promote reflections on socio-economic and cultural factors that affect health and
condition the well-being of the population.

• Help people understand that their own behavior can be a facilitating factor in
disease transmission.

• Apply new approaches or teaching strategies, such as relating content in an
interdisciplinary way, emphasizing the participation of pupils and teachers in
the school environment and the population in communal spaces, and valuing the
construction of knowledge through experience.

• Consider that the educational process is not only for the acquisition of skills, but
a construction of affective relationships, appreciation of oneself, respect for
others and eco-social responsibility.

• Encourage the empowerment of health and education professionals involved in
health programs to improve the work environment, which will have repercussions
on control programs.

The MoH directives also include recommendations for developing educational
materials based on previous investigation of the knowledge, attitudes, behaviors, and
beliefs of the population, in order to establish appropriate level of language and
information content. Suitable language and attractive designs (including color
images, if financially feasible) would favor motivation and the building of knowl-
edge among children and teenagers. Educational materials should avoid technical
language and content, which may be offered in supplementary texts for people who
wish to obtain more detailed knowledge. Stylized pictures that may lead to
misrepresentations or may be pedagogically inappropriate should also be avoided.
If there are drawings, include real images of the parasites, providing measurements
or scales, to show what they are like. The ideal is to set up a laboratory demonstration
at school or in the health service, providing slides with the parasites for microscopic
observation, which is highly motivating and educational (Fig. 10.8).

The MoH directives additionally highlight the importance of stimulating the
target population by various means, so that information is accessed by different
senses (vision, hearing, touch), using literary texts, music, drawings, dramatization,
and modeling. The use of television clippings, videos, or other media with characters
that people identify with in scenes of everyday life is also stressed, considering that
individuals benefit more from concrete experiences and pedagogical means and
strategies that integrate cognitive and affective aspects.

An initiative aiming to provide digital materials for teachers and pupils of basic
education in Brazil was recently implemented strictly following MoH
recommendations (http://www.xistose.com/). It promotes discussion and knowledge
building on schistosomiasis and other infectious diseases of poverty through virtual
meetings, in which popular and scientific knowledge can be shared. It stimulates
dialogue that leads to a reflection of the relations between health and socio-economic
and cultural development, public policies, and citizenship. The purpose is to start a
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process of sensitization and transformation of concepts of disease and health in a
participatory way (Fig. 10.9).

Another initiative following the MoH recommendations on health education is a
booklet specifically targeted at education and health professionals working in basic
care (Brasil 2018). It provides guidance on how to carry out proper educational
actions with the aim of contributing to the elimination of schistosomiasis as a public
health problem in Brazil. It advises the health and education workers in basic care to
recover the history of the disease in endemic localities, verify the risks and factors
related to transmission and update the prevalence estimates before undergoing
community interventions. Finally, it stresses that the process of effectively
implementing control strategies requires commitment from the different governmen-
tal spheres, active participation of the communities, and availability of human and
financial resources.

10.9 Development and Evaluation of Diagnostic Methods

Detection of eggs in fecal thick-smears using the Kato-Katz method has been the
main stem for population screening for many decades (WHO 1985). But it lacks
sensitivity as infection intensities decrease in late stages of transmission control.
Methods for the detection of antibodies and nucleic acids have been developed and
extensively applied, especially in Venezuela and Brazil (Alarcón-de-Noya et al.

Fig. 10.8 Observing Schistosoma mansoni eggs on a Kato-Katz slide under a microscope as part
of educational actions in the school environment
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2007; Gomes et al. 2013; Hofstede et al. 2014). In recent years, antigen detection
(POC-CCA, point-of-care circulating cathodic antigen) in urine has been proposed
as a substitute for KK smears, but there is also growing concern because of recent
demonstration of lack of reproducibility between batches of the
immunochromatographic kits and increased false-positive results in non-endemic
populations in Brazil (Graeff-Teixeira et al. 2021a). So there is still need for
accurate, cost-effective, and easy-to-perform tests, especially for use in low
endemicity areas and at late stages of transmission control, as well as tools to certify
transmission interruption. The needed testing must also have the proper
standardization and performance evaluation (Banoo et al. 2006; Graeff-Teixeira
et al. 2021b). Two sensitive egg detection methods were standardized and evaluated
in Brazil: Saline Gradient (SG) and Helmintex (HTX). Isolation of eggs from stools
is based on density gradient (SG, Coelho et al. 2009) and the coupling with
paramagnetic beads and magnetic behavior of eggs+beads (HTX, Teixeira et al.
2007). SG and HTX contribute as reference methods to improve performance
evaluation of molecular methods, especially for low endemicity settings, but not as
routine screening method (Lindholz et al. 2018; Silva-Moraes et al. 2019).

An important component of the successful Venezuelan experience controlling
schistosomiasis was the development and evaluation of diagnostic tools to overcome
the limitations of sensitivity with parasitological methods (Alarcón-de-Noya et al.

Fig. 10.9 Internet site providing digital materials on schistosomiasis and other infectious diseases
of poverty for teachers and pupils of basic education in Brazil (http://www.xistose.com/)
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2007). In the years 1950s the Circumoval Precipitin Test (COPT) was developed
consisting in visualization at the microscope of antibodies recognizing antigens
released by embryonated eggs from S. mansoni. COPT has been considered as a
reference method with high sensitivity (92–100%) and specificity (96–100%) and
with a good correlation with activity of infection. But it is also a labor intensive and
expensive method requiring the maintenance of the parasite cycle in the laboratory as
source of fresh, live eggs. It also requires a large amount (100 uL) of serum.
Serology using egg soluble antigen (SEA) depleted or not (SEA-ELISA) from
carbohydrate molecules after treatment with Sodium-Metaperiodate (SMP-SEA-
ELISA) was widely used in Venezuela as a screening procedure with 99% sensitivity
and 97% specificity (Noya et al. 2002). Worsening political and socio-economic
situation in Venezuela in recent years prevents the adequate continuous assessment
of residual transmission in that country that probably is in a late stage suitable for
transmission interruption certification in many areas. In a rural community (“Los
Toros,” 50 km from Valencia, north-central Venezuela) prevalence estimated by
SMP-SEA-ELISA was 31.5% after a survey of 92% of its 122 inhabitants (Ferrer
et al. 2020).

10.10 Development in Treatment, Pediatric Formulation
of Praziquantel

The control of schistosomiasis in Brazil was implemented at the national level in the
mid-1970s by the MoH, focussing its activities on wide-scale treatment with
oxamniquine; this drug, manufactured by Pfizer™ under the trade name Mansil®,
had two formulations: capsule with 250 mg of the active ingredient and 50 mg/ml
solution in flasks with 15 or 240 ml for pediatric use. It was the only drug used in
control campaigns until the late 1990s (Katz 1998, 2008a). The MoH recommended
dose was 20 mg/kg for children from 2 years (or 10 kg of body weight) up to
15 years (or 60 kg of body weight) and 15 mg/kg for the remaining age groups.
Children weighing between 10 and 20 kg received only the pediatric formulation,
whereas those between 21 and 35 kg also could be given capsules (Brasil 2014);
thus, the recommended dosage ranged from 4 ml (for children with 10–11 kg) to
15 ml (children with 34–35 kg) of the pediatric formulation, and from two capsules
(for children with 21–23 kg) to five capsules (for children with 55–60 kg)
(Table 10.5).

In the late 1990s, the MoH started using 600 mg praziquantel tablets
manufactured by Farmanguinhos/Fiocruz for a fraction of the cost of oxamniquine;
the recommended dose is 60 mg/kg for children from 2 years (or 10 kg of body
weight) up to 15 years (or 60 kg of body weight) and 50 mg/kg for the remaining age
groups (Table 10.5). However, the pediatric formulation of oxamniquine continued
to be used by the MoH in preference to praziquantel among children weighing
10–35 kg until its acquisition was discontinued in the early 2000s. Since then,
control campaigns in Brazil have faced two issues with administering praziquantel:
firstly, the bitter taste and the large size of the tablets make it usually necessary to
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crush and mix them with some candy or juice for children to accept medication;
secondly, the tablets are supplied without any score making it difficult to break them
in half to adjust the amount of drug to the body weight (Table 10.5).

Table 10.5 Dosage table of oxamniquine (50 mg/ml solution and 250 mg capsule), 600 mg
praziquantel racemate (rac-PZQ) tablets and 150 mg levo-praziquantel oral dispersive tablets
(L-PZQ ODT) for children with 10–60 kg of body weight (approximately 2–15 years old)

Oxamniquine (20mg/kg) * Rac-PZQ (600mg/kg) * L-PZQ ODT (50mg/kg)

Body 
weight 

(kg)

50mg/ml 
solution (ml)

250-mg 
capsules

Body 
weight 

(kg)

600-mg 
tablets

Body 
weight 

(kg)

150-mg 
tablets

10 – 11 4 - 10 – 12 1 11 - 13 4

12 – 13 5 - 13 – 16 1½ 14 – 16 5

14 – 16 6 - 17 – 20 2 17 – 19 6

17 – 18 7 - 21 – 25 2½ 20 – 22 7

19 – 20 8 - 26 – 30 3 23 – 25 8

21 – 23 9 2 31 – 35 3½ 26 – 28 9

24 – 25 10 2 36 – 40 4 29 – 31 10

26 – 27 11 2 41 – 45 4½ 32 – 34 11

28 – 29 12 2 46 – 50 5 35 – 37 12

30 – 31 13 2 51 – 55 5½ 38 – 40 13

32 – 33 14 3 56 – 60 6 41 – 43 14

34 – 35 15 3 44 – 46 15

36 – 43 - 3 47 – 49 16

44 – 54 - 4 50 – 52 17

55 – 60 - 5 53 – 55 18

Use of pediatric formulation:       Preferred         Extended 56 – 58 19

* Body-weight classes recommended by the Ministry of Health (Brasil 
2014) 59 – 60 20

Preferred age range for pediatric formulations: 2–6 years (10–35 kg); extended age range:
7–15 years (26–60 kg)
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The only currently available formulation for pediatric use is a syrup formulation
of Epiquantel® with 600 mg/5 ml of praziquantel, manufactured by the Egyptian
International Pharmaceutical Industries Company (EIPICO) in Africa. However, it
has shown cost-benefit and production issues (Stothard et al. 2013) and a signifi-
cantly lower efficacy for S. mansoni than for S. haematobium (Garba et al. 2013).
WHO (2010) recommended the use of crushed tablets until a suitable pediatric
formulation be made available. Thus, a proper validation study of the Epiquantel®

syrup formulation is required before it can be considered for use in Brazil.
In 2012, a public-private partnership was created to develop, register, and provide

access to a child-appropriate praziquantel formulation. This partnership, named
Pediatric Praziquantel (PEDPZQ) Consortium, congregates pharmaceutical
companies, research institutions, and universities from Europe and the following
endemic countries: Kenya, Ivory Coast, and Brazil. (https://www.
pediatricpraziquantelconsortium.org/). A key component of PEDPZQ Consortium
is the involvement of external experts on pediatric formulations, epidemiology,
worm control, or regulatory affairs from scientific and government communities
(Hussaarts et al. 2017). As a result of this multidisciplinary and intersectoral
approach, an orodispersible tablet (ODT) formulation was developed, containing
only the L- (levo) enantiomer that, together with the D- (dextro) enantiomer, makes
up the 1:1 racemate of the commercial preparation. The 150 mg orodispersible
tablets of L-praziquantel (ODT L-PZQ) were chosen because only the
L-enantiomer has antischistosomal activity, and the D-enantiomer is responsible
for most of the adverse effects and bitter taste of the racemate (Reinhard-Rupp and
Klohe 2017). The 150 mg tablet size allows adequate 50 mg/kg dosing for the
preferred age range (up to 6 years of age) as pointed out by Olliaro et al. (2013) and
can also be considered for the extended age range (up to 15 years or 60 kg of body
weight) (Table 10.5).

It was pointed out on Sect. 10.4 that most endemic localities in Brazil are at low
risk. This makes them eligible for active search followed by treatment of the
infection carriers if prevalence (one Kato-Katz sample, two slides) is less than
15%, as recommended by the MoH (Brasil 2014). Thus, the proportion of recipients
of the pediatric formulation estimated for Brazil may differ from that estimated for
endemic countries where MDA is the treatment scheme of choice. Fig. 10.10 shows
the age distribution among infection carriers of a representative locality in the
endemic area of Brazil (Lindholz et al. 2018). The Kato-Katz prevalence was 12%
(55 positives of 461 tested), making it necessary for the largest possible number of
infection carriers to be identified for treatment. By using a highly sensitive method
based on egg detection (Helmintex®) in combination to Kato-Katz 187 positives
were identified. As a result, only 6% would be recipients of the pediatric formulation
in the preferred age range (2–6 years), in contrast with an estimated 10% for areas of
MDA (Reinhard-Rupp and Klohe 2017); however, extending the use of the pediatric
formulation to the age group of 7–15 years age would reach 35% of the eligible
population. At present, a clinical trial phase III on the safety and efficacy of ODT
L-PZQ is in the final stage in Kenya and Ivory Coast, which will allow deciding
between the doses of 50 and 60 mg/kg (https://clinicaltrials.gov/ct2/show/record/
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NCT03845140). An implementation of the Access and Distribution Plan in priority
African countries is planned by the PEDPZQ Consortium for 2023. However,
further studies are needed before the ODT L-PZQ is incorporated into the routine
of control campaigns in Brazil.

10.11 Perspectives and Concluding Remarks

Complexity of hosts-environment-parasite interactions and their dynamics explains
the apparent paradox of increasing uncertainties as we reach advanced stages of
control, both in South America, the Caribbean region and other continents. Several
important issues are emerging and requiring researchers’ and policy-makers’ atten-
tion: (1) the role of animals other than humans in maintaining the transmission;
(2) the need for several high-performance diagnostic tools and their combined
application in diverse settings; (3) the heterogeneity on distribution of infection
intensities with transmission hot spots; (4) the challenge for engagement of multiple
stakeholders, including communities living in endemic areas; (5) very basic needs
and improvements in life conditions, including safe water and sanitation.

It was pointed out in Sect. 10.6 that the MoH commitment to reach schistosomia-
sis elimination by 2020 remains unattended, even though a special guideline was
established in 2012 to accomplish it. The new road map launched by WHO (2020)
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Fig. 10.10 Proportion of recipients of the pediatric formulation of praziquantel in an endemic
community of schistosomiasis in Brazil. Preferred ages: 2–6 years; extended ages: 7–15 years.
Dataset from Lindholz et al. (2018) available at http://journals.plos.org/plosntds/article/asset?
unique & id¼info:doi/10.1371/journal.pntd.0006274.s002
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identified critical gaps and defined actions required at the global level to reach it by
2030 and urged endemic countries to attend the relevant targets of the Sustainable
Development Goals (SDG). SDG 6 (clean water and sanitation) is directly relevant
to schistosomiasis and other neglected tropical diseases, particularly targets 6.1 and
6.2 (Fitzpatrick and Engels 2016). Other SDGs are also of relevance, such as SDG
1 (no poverty), SDG 2 (zero hunger), SDG 4 (quality education), and SDG 13 (cli-
mate action), although indirectly (Fig. 10.11).

The new WHO road map also requests further intersectoral collaboration to
address issues related to diagnostics, monitoring and evaluation, access to and
logistics for medicines and medical products, capacity strengthening, advocacy,
and funding (WHO 2020). This request attends the “One Health—One World”
approach recommended by the Special Program for Research and Training in
Infectious Diseases of Poverty (TDR), which may be characterized as follows
(Zhou 2012): (1) urgency in intersectoral collaboration; (2) priority for interdisci-
plinary research; (3) greater collaboration between research institutions and govern-
ment agencies, including public-private partnerships; (4) incorporation of an
eco-epidemiological approach in disciplines of Public Health, Medicine, Social
Sciences, Veterinary Sciences, and Agricultural Sciences.

In conclusion, the current MoH guideline already comprises the One Health
strategy as it recommends an interdisciplinary and intersectoral strategy for commu-
nity interventions involving, but not limited to, active search and timely treatment of

6.1 By 2030, achieve universal and equitable access to safe 
and affordable drinking water for all

6.2 By 2030, achieve access to adequate and equitable 
sanitation and hygiene for all and end open defecation, paying 
special attention to the needs of women and girls and those in 
vulnerable situations 

Fig. 10.11 Targets for Sustainable Development Goal 6 directly relevant to elimination of
schistosomiasis and other neglected tropical diseases (Fitzpatrick and Engels 2016)
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risk groups (Fig. 10.12). As pointed out in Sect. 10.5, improved living conditions of
the at-risk populations due to priority public policies implemented from the early
2000s to the mid-2010s may have contributed substantially to a sustained, decreas-
ing trend in prevalence and intensity of infection as well as morbidity and mortality
of schistosomiasis in Brazil. Although the future for this political priority is currently
uncertain, crucial components of the MoH strategy, namely, provision of safe water
supply, sanitation, and hygiene (WASH), should receive much more attention from
government agencies than has been given recently because they have been formally
endorsed as targets in the 2030 Agenda for SDG 6. Other components of the MoH
strategy, such as IEC (information, education, and communication), community
mobilization, mapping of water-contact sites and malacological surveys and control,
will also require strong interdisciplinary and intersectoral efforts under the One
Health approach to achieve schistosomiasis elimination in due time.

References

Alarcón-de-Noya B, Pointier JP, Colmenares C et al (1997) Natural Schistosoma mansoni infection
in wild rats from Guadeloupe: parasitological and immunological aspects. Acta Trop 68:11–21

Alarcón-de-Noya B, Ruiz R, Losada S et al (2007) Detection of schistosomiasis cases in
low-transmission areas based on coprologic and serologic criteria. Venezuelan Exp Acta Trop
103(1):41–49

Amaral RS, Tauil PL, Lima DD, Engels D (2006) An analysis of the impact of the Schistosomiasis
Control Programme in Brazil. Mem Inst Oswaldo Cruz 101(Suppl 1):79–85

Andrade ZA (1998) The situation of hepatosplenic schistosomiasis in Brazil today. Mem Inst
Oswaldo Cruz 93(Suppl 1):313–316

FFocus Morbidity Prevalence Transmission Surveillance

Endemicity Low

Target

Active search and treatment of risk groups Spontaneous demand

Water supply, sanitation, and hygiene (WASH)

Information, Education,Communication (IEC) and Community mobilization

Mapping of water-contact sites, malacological surveys

Snail control

MoH Strategy

Fig. 10.12 Ministry of Health (MoH) interdisciplinary and intersectoral strategy for morbidity
control and elimination of schistosomiasis as a public health problem (Brasil 2014)

216 C. Graeff-Teixeira and O. S. Pieri



Andrade ZA, Bina JC (1983) A patologia da forma hepato-esplênica da esquistossomose mansoni
em sua forma avançada—estudo de 232 necrópsias completas. Mem Inst Oswaldo Cruz 78(3):
285–305

Banoo S, Bell D, Bossuyt P et al (The TDR Diagnostics Evaluation Expert Panel) (2006) Evaluation
of diagnostic tests for infectious diseases: general principles. Nat Rev Microbiol 4:S21–S31

Barbosa CS, Favre TC, Amaral RS, Pieri OS (2008) Epidemiology and control of schistosomiasis
mansoni. In: Carvalho OS, Coelho PMZ, Lenzi HL (eds) Schistosoma mansoni and schistoso-
miasis: a multidisciplinary vision. FIOCRUZ, Rio de Janeiro, pp 964–1008

Barbosa CS, Gomes ECS, Campos JV et al (2016) Morbidity of mansoni schistosomiasis in
Pernambuco-Brazil: analysis on the temporal evolution of deaths, hospital admissions and
severe clinical forms (1999–2014). Acta Trop 164:10–16

Bergquist R, Johansen MV, Utzinger J (2009) Diagnostic dilemmas in helminthology: what tools to
use and when? Trends Parasitol 25:151–156

Bina JC, Prata A (1983) Regression of hepatosplenomegaly by specific treatment of schistosomia-
sis. Rev Soc Bras Med Trop 16(4):213–218

Brasil (2008) [Surveillance and Control of Molluscs with Epidemiological Importance: technical
directives: Schistosomiasis Control and Surveillance Program (PCE)]. Ministério da Saúde,
Secretaria de Vigilância em Saúde, Departamento de Vigilância Epidemiológica, 2nd edn.
Ministério da Saúde, Brasília, p 178

Brasil (2014) [Surveillance of schistosomiasis mansoni: technical guideline], 4th edn. MS/SVS/
DVDT, Brasília: Ministério da Saúde. 144 p. http://bvsms.saude.gov.br/bvs/publicacoes/
vigilancia esquistossome mansoni diretrizes tecnicas.pdf Accessed 01/03/2021

Brasil (2018) [Health education for schistosomiasis control]. Ministério da Saúde, Secretaria de
Vigilância em Saúde, Departamento de Vigilância das Doenças Transmissíveis. Brasília:
Ministério da Saúde, 40 p. http://bvsms.saude.gov.br/bvs/publicacoes/educacao_saude_
controle_esquistossomose.pdf Accessed 01/03/2021

Cabello R, Beck L, Massara CL et al (2016) Schistosoma mansoni infection and related knowledge
among schoolchildren in an endemic area of Minas Gerais, Brazil, prior to educational actions.
Acta Trop 164:208–215

Cameron TWM (1928) A New Definitive Host for Schistosoma mansoni. J Helminthol 6(4):
219–222

Carvalho OS, Milward-Andrade R, Cortês MBN (1975) Roedores silvestres na epidemiologia da
esquistossomose mansônica no Lago da Pampulha, Belo Horizonte, Minas Gerais (Brasil). Rev
Soc Bras Med Trop 9(1):26:35

Catalano S, Sène M, Diouf ND et al (2018) Rodents as natural hosts of zoonotic Schistosoma
species and hybrids: an epidemiological and evolutionary perspective fromWest Africa. J Infect
Dis 218:429–433

Cheever AW, Macedonia JG, Mosimann JE, Cheever EA (1994) Kinetics of egg production and
egg excretion by Schistosoma mansoni and S. japonicum in mice infected with a single pair of
worms. Am J Trop Med Hyg 50(3):281–295

Coelho P, Caldeira RL (2016) Critical analysis of molluscicide application in schistosomiasis
control programs in Brazil. Infect Dis Poverty 5:57

Coelho PM, Jurberg AD, Oliveira AA, Katz N (2009) Use of a saline gradient for the diagnosis of
schistosomiasis. Mem Inst Oswaldo Cruz 104:720–723

Colley DG, Bustinduy AL, Secor WE, King CH (2014) Human schistosomiasis. Lancet 383:2253–
2264

Coura JR, Conceição J, Santos ML et al (1992) Cross-sectional and evolutive studies of schistoso-
miasis mansoni in untreated and mass treated endemic areas in the southeast and northeast of
Brazil. Mem Inst Oswaldo Cruz 87(Suppl 4):175–182

Crompton DWT, World Health Organization (2006) Preventive chemotherapy in human helmin-
thiasis: coordinated use of anthelminthic drugs in control interventions: a manual for health
professionals and programme managers. World Health Organization https://apps.who.int/iris/
handle/10665/43545. Accessed 21/01/2021

10 Schistosomiasis Control: Present Situation and Perspectives 217

http://bvsms.saude.gov.br/bvs/publicacoes/vigilancia%20esquistossome%20mansoni%20diretrizes%20tecnicas.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/vigilancia%20esquistossome%20mansoni%20diretrizes%20tecnicas.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/educacao_saude_controle_esquistossomose.pdf
http://bvsms.saude.gov.br/bvs/publicacoes/educacao_saude_controle_esquistossomose.pdf
https://apps.who.int/iris/handle/10665/43545
https://apps.who.int/iris/handle/10665/43545


Favre TC, Pereira AP, Beck LC et al (2015) School-based and community-based actions for
scaling-up diagnosis and treatment of schistosomiasis toward its elimination in an endemic
area of Brazil. Acta Trop 149:155–162

Favre TC, Massara CL, Beck L et al (2021) Adherence to diagnosis followed by selective treatment
of schistosomiasis mansoni and related knowledge among schoolchildren in an endemic area of
Minas Gerais, Brazil, prior to and after the implementation of educational actions. Parasite
Epidemiol Control 13:e00208

Ferrari TC, Moreira PR, Cunha AS (2008) Clinical characterization of neuroschistosomiasis due to
Schistosoma mansoni and its treatment. Acta Trop 108:89–97

Ferrer E, Villegas B, Mughini-Gras L et al (2020) Diagnostic performance of parasitological,
immunological, and molecular tests for the diagnosis of Schistosoma mansoni infection in a
community of low transmission in Venezuela. Acta Trop 204:105360

Fitzpatrick C, Engels D (2016) Leaving no one behind: a neglected tropical disease indicator and
tracers for the sustainable development goals. Int Health 8(Suppl 1):15–18

FUNASA (2020) [Sanitation for Health Promotion] http://www.funasa.gov.br/web/guest/
saneamento-para-promocao-da-saude?inheritRedirect¼true Accessed 21/01/2021.

Gabrielli AF, Montresor A, Chitsulo L et al (2011) Preventive chemotherapy in human helminthia-
sis: theoretical and operational aspects. Trans R Soc Trop Med Hyg 105(12):683–693

Garba A, Lamine MS, Djibo A et al (2013) Safety and efficacy of praziquantel syrup (Epiquantel™)
against Schistosoma haematobium and Schistosoma mansoni in preschool-aged children in
Niger. Acta Trop 128:318–325

Gentile R, Costa-Neto SF, Gonçalves MML et al (2006) An ecological field study of the water-rat
Nectomys squamipes as a wild reservoir indicator of Schistosoma mansoni transmission in an
endemic area. Mem Inst Oswaldo Cruz 101(Suppl. 1):111–117

Gomes LI, Enk MJ, Rabello A (2013) Diagnosing schistosomiasis: where are we? Rev Soc Bras
Med Trop 47(1):3–11

Graeff-Teixeira C, Favero V, Pascoal VF et al (2021a) Low specificity of point-of-care circulating
cathodic antigen (POC–CCA) diagnostic test in a non-endemic area for schistosomiasis mansoni
in Brazil. Acta Trop 217:105863

Graeff-Teixeira C, Favero V, Souza RP et al (2021b) Use of Schistosoma mansoni soluble egg
antigen (SEA) for antibody detection and diagnosis of schistosomiasis: the need for improved
accuracy evaluations of diagnostic tools. Acta Trop 215:105800

Hewitt R, Willingham AL (2019) Status of Schistosomiasis Elimination in the Caribbean Region.
Trop Med Infect Dis 4(1):24

Hofstede SN, Tami A, van Liere GA et al (2014) Long-term effect of mass chemotherapy,
transmission and risk factors for Schistosoma mansoni infection in very low endemic
communities of Venezuela. Acta Trop 140:68–76

Hussaarts L, van der Weijde K, Dome P et al (2017) Product development programs for neglected
tropical diseases: a crucial role for expert meetings. PLoS Negl Trop Dis 11:e0005183

Jordan P (1985) Schistosomiasis: the St. Cambridge University Press, Cambridge, UK, Lucia
Project, p 442

Katz N (1998) Schistosomiasis control in Brazil. Mem Inst Oswaldo Cruz 93(Suppl 1):33–35
Katz N (2008a) Clinical therapy in schistosomiasis mansoni. In: Carvalho OS, Coelho PMZ, Lenzi

HL (eds) Schistosoma mansoni and schistosomiasis: a multidisciplinary vision. FIOCRUZ, Rio
de Janeiro, pp 964–1008

Katz N (2008b) The discovery of schistosomiasis mansoni in Brazil. Acta Trop 101:67–71
Katz N (2018) [National survey of prevalence of schistosomiasis mansoni and soil-transmitted

helminthiases]. René Rachou Institute-FIOCRUZ, Belo Horizonte. http://www2.datasus.gov.br/
datasus/index.php?area¼0208 Accessed May 12th, 2021.

Katz N, Brener Z (1966) Evolucão clínica de 112 casos de esquistossomose mansoni observados
após dez anos de permanência em focos endêmicos de Minas Gerais. Rev Inst Med Trop S Paulo
8:139–142

218 C. Graeff-Teixeira and O. S. Pieri

http://www.funasa.gov.br/web/guest/saneamento-para-promocao-da-saude?inheritRedirect=true
http://www.funasa.gov.br/web/guest/saneamento-para-promocao-da-saude?inheritRedirect=true
http://www.funasa.gov.br/web/guest/saneamento-para-promocao-da-saude?inheritRedirect=true
http://www2.datasus.gov.br/datasus/index.php?area=0208
http://www2.datasus.gov.br/datasus/index.php?area=0208
http://www2.datasus.gov.br/datasus/index.php?area=0208


Kawazoe U, Pinto ACM (1983) Importância epidemiológica de alguns animais silvestres na
esquistossomose mansônica. Rev Saúde públ S Paulo 17:345–366

King CH, Dangerfield-Cha M (2008) The unacknowledged impact of chronic schistosomiasis.
Chronic Illn 4:65–79

King CH, Dickman K, Tisch DJ (2005) Reassessment of the cost of chronic helmintic infection: a
meta-analysis of disability-related outcomes in endemic schistosomiasis. Lancet 365:1561–
1569

Lambertucci JR (2014) Revisiting the concept of hepatosplenic schistosomiasis and its challenges
using traditional and new tools. Rev Soc Bras Med Trop 47(2):130–136

Lambertucci JR, Silva LC, Amaral RS (2007) Guidelines for the diagnosis and treatment of
schistosomal myeloradiculopathy. Rev Soc Bras Med Trop 40:574–581

Lindholz CG, Favero V, Verissimo CM et al (2018) Study of diagnostic accuracy of Helmintex,
Kato-Katz, and POC-CCA methods for diagnosing intestinal schistosomiasis in Candeal, a low
intensity transmission area in northeastern Brazil. PLoS Negl Trop Dis 12:e0006274

Machado PA (1982) The Brazilian program for schistosomiasis control, 1975–1979. Am J Trop
Med Hyg 31:76–86

Manson P (1902) Report of a case of bilharzia from the West Indies. Br Med J 2:1894
Martins-Melo FR, Pinheiro MC, Ramos NA et al (2014) Trends in schistosomiasis-related mortality

in Brazil, 2000–2011. Int J Parasitol 44:1055–1062
Martins-Melo FR, Carneiro M, Ramos NA (2018) The burden of Neglected Tropical Diseases in

Brazil, 1990–2016: a subnational analysis from the Global Burden of Disease Study 2016. PLoS
Negl Trop Dis 12:e0006559

Miranda GS, Rodrigues JGM, Lira MGS et al (2015) Monitoring positivity for Schistosoma
mansoni in rodents Holochilus sp. naturally infected. Ciência Animal Brasileira 16(3):456–463

Modena CM, Lima WD, Coelho PMZ (2008) Wild and domesticated animals as reservoirs of
Schistosomiasis mansoni in Brazil. Acta Trop 108(2–3):242–244

Morgan JAT, Dejong RJ, Adeoye GO et al (2005) Origin and diversification of the human parasite
Schistosoma mansoni. Mol Ecol 14:3889–3902

Nguyen K, Gemmel B, Rohr J (2020) Effects of temperature and viscosity on miracidial and
cercarial movement of Schistosoma mansoni: ramifications for disease transmission. Int J
Parasitol 50(2):153–159

Noya O, Alarcón-de-Noya B, Losada S et al (2002) Laboratory diagnosis of schistosomiasis in
areas of low transmission. A review of a line of research. Mem Inst Oswaldo Cruz 97(Suppl:
I):167–169

Noya O, Katz N, Pointier JP et al (2015) Schistosomiasis in America. In: Franco-Paredes C, Santos-
Preciado J (eds) Neglected Tropical Diseases—Latin America and the Caribbean. Neglected
Tropical Diseases. Springer, Vienna. https://doi.org/10.1007/978-3-7091-1422-3_2 Accessed
May 12th, 2021

Olliaro PL, Vaillant M, Hayes DJ et al (2013) Practical dosing of praziquantel for schistosomiasis in
preschool-aged children. Tropical Med Int Health 18:1085–1089

Pan American Health Organization (2009) 49th Directing Council—Final Report, 61st Session of
the Regional Committee, Washington, DC, USA https://iris.paho.org/bitstream/handle/10
665.2/34484/CD49-PFR-e.pdf?sequence¼1&isAllowed¼y Accessed 21/01/2021

Pan American Health Organization (2014) PAHO/WHO Schistosomiasis Regional Meeting. Defin-
ing a road map toward verification of elimination of schistosomiasis transmission in Latin
America and the Caribbean by 2020. https://www.paho.org/en/documents/pahowho-schistoso
miasis-regional-meeting-defining-road-map-toward-verification-0 Accessed May 12th, 2021

Pan American Health Organization (2016). Neglected infectious diseases in the Americas: success
stories and innovation to reach the neediest. https://iris.paho.org/handle/10665.2/31250
Accessed May 12th, 2021

Reinhard-Rupp J, Klohe K (2017) Developing a comprehensive response for treatment of children
under 6 years of age with schistosomiasis: research and development of a pediatric formulation
of praziquantel. Infect Dis Poverty 6:122

10 Schistosomiasis Control: Present Situation and Perspectives 219

https://doi.org/10.1007/978-3-7091-1422-3_2
https://iris.paho.org/bitstream/handle/10665.2/34484/CD49-PFR-e.pdf?sequence=1&isAllowed=y
https://iris.paho.org/bitstream/handle/10665.2/34484/CD49-PFR-e.pdf?sequence=1&isAllowed=y
https://iris.paho.org/bitstream/handle/10665.2/34484/CD49-PFR-e.pdf?sequence=1&isAllowed=y
https://iris.paho.org/bitstream/handle/10665.2/34484/CD49-PFR-e.pdf?sequence=1&isAllowed=y
https://www.paho.org/en/documents/pahowho-schistosomiasis-regional-meeting-defining-road-map-toward-verification-0
https://www.paho.org/en/documents/pahowho-schistosomiasis-regional-meeting-defining-road-map-toward-verification-0
https://iris.paho.org/handle/10665.2/31250


Rijpstra AC, Swellengrebel NH (1962) Lateral-spined schistosome ova in a great anteater,
Myrmecophaga tridactyla L. (Edentata), from Surinam. Trop Geogr Med 14:279–283

Sarvel AK, Oliveira AA, Silva AR et al (2011) Evaluation of a 25-year-program for the control of
schistosomiasis mansoni in an endemic area in Brazil. PLoS Negl Trop Dis 5(3):e990

Silva RR, Machado-Silva JR, Faerstein NF et al (1992) Natural infection of wild rodents by
Schistosoma mansoni—pathological aspects. Mem Inst Oswaldo Cruz 87(Supl:1):271–276

Silva TMC, Andrade ZA (1989) Infecção natural de roedores silvestres pelo Schistosoma mansoni.
Mem Inst Oswaldo Cruz 82(2):227–235

Silva-Moraes V, Shollenberger LM, Siqueira LMV et al (2019) Diagnosis of Schistosoma mansoni
infections: what are the choices in Brazilian low-endemic areas? Mem Inst Oswaldo Cruz 114:
e180478

Silva-Souza N, Silva APC, Oliveira RM et al (2019) Parasitological and histological aspects of
Holochilus sciureus naturally infected by Schistosoma mansoni. Braz J Vet Parasitol 28(4):
769–772

SISPCE (2021) [Schistosomiasis Control Program (PCE): health information]. http://tabnet.
datasus.gov.br/cgi/deftohtm.exe?sinan/pce/cnv/pcebr.def Accessed 21/01/2021

Stothard JR, Sousa-Figueiredo JC, Betson M et al (2013) Schistosomiasis in African infants and
preschool children: let them now be treated! Trends Parasitol 29:197–205

Sturt AS, Webb EL, Francis SC et al (2020) Beyond the barrier: Female Genital Schistosomiasis as
a potential risk factor for HIV-1 acquisition. Acta Trop 209:105524

Swellengrebel NH, Rijpstra AC (1965) Lateral-spined schistosome ova in the intestine of a squirrel
monkey from Surinam. Trop Geogr Med 17:80–84

Teixeira CF, Neuhauss E, Ben R et al (2007) Detection of Schistosoma mansoni eggs in feces
through their interaction with paramagnetic beads in a magnetic field. PLoS Negl Trop Dis 1:
e73

Théron A, Pointier JP, Morand S et al (1992) Long-term dynamics of natural populations of
Schistosoma mansoni among Rattus rattus in patchy environment. Parasitology 104(2):291–298

World Health Organization (1985) The control of schistosomiasis. WHO, Geneva. Technical
Report Series 728. https://www.who.int/publications/i/item/WHO-TRS-728 Accessed 14/05/
2021

World Health Organization (2002) Prevention and Control of Schistosomiasis and Soil-transmitted
Helminthiasis: Report of a WHO Expert Committee. WHO Technical Report Series 912, WHO,
Geneva. https://apps.who.int/iris/bitstream/handle/10665/42588/WHO_TRS_912.pdf?
sequence¼1&isAllowed¼y Accessed 21/01/2021

World Health Organization (2006) Preventive Chemotherapy in Human Helminthiasis: Coordi-
nated Use of Anthelminthic Drugs in Control Interventions: A Manual for Health Professionals
and ProgrammeManagers. WHO, Geneva http://apps.who.int/iris/bitstream/handle/10665/4354
5/9241547103_eng.pdf?sequence¼1 Accessed 21/01/2021

World Health Organization (2010) Report of a meeting to review the results of studies on the
treatment of schistosomiasis in preschool-aged children. World Health Organization https://
www.who.int/schistosomiasis/resources/9789241501880/en/ Accessed 21/01/2021

World Health Organization (2011) Helminth control in school-age children: a guide for managers of
control programmes, 2nd ed. World Health Organization. https://apps.who.int/iris/handle/10
665/44671

World Health Organization (2012a) Accelerating work to overcome the global impact of neglected
tropical diseases: a roadmap for implementation: executive summary. World Health Organiza-
tion. https://apps.who.int/iris/handle/10665/70809 Accessed 21/01/2021

World Health Organization (2012b) Schistosomiasis: population requiring preventive chemother-
apy and number of people treated in 2010. Weekly Epidemiological Record, No 4, 87, 37–44.
https://www.who.int/wer/2012/wer8704.pdf?ua¼1 Accessed 21/01/2021

World Health Organization (2013) Schistosomiasis: Progress Report 2001–2011 and Strategic Plan
2012–2020. WHO, Geneva http://apps.who.int/iris/handle/10665/78074 Accessed 21/01/2021

220 C. Graeff-Teixeira and O. S. Pieri

http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sinan/pce/cnv/pcebr.def
http://tabnet.datasus.gov.br/cgi/deftohtm.exe?sinan/pce/cnv/pcebr.def
https://www.who.int/publications/i/item/WHO-TRS-728
https://apps.who.int/iris/bitstream/handle/10665/42588/WHO_TRS_912.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/42588/WHO_TRS_912.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/42588/WHO_TRS_912.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/42588/WHO_TRS_912.pdf?sequence=1&isAllowed=y
http://apps.who.int/iris/bitstream/handle/10665/43545/9241547103_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/43545/9241547103_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/43545/9241547103_eng.pdf?sequence=1
https://www.who.int/schistosomiasis/resources/9789241501880/en/
https://www.who.int/schistosomiasis/resources/9789241501880/en/
https://apps.who.int/iris/handle/10665/44671
https://apps.who.int/iris/handle/10665/44671
https://apps.who.int/iris/handle/10665/70809
https://www.who.int/wer/2012/wer8704.pdf?ua=1
https://www.who.int/wer/2012/wer8704.pdf?ua=1
http://apps.who.int/iris/handle/10665/78074


World Health Organization (2017) Field use of molluscicides in schistosomiasis control
programmes: an operational manual for programme managers. Geneva. https://apps.who.int/
iris/bitstream/handle/10665/254641/9789241511995-eng.pdf?sequence¼1&isAllowed¼y
Accessed 21/01/2021

World Health Organization (2020) Ending the neglect to attain the sustainable development goals: a
road map for neglected tropical diseases 2021–2030. World Health Organization. https://apps.
who.int/iris/handle/10665/332094 Accessed 21/01/2021

World Health Organization (2021) Neglected Tropical Diseases PCT databank. Schistosomiasis.
https://www.who.int/neglected_diseases/preventive_chemotherapy/sch/en/ Accessed 13/01/
2021

Yuan LP, Manderson L, Ren MY et al (2005) School-based interventions to enhance knowledge
and improve case management of schistosomiasis: a case study from Hunan, China. Acta Trop
96:248–254

Zhou XN (2012) Prioritizing research for “One health—One world”. Infect Dis Poverty 1:1
Zoni AC, Catala L, Ault SK (2016) Schistosomiasis prevalence and intensity of infection in Latin

America and the Caribbean Countries, 1942–2014: a systematic review in the context of a
regional elimination goal. PLoS Negl Trop Dis 10:e0004493

Zou H-Y, Yu Q-F, Qiu C et al (2020) Meta-analyses of Schistosoma japonicum infections in wild
rodents across China over time indicates a potential challenge to the 2030 elimination targets.
PLoS Negl Trop Dis 14(9):e0008652

10 Schistosomiasis Control: Present Situation and Perspectives 221

https://apps.who.int/iris/bitstream/handle/10665/254641/9789241511995-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/254641/9789241511995-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/254641/9789241511995-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/254641/9789241511995-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/handle/10665/332094
https://apps.who.int/iris/handle/10665/332094
https://www.who.int/neglected_diseases/preventive_chemotherapy/sch/en/


Hookworms in South America: A Constant
Threat Especially to Children 11
Heinz Mehlhorn

Abstract

Hookworms (¼ bloodsucking nematodes) belong to the group of the most
common and extremely dangerous worms worldwide. They attack humans as
well as animals, especially in so-called developing countries in warm climates as
in South America. Especially people living in regions with a low-graded health
system are still today highly endangered and suffer from large numbers of death
cases ranging from young kids to old persons.

The present chapter gives insights into the life cycle of these worms, their
morphology, their life cycle, prevention methods, and treatment changes in times
of progressing drug resistances. Thus it is time to ameliorate the hygienic systems
in these countries by the help of the One Health program and by information
targeted to a broad spectrum of endangered people how to avoid infections.

Keywords

Hookworms · Necator americanus · Ancylostoma species · Human health
program by WHO · Hygienic ameliorations

11.1 Topics

1. Name of Agent of Disease:Greek: ankylos¼ bended, hook-like; stoma¼mouth;
duodenalis ¼ living in the intestinal region of the duodenum; necator ¼ killer;
americanus¼American; group: old and new world hookworms, which belong to
the worm group of nematodes.
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2. Geographic Distribution: In South America two helminth species are the most
common ones attacking humans: Ancylostoma duodenale and Necator
americanus. In addition further species like Ancylostoma caninum,
A. tubaeforme, A. braziliensis, A. ceylanicum attack many countries of South
American mainly animals, but apparently also humans in large (Logan et al.
2020). However, mostly they do not reach the adult stage in humans and stick as
larvae somewhere in the skin. The danger in many rural regions is very
high (Logan et al. 2020). There had been found soil being infested close to
human dwellings in ranges of up to 87.5%, although in general, the numbers
decrease slowly.

3. Life Cycle (Fig. 11.1): The whitish appearing adults of the species Ancylostoma
duodenale, A. braziliensis, and Necator americanus measure about 10–12 mm in
length and are constantly fixed at the intestinal wall of humans and other
vertebrate hosts and suck their blood as well as that of many rather unspecific
hosts. By the help of their typical cutting plates inside the mouth (Figs. 11.2 and
11.3) they destroy the intestinal wall and its blood vessels and thus they become
able to suck permanently considerable amounts of blood, which get lost for their
hosts and thus they induce a significant weakening. This often very significant
loss of blood supports the upgrading of other infections often leading to death,
especially in the case of weak children or persons being hit by further diseases.

The hookworm infection of humans and warm-blooded animals (Fig. 11.1) starts
when free-living larvae 3 penetrate their skin and stripe off their second larval
sheath. After an obligatory passage of a heart-lung-trachea-esophagus passage, the
larvae reach within 3-7 days the inner side of the intestine, where they become
attached, grow up by bloodsucking, and reach maturity within 4-6 weeks. Then
couples are formed whereby both male and female in copula attach themselves at the
intestinal wall and start sucking blood (Fig. 11.1). This blood is not only used to
cover the needed amounts of food, but they use additionally the oxygen contained in
the blood of their hosts. This special behavior leads to the fact that infected humans
and animals discharge considerable amounts of blood in their feces and thus become
hit by anemia, which is especially very dangerous for children and malnourished
persons. On the other side, the female worms become able to produce enormous
amounts of eggs: for example, females of Necator americanus (Fig. 11.4) excrete up
to 15,000 eggs per day, which are thin-walled like those excreted by Ancylostoma
species (9000–10,000 eggs per day). The eggs (Fig. 11.5) are thin-walled, measure
60 � 40 μm, and contain only two to eight cells just after deposition. Under
agreeable warm and humid outside conditions (like those in the tropics) the first,
so-called rhabditiform larva develops within (only) 2 days and leaves the egg. This
quick development makes it necessary for diagnosis to examine mainly fresh feces in
order to avoid laboratory-borne infections (!). Early investigations also avoid finding
and misinterpretation of other nematodes such as those of the genera
Trichostrongylus or Ternidens, etc.

After hatching of the larva 1 from the egg (Fig. 11.5) outside of the body, larvae
2 and 3 develop under striping off their surface cuticle (Fig. 11.1, stages 5–8). The
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Fig. 11.1 Hookworms of humans and animals: Diagrammatic representation of the life cycle of
hookworms of the genera Ancylostoma duodenale, A. caninum, A. braziliense, Necator americanus
1 The adults inhabit in a copula position the small intestine of their hosts, attaching themselves by
means of their buccal cavity to the mucous layer and sucking blood using their species-specific teeth
(1.1). By help of their copulatory bursa (fortified with specific rays; 1.2) the males are attached to
the female vulva (location varies according to species) thus giving rise to the typical Y-shaped
copulatory aspects. 2–4 Eggs are excreted unembryonated and develop the L 1 on the soil. 5–8 The
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third stage larva is the so-called filariform stage, which reaches a length of
500–650 μm and is still enclosed within the cuticle sheath of the second-stage
larva and thus is named “sheathed larva,” which may penetrate into the human
or animal skin. As soon as this larva has entered the host body and penetrated into
one of its blood vessels, it starts a heart-lung-trachea- esophagus passage (but drifts
occasionally also into other organs). The larva 3 (in general) reaches the intestine
within 3–8 days, where it grows up to maturity within 4–6 weeks.

Besides the larvae of A. duodenale (Fig. 11.6) and Necator americanus there exist
on the soil other ones which mainly penetrate animals, but they may also enter the
skin of humans, but they do not reach maturity and remain stuck somewhere in the
skin or in organs of the penetrated hosts (humans). Especially the larvae of
Ancylostoma braziliense remain mainly in the skin of humans producing swellings
described as “larva migrans” or “creeping eruption” (Fig. 11.7).

4. Symptoms of Disease: The most important problem in cases of an infection
with Ancylostoma and Necator hookworms (Figs. 11.2, 11.3, 11.4, and 11.5) is
posed by the constant loss of blood by sucking of eventually very high numbers of
worms in a human body—especially in the case of children, who are not nourished
sufficiently. Thus disability-adjusted life years (DALYs) measuring the overall
disease burden of a person have been counted in the last years at 3.2 million,
which represents about one half of the DALYs counted worldwide for soil-
transmitted helminth infections. Especially malnourished children and pregnant
women are highly endangered in South American countries—especially in
overcrowded towns with low rates of personal income.

The blood loss, which even goes on for a while due to blocking of blood clots
after detachment of satisfied worms is one of the most important reasons to increase
morbidity by high-graded anemia. Sucking hookworms also induce ulcers and
eventually large inflammation reactions due to the mechanical damages during the
blood sucking phase. The malaise (anemia) due to the bloodsucking is even
increased due to the fact that poor families cannot buy sufficient food for infested

Fig. 11.1 (continued) L 1, which is called a rhabditiform larva (due to its esophagus), escapes from
the eggshell and feeds on organic material. Then it undergoes the first molt by completely shedding
its cuticle and replacing it by a thicker new one. After a time spent feeding, the L 2 (still in a
rhabditiform shape) molts and is now the infectious filariform L 3. The second-stage cuticle may be
retained (8) as a loose-fitting sheath or it may be lost earlier (7). 9–10 The L 3 stages live in the upper
few millimeters of soil, migrate to the surface, and are often found in groups of thousands on the soil
or on plants (moving synchronously). 11 Infection of final hosts occurs when L 3 contacts the skin
and burrows into it. After a heart-lung-trachea passage, the L 3 larvae reach the intestine, molt twice,
and become sexually mature (In some species the transplacental transmission of L 3 or the
transmission within mother’s milk is possible). 12 If a human becomes invaded by an L 3 larva
of a species or strain that normally matures in animals (e.g., A. caninum, A. braziliense) the larvae
may migrate for months within the cutaneous layers, leading to a disease called “creeping eruption.”
AN anus, E esophagus, IN intestine, NR nerve ring, R rays of bursa copulatrix, SH sheath
(originating from the molted cuticle of the preceding larval stage), T tooth (here each equipped
with three peaks). Reprinted by permission from Springer Nature: Springer International Publishing
(Mehlhorn 2016a)
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family members. Especially pregnant women are highly endangered by blood
loss due to sucking of several worms at the same time (Fig. 11.8).

11.2 Phases of Disease

– Skin Penetration Phase:
Itching and formation of papulae at the penetration sites of the larva 3.
– Lung Passage:
Symptoms are induced like bronchitis, lymph node swellings and lung and

trachea inflammations.
– Acute Disease:
In cases of high mass infections, hemoglobin becomes massively decreased.

Reddish and even black stools are excreted and fever as well as high-grade eosino-
philia occur.

– Chronic Phase of Disease:
This phase is very dangerous, since worms live up to 20 years. Thus, there is a

constant blood loss which leads to a considerable weakness of the patient. Further
symptoms are abdominal pain, slight fever, obstipation, occult bloody stool,

Fig. 11.2 Scanning electron
micrograph of the mouth
region of an adult hookworm
of the species Ancylostoma
duodenale showing two
lateral cutting plates each
bearing two teeth
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increasing anemia with consequences such as cachexia, heart and circulation
problems, which in high-graded infections may lead finally to death.

At least 100,000 people die worldwide per year due to heavy infections with these
hookworms. Especially children are in general severely hit, since they are often

Fig. 11.3 Scanning electron
micrograph of the hind region
of an adult male hookworm of
the genus Ancylostoma
duodenale showing the
so-called “bursa copulatrix,”
which is used to enclose the
female sexual opening during
copulation (see Fig. 1.1)

Fig. 11.4 Scanning electron
micrograph of an adult
hookworm of the species
Necator americanus, the
mouth of which is equipped
with two cutting plates, which
is used as a criterion for a
significant diagnosis.
Figs. 2–4: Reprinted by
permission from Springer
Nature: Springer International
Publishing (Mehlhorn 2016b)
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double infections with other parasites, viruses and/or bacteria, when they play on
contaminated soil.

- Pregnancy: This phase is associated with lower eosinophil counts and lower
eosinophil response to hookworms—especially during the second and third

Fig. 11.5 Light micrograph
of an egg of a hookworm
showing dividing cells to form
finally a larva

Fig. 11.6 Light micrograph
of a so-called rhabditiform
larva, which has left the egg
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trimester. Both hookworm and pregnancy are associated with a higher erythrocyte
sedimentation rate (ESR) (Anderson et al., 2020).

5. Pathway of Infection: The infection of humans and animals occurs by the
following procedure shown in Fig. 11.1: The infection occurs by the penetration of
the larva 3, which has been developed via two molts on the soil and penetrates
thereafter into the skin of a host (naked feet of humans, animals). Due to the lack of a
development of immunity, repeated infections are possible as well as self-infections.
Recent studies (Furtado et al., 2020a, b) showed that house dust might transport eggs
of Necator americanus (and probably others) from outside into human dwellings,
which increases the risk of infection.

6. Diagnosis:Microscopical demonstration of eggs inside the feces by the help of
concentration methods such as sedimentation, like M.I.F.C. (merthiolate iodine
formol concentration) or S.A.F. (sodium acetate formalin concentration). Fresh
excreted eggs of the hookworms can be distinguished from eggs of the worms
belonging to the genera Trichostrongylus and Ternidens (e.g., T. deminutus) by
the fact that they only contain two to eight embryonic cells, while the eggs of the two
other genera contain at least 32, 64 or even more cells.

Fig. 11.7 Light micrograph
of the terminal end of an adult
female hookworm, which is
able to clutch the sexual
opening of the female thus
leading to the typical Y-like
aspect of the couple as shown
in Fig. 1.1

Fig. 11.8 Macrophoto of a
human arm into which has
been entered by hookworm
larvae which wander around.
This aspect is mainly seen in
cases of infection of species,
which in general do not
parasitize as adults in the
intestine of humans.
Figs. 5–8: Reprinted by
permission from Springer
Nature: Springer International
Publishing (Mehlhorn 2016a)
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7. Prophylaxis: Wearing of firm shoes in endemic regions, avoidance of contact
to human feces. Regions with high amounts of human cases must build open-air
toilets in order to avoid infections due to larvae 3 in human cases. Fruits collected
from soil should be washed before eating, since they might have contact to worm-
containing feces. Attention: Working in laboratory with hookworm eggs must
consider the fact that larvae hatch very quick: thus, tables and vessels must be
intensively cleaned.

8. Incubation Period: A few hours after penetration of the larva 3 the signs of
dermatitis may already become observed, while it takes about 2 weeks after the
percutaneous infection that intestinal symptoms start to increase.

9. Prepatent Period: 5–6 weeks.
10. Patency: Up to 20 years.
11. Three Therapy Recommendations by WHO:

1. Preventive chemotherapy (deworming), should be done using annual or
biannuala single-doses of albendazole (400 mg) or mebendazole (500 mg)b.
This is recommended as a public health intervention for all young children
(12-23 months of age), preschool (24-59 months of age) and school-age children
living in areas where the baseline prevalence of any soil-transmitted infection is
20% or higher among children, in order to reduce the worm burden of soil-
transmitted helminth infections (strong recommendation, low-quality evidence).

a Biannual administration is recommended where the baseline prevalence is
over 50%.

b A half-dose of albendazole (i.e., 200 mg) is recommended for children
younger than 24 months of age.

2. Preventive chemotherapy (deworming), using annual or biannuala single-dose
albendazole (400 mg) or mebendazole (500 mg), is recommended as a public
health intervention for all non-pregnant adolescent girls (10–19 years of age) and
non-pregnant women of reproductive age (15–49 years of age) living in areas
where the baseline prevalence of any soil-transmitted helminth infection is 20%
or higher among non-pregnant adolescent girls and non-pregnant women of
reproductive age, in order to reduce the worm burden of soil-transmitted helminth
infection (strong recommendation, moderate-quality evidence).
a Biannual administration is recommended where the baseline prevalence is
over 50%.

3. Preventive chemotherapy (deworming), using single-dose albendazole
(400 mg) or mebendazole (500 mg), is recommended as a public health inter-
vention for pregnant women, after the first trimester, living in areas where both:
(1) the baseline prevalence of hookworm and/or T. trichiura infection is 20% or
higher among pregnant women, and (2) anemia is a severe public health problem,
with a prevalence of 40% or higher among pregnant womena, in order to reduce
the worm burden of hookworm and T. trichiura infection (conditional recom-
mendation, moderate-quality evidence).
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a For the most recent estimates of the prevalence of anaemia, visit the
WHO-hosted Vitamin and Mineral Nutrition Information System (VMNIS).

4. Benzimidazole resistance has been shown in Brazil in Necator americanus as
well as Ascaris lumbricoides (Zuccherato et al., 2018) (Table 11.1).
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One Health Approach to Control Human
and Zoonotic Hookworm Infections 12
Jorg Heukelbach

Abstract

Human hookworm infection is linked to a variety of factors, such as poverty,
inadequate living conditions, absence of adequate sanitary facilities, cultural habits,
and ineffective prevention programs/health systems. Zoonotic hookworm infection,
leading to cutaneous larva migrans in humans, is related to the presence of animals
(dogs and cats) serving as reservoirs. Climate and soil structure are also important
determinants for larval development in the environment, and consequently for both
human and animal hookworm infections. Health systems usually focus on individ-
ual medicalization, leading eventually to antiparasitic overuse and development of
drug resistances. Given the reduced sustainability and effectiveness of the commu-
nity interventions observed over the last decades, there is a need for more compre-
hensive approaches. In this chapter, we discuss the One Health Approach as a
multidisciplinary measure to control hookworm disease. Integrated control
programs would reduce transmission sustainably, for example, by combining
mass drug administration aiming at the entire population rather than only
schoolchildren or other defined target groups, and expansion of sanitary improve-
ment programs. Once available, widespread application of a hookworm vaccine
will be an additional tool to further boost control efforts. Health professionals
involved in specific control programs should integrate into an interdisciplinary
manner differing disciplines and departments. Existing overlapping disease control
programs should be integrated, to achieve sustainable and cost-effective control on
the long run, of both human and animal hookworm infection, and hookworm-
related cutaneous larva migrans, in addition to other neglected tropical diseases.
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12.1 Human Hookworm Infection and Cutaneous Larva Migrans

About 470 million people are estimated to be infected with hookworms worldwide.
In Latin America, the predominant human hookworm species is Necator
americanus. The parasites may survive for many years in the human intestine, and
chronic disease can cause cognitive deficits, growth retardation, as well as reduced
school and work performance. Continuous intestinal blood loss may lead to iron-
deficiency anemia. Despite intensive mass drug administration efforts during the
past decades, the disease burden continues being high, both in low and middle-
income settings (Loukas et al. 2016). In fact, due to the tremendous burden, human
hookworm infection has been considered the most important neglected tropical
disease (Haldeman et al. 2020).

On the other hand, infestation with animal hookworm larvae, mainly from dogs
and cats, leads to a self-limiting condition in humans: hookworm-related cutaneous
larva migrans. The adult hookworms living in the intestine of dogs and cats expel
eggs, which hatch in the excreted animal feces and develop into infective larvae in
the environment. Similar to human hookworms, the animal hookworm larvae pene-
trate into the upper layer of the epidermis, after the host’s direct contact with the
contaminated feces. If this new host is a dog or a cat, the larvae migrate further into
the lymphatic and blood systems, finally reaching the intestine, and cause animal
hookworm disease. If the host is a human being, larvae will penetrate into the skin,
but will not be able to penetrate the basal membrane, and migrate within the
epidermis, without completing their life cycle. Larvae may survive for months in
the epidermis, and while creeping around cause unbearable itching (Heukelbach and
Feldmeier 2008). The prevalences of hookworm infections in dogs are usually high
in both urban and rural areas, and soil samples from public parks, streets,
playgrounds, and beaches are often contaminated with dog and cat feces containing
animal hookworm larvae (Heukelbach and Feldmeier 2008). In tropical regions,
especially in resource-poor communities, people often walk barefooted. Walking
barefooted and inadequate housing have been described as risk factors for cutaneous
larva migrans in these settings (Heukelbach et al. 2008). Humans usually are also
infested while sitting on the floor or at the beach where animals have deposited their
feces.

Anthelminthic drugs against human and animal hookworm infections are usually
effective, but in endemic areas reinfection is common, and control strategies should
include improved water quality, sanitation, and hygiene (Loukas et al. 2016).
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12.2 Hookworm Control and One Health

Already in the nineteenth century, the German physician Rudolf Virchow
recognized the link between humans and animals within the realm of infectious
diseases and formed the term zoonosis. Later, in the twentieth century, medical
disciplines were more and more specialized, with increasing separation and silo
thinking. This is partly a result of specific human and animal disease management,
and individualized treatment (Rushton et al. 2018).

Human hookworm disease control programs are usually based on regular mass
administration of anthelminthic drugs every 6–12 months (mostly albendazole or
mebendazole), to school-aged children in endemic regions. These widespread
deworming programs are targeted at soil-transmitted helminth infections in general,
but usually have a focus on specific target groups. Annual deworming with
albendazole or mebendazole has been discussed to be less effective for hookworms
than for other soil-transmitted helminth infections, and in fact prevalences did not
decrease considerably on the long run, even after 20 years of mass-treatment
programs (Loukas et al. 2016). There are growing concerns about drug resistance,
and a need for long-term interventions, given the long lifespan of adult worms in the
human intestine. Vaccines currently under development may prevent moderate and
severe infections, leading to more sustainable control than being achieved via mass
drug administration programs (Haldeman et al. 2020).

Given the reduced sustainability and effectiveness of the interventions observed
over the last decades, there is a need for more comprehensive multidisciplinary
approaches. Integrated control programs would reduce transmission sustainably, for
example, by combining mass drug administration aiming at the entire population
rather than only schoolchildren or other defined target groups, and expansion of
sanitary improvement programs. Once available, widespread application of a hook-
worm vaccine will an additional tool to further boost control efforts. These
approaches should consider the multi-faceted characteristics of hookworm transmis-
sion dynamics and integrate several disciplines.

Hookworm infection is clearly linked to poverty, inadequate living conditions,
absence of adequate sanitary facilities and sewage systems, cultural habits and
human behavior, poor health systems, and ineffective prevention programs. In
addition, zoonotic hookworm infection, leading to cutaneous larva migrans in
humans, is related to the presence of animals (dogs and cats) serving as reservoirs.
Climate and soil structure are other important determinants for larval development
outside the host, and consequently both human and animal hookworm infections.

Similar to other neglected tropical diseases, the determinants leading to human
and animal hookworm infections and respective diseases are linked with each other,
and related to a variety of factors, including the human health, animal health, and the
environment (Heukelbach 2021). Despite increasing advocacy for integrated
approaches during the recent years, human, animal, and environmental health are
still today often highly separated into different sectors, within guidelines, policy
frameworks, management structures, and governance (Kock et al. 2018). In addition,
classical health systems are based on individual medicalization, leading eventually
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to antibiotic and anthelminthic overuse and development of antimicrobial
resistances. A paradigm shift towards to a fully integrated One Health approach
covering a broad array of disciplines and considering humans, animals, and plants is
needed, to overcome the current and future public health problems (Kock et al.
2018).

The integrated and sustainable control of hookworm infection requires not only
mass drug administration, but also sanitary improvements (Water—Sanitation and
Hygiene [WASH] programs). Integrated WASH interventions including improved
sanitary facilities and sewage management, access to clean water, promotion of
handwashing, health education, and use of shoes will also prevent infections with
other soil-transmitted helminths, diarrhea and other diseases. While there is some
evidence that shoe wearing reduces the chance of hookworm infection, the effec-
tiveness of shoes has been discussed, and depending on the cultural context,
compliance to shoe use may be low. WASH activities should be embedded in
community engagement and awareness campaigns. These measures would increase
the general health situation of the population, and it seems obvious that WASH
programs will be an important tool for soil-transmitted control efforts in general, but
its effectiveness for reduction of human hookworm infection is still a matter of
debate, and the results of available studies are mixed (Haldeman et al. 2020).

Effective control measures of both human hookworm infection and cutaneous
larva migrans will necessarily include infection control not only in humans, but also
in dogs and cats. Clearly, mass drug interventions will have an effect on transmission
dynamics of human hookworm infection, but not on cutaneous larva migrans. This
can only be achieved by systematic anthelminthic treatment of dogs and cats,
reduction of the free-ranging and stray dog population, and environmental measures.
However, in resource-poor settings and in areas with a deficient public veterinary
health system and a high number of stray dogs, this is a difficult endeavor, and the
community will have to be involved in addition to public health professionals and
veterinarians. Despite the lack of interdisciplinary thinking, a control program based
on communication campaigns, community involvement, and treatment of animals
has been effective in an endemic area in South Africa (McCrindle et al. 1996).

One Health is a multidisciplinary approach considering all these different factors,
areas, and interactions, to effectively and sustainably control diseases (Heukelbach
2021). Ideally, a group of diseases should be targeted in collaboration with differing
disease control programs, as control measures and treatments often overlap.
Treatments of choice for severe cutaneous larva migrans are oral ivermectin and
albendazole. Singular lesions can easily be treated with topical thiabendazole
(Heukelbach and Hengge 2009). Interestingly, ivermectin is also effective against
human hookworm disease, other soil-transmitted helminths, lice infestations, and
scabies. In addition, ivermectin has been used extensively for the control of lym-
phatic filariasis and onchocerciasis. Interventions, for example, based on mass-drug
administration with ivermectin and additional focus on animal diseases will also
reduce an array of other parasitic diseases.

In conclusion, health professionals involved in specific control programs should
think out of the box, and integrate into an interdisciplinary manner differing
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disciplines and departments. The differing somehow overlapping disease control
programs should be integrated, to achieve sustainable and cost-effective control on
the long run, of both human and animal hookworm infection, and hookworm-related
cutaneous larva migrans, in addition to other neglected tropical diseases.
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