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Abstract

Background: The pork tapeworm (Taenia solium) is a parasitic helminth that imposes a major
health and economic burden on poor rural populations around the world. Larval infection of the
human brain (neurocysticercosis) is responsible for one-third of seizure disorders in endemic
areas and economic losses from tainted pork are substantial. As recognized by the World Health
Organization, a key barrier for achieving control of T. solium is the lack of an accurate and
validated simulation model with which to study transmission and evaluate available control

strategies.

Methods: This dissertation research represented a three-part effort to develop and validate a T.
solium simulation model to fill this need. First (Chapter 3), | conducted a series of field studies in
rural Peru to acquire data necessary to build the model; this included a GPS tracking study of 108
free-roaming pigs, and surveys of pig husbandry and human sanitation practices. Second (Chapter
4), | developed the novel agent-based model, called “CystiAgent”, and conducted sensitivity
analyses to evaluate its functionality. Third (Chapter 5), | validated the model predictions against

data from two large trials conducted in Peru.

Results: In the GPS tracking study, we detected a significant seasonal variation in pig roaming
ranges, and generated precise estimates for the size of pig home ranges, the use of corrals to
contain pigs, and open defecation practices among humans, all features that were used to develop
and parameterize the CystiAgent model. Sensitivity analysis of the model in Chapter 4 revealed
that the model functioned as expected, and identified key features of the model that should be

addressed with future research and/or local calibration in order to reduce uncertainty in the



model. Validation of the model in Chapter 5 found that CystiAgent was able to accurately
replicate baseline levels of transmission in simulated villages and performed well when control
strategies were applied to the model, although intervention effectiveness was overestimated

compared to the observed data in some villages.

Impact: The CystiAgent model developed here represents an important new tool for advancing
control of T. solium in Peru and around the world. CystiAgent is the first T. solium transmission
model to accurately represent key spatial and behavioral features of transmission, and is the first
model to be validated with longitudinal data, a fact that will provide credibility and
interpretability to its predictions in the future. While continued work will be needed to improve
this model, this research provides an important foundation against which future models can be
developed and compared. A refined CystiAgent model will have the potential to rapidly compare
strategies for T. solium control and allow for promising strategies to be prioritized for evaluation

in field trials.
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Preface

Five years ago, in 2014, the World Health Organization (WHQO) convened a meeting of
cysticercosis researchers from affected countries at its headquarters in Geneva to discuss progress
towards controlling the disease. At the time, a large-scale trial of cysticercosis elimination
strategies funded with millions of dollars from the Bill and Melinda Gates Foundation had
recently been completed with promising results, and the prospects for control and elimination of
cysticercosis seemed to be growing. The study included over 100,000 people and demonstrated
that with intensive application of drugs to treat human taeniasis and porcine cysticercosis,
transmission could be eliminated in an endemic region of Peru.

Motivated by this success, and the recent release of a highly effective vaccine to prevent
porcine cysticercosis, leaders at the 2014 meeting in Geneva seized momentum to secure
commitments from five highly impacted countries — Brazil, Madagascar, Ivory Coast, Vietnam,
and China — to have large-scale control programs in place by 2020. The ambitious timeline was
based on WHO’s “Roadmap for Implementation,” which, two years earlier, in 2012, laid out a
series of milestones for 17 neglected tropical diseases (NTDs). For cysticercosis, the targeted
milestones included having validated strategies available for cysticercosis control by 2015, and
scaling these strategies in selected countries by 2020. The selected countries were joined in this
commitment by the United Nations Food and Agricultural Organization, the World Organization
for Animal Health, the WHO, and the pharmaceutical industry, all of which pledged their support
to assist these countries in reaching their ambitious target.

An important goal that was identified in this meeting was the development of a validated
and accurate transmission model. This was a tool that could be used to compare available
combinations of interventions and identify those most likely to be effective and feasible when
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scaled to national programs. A preliminary version of one existing T. solium transmission model
was presented to leaders at this meeting, and reactions were enthusiastic but cautious. If key
assumptions and uncertainties could be improved, they concluded, this model would be
enormously helpful in meeting the 2015 and 2020 targets for T. solium control.

Five years removed from that seminal meeting in Geneva, T. solium research has carried
forward and progress has been made in our understanding of transmission and control. However,
there are no national programs for cysticercosis control in operation and considerable uncertainty
remains regarding which strategies will be most effective and feasible for local or regional
programs. While more time-consuming than originally hoped, efforts to develop T. solium models
for this purpose have been gaining momentum. Three novel T. solium transmission models have
been published in the past three years that have attempted to compare and evaluate available
control strategies. Each of these models adopted slightly different structures and target
populations, but all have one thing in common — none have been validated against observed data.
As a result, the assumptions and uncertainties originally acknowledged at the WHO meeting are
still major concerns for these models, and trust in their recommendations is tenuous among field
researchers and policy-makers.

Until about two years ago, neither I (Ian Pray) nor my research mentor, Seth O’Neal,
were involved in this dialogue. We had other research interests, and our knowledge of infectious
disease modeling was sparse, at best. Yet, here was this immense need to develop a validated T.
solium model, and no other group seemed to have the data or experience to build a useful and
accurate model. We realized that we were uniquely situated to carry the torch on this effort to
build a better model. Based on our connections with the Cysticercosis Working Group in Peru,
we had access to data from two of the largest prospective trials for T. solium control ever
attempted, data that could be used to validate the model, and we had a field site in Peru that could
be enlisted to carry out the experiments and observational studies needed to parameterize the
model. With access to the data and logistical support necessary to carry out such a modeling
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effort, the only remaining piece was a sacrificial PhD student willing to go down to Peru to
collect the data and spend the time to develop the model. Obviously, that student ended up being
me, and the curious question, “What would it look like if we tried to build our own model?”

turned into the words and pages that follow.
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Chapter 1: Introduction and Research Aims

1.1 Introduction

Cysticercosis, caused by the pork tapeworm (Taenia solium), imposes a major health and
economic burden on low-income rural populations in Latin America, Africa, and Asia. Larval
infection of the human brain (neurocysticercosis, NCC) is responsible for 1.3 million [1] and 3
million [2] cases of acquired epilepsy in Latin America and Africa, respectively, and accounts for
one third of all epilepsy diagnoses in these regions [3-7]. Further, cysticercosis exacts a severe
economic toll that stifles growth in poor rural areas. The costs of endemic transmission include
agricultural losses from infected pork, which amount to $164 million annually in Latin America
[8], and medical expenses and lost productivity from the chronic management of neurological
disease, which surpass those of all other foodborne parasites [9,10].

The World Health Organization (WHO) recently called for cysticercosis control
strategies to be scaled and implemented in several countries by 2020 [11], yet relatively few
prospective trials that evaluate such strategies have been attempted, owing largely to the high cost
and time required to do this work. This gap in research has led to a limited base of evidence from
which to make critical and time-sensitive recommendations for cysticercosis control, and new
approaches are urgently needed to identify and prioritize optimal strategies for control.

One tool that meets the above policy needs and would allow for the rapid and efficient
evaluation of control strategies is an accurate and flexible simulation model. Such a model would
allow for in-silico testing of a broad range of available interventions — including variations in the
frequency and duration of treatment, screening, or vaccination efforts, among other options — to

determine which would be most likely to succeed in different endemic settings.
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While five models for cysticercosis have been previously developed [12-16], the existing
models have critical gaps that limit their utility for policy-makers: 1) none account for the spatial
clustering of risk that results from local roaming patterns of pigs; 2) none account for human
travel and migration, which leads to rapid re-introduction of transmission after interventions have
concluded; and 3) none have had their projections validated with data collected from prospective

trials.

1.2 Research Aims

The objective of this dissertation research was to develop and validate an agent-based
model (ABM) for T. solium that addresses the shortcomings of previous models outlined above.
The final model, called “CystiAgent,” was developed with goals of being both accurate (i.e.,
reflects true transmission patterns observed in nature) and flexible to allow the comparison of a
wide array of control options with the potential to be applied to other endemic regions in the
future. The following aims represent a comprehensive effort to design, parameterize, and validate

the CystiAgent model.

Research Aim 1 (Chapter 3): investigate the spatial dynamics of T. solium

transmission in northern Peru through evaluation of the roaming patterns of pigs and their

contact with open human defecation sites. In order to develop an accurate ABM for T. solium

transmission, it is necessary to have detailed quantitative data on the behavioral, environmental,
and biological factors that interact to sustain transmission in endemic villages. One of these key
factors is the distance and area pigs cover while foraging, and their frequency of contact with
human feces during roaming. This research aim consisted of GPS tracking of free-roaming pigs
and a survey of human defecation practices in three endemic villages of northern Peru. Findings

from these activities were directly used to define parameter values in the CystiAgent model, and



Chapter 1: Introduction and Aims

also provided important insights into the spatial and behavioral dynamics of T. solium

transmission.

Research Aim 2 (Chapter 4): conduct sensitivity analyses of the CystiAgent model in

order to test its functionality and identify key areas to focus future research. CystiAgent is a

complex ABM that relies on many uncertain and highly variable model parameters. Exploring the
model’s structure and parameterization through sensitivity analysis is an essential step in both
assessing the model’s function and identifying key sources of uncertainty in the model. In this
aim, we subjected the model to rigorous sensitivity analyses. The process allowed us to identify a
key set of parameters that would benefit from additional data to reduce uncertainty, and provided

confidence that the model was ready for validation (Aim 3, Chapter 5).

Research Aim 3 (Chapter 5): validate the CystiAgent model with data from two

large prospective trials. In this aim, we tested the accuracy of the final CystiAgent model by

validating the model against data collected in two large prospective trials in Peru: the Ring
Strategy Trial and the Cysticercosis Elimination Demonstration Project. The results of this
validation provided both a definitive assessment of the model’s accuracy and a starting point from

which future versions of the model can be developed, re-tested, and improved.
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2.1  History of Taenia solium

Tapeworms are among the earliest recognized afflictions of the human body. The first
written reference to tapeworm infections in humans appeared in a medical scroll from Ancient
Egypt (The Ebers papyrus, circa 1500 BC), which described the condition as “snakes of the
belly” and recommended treatment with pomegranate roots [17]. Later, Greek, Roman, and
Arabic physicians described the morphology and symptomatology of tapeworm infections [18]. It
was not until much later, however, during the early 19" century, that the connection was made
between tapeworms and the cysts that were known to inhabit “measly” pork and beef. When these
cysts were investigated under a microscope, they were found to harbor larval worms that
resembled the adult tapeworms found in humans [19]. This connection was confirmed through a
series of ethically questionable experiments conducted by a German scientist, Friedrich
Kichenmeister, in the 1850s. Kiichenmeister harvested larval cysts from measly pork and beef,
concealed them in a raw soup, and fed the soup to convicts prior to execution. In post-mortem
autopsies, he found tapeworms up to 5 feet long coiled in small intestines of the convicts [20]. In
later experiments, he fed tapeworm segments (harvested from the human intestines) to pigs and
cows and observed the inverse phenomenon: larval cysts developing in the musculature and
organs of the animals [21]. From this, it was clear that both the beef and pork tapeworm had a
two-phase life-cycle that included an adult phase in humans (a condition now known as taeniasis)

and a cystic larval phase in their respective animal hosts (cysticercosis) (Fig 2.1).
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Human being
(Definitive host)

Ingestion of
infected pork, e
poorly cooked: k ° J
Taeniasis -
Ingestion of
T solium eggs
by faecal
contamination:
Human

cysticercosis

Ingestion of T solium
eggs or proglottids:
Porcine cysticercosis

(Intermediate host)

Fig 2.1. Life-cycle of Taenia solium. Garcia et al. [22].

A key discovery about the biology of the pork tapeworm, however, had yet to be made.
Adult-onset epilepsy had been well-described in Roman times, but its etiology was unknown for
much of human history. Autopsies in the 1500s revealed that many patients suffering from late-
onset epilepsy were found to have cystic vesicles invading their brains. These were later
identified as the same cystic larvae that could be found in pork, and the condition became known
as neurocysticercosis (NCC) [23]. But where were these debilitating cystic infections coming
from? The question remained a mystery until the 1930s, when physicians in London noted an
unusually high incidence of epilepsy among British troops returning from overseas duty in India.
Since few of these men were found to harbor intestinal tapeworms, it was concluded that they
were contracting NCC simply through exposure to a contaminated environment. Just like pigs
that had larval cysts spotting their organs, these British soldiers were suffering from larval
infections in their brains caused by ingesting T. solium eggs in the fecally contaminated food and
water of India [24,25].

While the above findings cemented our understanding of the basic components of the T.
solium life-cycle, they represented just the beginning of a new line of research and discovery that

is ongoing. Today, epidemiologic research aims to investigate the multi-dimensional causes of
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persistent endemic T. solium transmission, and seeks to identify improved methods for controlling
transmission and preventing current and future generations from continuing to suffer from this
debilitating disease. In the following pages, | will explore the landscape of the current research on
T. solium by first reviewing the biology and transmission of T. solium, and then describing its
epidemiology and control. 1 will conclude by introducing infectious disease modeling as a
powerful new tool that has the potential to drive the cysticercosis research agenda forward —
towards more effective approaches to control and the ultimate goals of disease elimination and

eradication.

2.1 Biology and transmission of T. solium

2.1.1 Taxonomy

The pork tapeworm (T. solium) is member of the cestode class (Cestoda), a class of
segmented flatworms that parasitize vertebrate hosts. More specifically, the pork tapeworm is a
member of the Taeniidae family, a unique family of cestodes that have two life-stages — an adult
tapeworm that invades the small intestines of a primary mammalian host, and a metacestode (i.e.,
larval cyst) that colonizes tissue of an intermediate host. Among cestodes, taeniids are the family
with greatest medical and veterinary relevance, with membership that includes two species of
pork tapeworms (T. solium and T. asiatica), the beef tapeworm (T. saginata), and a canine
tapeworm that causes cystic hydatid disease in humans (Echinococcus granulosus). Only the beef
and pork tapeworms rely on humans as definitive hosts of the adult-stage worms, and only T.
solium has the potential to cause NCC', the most clinically significant effect of taeniid

transmission.

"' T. asiatica has been proposed as an additional source of cysticercosis (and NCC) in humans, but further
research is needed to confirm this. See [171] for more.
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2.1.2 T.solium taeniasis

Infection by an adult T. solium tapeworm (taeniasis) is caused by consuming raw pork
that contains T. solium larval cysts. When cysts reach the human intestines, the larvae evaginate
from a protective bladder, and fix themselves to the upper intestinal wall (duodenum) of the
human host. Cestode tapeworms are equipped with a head (known as the “scolex”) that serves as
a holdfast organ for this purpose (Fig 2.2A). Cestodes of the Cyclophilladae order (including
those of the Taeniidae family) have a scolex characterized by four suckers, while the scolex of T.
solium is further equipped with a ring of hooks (called a “rostellum”) to aid in attaching itself to
the host. The cestode tail (“strobila”) is made up of a chain of identical segments called
proglottids that function as hermaphroditic self-fertilizing reproductive units (Fig 2.2B). Each
proglottid is equipped with sperm, ovaries, and a uterus that fills with thousands of eggs as the
proglottid reaches maturity. Reproductively mature proglottids at the tail (called “gravid
proglottids™) contain approximately 50-60,000 fertile eggs and detach from the strobila in groups
of 2 to 5, exiting the gut through the host’s feces [26]. T. solium tapeworms achieve maturity
approximately 2 months after initial infection [27], and reach a length of 2 to 4 meters, or 700-
1000 proglottid segments [22]. The natural duration of T. solium tapeworm infection is not
definitively known, but is now believed to be 2-5 years [22,28], much shorter than the reported
20-25 year lifespan of T. saginata infection [29]. This abbreviated lifespan of T. solium is
supported by both age-specific prevalence data [30,31], and from Yoshino [27], who, in 1935,
consumed three T. solium cysts and noted the passage of proglottid segments in stool that began 2
months after ingestion and persisted for 2 years and 3 months. The clinical features of T. solium
taeniasis are mild and often go unnoticed, but may include abdominal pain, nausea, or diarrhea.
While some tapeworm carriers are able to identify proglottid segments in their stool, this is rare
due to the small size and intermittent release of proglottids. As a result, diagnosis of T. solium

taeniasis is rare outside of organized screening programs.
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Fig 2.2. A. Scolex of T. solium (left) and T. saginata (right). Note the rostellum with hooks that
can be used to identify T. solium. B. Proglottid segments that make up the strobila of the
tapeworm. Larger gravid proglottids are located in the tail. Grove [19].

2.1.3 Porcine cysticercosis

When T. solium tapeworm carriers defecate outdoors, large quantities of T. solium eggs
are released into the environment (as many as 100,000 to 300,000 eggs per day have been
suggested [26,32]). T. solium eggs consist of an oncosphere contained within a durable outer shell
(embryophore) that provides resistance from environmental conditions. The eggs (Fig 2.3A) are
microscopic (30-40um in diameter) and are indistinguishable from eggs of other Taenia spp.
When pigs consume these eggs, either through direct coprophagia [33] or through other
environmental exposures that have not yet been studied (e.g., contaminated soil or water), the
oncospheres hatch in the pig gut, enter the bloodstream, and are widely disseminated within the
pig. Two months after ingestion, oncospheres grow into cysts (“cysticerci”) that are oval-shaped
and measure approximately 4mm by 6mm (Fig 2.3B). Once established in the tissue of their
intermediate host, these larval cysts, which appear as fluid-filled bladders that contain a larval
worm, remain alive and viable for 1-2 years [26,34]. It is unknown whether these cysts grow
preferentially in certain pig organs, but they have been commonly found in muscle (Fig 2.3C),

liver, heart, and brain (Fig 2.3D) tissue of pigs [35,36].



Chapter 2: Literature review

Fig 2.3. A. T. solium eggs (10X). B. . solitgéestodes(larval Cysts) reoved from an
infected pig. C. Pig muscle heavily infected with T. solium cysts. D. Pig brain infected with T.
solium cysts. E. Pig tongue being inspected for cyst infection. Photo credit: IWP and Center for
Global Health Tumbes.

Cyst infection in pigs has traditionally been detected by local farmers through palpating
the tongue of the pig to feel for the fluid-filled cysts (Fig 2.3E) [37]. This method is still used as a
non-invasive diagnostic in many epidemiological surveys [38-41], but only pigs with extremely
high cyst burdens (>100 cysts) can be reliably diagnosed in this way [42—44]. Other similar
methods that can diagnose these heavily infected pigs include ultrasonography [43], eyelid
examination [35], and partial carcass dissection [36]. Most infected pigs, however, are found with
only a small number of cysts (often fewer than 10 cysts [43]), and serological methods or full
carcass dissection are needed to detect these light infections. The enzyme-linked immuno-
electrotransfer blot (EITB), which evaluates pig sera for antibodies against T. solium, is the most
commonly used diagnostic for this purpose [45]. While EITB is highly sensitive, pervasive
exposure to T. solium eggs in the environment, dynamic immune responses over time, and the
persistence of maternally transferred antibodies lead to significant false positivity and, therefore,
limited utility of this assay for the diagnosis of infection in individual pigs [46,47]. Despite this,
EITB remains an important tool for monitoring the effectiveness of population-level
interventions, as the presence of seropositive pigs serves as a good indicator for the presence of T.
solium eggs in the environment, untreated tapeworm carriers, and ongoing transmission in the

community [48-50].
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2.1.4 Human cysticercosis and NCC

Cysticercosis in humans is characterized by infection of T. solium larval cysts in human
tissue, and occurs when humans ingest T. solium eggs. While human cysticercosis is a serious
health concern, it does not contribute to transmission of T. solium, and is not a public health
hazard like human taeniasis and porcine cysticercosis. The mechanism by which humans ingest
eggs is not definitively known, but is thought to include fecal-oral spread through close familial
contacts or auto-infection (hand-to-mouth self-infection of a tapeworm carrier) [51]. Fecally
contaminated food and water have also been proposed as sources of infection, but have not been
confirmed. After passing through the gut lining into the bloodstream, eggs develop into cysts that
may lodge in any organ system, but are particularly pathogenic when invading the brain and
central nervous system — a condition known as NCC (Fig 2.4). Due to the ability of cysts to evade
immune detection in the brain, symptoms of NCC may not occur until many years after initial
infection and depend on the location and intensity of infection [22]. Epileptic seizures occur in
50-80% of patients detected with cysts in the brain parenchyma [52], while headache, stroke, and
intracranial hypertension are also common [22]. Death may occur from seizures or if cysts invade
the ventricles or sub-arachnoid space of the brain. Diagnosis of NCC is often made when new
onset of seizures occurs, and can be confirmed by serologic assays in combination with
neuroimaging [53], although the sensitivity of these methods for detecting patients with a single
cyst or calcified lesions from past infections is low [54]. Treatment and clinical management of
NCC is complex and will not be covered in detail here. Briefly, surgical excision is considered for
some cystic infections, but, more commonly, anti-parasitic drugs are taken to kill cysts while
corticosteroids are used to control inflammation results from cyst death. Life-long management of

chronic epilepsy and related symptoms is often required [22].
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Fig 2.4. A. MRI of a single cyst in the parenchyma [55]. B. Cross-section of a brain with massive
cerebral cysticercosis [8]. C. Massive cyst infection of muscle tissue [22].

2.3 Epidemiology and control of T. solium

2.3.1 Human cysticercosis and NCC

Taenia solium transmission is endemic across much of the developing world, including
significant portions of Latin America, Africa, and eastern Asia (Fig 2.5). The extent of disability
caused by NCC is substantial in these affected regions, where NCC is responsible for an
estimated one-third of seizures and epilepsy [3-7]. Overall, as many as 1.3 million people in
Latin America [1] and 3 million people in Africa [2] have active epilepsy that is caused by NCC.
Beyond this, neuroimaging and seroprevalence studies strongly suggest that these active
symptomatic cases are just the tip of the iceberg. Up to 20% of people living in endemic villages
of Latin America have calcifications in their brains from prior cyst infections [5,7,56-58], and the
seroprevalence among humans in most endemic villages is between 10 and 25% [7,30,59-62].
While the majority of individuals who are seropositive or have brain calcifications never present
with neurological symptoms [56], such high levels suggest that infection is common and exposure

to T. solium eggs in the environment of endemic rural villages is widespread.
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Fig 2.5. Countries where T. solium is known to be endemic (red), suspected to be endemic (light
red), has isolated transmission (pink), possible transmission but no data (light grey), unknown
(dark grey), and is not endemic (white). WHO [63].

In addition to the substantial burden of cysticercosis in the developing world, chronic
imported cases of NCC are now a significant cause of morbidity in the U.S. due to increasing
travel and immigration from endemic areas [22]. NCC-related hospitalizations in the U.S. now
exceed those of all other neglected tropical diseases (NTDs) combined [64], and, in U.S. cities
with large immigrant populations, as many as 10% of seizure-related emergency department
visits are attributable to NCC [65]. Risk factors for human cysticercosis and NCC vary
considerably by region, but typically include behaviors or environmental conditions that
contribute to fecal-oral transmission of T. solium eggs. These include poor sanitation caused by
insufficient use of latrines [66-68], deficient personal hygiene [60,69], personal history of
taeniasis (which could lead to cysticercosis via auto-infection) [30,58,60,69], and family
members or neighbors with taeniasis [30,70].

2.3.2 Taeniasis

While NCC has the greater clinical significance due to its debilitating health effects,
taeniasis is of primary concern when considering epidemiology and control of T. solium due to its
role as the reservoir and source of new cases of human and porcine cysticercosis. In endemic
rural villages of Latin America, where the majority of surveys have been conducted, the

prevalence of T. solium taeniasis is typically between 1-3% [31,59,60,71-74], but has been
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observed as high as 6% [30,75]. Less common reports from Africa and Asia suggest that the
prevalence in these regions may be closer to 5% [69,76] and reach 10-15% in some hyper-
endemic pig-farming communities of Asia [77,78]. Across all endemic rural regions, cases of
taeniasis have been observed to cluster in the same household [31,59,60,76,79], likely due to
shared diets of infected pork, and are more common among people who report raising pigs and
eating pork regularly [59,60,77]. In most regions, taeniasis risk does not concentrate among any
particular sex or age group. The exception to this is in Southeast Asia, where men are more likely
to have taeniasis due to cultural beliefs about raw pork consumptions, which some view as a
ritualistic rite-of-passage reserved for men [80,81].

2.3.3 Porcine cysticercosis

Cystic larval infection in pigs (porcine cysticercosis) is relevant both because it
perpetuates the life cycle of T. solium (though causing taeniasis when ingested), and because it
represents a significant source of economic loss for poor rural farmers. A report from 25 years
ago estimated that famers in Latin America lose $164 million annually to infected pork [8], and
the number is likely much higher now . In endemic rural villages, where over half of households
in a village may raise pigs for supplemental income, economic losses from discarded meat
sometimes surpass a household’s monthly income [82].

The economic burden of porcine cysticercosis is exacerbated by its high prevalence in
endemic rural communities. Seroprevalence (by EITB) among pigs typically ranges from 30-60%
in endemic villages [30,44,83-85], while 10-20% of pigs have viable cyst infection confirmed by
carcass dissection [36,75]. This sharp contrast between the low prevalence of human taeniasis (1-
3%) and the high prevalence of pig infection highlights the astonishing biotic potential of T.
solium tapeworms, which, as noted, may release 100,000 or more eggs per day in the feces of
their human hosts, allowing a single active tapeworm carrier to potentially cause widespread
infection among pigs in a village. Environmental forces such as wind, water, flies [86], and dung

beetles [87] have been proposed as mechanisms that could widely disperse T. solium eggs and
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explain such pervasive pig infection, while roaming patterns of free-ranging pigs could also be
responsible [88,89]. Despite this evidence of dispersion, the single greatest risk factor for pigs is
their proximity to a tapeworm carrier — either belonging to or living within 50-100 meters of a
tapeworm carrier is associated with a 5-10x increased risk of infection among pigs [74,75,90].
These conflicting spatial patterns suggest that pigs close to tapeworm carriers are likely foraging
directly on contaminated feces deposited through open outdoor defecation around the household,
while distant pigs may be infected through other less concentrated environmental reservoirs.
2.3.4 Prevention and control

Elimination of T. solium was achieved in the developed world by improving sanitation
and reducing domestic pig raising. Unfortunately, these structural improvements are not likely to
reach the developing world for some time, and other more immediate approaches must be
considered. While the past 30 years of T. solium research have seen monumental strides in the
development of new diagnostics, improved drugs, and a vaccine for pigs, prospective trials of
these interventions in endemic communities have been few and far between. Most efforts to date
have focused on either chemotherapy of human and/or pigs, or health promotion education. While
no intervention has yet to achieve sustained interruption in transmission, incremental progress has
been made as new strategies learn from past successes and failures. A summary of strategies that
have been tested to date are described below.

Treatment of human taeniasis: The first large-scale efforts to control T. solium took place

in Latin America in the 1980s and 90s, and attempted mass drug administration (MDA) of the
human population with niclosamide or praziquantel [48,71,91,92]. Both drugs are efficacious
against taeniasis in humans (single-dose efficacy of 77% [93]), but niclosamide is now the
preferred choice due to a lower incidence of adverse events [94]. These early studies were
instrumental in showing the potential for disease control through chemotherapeutic interventions,
yet only saw minor reductions in transmission, largely because they did not address the porcine

reservoir. A less common approach to MDA has been to screen the human population for

14



Chapter 2: Literature review

taeniasis, and provide focused treatment to positive individuals. This approach allows for follow-
up and re-treatment of identified cases, improving the cure rate of the drug [93]. In such screening
efforts, the most common test currently available is the enzyme-linked immunosorbent assay for
coproantigen detection (Co-Ag ELISA). This stool-based assay is 98% sensitive and 99% specific
to active Taenia spp. infections [72], but does not distinguish T. solium taeniasis from other
tapeworm infections of the Taenia genus [95]. Despite evidence that this “screen-and-treat”
approach is at least as effective as presumptive treatment in population-based interventions [94],

it is rarely attempted due to the operational costs of collecting and processing stool samples.

Treatment of porcine cysticercosis: Cyst infection in pigs can be successfully treated with
a variety of efficacious anti-helminthic drugs, but most common is a single oral dose of the drug
oxfendazole. Most viable cysts die within 4 weeks of treatment, and pork is generally cyst-free
and safe to consume within 3 months [34,96]. Oxfendazole has also been shown to provide pigs
with immunity against re-infection for up to 3 months after treatment [97]. Due to the persistent
reservoir of human taeniasis and high turnover of pigs in endemic communities, presumptive
treatment of the pig population in isolation is not likely to be successful [98] and is typically used
in combination with human interventions.

Vaccination of pigs: A highly effective vaccine was recently developed to prevent cyst

infection in pigs. In field trials, the “TSOL18” vaccine achieved 99.9% [99] and 100% [100]
protection against new cyst infection. The utility of this vaccine for widespread control, however,
has been questioned due to the operational challenges of administering multiple booster doses in
areas that are both remote and have high rates of pig turnover [80].

Combined approaches: Simultaneous treatment of humans and pigs has the potential to

attack the T. solium reservoir in both hosts, and has been proposed as a possible means of
achieving widespread elimination or eradication. This approach has been attempted four times to
date —three in Peru, and once in Lao. In the first Peruvian trial, a single round of mass treatment
was applied to humans and pigs and produced only a small and temporary reduction in prevalence
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[49]. The Lao study was a small pilot, but observed a significant reduction in transmission after
administering pig vaccination combined with human and pig MDA [101]. The second Peruvian
trial was by far the largest prospective T. solium trial attempted to date, and represented the first
effort to demonstrate the feasibility of T. solium elimination across an entire region [94]. The
final strategy reached a population of 80 thousand people and included vaccination of all pigs in
the region combined with multiple rounds of human and pig MDA. While this effort was highly
effective at interrupting transmission, it was extremely costly (~$20 million), and pre-intervention
levels of endemicity returned shortly after its conclusion. The last Peruvian trial was recently
completed and unpublished at the time of this review [contact Seth O’Neal]. This trial included
treatment in humans and pigs every 6 months for 2 years and resulted in substantial reductions in
transmission. It is, however, unlikely that that this control was sustained after the program ended.

Targeted approaches: In response to the high cost and short-term gains of mass-applied

interventions, recent efforts have focused on lower-cost targeted approaches that may be more
sustainable and feasible for local governments. One such approach, called “ring strategy,” was
recently applied in Peru [50]. Ring strategy relies on the knowledge that human and pig infections
are geographically clustered in endemic villages, and seeks to apply treatment to humans that live
within 100 meters of a heavily infected pig (as detected through tongue inspection). In a two-year
trial of ring strategy in 16 villages of northern Peru [not yet published, contact Seth O’Neal], this
approach resulted in a significant reduction in transmission, while improving community
participation compared to previous mass interventions [50]. Outside of ring strategy, only one
other targeted approach has been attempted at the population-level. This was a campaign to focus
treatment for taeniasis on school-aged children, aiming to reduce costs and improve treatment
compliance by integrating the campaign into existing government de-worming programs [102].
Similar to previously described human-only approaches, this intervention achieved short-term
reductions in the number of tapeworm carriers, but did not achieve sustained control, likely due to
not addressing infection in the pig population.
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Other approaches — education, sanitation, and pig husbandry: While chemotherapeutic

interventions have comprised the majority of interventions tested to date, primary prevention
approaches to T. solium control have also been attempted. These health promotion interventions
have typically included education about disease risk factors, personal hygiene, or pig hushandry.
Results from these studies have been encouraging, as all have shown strong acquisition of
knowledge [103,104], and some have translated into improved health behaviors and even small
reductions in prevalence of human and pig disease [105,106]. In contrast to the success of health
education, efforts to construct latrines and improve community sanitation have not been as
successful [107], likely due to deeply entrenched gender-norms and cultural practices surrounding
defecation [108]. Similarly, efforts to encourage the corralling of pigs have not been successful.
Studies have found that confinement of pigs is typically intermittent in poor endemic areas, likely
due to the added requirement of providing feed for pigs that are confined [60,109,110]. Outside of
these strategies, improvements in the inspection and processing of pork have been proposed as
key interventions for the control of T. solium [11], yet neither have been implemented or

evaluated systematically.

2.4  Infectious disease modeling as a tool for T. solium control

2.4.1 The need for a T. solium transmission model

Two key gaps in the current landscape of T. solium research are the inability to evaluate
potential control strategies due the high cost of prospective trials, and a lack of knowledge
surrounding the biological, behavioral, and environmental mechanisms of transmission. These
gaps are caused by a lack of research funding and a shortage of dedicated researchers — barriers
that are not uncommon in the area of neglected tropical disease (NTD) research. In the face of
these tight budgets and limited resources, NTD research has recently turned to infectious disease

modeling to identify more efficient and cost-effective approaches to disease control. As a result
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of this push, the past 20 years have seen unprecedented advancements in the modeling of NTDs
[111,112]. Efforts to develop models for T. solium, however, have been slow to develop.

Fortunately, it appears that there is renewed interested in moving this agenda forward
[11,113,114], due, in part to recent work showing the potential for T. solium to be eliminated or
eradicated [94]. On the heels of these efforts, we now find ourselves at an important juncture in T.
solium research. For the first time, we have the knowledge, data, and technological capacity to
build an accurate and definitive T. solium model. At the same time, questions about which control
strategies to deploy in endemic regions across the globe have never been more urgent from both a
policy and human health perspective.

2.4.2 Limitation of existing T. solium transmission models

Responding to the need and opportunity to develop a T. solium transmission model, five
models have been published to date [12-16]. These models range from early primitive models
that aimed to capture the basic life-cycle and disease states [12,13] to more advanced agent-based
[14] and population-level deterministic models [15,16] that have been used to compare available
control strategies and make recommendations for policy-makers. One of these models, EPICYST
[15], was recently presented to WHO and collaborating health ministries with the goal of meeting
WHO’s 2020 goal to identify validated T. solium control strategies [11].

Despite use of these models in policy-making, a report by WHO stressed the considerable
uncertainty surrounding the models, and cautioned that outputs from the current models should be
considered preliminary [11]. WHO has highlighted three key concerns that limit the accuracy and
utility of existing models. First, model validation, or comparing model predictions to observed
outcomes, is widely considered a pre-requisite for real-world use of a model, as it provides
assurance that the structure, parameterization, and predictions of the model are correct [115].

None of the existing T. solium models have been validated with data from field interventions.

Second, all existing models rely on the assumption that modeled populations mix homogenously

and individuals in the population share uniform risk of infection. Numerous studies have shown
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that T. solium transmission violates this “homogenous mixing” assumption by observing clusters
of infection among certain high-risk households [74,75,90,116], and showing heterogeneities in

pig roaming that lead to non-uniform infection risk among pigs [88,89]. Failure to account for

key heterogeneities within populations often leads to overestimation of intervention effectiveness

[117]_and an inability to evaluate promising strategies that target high-risk clusters [50,118].

Finally, all existing models assume closed and static populations. Continuous travel of humans
between villages and regions is known to cause rapid re-introduction of pathogens into previously
controlled areas [94,119,120]. No current T. solium model accounts for travel or re-introduction.

This is likely to result in unrealistic predictions for achieving control and elimination milestones

[121].
2.4.3 CystiAgent: a novel agent-based model for T. solium

In order to address the above limitations and meet the need for an accurate and flexible T.
solium transmission model, the objective of this dissertation was to develop and validate a novel
agent-based model (ABM) called “CystiAgent.” CystiAgent is the first T. solium model to
incorporate an agent-based (i.e., individual-level) structure that includes a spatial platform to
account for pig movement and non-uniform risk distribution, a key shortcoming of existing
models. CystiAgent is also the first to include an open population structure that will provide an
accurate reflection of human travel patterns and the potential for disease re-introduction. With
respect to the evaluation of control strategies, the CystiAgent prototype is equipped to simulate
the standard suite of interventions tested in prior models. Due to the novel spatial structure of
CystiAgent, it is also the first model with the capacity to evaluate geographically targeted
strategies (e.g., ring screening/treatment) that have shown promise in field trials [50]. Finally,
predictions made by CystiAgent were tested against data from two of the largest prospective T.
solium interventions ever attempted, a step that provided an important evaluation of model

accuracy. No prior T. solium models have been validated in this way.
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3.1 Abstract

3.1.1 Background

Taenia solium (cysticercosis) is a parasitic cestode that is endemic in rural populations
where open defecation is common and pigs are allowed to graze on human feces. The purpose of
this study was to examine the roaming patterns of free-range pigs, and identify areas where T.
solium transmission could occur via contact with human feces. We did this by using GPS trackers
to log the movement of 108 pigs in three villages of northern Peru. Pigs were tracked for 6 days
each, and tracking was repeated in the rainy and dry seasons. Maps of pig ranges were analyzed
for size, distance from home, land-type, and contact with human defecation sites, which were
assessed in a community-wide defecation survey.
3.1.2 Results

Consistent with prior GPS studies and spatial analyses, we found that the majority of pigs
remained close to home during the tracking period and had contact with human feces in their
home areas — pigs spent a median of 79% (IQR: 61-90%) of their active roaming time within 50
meters of their homes, and 60% of contacts with open defecation within 100 meters of home.
Extended away-from-home roaming was predominately observed during the rainy season; and,
overall, home range areas were 61% larger during the rainy season compared to the dry season
(95% CI. 41-73%). Both home range size and contact with open defecation sites showed
substantial variation between villages, and contact with open defecation sites was more frequent
among pigs with larger home ranges, and pigs living in higher density areas of their village.
3.1.3 Conclusions

Our study builds upon prior work showing that pigs predominately roam and have
contact with human feces within 50-100 meters of the home, and that T. solium transmission is

most likely to occur in these concentrated areas of contact. This finding, therefore, supports
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control strategies that target treatment resources to these areas of increased transmission. Our
finding of a seasonal trend in roaming ranges may be useful for control programs relying on pig
interventions, and in the field of transmission modeling, which require precise estimates of pig

behavior and risk.

3.2 Background

Cysticercosis, caused by the pork tapeworm (Taenia solium), imposes a major health and
economic burden on rural populations in Latin America, Africa, and eastern Asia [1,2]. Humans
acquire the intestinal tapeworm infection (taeniasis) by consuming larval cysts that may be
present in raw or undercooked pork. Adult tapeworms reside in the human gut, and may expel
tens of thousands of infectious eggs each day in the host’s feces [26,32], which contaminate the
environment in areas where open human defecation is common. The widespread practice of free-
range pig-raising in endemic areas allows pigs to consume T. solium eggs in human feces and
develop larval cyst infection in their muscle tissue, thus proliferating the life-cycle.

The movement patterns of free-roaming pigs within endemic communities and their
contact with potentially infectious human feces are key factors that influence transmission
patterns. Prior studies have found that pigs raised in the same household or within 50 meters of a
human with taeniasis have substantially higher rates of cyst infection [74,75,122] and antibody
reactivity [90] compared to more distant pigs. This knowledge of locally acquired T. solium
infection has led to important advancements in control in recent years. In Peru, “Ring Strategy”
has led to significant disease control by offering screening and treatment for human taeniasis to
people living within 100 meters of an infected pig [50].

Although the evidence for focal transmission of T. solium is convincing, there are
significant gaps in our knowledge of transmission that have been highlighted by prior spatial

studies. Namely, past studies have routinely found infected pigs living distant from known
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tapeworm carriers [75,122], and ring interventions have not completely eliminated the disease
[50], as would be expected if transmission were purely focal. An improved understanding of T.
solium transmission dynamics, including elucidation of these unexplained patterns of pig
infection, would have a few key impacts on the prospects for T. solium control. For one, it may
lead to improved intervention strategies that more effectively target treatment resources to areas
of transmission risk. Second, it would provide key information for the emerging field of
transmission modeling. Existing models of T. solium transmission have been used to compare the
effectiveness of available control strategies [14,15], but have not yet had sufficient data to
incorporate spatial aspects of transmission. Addressing this knowledge gap requires that we
investigated the behavioral and environmental factors that produce the observed spatial patterns
in transmission — chief among these are the roaming patterns of pigs and their contact with human
feces present in the environment due to open defecation practices.

Having previously identified these goals, we first investigated the roaming patterns of
pigs in a pilot study conducted in 2015 [88]. In that study, we used GPS trackers to map the
roaming ranges and contact with human feces for 37 pigs in two small villages of northern Peru.
That study helped to validate the size of 100-meter rings used in Ring Strategy, but was limited
by a short tracking period (48 hours), a small sample of pigs from only two villages, and tracking
during the rainy season only, all factors that could have led to biased or imprecise estimates.

In the present study, we set out to further investigate the roaming patterns of pigs in this
region with the goal of improving upon the limitations of our pilot study. Specifically, this study
expanded to three new villages in northern Peru, included more pigs (n=108), a longer tracking

period (six days), and tracking in both the rainy and dry seasons.
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3.3 Methods

3.3.1 Selection of study villages and tracking seasons

Three villages in the northern Peruvian region of Piura participated in this study. We
selected these villages (referred to as villages “A”, “B”, and “C” here) because they were
generally representative of rural villages in the region, had an adequate number of households
that raised free-roaming pigs, and were participating in a concurrent cysticercosis control study
that provided up-to-date census information [123]. The period of GPS tracking referred to as
“rainy-season” tracking took place in the study villages in April 2018, which corresponds to the
end of the rainy season (December-April) and is characterized by intermittent rain and abundant
wild fruits and foliage. “Dry-season” tracking took place in the same villages in August 2018, a
period characterized by cool and dry weather with very little green foliage.
3.3.2 Sample size

The sample size of pigs for this study was designed to explore differences between home-
range areas by season (two-sided, o = 0.05). Our chosen sample size of 120 pigs (20 pigs per
village per season) corresponded to an 80% power to detect a 35% difference in median home
range by season in the full sample, and 54% seasonal difference within each village stratum.
Calculations were based on mean and variance results from our pilot study in this region [88].
3.3.3 Selection of pigs

All households in participating villages were approached for inclusion in the study, and
were eligible if they reported raising free-roaming pigs. At consenting households, pigs were
eligible for GPS tracking if they were not regularly tied or enclosed in a corral, were at least two
months old, were not pregnant or sick, and were not planned for slaughter in the next seven days.
We attempted to enroll one pig from each consenting household. If multiple pigs could be
captured from one household, we enrolled the pig that fulfilled an age-stratified sampling scheme.

For dry season tracking, we enrolled the same pigs that participated in the rainy season when
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possible. If this pig had been sold or slaughtered, we selected a pig from the same household with
preference towards pigs that were the same age as the previously tracked pig.
3.3.4 GPS tracking of pigs

The GPS loggers we used for this study (“i-GotU GT-120”, MobileAction Technology,
New Taipei City, Taiwan) were programmed to record the GPS coordinates of a pig’s location
every 60 seconds. In order to last the planned 6-day roaming period at this logging frequency, we
replaced the original 230 milliamp-Hours (mAh) batteries with 3.7-volt 2000mAh lithium-ion
batteries (AdaFruit, New York, New York) in all devices used. After each pig was captured, the
modified GPS logger was placed in a waterproof case (HPRC 1100, Plaber, Vicenza, Italy), and
secured to the nape of the pig using a custom harness made of nylon webbing (Fig 3.1). All study
pigs from each village were tracked over the same 6-day period. During this period, study staff
returned to each enrolled household daily to check on pigs and adjust harnesses if necessary. At
the end of the 6-day period, the GPS devices were removed and the spatial data were downloaded

for analysis.

Fig 3.1. GPS devices placed in waterproof cases and secured to harnesses for tracking.

3.3.5 Household defecation survey

In addition to tracking pigs, we conducted household surveys to assess human defecation
practices in the study villages. For this, we visited all households during the rainy season, and
asked available adult residents whether their family owned a latrine/indoor bathroom or members
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of their family practiced open outdoor defecation. If an outdoor area was indicated, we searched
for evidence of recent defecation (e.g., feces or soiled paper) and used a handheld GPS receiver
(GeoExplorer II; Trimble, Sunnyvale, CA) to record a GPS point at that location. For both
latrines and outdoor defecation areas, household respondents were asked to rate their family’s
frequency of use between “Never”, “Sometimes” or “Always”. Finally, study teams logged the
locations of roads, paths, and streams in the community, and inspected each for evidence of open
human defecation. Study personnel were assisted in this effort by local community leaders, who
guided teams to known communal defecation sites in each village.
3.3.6 Mapping and statistical analysis

All data were analyzed using R version 3.2 (The R Foundation for Statistical Computing;

www.r-project.org), QGIS version 2.18 (Open Source Geospatial Foundation Project,

http://qgis.osgeo.org), and Stata version 13.1 (StataCorp; College Station, TX). For spatial

analyses, all spatial layers were projected with a Universal Transverse Mercator Zone 17S
projection. Because obstruction of the satellite signal occurred intermittently during pig tracking,
it was necessary to remove outlying points in post-processing. To do this, we removed points that
were delayed > 10 seconds (suggesting signal obstruction), points for which the detected speed
was greater than 3 m/s, and points with less than a 20 degree angle between the prior and
succeeding GPS locations, features unlikely to be produced by natural pig movement. On
average, we removed 3.1% of the total points logged for each pig due to suspected error.
Additionally, in order to avoid bias due to the stress of the chase and capture of pigs, we removed
the first hour and final 15 minutes of tracking time, as well as points that were recorded before,
during, and after any necessary harness adjustments.

In order to create maps that represented the active foraging time for pigs, when they are
most likely to consume human feces, we further restricted the GPS points included in the analysis
by two factors. First, we excluded points taken between 10pm and 4am, a time in which most

range maps showed inactivity for pigs, and second, we excluded points for which the GPS
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coordinates did not change from the preceding point, suggesting inactivity. We validated this
method of selecting for active foraging time by directly observing the behaviors of a subset of
study pigs (n=9) in the field. For these pigs, which were each observed for 12 day-time hours, we
found that removing repeat points successfully eliminated non-foraging rest-time with a
sensitivity of 38% and specificity of 96%. Overall, these additional filters reduced the total
number of GPS points used for each pig from an average of 7,727 total points to 4,569 active
points, a 37% reduction.

After obtaining final datasets for each pig, we analyzed roaming ranges using the “LoCoH”
(Localized Convex Hulls) Homerange Analysis Algorithm for R [124,125]. A detailed
description of the LoCoH algorithm can be found elsewhere [126]. Briefly, we used the a-nearest-
neighbors LoCoH method (a for adaptive), which is a non-parametric mapping algorithm that
creates convex polygon hulls around each GPS point based on a flexible number of nearest-
neighbor points. The a-method uses fewer nearest-neighbor points to constructs hulls in less
dense areas of the range, thus avoiding the problem of large polygons forming in sparsely
occupied areas. We found that the algorithm produced optimal roaming areas when the “auto-a”
function required a minimum of 95% of points to form polygons with 30 nearest neighbors. The
output of the LoCoH algorithm produced maps of each pig’s range that identified three areas
based on specified isopleth cut-off values. As suggested by the algorithm developers [126], the
“core range” represents the densest 50% of a pig’s range, the “home range” is the densest 90%,

and the “maximum range” is the area that contained 100% of the convex hulls (Fig 3.2).
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Core range
Home range
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Fig 3.2. Top: map of raw GPS points from a single pig (Village B). Middle: line map of same
pig’s roaming pattern with each color representing a unique day of movement. Bottom: final
LoCoH map of same pig’s range with colors representing Core (50%), Home (90%), and
Maximum (100%) range levels. Satellite images from Google Satellite Hybrid extension for
QGIS. Last update, April 05, 2017.

In order to analyze pig roaming ranges with respect to land features and open defecation
areas, we created detailed vector maps for each study village. For this, Google Earth satellite
images® were overlaid with manually logged household and road layers to categorize village land
into one of four mutually exclusive land-types: peri-domestic, roads/paths, farmland, and
vegetation. Peri-domestic areas were formed by generating 20-meter buffers around household
coordinates and merging the areas surrounding contiguous households and common areas (e.g.,
school, recreational fields, etc.); roads and paths were manually logged in the field, and enhanced

with a 4-meter buffer in post-processing; farmland was assigned in post-processing by digitizing

visible fence-lines that contained discernable rows of crops; all remaining areas not fitting these

! Images from Google Satellite Hybrid extension for QGIS. Last update: April 05, 2017. Map location:
4°38’12.84"S, 79°59'29.87"W.
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categories were classified as vegetated — these remaining areas were composed of undeveloped
land with sparse tree cover, bushes, and streams.

We processed LoCoH maps with respect to these base layers in order to extract a variety
of roaming outcomes. These included the total area of core, home, and maximum LoCoH ranges,
the proportion of tracking time spent in each land-type, the number of human defecation points
within each level of a pig’s range (core, home, and maximum ranges) and their corresponding
land-types, and distance of each GPS point to the pig’s household, which was used to determine
the proportion of time spent within 50, 100, 150, and 200 meters of home.

Roaming outcomes were first analyzed descriptively, and were then analyzed for
associations with pig-, household- and village-level predictors. These predictors included pig age
(in months), sex, household herd size, household density (number of neighboring households
within 100 meters), village of residence, and tracking season. These predictors were used to
create a variety of multivariable models for pig roaming: ordinary least squares regression models
for the log-area of core, home, and maximum ranges, negative binomial models for the number
defecation points inside pigs’ home, and maximum ranges, and a logistic regression model for the
presence of at least one open defecation site within a pigs’ core ranges. Predictors and
interactions were retained in either model if they were significant (p < 0.05) when added in
stepwise procedure. Because of similarities in the results of our models for core, home, and
maximum ranges, only the results of the two home-range analyses will be presented here, but all

models and corresponding coefficients can be found in Appendix A.

3.4 Results

3.4.1 Village and household characteristics
All three study villages are rural communities where small-holder farming is the primary

economic activity and raising free-roaming pigs is common practice. Between 53% and 70% of
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households reported raising pigs, and only 5% - 29% of those pig-owners reported always
corralling their pigs (Table 3.1). Despite similar population sizes (range: 83-95 households), the
three study villages had important differences. Village A was larger, flatter, and less densely
housed than the other two villages, while Villages B and C were smaller and built on steep
sloping terrain. Village B was the smallest and densest village, characterized by fewer latrines, a
higher rate of open defecation, and significantly more open defecation sites.

Table 3.1. Characteristics of study villages and defecation survey.

Village A Village B Village C
Human population 279 250 372
Households 95 83 83
Household density (mean #
households within 100m) 6.9 26.1 112
Area 1.93 km’ 0.45 km® 0.58 km®
Participated 77/95 (81%) 70/83 (84%) 79/83 (95%)
Latrine prevalence 74177 (96%) 46/70 (66%) 75/79 (95%)
Open defecation* 13/77 (17%) 32/70 (46%) 25/79 (32%)
Total defecation sites 30 (20%) 79 (52%) 42 (28%)
Pig owners 41/77 (53%) 45/70 (64%) 55/79 (70%)
Corral prevalence 31/41 (76%) 17/45 (38%) 18/55 (33%)
Actual corral uset 12/41 (29%0) 6/45 (13%0) 3/55 (5%)

*Some houses with latrines also reported open defecation
tCorral in “good” condition and owner reports that it is used “always”

3.4.2 Pig population

We enrolled a total of 114 pigs for GPS tracking between the two seasons. Six pigs were
excluded from the analysis because of a combination of device failure (n=3), lost devices (n=2),
and an owner’s decision to corral the pig (n=1). This led to a final sample of 108 pigs tracked; 53
in the rainy season and 55 in the dry season. Of the 53 rainy season pigs, we were able to repeat
dry season tracking for 15 pigs (28%) and track a pig from the same household for 37 pigs (70%).
There were no significant differences in the sex, age, or village distribution of pigs between the
rainy and dry seasons Appendix A.

Pigs included in the analysis were tracked for an average of 5.4 days (range: 2.2 to 6.6

days). The targeted 6-day tracking period was incomplete for 21 (19%) of the 108 pigs analyzed.
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Reasons for incomplete tracking included pre-mature battery death or device failure (n=16),
owner’s decision to withdraw (n=4), and pig death (n=1, unrelated to study).
3.4.3 Household distance and defecation contact

We first analyzed the amount of time pigs spent at increasing distances from their homes.
In both tracking seasons, pigs spent the majority of their active time within 50 meters of their
homes (medians: 74% in rainy, 85% in dry, p=0.12, Fig 3.3A). The proportion of active roaming
time spent at increasing distances decreased substantially outside of 50 meters in both seasons.
The median proportions of active time spent was 8.8% and 7.8% at 50-100m, 3.9% and 1.7% at
100-150m, 2.0% and 0.5% at 150-200m, and 2.1% and 0.7% at >200m, in rainy and dry seasons,
respectively.

Despite spending the majority of total time very close to households, distances at which
contact with human defecation sites occurred followed a slightly different pattern (Fig 3.3B). In
both seasons, the majority of contact between pig ranges and defecation sites occurred between
50-100m of the household (means: 1.66 in rainy, 1.43 in dry, p=0.58), while the contact rate at
increasingly distant areas from the household was similar between rainy and dry seasons, but

disproportionately elevated compared to the total time pigs spent at those distances.

% of tracking time within distance

o

7/
%
_
%
/
.

Distance from household Distance from household

Fig 3.3. A. The median proportion of active time pigs spent at increasing distances from their
households in rainy (n=53) and dry (n=55) seasons. B. The mean number of defecation points
within the maximum LoCoH range of pigs at increasing distances from their households in rainy
and dry seasons.
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3.4.4 Roaming range areas

The areas of core, home, and maximum ranges are shown for all pigs in Figure 3.4.
Range sizes were distributed exponentially, with the majority of pigs having maximum range
areas of less than 30,000 m? and home range areas less than 5,000 m?. However, a subset of pigs
had substantially larger roaming areas, with maximum ranges up to 500,000 m? and home ranges

up to 120,000 m?.
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Fig 3.4. Areas of LoCoH core, home, and maximum ranges for all 108 pigs tracked.
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In multivariable regression models, village of residence and season were the only
variables significantly associated with log-transformed LoCoH areas. Age, household herd size,
and household density all had significant bivariate associations, but became non-significant after
adjustment for village and season, and pig sex was not significant in any model (Table 3.2).
Across all villages, home ranges were 61% (95% CI: 47-72%) smaller in the dry season,
compared to the rainy season, and there was significant variation in home range areas by village.

Figure 3.5 shows representative maps of 3 pigs tracked in both seasons.
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Table 3.2. Regression coefficients for home range area and defecation sites in home range.
Bivariate and multivariate linear regression models for log-area of home range, and negative
binomial models for the number of open defecation sites within home ranges.

Home range area Defecation sites in home range
(e coefficients (95% Cl)) (incidence rate ratio (95% CI))
Bivariate Multivariate Bivariate Multivariate
Village
Village A Ref. Ref. Ref. Ref.
Village B 0.48 50.47 7.06 37.94
9 (0.30, 0.76)** (0.31,0.70)** | (3.83,13.01)** (4.28, 14.7)**
Village C 0.24 %0.23 1.25 51.25
g (0.15, 0.39)** (0.16, 0.35)** (0.63, 2.49) (0.57, 2.70)
Season
Rainy Ref. Ref. Ref. -
DF 0.40 °0.39 0.69 ]
y (0.27, 0.59)** (0.28,0.53)** (0.39, 1.21)
Household density"
5 0.95 i 1.03 1.07
- (0.92, 0.97)** (1.00, 1.07) (1.04, 1.10)**
25 1.05 i 1.03 0.95
(1.02, 1.09)** (0.99, 1.08) (0.93, 0.98)**
Herd size 1.06 ) 0.97 i
(per additional pig) (1.02, 1.10)** (0.91, 1.03)
Pig sex
Female Ref. - Ref. Ref.
Male 0.78 ] 0.94 51.45
(0.51, 1.19) (0.54, 1.66) (1.01, 2.08)*
Pig age 1.04 ) 0.98 i
(per month) (1.0, 1.08)* (0.93, 1.03)
Log-area of home i i 1.50 1.76
range (1.13, 2.0)** (1.43, 2.16)**

p-value: **<0.01, *<0.05
SSignificant statistical interactions (by village) not shown (see Appendix A for full model associations)
+Number of households within 100m radius, linear spline at 25 households/100m
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I Core range
[ Home range
[ |Max range

Fig 3.5. LoCoH home range maps of 6 representative pigs from 3 study villages (top to
bottom: Village A, Village B, and Village C). Adjacent maps are from pigs of the same
household in the rainy (left) and dry (right) seasons. LoCoH range levels represent densest 50%
(Core), 90% (Home), and 100% (Max) of roaming area. Satellite images from Google Satellite
Hybrid extension for QGIS. Last update, April 05, 2017.
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Although not shown in Table 3.2, the degree of reduction observed between the rainy and
dry seasons was significantly different in between villages (p<0.001 for village*season
interaction). Villages A and B had significant reductions of 76% and 71%, respectively from the
rainy to dry seasons, and Village C, the village with the smallest home ranges overall, had a non-
significant 30% reduction in home range area. Home range areas by season and village are shown
in Figure 3.6, and full tables of all regression outputs, including regression models for core and

maximum ranges can be found in Appendix A.
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Fig 3.6. Box plot of home range areas by season and village show significant reduction in
home ranges by season and between villages. Additional boxes show the home ranges extracted
from pilot study in Peru [88], n=37 pigs in rainy season; and GPS tracking of 10 pigs in Kenya
[89] from a mix of rainy and dry season tracking.

0

3.45 Contact with defecation sites

Overall, 56% of pigs had at least one defecation site in their home range and 85% had at
least one defecation site in the maximum range. The rate of contact with defecation sites was not
significantly different between the rainy and dry seasons (mean of 2.1 vs. 1.5 defecation sites in
home ranges during the rainy vs. dry seasons, p=0.18), but did vary significantly between
villages. Pigs from Village B had an average of 4.0 defecation areas in their home ranges,
compared to averages of 0.6 and 0.7 in Villages A and C, respectively (p < 0.01, one-way
ANOVA). Of the three study villages, Village B was the village with the smallest land-area, the

highest density of households, and by far the most defecation sites found overall. In a negative
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binomial model of contact with defecation sites (Table 3.2), residence in Village B, male sex,
increased housing density up to 25 households/100-meter radius, and increased home-range area
were significantly associated with the rate of contact with defecation sites. Tracking season, pig
age, and herd size were not significantly associated with defecation contact (see Appendix A).
3.4.6 Pig roaming and land-type

We also analyzed the amount of active time pigs spent roaming in different land-types.
Overall, pigs spent the majority of active roaming in the peri-domestic habitat, while
proportionally less time was spent in vegetation and roads/paths, and very little time was spent in
farmland. Season, village, household density, and home-range size were all significantly
associated with roaming land-type (Table 3.3). Pigs spent significantly more time in peri-
domestic areas during the dry season (64% vs. 55%, p = 0.04), and were also more likely to spend
time in peri-domestic areas if they had smaller home ranges (74% vs. 55%, p< 0.01), or lived in
higher-density areas of the village (66% vs. 54%, p<0.01). Contact with open defecation sites
occur most frequently in peri-domestic and vegetated zones, less frequently along roads/paths,
and was not observed in farmland (mean defecation sites in range = 2.0, 1.9, 0.9, and 0,

respectively).
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Table 3.3. Pig roaming land-type, by selected covariates. Mean percentage of active roaming
time spent in given land-type. Farmland not shown due to infrequent roaming; other pig variables
not shown (pig sex, age, and household herd size) were not significantly associated with any

roaming land-type.

Land-type
Peri-domestic Vegetation Roads/paths

Season’

Rainy 54.8 (48.7, 60.9)* 26.7 (20.8, 32.7) 17.3(12.8, 21.8)

Dry 64.2 (57.3, 71.1)* 20.1 (13.6, 26.6) 15.4 (11.3, 19.5)
Village®

Village A 64.9 (57.2, 72.7)** 26.2 (18.2, 34.4) 8.5 (6.1, 10.9)**

Village B 46.1 (37.6, 54.5)** 26.1 (18.0, 34.3) 26.0 (20.0, 32.1)**

Village C 67.9 (61.5, 74.3)** 18.8 (11.6,25.9) 13.3 (8.9, 17.6)**
Home-range size'

<3000 m? 73.8 (67.7, 79.8)** 9.6 (0.6, 13.4)** 16.5 (10.1, 23.0)

>3000 m’ 54.6 (49.1, 60.2)** 28.2 (22.8, 33.6)** 16.2 (12.8, 19.7)
Household density™*

<10 53.8 (47.0, 60.5)** 29.1 (22.9, 35.2)** 16.7 (12.1, 21.3)

> 10 66.1 (60.2, 72.1)** 16.9 (11.0, 22.9)** 15.9 (12.0, 19.8)
# open defecation sites in
range (mean. sd) 1.99 (2.3) 1.94 (2.5) 0.87 (1.2)

p-value: **<0.01, *<0.05

+ Two-sample t-test used to derive p-values and 95% confidence intervals

¥ One-way analysis of variance (ANOV/A) used to derive p-value and 95% confidence intervals
tNumber of households within 100m radius

3.5 Discussion

The purpose of this study was to examine the roaming patterns of pigs in northern Peru,
and to identify areas within their ranges where T. solium transmission could occur via contact
with human feces. We found that pigs spent the majority of their active roaming time within 50
meters of their household. This home-centered range was concentrated in the peri-domestic
habitat and predominated across both seasons and all villages (median: 79% of active time within
50m). Most of the areas of overlap between defecation sites and pig roaming ranges were found
in this 50-meter zones or the wider 100-meter radius surrounding pig homes, suggesting that the
majority of T. solium transmission risk is concentrated in these areas proximal to pigs’
households.

These findings are generally consistent with our knowledge of limited pig roaming and

focal T. solium transmission in this region. Prior spatial analyses of tapeworm carriers and
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infected pigs have found that pigs living with 50 meters of a tapeworm are at significantly
elevated risk of cyst infection [75,122], and our pilot GPS analysis of pig roaming in this region
found that pigs spent 70% of their roaming time and 93% of their interactions with defecation
sites within 50 meters of their homes [88]. Taken together, these studies provide consistent and
convincing evidence that the T. solium transmission in this region occurs in close proximity to the
home — areas where pig roaming and human defecation are concentrated — and that interventions
targeting treatment resources to these hotspots of transmission are likely to be successful.

Although most pigs had limited roaming ranges and close contact with human feces near
their home, many pigs spent at least some fraction of time foraging in more distant areas, and a
subset of pigs had ample roaming ranges that revealed regular extended trips to distant areas. In
these extreme cases, pigs ventured 1-3 kilometers from their homes, and spent nights away
without returning home. These long-distance roamers are an important sub-group to consider in
the context of control interventions, as they had higher rates of contact with open defecation
areas, and, due to extended time away from home, may not be included in treatment, vaccination,
or serological monitoring programs.

Another key finding in this study was the importance of season as a determinant of the
area and distance pigs covered during roaming. Nearly all occurrences of extended roaming were
observed during the rainy season, and rainy season home ranges were 61% larger than their dry
season counterparts. Compared to the dry season, pigs in the rainy season also spent less time
foraging in peri-domestic zones. This seasonal pattern is likely due to the increased availability of
wilds fruits, vegetation, and natural streams during the rainy season. Pig owners frequently
reported to us that their pigs roamed longer and further during the rainy summer months in search
of wild fruits to eat and streams to bath in, and spent the dry winter months resting and grazing on
domestic food sources. This seasonal pattern is consistent with a non-spatial study of pig behavior
conducted in Mexico, which found that pigs spent more time feeding and walking during the
rainy season, and more time resting and consuming feces during the dry season [33]. Despite our
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finding of seasonality in roaming range areas, we did not detect any significant difference in
contact with human feces between seasons, and therefore were not able to corroborate evidence
of a seasonal pattern in T. solium transmission.

Apart from season, the most important determinant of the size of a pig’s roaming area
and its contact with defecation areas was its village of residence. Roaming areas in Village A
were considerably larger than those observed in Villages B or C (median home ranges: 12570 m?,
5697 m? and 3270 m? respectively), yet contact with defecation sites was more frequent in
Village B (mean of 4.0 defecation sites in range vs. 0.6 and 0.7 in other villages). These
differences highlight the importance of village-specific characteristics that may lead to
heterogeneous transmission patterns between villages. For example, Village A is relatively flat
with large and dispersed homesteads (6.9 households/100m) and a low rate of open defecation
(97% of households had latrines), while Village B is a densely populated peri-urban settlement
(26.1 households/100m) with a high rate of open defecation (only 66% of households owned
latrines). Given that pig roaming patterns and contact with open defecation areas varied
considerably between these villages, it is likely that spatial patterns of transmission and the
degree of clustering in T. solium transmission differ as well. Control programs should consider
the impact of these between-village heterogeneities when planning interventions. For example,
the decision to select a mass or targeted intervention — or the selection of an appropriately sized
treatment ring in a targeted approached — may differ depending on the degree of clustered
transmission likely to be present. Knowledge of the local patterns in pig roaming, open
defecation, and housing density may help to tailor intervention strategies local conditions.

This study had a few important strengths compared to prior research in this field. First,
repeated tracking periods allowed us to investigate seasonal differences in roaming patterns. This
aspect of pig roaming was not addressed in our prior analysis, and was not robustly evaluated in
two other studies relating pig roaming to T. solium transmission risk — a GPS study in Kenya that
tracked 5 pigs per season [89], and a non-spatial study of pig behavior in Mexico [33]. Our
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current study tracked over 50 pigs per season across 3 villages, the most robust effort to date to
study pig behavior as it relates to T. solium transmission. Second, our application of a 6-day
tracking period (compared to 2 days in our prior study) and our selection of active roaming time
were key improvements that reduced the impact of chance daily variations in roaming and the
introduction of bias from periods of rest that would not contribute to transmission risk.

Despite these strengths, our study had a few important limitations. Due to the logistical
challenges of mapping defecation sites in the communities, defecation mapping was only applied
in the rainy season, and defecation sites were assumed to remain constant in the dry season.
Although we are not aware of evidence from literature or local experts that open defecation
practices vary by season, this remains a possibility, and could have affected estimates of contact
with defecation in the dry season. Second, while we applied multiple measures to eliminate
erroneous GPS points caused by signal disruption, some degree of imprecision in GPS points was
inevitable. GPS imprecision likely introduced random error into our classification of pigs’ land-
usage, and reduced the accuracy of our algorithm to select periods of active roaming. Finally,
roaming patterns and patterns of contact with human feces likely differ between endemic regions,
and results obtained from these three villages may not be generalizable to other areas. That said,
our findings are comparable to prior work on this topic from other regions [33,89] (see Fig 3.6),
and spatial analyses from other regions that have detected clustered patterns of T. solium

prevalence [74,75,79,90,116,122].

3.6 Conclusion

We found that the majority of pig roaming and contact with human defecation sites
occurred in close proximity to pig homes — roaming was concentrated within 50 meters and
contact with human defecation within 100 meters of pig households. When considered alongside

prior GPS tracking studies and spatial analyses in this region, this study provides strong evidence

40



Chapter 3: Aim 1 - GPS tracking of free-roaming pigs

that T. solium transmission is most likely to occur in close proximity to the home, and supports
control strategies that target treatment resources to these high-risk areas. When longer-range pig
roaming occurred, it occurred more frequently in the rainy season, and depended on village
characteristics such as density and topography. Therefore, while we did not find evidence that
contact with feces or resulting transmission patterns vary by these factors, they could impact
access to pigs, and we recommend that future control strategies consider seasonal patterns and
local village heterogeneities when planning interventions such as treatment or vaccination.

The information provided here may also be useful for T. solium transmission models,
which require precise estimates for behavioral factors that influence transmission patterns, such
as pig roaming and open human defecation. Pig roaming and open human defecation are key
features that cause clustered patterns of T. solium transmission, and modelers should account for
this clustering, along with possible seasonal and village-specific differences in transmission
patterns, when considering the structure and parameterization of future models. Ultimately, data
from this study may fill an important gap in behavioral data needed for the development of
accurate and validated T. solium transmission models. Advancements of T. solium modeling,
including improved biological and behavioral data, is a need that has been highlighted by the

World Health Organization as a priority for achieving control and elimination milestones [127].
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4.1 Abstract

4.1.1 Background

The pork tapeworm (Taenia solium) is a serious public health problem in rural areas of
developing countries, where the associated conditions of neurocysticercosis (NCC) and porcine
cysticercosis cause substantial health and economic harms. The World Health Organization
(WHO) has identified the development of an accurate and validated T. solium transmission model
as a key priority for advancing towards control and elimination. Existing T. solium models,
however, do not incorporate key spatial and behavioral features of T. solium transmission, and
have not been tested against data from prospective studies.
4.1.2 Methodology and principal findings

We developed a spatially-explicit agent-based model (ABM) for T. solium
(“CystiAgent”) that was designed to capture the spatial and behavioral complexities of T. solium
transmission in endemic regions. In this article, we introduce the structure and function of the
model, and describe the results of sensitivity analyses conducted. Sensitivity analyses included
Sobol’s variance decomposition and partial-rank correlation coefficient (LHS-PRCC). The model
parameters with the greatest impact on outputs were “tuning” parameters defining the
probabilities of infection in humans and pigs given exposure to T. solium, and pig-raising
practices in the simulation villages, the duration of human taeniasis, the roaming ranges of pigs,
and use of latrines were also identified as key contributors to uncertainty in the model.
4.1.3 Conclusions and significance

CystiAgent represents an important new tool for investigating T. solium transmission, as
it is the only available model to represent key spatial and behavioral aspects of transmission.
Sensitivity analysis showed that application of the model to populations outside of Peru would

benefit from local calibration of tuning parameters and additional knowledge of some key
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behavioral parameters in order to be accurately applied to these areas. Next steps for this model
include testing the model against results from prospective studies, and comparing and prioritizing

available control strategies to meet WHO policy goals.

4.2  Author summary

The pork tapeworm (Taenia solium) is transmitted between humans and pigs in rural
areas of developing countries, and represents a serious public health problem. If we are to achieve
the ambitious goal of control and/or elimination of T. solium in affected regions, it will require
innovation and collaboration from multiple disciplines, including the laboratory science, field
epidemiology, and computer modeling. Here we describe our effort to develop and evaluate a
novel model capable of simulating T. solium transmission in endemic settings. Our model, called
“CystiAgent” is an agent-based model (ABM) that differs from prior T. solium models in that it
represents the unique spatial and behavioral features of T. solium transmission. In our evaluation
of the model, we found that a select set of parameters of the model were responsible for the
majority of variation in outputs. Based on these results, we recommend that application of the
model to specific endemic villages be paired with local data and statistical calibration of these
key parameters. The results of this analysis will allow us to improve future versions of the model,
and ultimately, produce a validated model that can be used to evaluate the effectiveness of

proposed control or elimination strategies.

4.3 Introduction

Human cysticercosis, caused by the pork tapeworm (Taenia solium), remains a major
public health concern in poor rural areas of the world. In endemic regions, up to one third of
seizure disorders are attributed to neurocysticercosis (NCC), a severe neurological infection

caused by the parasite [3,4]. Further, livestock losses exact a substantial economic burden [8]. T.
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solium is transmitted between humans and pigs, and is common in agricultural communities
where small-holder pig farming is common and access to sanitation is limited. Humans acquire
the adult-stage intestinal tapeworm (a condition called taeniasis) by consuming raw or
undercooked pork that is infected with intermediate-stage larval cysts, while pigs acquire this cyst
infection (a condition called porcine cysticercosis) through contact with eggs present in the feces
of infected humans.

Control and elimination of T. solium transmission in endemic areas is now known to be
achievable [94,100] through strategic application of available drugs to treat human taeniasis
[48,91] and porcine cysticercosis [34], and a vaccine to prevent infection in pigs [99,100].
Despite these effective tools, relatively few prospective studies have been conducted that
compare available strategies, owing largely to the high cost and time required to carry out this
work. To address this challenge, efforts to control and/or eliminate other neglected tropical
disease (NTDs) have relied upon infectious disease models to compare and contrast available
strategies prior to rolling out large-scale control programs [128,129]. It is at this critical juncture
that T. solium control and elimination is now situated, as the World Health Organization (WHO)
recently called upon modelers to identify a set of approaches that can be scaled and implemented
in several countries by 2020 [127].

A variety of T. solium models have been developed in recent years that attempt to fill the
above needs [12-16]. While each of these attempts have moved the T. solium modeling agenda
forward, limitations in structure and data quality have prevented these models from providing the
detailed insights needed to inform future control strategies. These existing models, like many
traditional infectious disease models, rely on assumptions of spatial homogeneity, closed-
populations, and parameters that are averaged across large populations. Transmission of T.
solium, however, is uniquely difficult to model under traditional assumptions due to the complex
social, biological, and environmental factors that perpetuate transmission in endemic areas. Local
variations in pig-raising practices, sanitation, diet, and migration all interact to create locally
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specific transmission patterns that differ from one endemic village to the next [30]. Even within
villages, spatial heterogeneities caused by pig-roaming patterns and open defecation cause
clustering that is important for a model to capture [75,88,122]. Importantly, models that fail to
account for these heterogeneities are susceptible to overestimating the effect of control
interventions [117] and yield unrealistic predictions for achieving control and elimination targets
[121].

To avoid the pitfalls described above, complex ecological systems like T. solium
transmission are well-suited for agent-based modeling (ABM). ABMs are increasingly used for
modeling complex systems because they have the flexibility to simulate dynamic non-linear
processes and can be applied in a spatially explicit environment [130,131]. In ABMs, the
simulated population is made up of individuals (“agents”) that each have a unique set of
characteristics and behave according to the rules defined in the model’s structure. This “bottom-
up” structure allows for the modeler to easily manipulate the behaviors or the modeled
environment and observe the emergent patterns that are produced by such manipulations. In the
context of T. solium transmission, this structure facilitates application of the model to a variety of
transmissions settings, and allows for testing a wide range of available control strategies,
including spatially targeted strategies (e.g., “Ring Strategy” [50]), and other behavioral and
structural interventions.

Of course, ABMs are not without limitations of their own. In order to account for the
complex interactions between agents and the environment, ABMs have to be supplied with
adequate data to define the structures and probabilities inherent to the modeled system. Until
recently, this level of detailed information was not available for T. solium. Significant efforts to
advance T. solium research in Peru over the past decade, however, have made such precision
attainable [75,88,94]. A further limitation of ABMs is that their complexity can cause problems
when attempting to understand and validate the dynamics of the system — for example, which
behaviors are most important in driving transmission, and what are the key sources of uncertainty
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in the model? To address these concerns, it is recommended that complex ABMs be subjected to
rigorous sensitivity analyses prior to application for the purposes of prediction or evaluation of
policy goals [132,133].

Our objective was to develop an ABM for T. solium transmission, and to subject the
model to rigorous sensitivity analysis in order to evaluate its structures and parameters. In this
article, we present the newly available model, called CystiAgent, with a detailed description of its
structure and data sources. We also present the results of two sensitivity analyses applied to the
model. The sensitivity analyses were conducted with three key objective in mind: 1) to
investigate which parameters contribute more prominently to disease transmission, and determine
the shape and direction of the relationship they have with outputs; 2) to identify key parameters
that contribute to model uncertainty; and 3) to evaluate the robustness of the model to variability
in parameter settings, a step that will help to assess the model’s generalizability to other endemic
settings. Finally, we should be clear that this article (Chapter 4) is intended as only an
introduction and initial assessment of a new and hopefully useful tool. This article does not
include validation of the model to a specific endemic setting, and does not include a prospective

evaluation of available control or elimination strategies (see Chapter 5).

4.4 Methods

4.4.1 Model description

Model overview. CystiAgent is a spatially explicit ABM that is able to simulate endemic
transmission of T. solium and test a variety of population-level interventions designed to control
or eliminate T. solium. CystiAgent was developed in NetLogo 6.0.4 (Northwestern University,
Evanston, IL), an open-access ABM software that was chosen for its ability to represent spatial

data and display simulations through a graphical interface.
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In CystiAgent, there are two agent classes — humans and pigs — that represent the primary
and intermediate hosts of T. solium, respectively. Human and pig agents are individually assigned
a set of features at baseline and behave in time and space according to the structural assumptions
and parameters defined in the model. All humans and pigs are assigned to discrete household
units that are distributed across the simulation village, and whose locations are given by set of
input coordinates that can represent real or fictitious villages. Currently, CystiAgent is designed
to simulate transmission in one village at a time (pop. up to ~2,000), but can be applied to any
population with corresponding input coordinates. Each time-step of the model represents one
week of cumulative activities and exposures.

Model outcomes. Humans may be infected with the adult-stage intestinal tapeworm (i.e.,
T. solium taeniasis), and pigs may be infected with larval-stage metacestodes (i.e., porcine
cysticercosis). Pig infection is categorized as heavy (> 100 cysts) or light (< 100 cysts) cyst
burden, while pig exposure includes the possibility of antibody response to allow comparison
with serological assays used in field studies. Human cysticercosis, including NCC or NCC-related
seizure disorders, is not included in this model as it does not contribute to transmission.

Model flow. Model processes can be roughly categorized into six steps that loop
continuously in order to simulate natural endemic transmission (see Fig 4.1):

(1) Village setup. Households are assigned to a set of geographic coordinates and are
populated with pigs and people. Input characteristics specific to each village are assigned, if
known. These include the pig and human population size, and the proportion of households that
own latrines, raise pigs, and own pig corrals. A proportion of humans and pigs are then assigned
initial infection at baseline. Households are assigned the presence/absence of latrines and corrals,
as well as the herd size for each pig-raising household

(2) Pig sale, import/export, and slaughter. Pigs due for slaughter may be butchered at

home, sold within the village, or exported. Potentially infected pigs from external villages may
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also be imported. When pigs are slaughtered in the village, their meat is either consumed
exclusively at home, sold to other households, or shared between the two.

(3) Tapeworm infection, maturation and death. When consumed pork is infected with T.
solium cysts, all members of the consuming households are exposed to potential tapeworm
infection. If humans acquire a tapeworm infection, the intestinal tapeworm reaches maturity after
8 weeks [22,27], and begins expelling infectious eggs at that time. Tapeworm infections naturally
clear after pre-determined infectious durations [22,27].

(4) Human travel. Humans that are designated as travelers leave the community at
regular intervals, may contract tapeworm infections while traveling in other endemic areas, and
return to the village after travel. Upon return, infected travelers resume contamination of their
environment if applicable.

(5) Environment contamination and egg decay. Human tapeworm carriers that do not
own or use a latrine release T. solium eggs and proglottid segments into the environment
surrounding their household location. When tapeworm infections clear, humans stop releasing
proglottid segments, but contamination of the environment with eggs persists until the eggs
naturally degrade [134].

(6) Pig roaming and cyst infection. Pigs that are designated as free-roaming (i.e., not
contained in corrals) are exposed to T. solium proglottids and eggs that are present in their home-
range areas. Exposure to proglottid segments may lead to heavy cyst infection, while exposure to
eggs may lead to light cyst infection. Either may result in antibody response and seropositivity.
Free-roaming pigs are exposed to an additional risk of infection or seropositivity that is
proportional to the number of tapeworm carriers in the village and naive to the pig’s location.
This represents exposure to pigs that results from roaming and consumption of human feces from

open defecation that occur outside of the home area.
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Fig 4.1. Diagram of CystiAgent model flow including visualization of the model in NetLogo
depicting transmission in a simulated village (left). Line graphs represent the simulated
prevalence of human taeniasis (upper) and porcine cysticercosis (lower).

Parameters. Each model process above is defined mathematically by a probability
distribution and corresponding parameter(s) (Appendix B2). Depending on the model activity
they represent, most parameters correspond to the central value (e.g., mean) and spread (e.g.,
variance) of a chosen distribution. During setup and running of the model, continuous features are
assigned to participants based on random number generation from the designated probability
distribution, while categorical features and randomly assigned from a binomial distribution.

A variety of sources, including primary data, literature review, and expert opinion, were
utilized to determine the values and distributions for model parameters. For the majority of
parameters, we used data collected in the Piura region of northern Peru. A full description of the
methods and data sources used to estimate each parameter value can be found in Appendix B1.
For the purposes of sensitivity analyses, we designated a “plausible range” of values for each
parameter in addition to its estimated central value. This is a range of values across which the
model was evaluated to determine their impact on model outputs. In some cases, the plausible

range was represented by the range of mean values observed across a group of endemic villages,
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and in other cases we manually widened the range to account for additional uncertainty and
variability in the parameter.

Tuning parameters. In addition to the above suite of biological, behavioral, and
environmental parameters, CystiAgent utilizes a set of tuning parameters to adjust the model to
different local conditions and endemic prevalence levels. When the model is applied to specific
observed prevalence levels for validation, this set of tuning parameters must be calibrated
independently for each unique village using an approximated Bayesian computation (ABC)
algorithm [135]. For the purposes of this sensitivity analysis, we intentionally set wide plausible
ranges for tuning parameters in order to represent a broad range of possible transmission levels
and measure their impact on the model.

There are six tuning parameters that represent different probabilities of exposure or
infection in the model. Two tuning parameters define the probabilities of tapeworm infection after
slaughter of heavily (“ph2h”) and lightly (“pl2h”) infected pigs; two other tuning parameters
define the probability of heavy and light pig infection after exposure to proglottid segments
(“heavy-inf”’), and eggs (“light-inf”) present in the environment; and the remaining two
parameters determine the probability of exposure to proglottid segments (“heavy-all”) or eggs
(“light-all”’) during pig-roaming outside of a pig’s home-range area.

Interventions. CystiAgent has the ability to simulate a variety of population-level
interventions designed to control or eliminate T. solium transmission. A generic function is
available to administer anti-helminthic treatment for human taeniasis, either presumptively or
after stool screening. Other functions include the treatment of pigs to cure cystic larval infection,
or vaccination to prevent infection. For each intervention type, user-controlled options allow for
specification of participation levels, the sensitivity of screening tests, and the efficacy of drugs
and vaccines used. These interventions can then be implemented through mass or targeted
approaches, while varying the duration and frequency of intervention applications. Unique to this
spatial model is the ability to simulate spatially targeted interventions. “Ring strategy” [50] can
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be applied by targeting treatment resources to households residing within a given distance of
heavily infected pigs. Finally, behavioral and developmental interventions such as improved
access to corrals and latrines are available as stand-alone interventions or in combination with
other approaches.
4.4.2 Sensitivity analysis of CystiAgent

We performed all sensitivity analyses in R version 3.5.1, using the “RNetLogo” package
[136] to execute model simulations in NetLogo from R. Sensitivity analyses included the
application of Sobol’ variance decomposition and Latin hypercube sampling partial rank
correlation coefficients (LHS-PRCC) in three unique villages, each representing a different
context of population size and housing density. Household coordinates for the three test villages
were based on real endemic villages in northern Peru that recently participated in a large
prospective trial (“Ring Strategy Trial”, in peer review) [137]. For evaluation of the CystiAgent
model, sensitivity analyses were applied to two model versions: the full model that contained all
model parameters (k = 33 parameters), and a reduced model for which village input
characteristics and tuning parameters were fixed (k = 22 parameters), allowing for a more in-
depth evaluation of key biological and behavioral parameters. For the reduced model, fixed
values for village input characteristics (i.e., humans and pigs per household, pig ownership, corral
and latrine access) were based on data from the census applied in each village, while tuning
parameters were estimated using an ABC algorithm to fit the model to observed levels of
transmission in each village (i.e., baseline prevalence of human taeniasis and porcine
cysticercosis in the parent study). Each run of the model in sensitivity analyses consisted of 1000
weeks of stable endemic transmission with no interventions applied. The summary statistics
collected at the end of each run were defined as the incidence-density of human taeniasis (number
of new infections / 100 person-years), and the lifetime cumulative incidence of porcine

cysticercosis (cumulative number of infected pigs / cumulative pig population).

52



Chapter 4: Aim 2 — Sensitivity analysis of CystiAgent model

In order to achieve the computational resources needed to run the model through many
thousands of simulations for each of these analyses, we executed all model simulations on the
Amazon Web Service EC2 cloud computing platform. Model simulations were distributed across
a 72-core parallel processor using the “parallel” R-package [138] and executed on the EC2 cloud
using the R-Studio Shiny server [139].

Sobol’ variance decomposition. Readers seeking a detailed description of the Sobol’
methodology should look to seminal works by Sobol’ [140,141] and in-depth examples of their
application to complex models [133,142,143]. For our application of the Sobol’ method, we first
determined plausible ranges for each model parameter as described above, and sampled values
from each parameter distribution using a Sobol’ sequence. Compared to other common sampling
methods (e.g., simple random, Latin-hypercube, etc.), a Sobol’ quasi-random sequence has been
found to cover the parameter space more efficiently and allows for smaller sample sizes in
sensitivity analyses [144,145]. As described in [146], the sample was divided into two input
matrices, and then further arranged into k + 2 design matrices for evaluation in the model. The
computational cost of this method depends on the number of input parameters (k) and the chosen
number of samples drawn for each parameter (N), totaling N*(k + 2). For this analysis, we
selected per-parameter sample sizes (N) of 5000, 1500, and 1500 for the low, medium, and high-
density villages, respectively, to account for the extra computing time required for larger
populations. N > 500 is recommended for complex models [147]. Evaluating k = 33 model
parameters in the full model and k = 22 parameters in the reduced model led to final
computational costs between 36,000 and 175,000 per analysis, depending on the village.

The results of model simulations were analyzed using the “sobol2007” function available
in the “sensitivity” package in R. The Sobol” method quantifies sensitivity of the model to each
parameter with two measures: first-order sensitivity index (S;), and a total effects sensitivity index
(ST;). S; estimates the independent contribution of each parameter to variance in the model
outcomes, while ST; estimates the full contribution of each parameter after considering
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interactions with other parameters [144,148]. Equations for S; and ST; are given below, with V,
representing the overall variance in the output, V; representing the variance due to the uncertainty
in parameter i, and S representing the sum of all S;indices other than index i. First-order indices
were considered significant if S; > 0.02 in the full model analysis, or S; > 0.01 in the reduced
model analysis; 95% confidence intervals for S; and ST; were generated with 100 bootstrapped
replications [149]. First-order and total-effect indices were calculated for human taeniasis and

porcine cysticercosis in each of the three villages analyzed.

Si= Vil V;

STi =1- S(_i)

Latin hypercube sampling-partial rank correlation coefficient (LHS-PRCC). A
detailed description of LHS-PRCC method can be found elsewhere [150]. Briefly, LHS-PRCC
provides a non-parametric measure of the strength of monotonic association between each
parameter and the model output. It begins with a Latin hypercube sample of each parameter for
which the parameter ranges are divided into n equal segments, and a random value is drawn from
each segment, as described [151]. For LHS-PRCC analyses on both the full (k = 33 parameters)
and reduced (k = 22 parameters) models, we chose equivalent sample sizes (n) of 175,000,
50,000, and 50,000 for low, medium, and high-density villages, respectively. We then ran the
model through all parameter permutations and analyzed the results to determine partial-rank
correlation coefficients for each parameter using the “sensitivity” and “ppcor” R packages. For
this, the PRCC formula calculates the linear correlation, p, between the residuals of the rank-
transformed parameter input and rank-transformed model output, while accounting for
correlations with all other parameter inputs [150]. Importantly, the final PRCC estimates provide
measures of the strength, direction, and statistical significance of the association between
parameter inputs and model outputs. P-values were obtained with a Student’s t distribution and
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were evaluated with a Bonferroni adjustment for 33 multiple comparisons (p < 0.0015 for

statistical significance).

45 Results

451 Sobol’ sensitivity analysis
Figure 4.2 contains graphs of CystiAgent model parameters that had significant first-
order (S;) and total-effect (ST;) indices in Sobol’ sensitivity analyses. Appendix B3 contain

graphs and indices from all villages and analyses.
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Fig 4.2. Sobol’ first- and total-order indices for porcine cysticercosis (left) and human
taeniasis (right), in the full model (top) and reduced model (bottom), medium-density
village. Parameters with first-order indices S; > 0.02 in the full model analysis and S; > 0.01 in
the reduced model analysis are shown. 95% confidence intervals produced with 100 bootstrap
replications. See Appendix B2 for descriptions of parameter names and functions.

Full model analysis. Of the 33 parameters included in the analysis of the full CystiAgent

model, parameters that were consistently identified as impactful on rates of porcine cysticercosis

were the parameters defining the use of corrals to contain pigs, and pig-related tuning parameters.
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Specifically, “always” using corrals for all owned pigs (“corral-always”) had the most
consistently high impact on output variance, with first-order indices of S = 0.10, 0.35, and 0.27 in
low, medium, and high-density villages, meaning that 10%, 35%, and 27% of the variance in pig
infection was attributed to the uncertainty range of this parameter. Similarly, the probability of
light-infection after exposure to T. solium eggs (“light-inf’) was highly impactful in each of the
village analyses, with first-order indices of 0.25, 0.44, and 0.27 in the three villages.

The parameters that contributed most to variance in rates of human taeniasis in the full
model analysis were those that determined the number of pigs in the population (and therefore
more opportunities for infection) and the set of human-related tuning parameters. Specifically, the
proportion of households raising pigs (“prop-pig-owners”), the mean number of pigs per
household (“pigs-per-hh’), the proportion of pigs sold prior to slaughter (“pigs-sold™), and the
proportion of sold pigs that were exported out of the village (“pigs-export”) all had significant
first-order indices in at least two of the three villages tested. For human-related tuning
parameters, the probabilities of tapeworm infection after slaughter of a lightly (“pl2h”) or heavily
(“ph2h”) infected pig were both highly impactful. The mean duration of tapeworm infections was
also an important contributor to output variance in in two of the three villages (“tn-lifespan”).

Reduced model analysis. When tuning parameters and village input characteristics were
fixed for the reduced model analysis, the relationships between the remaining model parameters
and model outputs changed considerably. Of the 22 parameters included in the reduced model
analysis, the most consistently impactful parameter for both porcine cysticercosis and human
taeniasis was the average duration of taeniasis infection (“tn-lifespan”), which accounted for
31%, 39%, and 29% of the total variation in pig infections, and 18%, 16%, and 17% of the total
variation in human taeniasis rates across the three villages tested. After tapeworm lifespan, the
second and third most impactful parameters in the reduced model analysis were the size of pig
home-ranges (“home-range”) and use of latrines (“latrine-use”), neither of which were identified
as impactful in the full model analysis. These parameters accounted for an average of 11% and
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8% of the variance in pig infection, and 5% and 4% of variance in human taeniasis, respectively,
across the three villages evaluated. Finally, the proportion of pigs exported (“pigs-exported”) and
sold (“pigs-sold”) were consistently identified as impactful parameters in the reduced model
analysis.

Total effect indices. Total-effect indices (ST;) in the full model analysis followed similar
patterns as first-order effects (S;), but were consistently larger to account for the extra variance
due to interactions between parameters. Of the three test villages, the low-density village had the
greatest disparity between first-order and total-effect indices. Similarly, total effect indices were
greater in the reduced model analysis compared to the full model analysis, indicating that
interaction effects between parameters contributed to a greater proportion of output variance in
the reduced model.

452 LHS-PRCC

Figure 4.3 displays the parameters that were significant in the full and reduced versions
of the LHS-PRCC sensitivity analysis for the medium-density village. A complete graphical
comparison of LHS-PRCC results between both model versions and all three villages can be
found in Table 4.1. Overall, the results of LHS-PRCC were similar to those produced by the
Sobol’ method. In both the full and reduced model analyses, LHS-PRCC identified the same set
of highly influential parameters that had positive first-order Sobol’ indices, but LHS-PRCC
identified a larger set of lower impact parameters and was able to determine the direction of the

associations between parameters and the model outputs.
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Fig 4.3. Partial rank correlation coefficients for porcine cysticercosis (left) and human
taeniasis (right) in the full model (top) and reduced model (bottom), medium-density
village. Bar colors represent the primary impact of each parameter (blue = human taeniasis, pink
= porcine cysticercosis). Parameters with p-values < 0.0015 are shown. See Table 1 for a
description of parameter names and functions.

Full model analysis. Similar to the results of the Sobol’ method, the suite of parameters
that define the use of corrals to contain pigs and the pig-related tuning parameters were the most
consistently and strongly correlated with porcine cysticercosis. Most prominently, this included
the proportion of pig-owners that “always” corralled their pigs (“corral-always”), which was
highly protective for pigs with coefficients of p = -0.56, -0.78, and -0.82, in the low, medium,
and high-density villages, respectively. Owning a corral (“prop-corrals”) and use of the corrals on
“some” pigs (“corral-sometimes” and ‘“prop-corral-sometimes”) were also correlated with
decreased pig infection in the model. Among the pig-related tuning parameters assessed, the
most impactful parameters were the probability of light cyst infection after exposure to
environmental egg contamination (“light-inf”) and the probability of exposure to environmental
egg contamination outside of home-range (“light-all”).

For human taeniasis as the model output, the four parameters most strongly correlated

with increased incidence were the two human-related tuning parameters (“pl2h” and “ph2h”) and
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the two parameters responsible for determining the size of the local pig population: the proportion
of households that raise pigs (“prop-pig-owners”) and the mean number of pigs per household
(“pigs-per-hh”). Parameters that were strongly associated with a decreased incidence of taeniasis
in all three villages included the export of pigs out of the village (“pigs-exported”), the sale of
pigs prior to slaughter (“pigs-sold”), and an increased duration of tapeworm infection (“tn-
lifespan”). In addition to these strong correlations, the rate of pig import (“pig-import-rate””) and
the prevalence of cyst infection among imported pigs (“import-prev”’ ) were consistently
correlated with small increases in taeniasis, while parameters that promoted consumption of pork
at home (“hh-only-pork™, ”shared-pork-hh’) were associated with small decreases in taeniasis.
Reduced model analysis. Similar to the results of the Sobol’ analyses, when tuning
parameters and village characteristics were fixed, the set of parameters that impacted
transmission shifted considerably. The mean duration of taeniasis was the parameter most
strongly correlated with increased rates of both porcine cysticercosis (p = 0.63, 0.79, and 0.71)
and human taeniasis (p = 0.49, 0.59, and 0.57) in the low, medium, and high-density villages. The
size of pig home-ranges (“home-range”), the rate of pig import (“pig-import-rate”) and the
prevalence of cyst infection among imported pigs (“import-prev’) were all significantly
correlated with increased incidences of porcine cysticercosis and human taeniasis in all three
villages; while the use of latrines (“latrine-use”), proportion of pigs exported (“pigs-exported”),
proportion of pigs sold (“pigs-sold”), and use of corrals to contain pigs (“corral-always”) were all
significantly correlated with reduced rates of both porcine cysticercosis and human taeniasis in all

three villages.
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Table 4.1. llustrated comparison of LHS-PRCC results of full and reduced models across
low, medium, and high-density villages. Parameters with significant LHS-PRCC coefficients
(p< 0.0015) shown. See Appendix B1 for descriptions of parameter names and functions.

Full Model (k = 33 parameters)

Reduced Model (k = 22 parameters)

Parameters

High

Medium

Low

High

Medium

Low

Pig

tuning-pig®

corral-always

prop-corrals

corral-sometimes

prop-corral-some

home-range

latrine-use

humans-per-hh

prop-latrines

slaughter-age

decay-mean

cont-radius

home-range-sd

Human

tuning-human®

prop-pig-owners

tn-lifespan

pigs-per-hh

pigs-exported

pigs-sold

hh-only-pork

shared-pork-hh

pig-import-rate

import-prev

sold-pork

+

travel-duration

travel-incidence

light-to-heavy

traveler-prop

B = Human taeniasis,

SOBOL first-order indices (S;) : mmm / >(0.25; mm/ >0.1;m/®>0.02

PRCC (|p|) : mmm / >0.5; mm/ >0.25;m/®>0.1; +/+<0.1; (all p<0.0015)

Stuning-pig and tuning-human refer collectively to the set of tuning parameters defining the probabilities of
pig and human infection.
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4.6 Discussion

Our primary objective of this research was to develop a functional ABM capable of
simulating the complex behavioral, biological, and environmental factors that contribute to T.
solium transmission in endemic areas. Our sensitivity analyses demonstrated that the CystiAgent
model effectively replicated key aspects of the T. solium life-cycle, including structural and
behavioral features of transmission that are not available in other existing transmission models.
Features such as access to corrals and latrines, sale and export of pork, and roaming patterns of
pigs were identified as highly impactful on transmission in the final calibrated model, and
incorporating these features is a unique advantage of our spatial ABM.

Our long-term goal is to provide a validated T. solium model that can be used to prioritize
candidate control and elimination strategies. The current analysis allowed us to move closer to
this goal by both demonstrating the ability of the CystiAgent model to represent the complex
dynamics of T. solium transmission, and identifying key model parameters that must be
investigated in order to apply the model to specific endemic settings in the future.

In our full model analysis, we found that the parameters that had the strongest impact on
model variability were the “tuning” parameters that defined probabilities of infection in the
model. For porcine cysticercosis, these included the probabilities of heavy or light infection upon
contact with T. solium eggs or proglottids in the environment, and for humans, these included the
probabilities of tapeworm infection upon consumption of heavily or lightly infected pork. Due to
their considerable impact on transmission in the model, and the wide range of values they can
assume, statistical calibration of the values of these parameters is highly recommended for
application of the model to any specific transmission setting. Bayesian approximation [135] or

other available parameter estimation methods [152] can be employed for this purpose.
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Apart from these tuning parameters, many of the highly impactful parameters identified
in our full model analysis fell into the category of village characteristics. These were parameters
that defined the number of households raising pigs, the number of pigs per household, and access
to corrals to contain pigs. The impact of these parameters on transmission levels demonstrates the
importance of local variation in population structure and pig-raising practices on T. solium
transmission dynamics. In light their impact, determining local values for these village
characteristics should be a priority when applying the model to specific endemic settings. Steps
such as population census or consultation with local leaders to acquire information about the size
and characteristics of the pig and human populations would allow for reduced uncertainty and
improved model accuracy.

We conducted our reduced model analysis in order to see beyond the tuning parameters
and village characteristics that were driving uncertainty in our first set of analyses (i.e., full model
analyses). This reduced analysis allowed us to assess the impacts of a smaller set of biological
and behavioral parameters in the context of transmission levels that were tuned to more realistic
levels. In this reduced analysis, the average duration of tapeworm infections (“tn-lifespan”)
emerged as the most significant source of uncertainty in all villages and analyses. The size of pig
home ranges (“home-range”), the proportion of households that regularly use latrines (“latrine-
use”), and the sale (“pigs-sold”) and export (“pigs-exported”) of pigs were also consistently
identified as impactful in this reduced model analysis.

The impacts attributed to parameters in this reduced model analysis reflect both the
strength of the relationship they have with model outputs, and the amount of uncertainty defined
in the parameter values themselves (i.e., the width of the defined “plausible range”), which exerts
considerable leverage on a parameter’s measured impact. Each of the key parameters identified
above were varied across wide ranges due to our uncertainty in the true value of the parameter
(e.g., mean tapeworm lifespan ranged from 6 months to 2 years, the percent pigs exported ranged
from 34% to 100%, etc.; see Appendix B2).
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For biological parameters like tapeworm lifespan, this high degree of uncertainty is due
to limited knowledge from experimental studies [27,31], and data is unlikely to improve due to
ethical constraints on experimental infection. For other parameters, wide uncertainty ranges are
due to the variability that exists between endemic villages and regions. Each of these factors
depends on cultural, behavioral, and economic practices that are context-specific. For example,
estimates for the home ranges of free-roaming pigs were based on a GPS study recently
completed in three villages of northern Peru (see Chapter 3), but even within this restricted locale,
variations in topography, landscape, and pig management led to substantial differences between
villages. Similar between-village variations were seen in the sale and export of pigs, which served
as a primary economic activity in some rural villages evaluated, and a rare source of emergency
income in others. Finally, the prevalence and use of latrines varied considerably between villages
depending on whether state-sponsored latrine construction had included the village. Taken
together, these local variations are important to take into account when applying the model to
specific endemic settings. As with key village characteristics outlined above, investigation of
these local behavioral features through surveys or expert consultation prior to application of the
model would reduce parameter uncertainty and likely improve validity of the model for that
setting.

The parameters identified in our sensitivity analyses are generally consistent with the
only other published sensitivity analysis for a T. solium transmission model [15]. The EPICYST
model is a deterministic mathematical model that includes human cysticercosis as a primary
model outcome and was parameterized based on data from T. solium transmission in a sub-
Saharan Africa. Consistent with our findings, an LHS-PRCC analysis of EPICYST revealed the
most influential parameters to be “transmission coefficients” that define the rates of infection
upon exposure, the expected duration of tapeworm infections, and the rate of pork consumption

among humans. However, EPICYST is a population-level model and does not include individual
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behaviors or a spatial framework. Therefore it is not able to provide a comparison to other
important features of our model such as pig corralling, pig roaming, and latrine use.

There are a few important strengths and limitations of our approach to highlight. First, we
chose to design CystiAgent within the framework of an ABM, which allowed us to account for
the complex spatial and behavioral heterogeneities that affect T. solium transmission in endemic
areas. Despite this strength, CystiAgent only begins to account for the complex heterogeneities
that likely occur in real-world systems. Age-related differences in pig roaming patterns [88],
seasonal and climate-related variations in transmission [33], acquired immunity [153], vector-
borne transmission [86,87], and black-market distribution of infected pork [154] are only a few of
the many additional factors that may impact transmission patterns and are not explicitly defined
in CystiAgent.

Second, the parameter inputs used in CystiAgent were primarily sourced from a single
region of northern Peru through extensive work conducted in the region over the past decade. The
depth of data available in this region is a strength of our approach and made it possible to
construct this detailed ABM. Nonetheless, parameter values that are accurate for this region of
Peru may be vastly different from corresponding settings in other endemic regions. Therefore,
application to new regions would require some degree of input data for key parameters and local
calibration of tuning parameters. That said, the results of our sensitivity analyses showed that
model outputs are robust to variations in all but most sensitive parameters.

Another notable limitation of the model is that much of the behavioral data used to define
parameter values in CystiAgent is self-reported by participants, and, as such, prone to self-report
biases. For example, usage rates for latrines and corrals are almost certainly over-reported by
participants, as has been demonstrated with self-report of other health-related behaviors [155].
To account for this additional uncertainty, we widened the plausible ranges of these parameters

for sensitivity analyses. Nonetheless, the impacts of these parameters on transmission rates should
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be interpreted with caution, and with the knowledge that behaviors defined in the model represent
optimal compliance.

Finally, an important strength of our sensitivity analyses was our use of two
complementary methods (Sobol’ and LHS-PRCC) and our application of the methods on three
villages of differing population sizes and densities. The consistency of our results between
methods and villages provides confidence that the key features of the model are robust to
variation in population structure and methodology. Despite these promising findings, the model
could be tested in additional endemic settings to provide further insight into parameter
relationships. Perhaps most importantly, sensitivity analyses should be conducted in the context
of control interventions, as key parameters that affect transmission at endemic equilibrium (e.g.,

human travel and migration, pig importation) may be different when control pressure is applied.

4.7 Conclusion

In this research, we developed a functional ABM that is able to represent the core
features T. solium transmission observed in endemic settings. Our sensitivity analyses
demonstrated that the CystiAgent model functioned as expected, with key biological, behavioral,
and environmental parameters interacting to uniquely impact patterns of T. solium transmission.
Despite significant uncertainty in some key model parameters, the robustness of our model to
variations in all but the most sensitive parameters suggests that the model is likely to be
transportable to other endemic settings outside of Peru, given local specification of these key
parameters and calibration of tuning parameters to local levels of transmission. While the
generalizability of the model to other populations outside of Peru will remain unknown until it is
tested in these settings, we have conducted validation of CystiAgent model against data from
prospective trials conducted in Peru, and present the results of this validation in Chapter 5.

Ultimately, our goal is to provide this validated model as a tool for researchers and policy-makers
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seeking to compare available control strategies for T. solium and prioritize promising strategies

for evaluation in prospective trials.
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5.1 Abstract

5.1.1 Background

The pork tapeworm (Taenia solium) is a parasitic helminth that imposes a major health
and economic burden on poor rural populations around the world. As recognized by the World
Health Organization, a key barrier for achieving control of T. solium is the lack of an accurate and
validated simulation model with which to study transmission and evaluate available control
strategies.
5.1.2 Methods

We developed and validated an agent-based model for T. solium transmission. Our
model, CystiAgent, is unique among T. solium models in its ability to represent spatial patterns
and geographically targeted interventions, as well as key behavioral and environmental features
of T. solium transmission. We tested the model against results from two large prospective trials
conducted in Peru — the Cysticercosis Elimination Demonstration Project and the Ring Strategy
Trial — which, together, comprised 40 villages and 10 unique intervention types.
5.1.3 Findings

CystiAgent was able to accurately replicate baseline levels of transmission observed in all
36 villages tested (4 of the original 40 villages were excluded) and  adequately  predicted
declines in transmission when control strategies were applied. Model-predicted intervention
effects were slightly overestimated overall, and accuracy varied by study and intervention type.
5.1.4 Interpretation

CystiAgent represents an important new tool to promote control and elimination of T.
solium. Results from this validation will be used to improve future versions of the model with the
long-term goals of validating the model on other populations, and ultimately, employing the

model to make evidence-based recommendations for T. solium control.
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5.2 Introduction

Cysticercosis is a neglected tropical disease (NTD) that exacts a substantial health and
economic burden in low-income countries. The global burden of cysticercosis includes over 5
million people with epilepsy from neurocysticercosis (NCC) [1] and hundreds of millions of
dollars in annual livestock losses from discarded pork [8]. Cysticercosis is caused by the pork
tapeworm, Taenia solium, which is transmitted between humans and pigs, and is common in rural
villages where sanitation is limited and small-holder pig farming is practiced. Humans may
acquire the adult-stage intestinal tapeworm (i.e., taeniasis) by consuming raw or undercooked
pork that is infected with intermediate-stage larval cysts, while pigs acquire this cyst infection
(i.e., porcine cysticercosis) through contact with eggs present in the feces of infected humans.

Although global eradication of T. solium transmission is unlikely in the short-term, local
control or elimination is now possible [94,100] due to the availability of new tools that can be
deployed to interrupt transmission. These include effective treatment of taeniasis [48,91] and
porcine cysticercosis [34], improved diagnostic tests [95,156], and a vaccine to prevent pig
infection [99,100]. In 2012, shortly after the success of a large-scale elimination demonstration in
Peru that effectively implemented many of these tools [94], the World Health Organization
(WHO) declared ambitious targets for global control and elimination of T. solium. They called for
validated control strategies to be available by 2015, and for these strategies to be scaled and
implemented in several countries by 2020 [127]. Unfortunately, we have not yet identified a set
of validated control strategies and the 2020 targets for large-scale implementation are unlikely to
be met. Inability to meet these goals is due, in part, to the relative shortage of prospective trials
that have been conducted to evaluate available strategies, owing largely to the high cost and time
required to conduct these trials.

Infectious disease models are useful tools that can be deployed to identify and validate

control strategies when prospective studies are infeasible [128,129]. To this end, in the
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“framework for intensified control of T. solium” laid out by WHO , modeling was identified as a
key sector that will need to be developed in order to reach agreed-upon targets for control [11].
Five models of T. solium transmission have been published to date that attempt to fill this gap
[12-16]. Despite preliminary use of these models to compare and contrast available control
strategies, there are significant concerns about the accuracy and utility of these models that must
be addressed before reliable policy recommendations can be made.

First, all of the existing models have structural limitations that prevent them from
capturing key heterogeneities in T. solium transmission. The most fundamental of these is a
spatial structure, which is an important feature for replicating spatially clustered transmission
patterns that have been observed in endemic villages [74,75,116,122] and would allow models to
evaluate spatially targeted control strategies (e.g., “Ring strategy”) that have been successful in
field trials [50]. Another limitation of existing models is the lack of an open population structure
that allows for human travel and migration, factors that are likely responsible for ongoing
transmission and re-introduction of transmission in cleared areas [119,120]. Together, these
deficits are likely to result in over-estimation of intervention effectiveness and unrealistic
predictions for achieving control and elimination targets [117,121]. While the above structural
limitations are significant barriers, perhaps the most serious deficit of existing T. solium models is
that none have been validated against observations from prospective trials. Comparison of model
predictions with observed outcomes is a critical step for ensuring the validity of a model, and
should be a pre-requisite for any model that will be used to make evidence-based policy
recommendations.

In order to address the above limitations we developed a novel agent-based model
(ABM) called “CystiAgent.” Notably, CystiAgent includes a spatial structure and open
population, which allows it to represent key aspects of the T. solium life-cycle, and facilitates
evaluation of spatially targeted control interventions. In the current study, we present results from
our validation of CystiAgent using data from two large cluster-randomized trials conducted in
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northern Peru. Our objectives were to evaluate the ability of CystiAgent to replicate baseline
levels of transmission through model calibration and to evaluate the accuracy of the model for

predicting observed reductions in transmission when control strategies were applied.

5.3 Methods

5.3.1 Model description

Model structure. CystiAgent is a spatially explicit ABM that simulates endemic
transmission of T. solium and is able to test population-level control or elimination strategies. The
model was developed in NetLogo 6.0.4 (Northwestern University, Evanston, IL), an open-access
ABM software that was chosen for its ability to represent spatial data and display simulations
through a graphical interface. A detailed description of the model structure and parameters, along
with complete sensitivity analysis, can be found is a separate publication (See Chapter 3).

Agents. CystiAgent has two classes of agents — humans and pigs — that interact and
transmit T. solium in a dynamic spatial environment. Humans may be infected with the adult-
stage intestinal tapeworm (i.e., T. solium taeniasis) through consuming infected pork, while pigs
may be infected with larval-stage metacestodes (i.e., porcine cysticercosis) through contact with
T. solium eggs or proglottids in the environment. Exposure to eggs may cause light cyst infection
(<100 cysts), while exposure to proglottid segments may lead to heavy cyst infection (> 100
cysts), and either may lead to seropositivity. Human cysticercosis, including NCC or NCC-
related seizure disorders, is not included in this model as it does not contribute to transmission.

Environment. The model environment consists of households that are spatially
distributed according to a set of input coordinates. The current model version must be applied
separately in each village and functions for villages up to ~2,000 individuals if geographic
coordinates for households are known. At baseline, humans and pigs are assigned to households,

and households are given characteristics that include the presence of latrines and corrals to
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contain pigs. In the current analysis, these characteristics were assigned based on census data that
was available for each village included, but simplifications could be made if such data were not
available.

Parameters. The activity-flow of the model consists of key biological and behavioral
processes that propagate the T. solium life-cycle. Briefly, these processes include: the sale, export,
and import of potentially infected pigs; pig slaughter, pork distribution, and pork consumption
leading to possible tapeworm infection; tapeworm maturity, open human defecation, and
environmental contamination with T. solium eggs; pig roaming, exposure to infectious eggs, and
natural decay of eggs present in the environment; and human travel into and out of the village.
Each of the above processes is defined mathematically by a probability distribution and
corresponding parameter(s) (Table 5.1).

For the current model validation, a variety of sources, including primary data, expert
opinion, and literature review were utilized to determine the values and distributions for model
parameters. For the majority of model parameters, we used data collected in the Piura region of
northern Peru. Apart from the model’s tuning parameters, which were estimated separately for
each village and are described below, we used the same version of the model and the same set of
core parameter values for all village and all validation analyses described here. A full description
of the methods and data sources used to estimate each parameter value can be found in Appendix
B2.

Apart from the core biological and behavioral parameters included in the model,
CystiAgent utilizes a set of tuning parameters to adjust the rates of transmission to match the
observed prevalence of human and pig infection in each study village. To do this, the model
includes eight tuning parameters that represent different probabilities of exposure or infection to
pigs or humans in the system (Fig 5.1, Table 5.1). Since these parameters represent complex
sequences of unknown probabilities and cannot be estimated through primary data or literature
review, we developed an approximated Bayesian computation (ABC) algorithm to
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mathematically derive their values for this analysis. For the current validation, a unique set of
tuning parameters was independently estimated for each of the 36 villages evaluated across the

two validation datasets.

Humans

bn, B F(/; ]

oL, B ‘00!

Fig 5.1. Left: diagram of transmission states and select parameters in CystiAgent (left). o,
and oy are “tuning” parameters that represent the probabilities of human infection (I) after
consuming lightly (1) or heavily (ly) infected pork. B and By represent the probability of light
(I) or heavy (ly) cyst infection in pigs after consuming T. solium eggs or proglottids,
respectively, in the environment. ¢, and ¢4 represent the probability of exposure to T. solium eggs
or proglottids and are scaled to the current number of tapeworm carriers (HT) according to 1 — (1-
$)"". Serological tuning parameters (¢, and &) are not shown here. See Table 5.1 for details.
Right: Snapshot of model layout in NetLogo 6.0.4 (right). Plots represent the prevalence of
human taeniasis (top) and porcine cysticercosis (bottom): light (orange) and heavy (red) cyst
infection.

Table 5.1. CystiAgent model parameters.

Parameter Distribution Value Source

Village input features

Humans per household Poisson

Proportion of households raising pigs Binomial

Pigs per pig-raising household Exponential ¥ NA
Corral prevalence among pig-owner households Binomial

Latrine prevalence Binomial

Pig sale, slaughter, and tapeworm infection

*Pig slaughter age (median) Log-normal 9.8 months [137]
Proportion of pigs sold prior to slaughter Binomial 0.51 HH
Proportion of sold pigs exported Binomial 0.73 HH
R.ate of pigs .|mported from endemic areas Uniform 0.00105 HH
(imports / pig / week)

Prevalence of cyst infection among imports Binomial 0.134 [75]
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Proportion of infected imported pigs with light cyst

burden Binomial 0.76 [75]
Proportion of pork consumed by owner Binomial 0.40 HH
Proportion of pork sold after slaughter Binomial 0.12 HH
Proportion of shared pork eaten by owner Binomial 0.8 HH
Tapeworm maturity and environmental
contamination
Incubation time to reach tapeworm maturity Fixed 8 weeks [22,27]
*Tapeworm lifespan (mean, sd = 1 year) Normal 2 years [22,27]
Lat!'lne—use (prop. of households that “always” use Binomial 0.25 GPS
latrine)
*Radi f i tal taminati i t
adius of environmental contamination (median, meters Log-normal 26 meters GPS
from home)
Rate of i i t ival .
ate 9 egg decay in environment (mean surviva Exponential 8 weeks [134]
duration)
Pig roaming and exposure to T. solium eggs
Proportl_on of pig households with corrals that “always Binomial 0.05 GPS
corral pigs
P ion of pig h hol ith Is th . .
“roport.lon ?, pig ou§e olds with corrals that Binomial 057 GPS
sometimes” corral pigs
P ion of pigs in imes”- I-h holds th . .
roportion of pigs in “sometimes”-corral-households that Binomial 0.32 GPS
are corralled
ES H : H 113 - L3
Rad_lus of pig roaming “home-range Log-normal A4 meters GPS
(median)
Human travel
Proportion of households with a frequent traveler Binomial 0.42 HH
F f | h i .
requency of travel to other endemic areas Uniform 8 weeks HH
(every X weeks)
*Duration of travel Exponential 1.75 weeks HH
Incidence of T. solium taeniasis during travel .
! um taeniasts auring trav Uniform 0.00023 [75]
(risk / person / week)
Tuning parameters
o, ay: Probability of human taeniasis upon consumption Binomi
- AR omial
of lightly or heavily infected pork
BL, Pn: Probability of light or heavy cyst infection upon
exposure to T. solium eggs or proglottids in the Binomial
environment (respectively)
oL, ¢n: Probability exposure to T. solium eggs or i NA
proglottids in the environment (respectively, per existing Binomial
tapeworm carrier)
€., €. Probability of pig seropositivity upon exposure to _ _
T. solium eggs or proglottids in the environment Binomial

(respectively)

*Unique values from distribution randomly assigned to individuals
tValues for 5 village input features and 8 tuning parameter were determined individually for each village
HH=Household survey; GPS=GPS pig tracking study; NA=not applicable; see Appendix B1 for details on

primary data collection.
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Interventions. CystiAgent has the ability to simulate a variety of population-level
interventions designed to control or eliminate T. solium transmission. A generic function is
available to administer anti-helminthic treatment for human taeniasis, either presumptively or
after stool screening. Other functions include the treatment of pigs to cure cystic larval infection,
or vaccination to prevent infection. For each intervention type, user-controlled options allow for
specification of participation levels, the sensitivity of screening tests, and the efficacy of drugs
and vaccines used. These interventions can then be implemented through mass or targeted
approaches, while varying the duration and frequency of intervention applications. Unique to this
spatial model is the ability to simulate spatially targeted interventions. “Ring strategy” [50] can
be applied by targeting treatment resources to households residing within a given distance of
heavily infected pigs. Finally, behavioral interventions such as improved access to corrals and
latrines, along with corresponding rates of usage, are available as stand-alone interventions or in
combination with other approaches.

5.3.2 CystiAgent model validation

We validated the CystiAgent model using data from two large prospective trials
completed in Peru: (1) the Ring Strategy Trial (RST) and (2) the Cysticercosis Elimination
Demonstration Project (CEDP). Validation attempts were performed individually for each village
in the parent study. For each village included in the validation, a unique set of household
coordinates and characteristics were applied to each village based on available census data from
the studies, a unique set of model tuning parameters was estimated using our ABC calibration
algorithm in order to match observed baseline prevalence levels in each village, and unique rates
of participation in the interventions were applied. Other than these village-specific settings, the
exact same model structure and set of core parameter values were used in all villages across the
two datasets. The intervention sequences that were carried out in the field were simulated in the
model villages (n=1000 simulations per village), and model outputs were compared to observed

outcomes through quantitative and graphical analyses.
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Ring Strategy Trial (RST). This prospective trial was carried out in 23 villages in the
Piura region of northern Peru over a period of 24 months (2015-2017). A detailed description of
this trial is currently under peer review [contact Seth O’Neal]. Study villages were divided into
six arms each receiving unique intervention designs (Table 5.2). Four of the six arms received
some variation of “Ring Strategy”. This is an approach that targets antihelminthic treatment to
humans and pigs that live within 100 meters of pigs found to be heavily infected through non-
invasive tongue palpation [44]. Between the four ring-strategy arms, the approach varied based
on the intervention applied within 100-meter rings. For humans, the two options included
presumptive treatment of human taeniasis with two doses of oral niclosamide (NSM), or stool
screening for taeniasis with the enzyme-linked immunosorbent assay for copro-antigen detection
(CoAg-ELISA) and repeated follow-up treatment with oral NSM until cure. Treatment of pigs
with a single oral dose of oxfendazole (OFZ) according to pigs’ weights was added to the human
interventions in a factorial design. All ring interventions were administered in study villages
every 4 months throughout the 2-year study-period. The remaining two study arms received mass
applied interventions in 6-month intervals. These two interventions included mass treatment of
humans with a single oral dose of NSM, and combined human and porcine mass treatment. At the
conclusion of the study, all human participants were offered NSM, and post-treatment stool
samples were analyzed with CoAg-ELISA to evaluate the prevalence of human taeniasis.
Additionally, serum samples from all pigs in the study communities were collected every four
months and evaluated with the enzyme-linked immune-electro transfer blot (EITB) to determine

the incidence of seroconversion among serial cohorts of pigs [45].
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Table 5.2. Summary of intervention strategies used for model validation. Ring Strategy Trial
(top, 21 villages) and Cysticercosis Elimination Demonstration Project (top, 15 villages).

Strategy

Interventions

Population

Data source

Ring treatment

Pig tongue screening, human
treatment in rings
(g4 months, 7x)

2 villages
(~1200 humans, ~400 pigs)

Ring treatment w/ pig
treatment

Pig tongue screening, human
and pig treatment in rings
(g4 months, 7x)

4 villages
(~1600 humans, 500 pigs)

Ring screening

Pig tongue screening, human
screen-and-treat in rings
(g4 months, 7x)

4 villages
(~1500 humans, 600 pigs)

Pig tongue screening, human

Ring screening w/ pig - - 4 villages
treatment ficr:;graanﬂ;(t)rﬁ?;é’p;g)treat n (~1500 humans, 400 pigs)

Human mass Human MDA 4 villages
treatment (g6 months, 5x) (~1300 humans, ~400 pigs)

Combined mass Human and pig MDA 3 villages
treatment (g6 months, 5x) (~1400 humans, ~500 pigs)

Ring Strategy
Trial

Human MDA (3x) + Pig

Combined mass 2 villages
i MDA (5x) ~ o .
treatment w/ vaccine + Pig vace, (~3500 humans, ~1100 pigs)
Combined mass Human MDA (3x) + Pig 6 villages Cysticercosis
treatment MDA (5x) (~2900 humans, ~1700 pigs) Elimination
i Demonstration
Combined mass Human screen-and-treat (2x) & Vil :
k > . : (~2200 humans, ~1300 Project
screening w/ vaccine | + Pig MDA (5x) + Pig vacc. Digs)
Combined mass Human screen-and-treat (2x) 4 villages
screening + Pig MDA (5x) (~2400 humans, ~1300 pigs)
36 villages
TOTAL (~19000 humans, ~8000
pigs)+

*MDA = Mass drug administration, g=frequency; x=repetitions
+4 villages excluded (2 CEDP, 2 Ring Strategy) due to lack of observed transmission and/or data

Cysticercosis Elimination Demonstration Project (CEDP). This prospective trial was
carried out in 17 villages in the Tumbes region of northern Peru over a 9-month period in 2006-
07. Results of the trial along with a detail study protocol are published elsewhere [94]. Briefly,
study villages were divided into four arms, all consisting of mass-applied interventions. All study
arms included mass application of anti-helminthic treatment to pigs (OFZ) every 2 months (5
rounds total). This intervention was then combined with either presumptive treatment of human
taeniasis (single-dose NSM), or stool screening (CoAg-ELISA) with follow-up NSM treatment.
Human screen-and-treat approaches were administered in months 2 and 5 of the study, while
presumptive human treatment was administered in months 2, 5, and 9. Each of these arms were
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further divided into a vaccination and non-vaccination arm. The vaccination arm included
administration of the TSOL18 vaccine [99] to pigs in two doses during month 5. For monitoring
the intervention, humans in all study arms were screened for taeniasis at months 2 and 5, and pig
serum was tested for antibody response with the EITB assay over eight time-points before, during
and after the study. Necroscopic examination of selected seropositive pigs was conducted shortly
after the conclusion of the study, and 12 months later to assess elimination status.

Parameter estimation. We used an approximated Bayesian computation (ABC)
algorithm to estimate model tuning parameters separately for each village. Generally speaking,
ABC methods are well-suited to complex non-linear models because they approximate likelihood
functions empirically by running the model through Monte Carlo simulations [135,157]. The
specific ABC method we employed followed a simple “rejection sampling” approach and was
based on a variety of in-depth examples found in literature [152,158,159].

Our ABC method was used to estimate values for the six tuning parameters that define
the probabilities of human and pig infection in the model (B, B, oL, an, ¢, and ¢u. see Fig 5.1
for details) and two serological parameters (¢ and gy) defining the probability of antibody
response after exposure for pigs. Of the 40 villages that participated in the trials, two villages in
the RST were excluded due to few or no infected pigs being detected during the trial and two
villages in the CEDP trial were excluded because household geographic coordinates were not
available. This left a total of 36 villages for ABC estimation and subsequent validation analysis:
21 villages from the RST and 15 villages from the CEDP trial. For each village, we used a Sobol’
guasi-random sequence [144,145] to sample 5,000 values from a uniform distribution for each of
the tuning parameters. Because each of the tuning parameters represents a probability, we set
initial limits of the distribution to between 0 and 1, but narrowed the starting ranges to improve
efficiency after the first few villages. For each combination of parameter values, we ran the
model though 1000 weeks of stable endemic transmission and recorded summary statistics at the
end of each model run. For humans, we recorded the average prevalence taeniasis across the
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simulation period, and for pigs, we recorded the average seroprevalence, and prevalence of light
and heavy cyst infection. The “sensitivity” package in R was then used to calculate the Euclidean
distance between these summary statistics and the baseline prevalence observed in the field data
[135,160]. Following a rejection sampling scheme, we selected the top 1% of model runs that
minimized the Euclidean distance and extracted posterior distributions from the selected
parameter sets. We then repeated the algorithm with 10,000 parameter combinations sampled
from these posterior distributions and selected our final parameter values based on the median
values of the new posterior distributions produced for each parameter in this final step.

In order to achieve the computational resources needed to run the model through many
thousands of simulations for each of village, we executed all model simulations on the Amazon
Web Service EC2 cloud computing platform. Model simulations were distributed across multiple
72-core parallel processors using the “parallel” R-package [138] and executed on the EC2 cloud
using the R-Studio Shiny server [139].

Simulation of intervention strategies. After calibration of model tuning parameters was
complete for each village, we proceeded with validation of the model against observations from
prospective trials. For simulation of the intervention strategies, we set up the model with unique
sets of tuning parameters and input characteristics for each village, and applied the corresponding
sequence of interventions that each village received in its field trial. Identical sets of core
behavioral/biological parameters values (Table 5.1) were applied in all villages. The levels of
participation that were applied to humans and pigs in the model reflected the participation rates
that were observed in each village during the application of interventions (Table 5.3). Appendix
C1 contains a detailed description of all intervention settings applied for model validation. To
briefly summarize key settings, the sensitivity of the CoAg-ELISA for detecting T. solium
taeniasis was set to 96.4% [156], and the efficacy of NSM for treatment of human taeniasis was
set at 76.6% for one dose, 86.6% for two doses, and 93.3% for post-screening follow-up [93].
Treatment of pigs with OFZ was assumed to have an efficacy of 100% [96], while the efficacy of
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the TSOL-18 vaccine was set to 99% for pigs receiving two doses [99,100] (no protective benefit
was assumed for a single dose [161]).

Table 5.3. Village-specific participation rates applied to model simulations.

Ring Strategy Trial CEDP
(21 villages) (15 villages)
Humans
Rings
Stool screening (CoAg-ELISA) 83.3% (74.5-89.5) NA
Treatment (NSM) NA
1 dose 16.1% (12.0-27.0) NA
2 doses 70.7% (61.0-76.0) NA
Post-screening treatment 91.8%'
Mass application
Stool screening (CoAg-ELISA) NA 78.5% (64.5-85.5)
Treatment (NSM, 1 dose) 75.5% (70.3-81.5) 78.3% (72.1-85.0)
Post-screening treatment NA 91.8%"
Pigs
OXF treatment 68.9% (26.4-90.0) 90.6% (86.6-94.0)
Vaccine (TSOL18) NA
Round 1 NA 89.2% (78.4-95.9)
Round 2 (booster) NA 85.5% (72.0-93.0)

TApplied uniformly in all villages

All simulations began with a 1000-week burn-in period, followed by the corresponding
intervention sequence and 100-week post-intervention period. For each village, we repeated the
same intervention sequence 1000 times. As above, we executed all model runs for the validation
on a 72-core parallel processor using the Amazon Web Service EC2 cloud-computing platform.

Statistical analysis. For each village evaluated, we compared the model-predicted
prevalence of human taeniasis, porcine cysticercosis, and pig seroprevalence (or seroincidence)
with the prevalence observed in the corresponding field trial. For porcine cysticercosis, besides
the final-round necroscopic examination performed in the CEDP trial, all prevalence estimates
were generated by applying simple proportions to the number of seropositive pigs detected, which
were based on prior necropsy studies conducted in the region [43,94,162]. For human taeniasis,
the final-round prevalence in the RST and baseline prevalence in the CEDP trial were directly

measured, but baseline prevalence in the RST was not measured. Therefore, we developed a
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regression equation to estimate baseline prevalence in each village based on pig seroprevalence
[75]. Appendix C1 contains a detailed description of the methods used to analyze observed field
data and adjust outcomes for model comparison.

For each of the outcomes listed above, we calculated the mean absolute error (MAE) of
model predictions against the observed summary statistics. MAE is a useful measure of model
performance, as it captures both the accuracy and precision of model predictions by calculating
the average distance between all model runs and the observed value (Equation 1). MAE was
calculated separately for each outcome (human taeniasis, porcine cysticercosis,
seroprevalence/incidence) for all time-points and villages. Results were then compared between
villages, intervention types, and studies to assess the overall performance of the model.

il —x
Eq.1: MAE = M

5.4 Results

5.4.1 Baseline calibration

The average prevalence of human taeniasis (HT) at baseline was 1.8% (range: 0.3% to
6.6%) across the 36 villages included in the validation. Baseline taeniasis was slightly higher in
the RST villages compared to the CEDP (2.1% vs. 1.4%; p = 0.13). For porcine cysticercosis
(PC), the average prevalence at baseline across all 36 villages was 12.7% (range: 1.9% to 26.9%).
There was considerable variation in this measure across all villages, and it was significantly
higher among RST villages compared to CEDP (17.8% vs. 5.5%, p < 0.01).

The results of model calibration are shown in Fig 5.2. In most cases, the model was able
to accurately duplicate levels of transmission observed in study villages at baseline. Villages that
had higher MAE at baseline were more likely to have smaller populations (< 75 households).
Between the two studies, calibration was more precise for CEDP villages (p < 0.01), likely due to

the lower prevalence observed in these villages, which reduced variability in model outputs. No
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differences in baseline calibration were observed between intervention types. Despite differences
in precision, the median model outputs closely approximated the observed baseline prevalence for
the majority of villages in both datasets, illustrating high owverall accuracy of the model

calibration (see Appendices C2 and C3 for village-specific results).
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Fig 5.2. Mean absolute errors (MAE) for human taeniasis (left) and porcine cysticercosis
(right) for baseline calibration. Scatter plots show the relationship between MAE and village
population; inset boxplots show direct comparison of MAE by study: RST = Ring Strategy Trial
(21 villages), CEDP = Cysticercosis Elimination Demonstration Project (15 villages).
5.4.2 Evaluation of CystiAgent with prospective trials

Ring Strategy Trial. In the Ring Strategy Trial (n=21 villages), the average prevalence
of HT observed at the conclusion of the study was 0.8% (range: 0 to 4.3%), an average absolute
reduction of 1.2% (range: 2.5 to -0.4%) from the estimated baseline prevalence. Three of 21
villages were found to be free of HT at study end. The estimated prevalence of PC at the
conclusion of the study was 8.5% (range: 2.0 to 23.3%), an average absolute reduction of 9.3%
(range: 18.1 to -2.7%) from the estimated baseline prevalence. None of the villages achieved
completed elimination of HT and PC by the end of the trial.

A comparison of CystiAgent model predictions with observed results from the RST are
shown in Fig 5.3 and all results are available by village in Appendix C2. In the majority of
villages, CystiAgent predicted a stronger intervention effect than was observed in the actual trial.

The median predicted prevalence of HT at the conclusion of the study averaged 0.1% (range: 0 to

0.4%) across the 21 study villages. These predictions were, on average, 0.8% lower (range: 4.2%
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to -0.3%) than the corresponding prevalence of HT observed at study-end. For pigs, the median
predicted prevalence of PC averaged 2.7% (range: 0 to 6.4%) at study-end, which measured 5.8%
lower (range: 18.9% to -4.1%) than the estimated final-round prevalence of PC in the study
villages. The model predicted T. solium elimination (i.e., median predicted prevalence = 0 for HT
and PC) in two of the 21 villages by the end of the trial, and six villages by the end of the 100-
week post-intervention period. Villages for which elimination was predicted had slightly lower
baseline prevalence (1.9% vs. 2.2% for HT, p=0.62; 16.5% vs. 18.3% for PC, p=0.52), but did not

differ by any other discernable factors, including participation rate or intervention type.
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Fig 5.3. Simulation predictions versus observed rates of human taeniasis, porcine
cysticercosis and porcine seroincidence in the Ring Strategy Trial. Graphs display the village-
specific median predicted values (n=1000 simulations per village). Inset boxplot display the mean
absolute error (MAE) of all prediction runs against the observed value at each time point (21
villages total).
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Despite over-estimation of the intervention effect in most villages, MAE for both HT and
PC were lower at study-end than at baseline (Fig 5.4). The most important factors associated with
the accuracy of final-round predictions were the baseline prevalence of HT and PC in the study
villages. Villages with lower baseline prevalence of HT and PC achieved lower final-round
prevalence, which led to significantly improved final-round MAE values for both outcomes
(p<0.01 for HT, p=0.036 for PC, respectively). Besides baseline prevalence, no other village-
level features, including intervention type, population size, and participation rate, were associated

with improved accuracy of model predictions.
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Fig 5.4. Mean absolute error (MAE) of model predictions for human taeniasis (left) and
porcine cysticercosis (right) in the Ring Strategy Trial. Baseline and final-round accuracy is
shown for each intervention arm (21 villages total).

Comparison of intervention types. Between the three primary interventions applied in the
RST, the model predicted that each strategy would produce similar and substantial reductions in
HT and PC by study-end (see Appendix C4 for graphical results by intervention type). This
differed from observed results of the trial, which found that ring-screening and mass-treatment
led to larger reductions in transmission compared ring-treatment. As a result of their larger effect
sizes, the accuracy of model predictions for the final-round prevalence were slightly improved in

ring-screening and mass-treatment arms compared to ring-treatment (Fig 5.4). With respect to

the additional treatment of pigs with OFZ in half of the study arms, the model predicted a small
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but non-significant additive effect of pig treatment on the final-round HT and PC prevalence,
which is consistent with what was observed in the RST.

Seroincidence. In the observed RST data, the 4-month cumulative incidence of pig
seropositivity was reduced from an average of 41% (range: 5.3 to 78.3%) at baseline to 14.7%
(range: 3.3 to 45.2%) in the final sero-survey, which corresponds to an average absolute reduction
of 26.7% (range: 1.6 to 71.3%). Similar to model predictions for HT and PC described above,
final-round predictions for seroincidence were lower (7.8% lower; range: 36.2% to -18.7%) than
their corresponding observed values (Fig 5.3). Prediction accuracy across the seven seroincidence
measurements was poorest in rounds 2 and 3, time-points at which true seroincidence declined
steeper than model predictions. In rounds 4 through 7, however, accuracy improved as model-
predicted seroincidence continued to decline while the observed seroincidence plateaued.
Between intervention arms, this sharp pattern of decline followed by a plateau in seroincidence
was most apparent in the ring-screening arm, while ring-treatment and mass-treatment illustrated
more gradual declines across the study period (see Appendix C4 for graphical results by
intervention type). CystiAgent was not able to replicate the sharp initial decline in seroincidence
observed in ring-screening, but accurately predicted the more gradual slope of seroincidence
observed in most ring-treatment and mass treatment villages.

CEDP Trial. In the Cysticercosis Elimination Demonstration Project (n=15 villages),
the average prevalence of HT decreased from 1.4% (range: 0.3 to 6.6%) at baseline to 0.8%
(range: 0 to 2.7%) mid-way through the study. HT was not measured at study end. The average
estimated prevalence of PC was reduced from 5.5% (range: 1.9 to 8.9%) at baseline to
elimination of transmission at study-end, which was confirmed with necroscopic examination of
pigs at both the conclusion of the study and one-year post-intervention.

Model predictions for the CEDP trial are shown in Fig 5.5, and all validation results by
village are shown in Appendix C3. At the mid-study measurement of HT (month 5), the average
predicted prevalence of HT was 0.4% (range: 0 to 2.1%) which is 0.4% (range: 1.9 to -0.4%) less
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than the observed mid-study prevalence. Following this mid-period reduction, the model
predicted elimination (i.e., median predicted prevalence = 0 for HT and PC) in 9 out of 15

villages by study-end, and 2 out of 15 villages at one-year post-intervention.
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Fig 5.5. Simulation predictions versus observed rates of human taeniasis, porcine
cysticercosis and porcine seroprevalence in the CEDP Trial. Graphs display the village-
specific median predicted values (n=1000 simulations per village). Inset boxplot display the mean
absolute error (MAE) of all prediction runs against the observed value at each time point (15
villages total).

The MAEs of model predictions varied considerably between outcomes assessed (Fig
5.6). For pig infection, MAEs were highest and most variable at baseline, but decreased sharply at
study-end as elimination of transmission was correctly predicted in most villages. Errors for PC at
the post-intervention time-point then rose as rebounds in transmission were predicted in most

villages, despite continued elimination in the observed data. The only factor that significantly

impacted model accuracy at study-end was the intervention type, as mass screening villages were
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more likely to have more accurate predictions (lower MAE) compared to mass treatment villages,
largely due to correct predictions of elimination in mass screening villages. At the post-
intervention follow-up, villages with a higher baseline prevalence of PC were more likely to have
stronger predicted post-elimination rebounds in transmission, and, as a result, increased MAE
measures (p=0.046) compared to the observed elimination status in study villages.

For HT, errors were only calculated for the first two time-points available, and were not
significantly different between the baseline and mid-period time-points (p=0.86). Prediction
accuracy for the mid-period HT measurement was improved in mass screening villages (p=0.03)
compared to mass-treatment, and was improved for villages with lower baseline and mid-period
HT prevalence (p<0.01 for both). Population size and participation levels were not associated

with improved prediction accuracy for either HT or PC.
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Fig 5.6. Mean absolute error (MAE) of model predictions for human taeniasis (left) and
porcine cysticercosis (right) in the CEDP Trial. Baseline and final-round accuracy is shown for
each intervention arm in the CEDP trial (15 villages total).

Comparison of intervention types. Consistent with observations in the CEDP trial, all
seven villages participating in mass screening interventions were predicted to achieve elimination
at study-end, with two of these villages predicting sustained elimination throughout the post-
intervention phase (Appendix C5). Of the 8 villages participating in mass treatment interventions,

only two were predicted to achieve elimination at study-end and one was predicted to have

sustained elimination. Apart from intervention type, for which significant differences were
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observed in elimination probability (p<0.01), no other village-level factors, including
participation, population size, and baseline prevalence, were associated with predicted
elimination at study-end. The addition of pig vaccination in 5 of the 15 study villages did not
have a detectable impact on transmission or the likelihood of achieving elimination. The model
predicted elimination by study end in four of these five villages. There was no difference in the
magnitude of post-intervention rebound or prediction error in the post-intervention measurement
based on the addition of pig vaccination.

Seroprevalence. In the observed CEDP data, the prevalence of seropositivity among pigs
(2+ EITB bands) paradoxically increased between the baseline measurement (18.6%; range: 7.2
to 33.3%) and the measurement taken at study-end (19.8%; range: 9.9 to 33.5%); however, a
small decrease was observed at the final post-intervention measurement (13.9%; range: 6.9 to
23.9%). The CystiAgent model predicted median baseline seroprevalence of (21.9%; range: 6.9 to
35.8%), an average of 2.0% (range: -6.2 to 9.1%) greater than the observed baseline
seroprevalence. At study-end and post-intervention, the predicted seroprevalence averaged 8.0%
(range: -2.8 to 23.8%) and 10.4% (range: 4.3 to 23.0%) lower than the observed seroprevalence at
those time points, respectively. Prediction errors for seroprevalence were consistent throughout
the core phase of the intervention, but increased sharply at time-point 6, when predicted
seroprevalence declined without a corresponding decline in the observed seroprevalence. This
drop was caused by the mass necropsy that took place at the conclusion of the intervention study
and removed ~50% of seropositive pigs, but was not reflected by a corresponding drop in

seroprevalence in the observed data.

5.5 Discussion

In this research, we developed a novel transmission model for T. solium (CystiAgent),

and validated the model using data from two large cluster-randomized trials conducted in Peru.
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Development and validation of a T. solium transmission model was identified as a key goal in
WHO'’s 2014 framework for intensified control [11], yet despite the publication of three novel T.
solium models in the intervening years, no model, to our knowledge, has been tested against
observed data. This research, therefore, represents an important step towards delivering a
validated a model that can be used to evaluate T. solium control strategies. Our results showed
that CystiAgent consistently and accurately replicated baseline levels of transmission in the 36
study villages assessed, and, in most cases, accurately modeled declines observed in transmission
when control strategies were applied; although accuracy varied considerably between villages,
studies, and interventions applied.
5.5.1 Baseline calibration

With respect to reproducing baseline levels of transmission, CystiAgent was tuned
specifically to transmission patterns in northern Peru by applying behavioral and environmental
parameters that were collected in the Piura region of Peru, and then employing an ABC
calibration algorithm to estimate values for model tuning parameters. While the majority of
model parameters were held constant for all 36 villages modeled (see Table 5.1), we found it
necessary to perform the ABC calibration to estimate unique values for model tuning parameters
in each individual village due to variations in prevalence between villages. Future uses of this
model to prospectively compare intervention strategies are not likely to require this level of
rigorous local calibration. A single set of model tuning parameters could be calibrated to match
the presumed baseline prevalence of a larger region, rather than tuning the model to individual
village levels. In order to ensure that the optimal set of tuning parameters is selected in future
model applications, the full range of possible tuning parameter values should be included in ABC

calibration (uniform distributions between 0 and 1).
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5.5.2 Validation of intervention strategies: CEDP Trial

When we applied control interventions to the model, we found that the model adequately
predicted observed reductions in transmission, although predicted intervention effects tended to
be slightly overestimated compared to observed results. The accuracy of model predictions
depended on the study, with significantly lower prediction errors measured in the CEDP trial
compared to the RST. In the CEDP trial, the model predicted elimination of transmission in 9 of
15 villages by study-end and 2 of 15 villages in the post-intervention period. Given that
elimination was the end-point observed in the CEDP trial, model accuracy was very high in these
villages. Of course, complete elimination of transmission is very difficult to confirm in the field,
and it is likely that some infected pigs were missed in the final CEDP necropsy sample, or some
tapeworm carriers persisted (as final-round taeniasis was not measured in the study). Therefore,
model runs that predicted reductions of transmission to near elimination levels, and those that
predicted a slight resurgence in transmission during the post-intervention phase should not be
categorically considered as inaccurate. A final-round measurement of HT prevalence, and a more
complete necropsy sample at study-end would have allowed for a more thorough assessment of
model accuracy in this trial.

Given the uncertainty in final-round and post-intervention measures in the CEDP trial,
the mid-study measurement of taeniasis prevalence is the most reliable measure with which to
assess model accuracy. This measurement showed that our model slightly overestimated the
initial effect of interventions on HT prevalence (average prevalence of 0.4% predicted vs. 0.8%
observed). There are a few possible explanations for this error in the model’s predictions. One is
that the efficacy of NSM for curing taeniasis was overestimated in the model. While the applied
single-dose efficacy of 76.6% has been reported in literature [93], variations in manufacturer
formulation and shelf-life could impact the actual efficacy, and anecdotal reports from the field
suggest that efficacy could be 5-10% lower than the published values. It is also possible that

systematic non-participation of tapeworm carriers at baseline or migration of tapeworm carriers
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into the study village during interventions could be responsible for prediction errors, although
both participation rates and imported tapeworm infections were accounted for in model
parameters. Finally, it is possible that immunity and acquired resistance to T. solium infections in
pigs is reduced when control pressure is applied. Pig immunity is not explicitly included in
CystiAgent, and model tuning parameters were fit to replicate natural levels of endemic
transmission prior to the application of control interventions. Reductions in transmission caused
by repeated treatment could reduce acquired immunity among pigs and lead to more rapid re-
introduction of transmission after interventions are applied.

In contrast to the overall accuracy of HT and PC predictions in the CEDP study,
predicted seroprevalence was relatively inaccurate. Serological measures of T. solium exposure
are known to be highly volatile [46] and poorly specific [46,163] for representing true cyst
infection in pigs, thus poor model accuracy for this measure is not surprising. Even so, the
observed increases in seroprevalence over the course of the trial were unexpected and not able to
be replicated by the model. This increasing seroprevalence does not have an obvious explanation
based on our current knowledge of pig immunology [34,161]. In order to improve accuracy of
CystiAgent for predicting serological outcomes, improved knowledge of the mechanisms of
antibody response in pigs and the cause of false positivity in diagnostic test will be required.
Despite the possible sources of error outlined above, overall model accuracy for the CEDP trial
exceeded expectations, and indicated that CystiAgent was both well-calibrated to T. solium
transmission in this region and able to appropriately model CEDP interventions.

5.5.3 Validation of intervention strategies: Ring Strategy Trial

Validation of CystiAgent against the RST produced slightly less accurate results
compared to the CEDP trial. In 20 of the 21 villages tested, the model predicted intervention
effects that were stronger than those observed in the actual study. This exaggerated intervention
effect was particularly apparent for PC as an outcome, for which predicted final-round prevalence

was an average of 5.8% lower (average prevalence of 2.7% predicted vs. 8.5% observed) than
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their observed values. The final-round estimates for PC prevalence in this trial, however, should
be interpreted cautiously since a necroscopic examination was not performed. Final-round
prevalence of cyst infection in pigs was estimated by assuming that 44% of seropositive pigs at
the conclusion of the study were truly infected, a figure based on two necropsy studies previously
conducted in the region [43,162]. However, these necropsy studies were conducted in populations
that had not received intervention programs. Based on our experience in the CEDP trial, rates of
EITB false positivity increase after treatment is applied and transmission is controlled. Therefore,
it is likely that the true final-round prevalence in the RST was lower than estimated and model
predictions for PC were more accurate than the measured error-rates indicated.

While considerable uncertainty surrounds our measurement of PC at study-end, the final-
round prevalence of HT was directly measured in all participants and serves as a reliable gauge of
model accuracy in the RST. For HT, CystiAgent predicted a reduction in prevalence that was, on
average, 0.8% lower (average prevalence of 0.1% predicted vs. 0.9% observed) than the reduction
observed in the RST villages. Elimination of HT was achieved and correctly predicted by the
model in three of the RST villages. Similar to the CEDP trial, the most likely explanations for the
slight but consistently exaggerated effect sizes in the RST validation include overestimation of
the efficacy of NSM for curing taeniasis, systematic non-participation of tapeworm carriers in
treatment interventions, and the inability to account for dynamic changes in population immunity
caused by the intervention.

In contrast to the poorly modeled seroprevalence trends in the CEDP trial, CystiAgent
predictions of pig seroincidence were more consistent and accurate in the RST. Seroincidence is a
more direct measure of current transmission levels and therefore was more reliably predicted due
to less volatility in immune responses. Despite accurate predictions overall, CystiAgent was
unable to replicate the unique shape of the seroincidence curve observed in the ring-screening
intervention, which consisted of a sharp initial decline followed by a plateau. One possible
explanation for the shape of decline in the observed data is highly clustered transmission patterns,
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which would have led to rapid reductions in transmission when ring screening was applied, yet
stagnation in later rounds as fewer heavily infected pigs were detected to initiate new rings. While
the spatial structure of CystiAgent is designed to model clustered transmission patterns, the
degree of clustering is determined by parameters dictating the home-range area of pigs, open
defecation practices, and pork consumption patterns. Thus, misspecification of any of these
parameters could have led to an incorrect degree of spatial clustering and inability to model the
observed sharp decline in transmission.
5.5.4 Comparison of intervention strategies

While this validation study was not designed to evaluate the effectiveness of the
intervention strategies themselves, the differences that were observed between studies and
intervention arms merit brief consideration. In both the model and observed studies, the CEDP
trial achieved greater reductions in transmission, and eliminated transmission in more villages,
compared to the RST. This is due to the intensive approach employed by the CEDP trial, which
consisted of repeated mass application of drugs and vaccine to humans and pigs with goal of
rapidly interrupting the T. solium life-cycle and causing elimination. Our model predicted that
mass screening of the human population was more likely to achieve elimination than presumptive
mass treatment, an observation that is not surprising given the increased efficacy of NSM when
targeted to cure. Thus, the addition of pig vaccination in 5 of the 15 study villages did not have a
discernable impact on our estimates of intervention effectiveness; this is likely because the
vaccine was not applied until mid-way through the intervention, and was only applied at two
points in time. Our finding is consistent with projections from other T. solium models suggesting
that vaccines must be applied with high coverage and repeatedly over many months in order to
adequately protect the pig population and prevent transmission [16,164].

In contrast to the CEDP trial, the RST was a control strategy and was not designed to
reach elimination levels. Between the three intervention arms in RST (ring screening, ring

treatment, and mass treatment), CystiAgent predicted that all three would result in similar
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reductions in transmission. However, in the actual trial, ring screening and mass treatment
produced stronger control effects than ring treatment. As described above, improvements to
model specifications will be required to accurately differentiate the effects of these three
strategies. Nonetheless, the effectiveness of ring interventions overall indicates that they represent
promising alternatives to mass-applied interventions, and merit consideration as viable control
options.

5.5.5 Strengths and limitations

There are a few important strengths and limitations of our approach to highlight. First,
and most importantly, this research represents the first attempt to validate a T. solium
transmission model, which was accomplished by using two large prospective trials of T. solium
control strategies. Using these datasets, the model was tested independently in 36 separate village
and 10 unique intervention types, leading to a robust assessment of the model’s accuracy in a
variety of transmission settings. The two separate trials tested were from two different region of
Peru (Piura and Tumbes). While the two regions have similarities in pig-raising practices, the
consistency of the model’s performance across regions in Peru provides initial support for the
generalizability of the model to other transmission settings. Finally, the ABC parameter
calibration tool we implemented allowed us to accurately replicate baseline levels of transmission
in the 36 study villages, which permitted an unbiased assessment of the model’s ability to
reproduce intervention effects that were observed in the studies.

A potential limitation of our approach is that parameters used for this validation were
primarily sourced from a single region of northern Peru (Piura region). While the depth of data
available from this region made it possible to develop this detailed ABM and we successfully
validated the model on two datasets from two different regions within Peru, some key parameters
may differ in other endemic areas of the world, which could impact the model’s accuracy when
applied to these regions. Application of CystiAgent outside of northern Peru, therefore, would

require some degree of local knowledge to set appropriate values for model parameters, and
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would also benefit from re-calibration of model tuning parameters using ABC estimation methods
in order to achieve desired levels of transmission.

Regarding strengths and limitations of the CystiAgent model itself, our ABM is the first
T. solium transmission model to incorporate a spatially explicit structure and include detailed
parameters to represent key behavioral and environmental components of T. solium transmission.
This spatial structure allowed CystiAgent to evaluate Ring Strategy, a promising spatially
targeted control intervention, and provides the flexibility to test other structural and behavioral
interventions in the future.

Despite these advantages, the CystiAgent model will always be limited by uncertainty in
the mechanisms and dynamics of T. solium transmission, which could impact its accuracy and
validity. Some of the more important gaps in knowledge that may impact transmission yet are not
incorporated into CystiAgent include age-related differences in pig roaming and environmental
exposure to T. solium [33,88], distribution patterns of infected pork through black market
channels [154], and the possibility of vector-borne transmission of T. solium eggs via dung
beetles and flies [86,87]. Perhaps the most important aspect of T. solium transmission not
included in the model, however, is immunity. Due to insufficient knowledge of the mechanisms
of immunity, resistance, and susceptibility to T. solium infection in humans and pigs, we were not
able to incorporate these features into the model. As described above, this may have contributed
to the observed overestimation of intervention effects. Since probabilities of infection in the
model (i.e., tuning parameters) were estimated using levels of transmission observed at baseline,
the model is not able to account for changes in susceptibility or resistance that may occur in
response to control pressure when an intervention is applied. This feature could be added to the
model if appropriate data from experimental and/or field studies were available. Until such
studies are carried out, future versions of CystiAgent may improve accuracy by not fixing tuning
parameters to baseline levels of transmission, but allowing them to flex during interventions, or
estimating multiple values for these parameters over time in order to approximate the effect of
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dynamic population immunity. While these and many other factors are not yet features of
CystiAgent, a key advantage of its ABM structure is that it has the flexibility to incorporate these
novel features when data become available, and can serve as an accessible platform to develop

and test hypotheses about T. solium transmission dynamics.

5.6 Conclusion

In this research, we developed and validated a novel transmission model for T. solium
called CystiAgent. In this first large-scale validation of a T. solium transmission model,
CystiAgent was able to accurately predict levels of transmission observed at baseline in the
validation villages, and adequately replicate the effects of control interventions in the majority of
villages. Of course, model predictions were not flawless, and overall the model overestimated
intervention effects in many of the villages tested. These imperfect results, however, represent
important data-points that can be used to adjust and improve future versions of the model.
Moving forward we will continue to test and improve the CystiAgent model using data available
from interventions in Peru, and evaluate the generalizability of the model through validation
against data from other endemic regions. Ultimately, we aim to use a final validated version of
CystiAgent to evaluated available strategies for T. solium control and deliver evidence-based
recommendations for T. solium control that will meet the need for validated strategies emphasized

by WHO.
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6.1 Overview

The primary objective of this dissertation research was to develop and validate a novel T.
solium transmission model. The three research aims that constitute this dissertation were designed
as a comprehensive and integrated effort to achieve this objective. In Aim 1 (Chapter 3), |
conducted a suite of field studies in northern Peru that provided the necessary data to develop and
parameterize a new agent-based model for T. solium transmission. Notably, these studies included
investigation of the shape and size of pig roaming ranges and the practice of open outdoor
defecation in the human population — both key features that dictate the spatial pattern of T. solium
transmission in endemic areas. In Aim 2 (Chapter 4), | used data generated from my prior field
studies along with other sources to develop the CystiAgent transmission model. | then subjected
the model to a series of sensitivity analyses in order to evaluate the function of the model and
better understand key sources of uncertainty. Finally, in Aim 3 (Chapter 5), | validated the model
by simulating two large cluster-randomized trials of T. solium control strategies in Peru, and

comparing the model-predicted results to those observed in the actual trials.

6.2 Significance and contributions of this research

6.2.1 Why do we need a transmission model for T. solium?

Despite the availability of tools to treat and prevent taeniasis and cysticercosis in endemic
areas, the global burden of T. solium remains high: across Asia, Latin America, and Africa, more
than 50 million people are infected with the parasite [165], and many more will become infected

every day unless we take strong and decisive steps to improve the situation. There are a variety of
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formidable barriers standing between our current status of widespread endemicity and the
ultimate goal of global eradication of T. solium transmission, many of which are beyond the grasp
of this dissertation research. Overcoming economic, political, and cultural barriers to be able to
implement widespread control programs will be a remarkable challenge that will require
collaboration and creativity from many sectors over the ensuing decades. Before we can even
face this barrier, however, we must answer a set of more basic questions about how T. solium is
transmitted and how to best prevent or control its spread. More simply, if we aim to convince
future policy-makers, researchers, and the public to implement widespread control of T. solium,
we must be able to give them a formula for how to do it and how much it will cost.

This goal of developing a “formula” of possible control options is a challenge that is
well-suited to transmission modeling, and was the long-term motivation for embarking on this
dissertation research. Given that relatively few prospective trials have been conducted that
evaluate potential control or elimination strategies, we simply don’t yet know the answers to
critical questions about the effectiveness and cost of many of the interventions that are available
and currently under consideration by global policy organizations like WHO and the Pan-
American Health Organization (PAHO). Some of these fundamental questions include: “Which
combinations of pig- and human-directed interventions will be most effective?”, “How frequently
and for how long should these interventions be applied?”, “What is the best way to target
treatment resources — MDA, screen-and-treat, or some other targeted methods (e.g., Ring
Strategy, school-aged children, etc.)?”, and, “Which of these strategies is most cost-effective and
feasible to implement?” The answers to these questions are not expected to be uniform across
endemic areas. Local variations in transmission, resources, and acceptability of interventions, as
well as the objectives of a given program (e.g., elimination vs. control, time-frame, etc.) will
mean that the most “effective” or optimal strategy will likely be different in different regions.

Given the breadth of questions regarding T. solium control that remain unanswered, an
accurate and flexible transmission model could be a hugely impactful tool to guide future
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decision-making. Because of the speed and economy of modeling, millions of simulations can be
executed rapidly to test different combinations of interventions on different populations, and
estimate the range of outcomes to evaluate their likelihood of achieving given objectives. These
results would identify a set of promising strategies for a given region that could then be tested in
prospective trials in order to confirm the impacts predicted by models. This addition of modeling
as a powerful tool to aid policy decisions has been successful in efforts to control or eliminate
other NTDs [128,166,167], and would be a major advancement for T. solium if an adequate
model were available.

As it turns out, we are not the first group to recognize the potential impact of a
transmission model for T. solium. In their 2012 “Roadmap for Implementation” [127] and 2014
“Framework for Intensified Control of T. solium,” [11], WHO identified transmission modeling
as one of the key areas that requires improvement in order to make progress against the disease.
In response to this call, three T. solium models were published by different groups between 2016-
19 [14-16], and a systematic review outlining recent progress on T. solium modeling was just
released [168]. One of these models, EPICYST, has been presented to WHO and was called upon
to help select strategies for control programs that are slated to begin in five countries in 2020
[11]. With the addition of our own CystiAgent model, there is now significant momentum and a
demonstrated will to move the T. solium modeling agenda forward.

6.2.2 What is unique about CystiAgent?

Since a variety of T. solium models already exist, and WHO is already collaborating with
a prominent modeling group to make policy decisions about T. solium control, it would be fair to
ask why we felt the need to develop our model, CystiAgent, and what CystiAgent contributes that
has not already been achieved by prior models.

In Chapters 4 and 5, | wrote in depth about the many novel features that we incorporated
into CystiAgent that are not available in existing T. solium models. These features include a

unique agent-based structure with a spatial configuration, and new behavioral parameters such as
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pig movement, human sanitation, and human travel. Most directly, the spatial structure of
CystiAgent allows the model to test spatially targeted interventions like “Ring Strategy,”
something no other T. solium model can do. Additionally, we hypothesized that incorporating
spatial and behavioral features of transmission would improve the accuracy of our model by
accounting for heterogeneities that are not captured in other available models.

While we believe that these are important features that will improve the accuracy and
flexibility of CystiAgent, the most fundamental difference between CystiAgent and other T.
solium models lies in our approach, which centers on validation and data-driven improvements to
the model. Fig 6.1 presents a simplified diagram of the approach we adopted for developing and
improving CystiAgent. The most important feature to note is that the entire process is cyclical and
continuous. In an ongoing process, data from field studies are incorporated into newer versions of
the model, and each successive version is evaluated with sensitivity analysis and validation to
assess its accuracy and identify gaps that can be addressed through additional field studies.
Therefore, this dissertation research represents just the first lap through this sequence of field
studies (Chapter 3), sensitivity analysis (Chapter 4) and validation (Chapter 5), and the cycle will
continue iteratively as long as there are questions to address and inaccuracies to explore.

The advantage of this iterative approach to model development is that the model is
continually improving, and validation of the model against prospective data serves as a
checkpoint to understand its current level of accuracy before proceeding to more impactful policy
analyses. In this way, validation of the model serves as both a benchmark that can be used to
improve future versions of the model and as a source of credibility and context that can be used to

interpret current outputs.
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Development Evaluation

Field studies Validation

Evaluation of strategies
Policy recommendations

Fig 6.1. Conceptual flowchart of model development

e Identify Gaps

Importantly, CystiAgent is the only existing T. solium model to have followed such a
data-driven and iterative path. To our knowledge, no prior T. solium model has incorporated as
much field data into its structure and parameterization, and no model has had its outputs validated
with data from prospective intervention trials. Despite this lack of validation, each of the three
recently released models have been used in published analyses to prospectively compare different
combinations of interventions [14-16]. For CystiAgent, we plan to take a data-driven approach
that ensures the validity of any future analyses. While our initial validation results were largely
positive, there are important inaccuracies that remain, and we plan to move forward with analyses
of control and elimination strategies only when we are confident that the model is accurately
replicating T. solium transmission. This commitment highlights what we believe is an important
contribution to prevention and control of T. solium: model validation against intervention trial
data must be a pre-requisite for the use of any model in important policy decisions.

The final motivation for developing CystiAgent that | would like to highlight here

involves promoting collaboration and data-sharing between modelers and field researchers. Given
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the importance of model validation as described above, it is worth considering why prior T.
solium models have not yet undergone this crucial process. The likely answer is that the steps of
model development depicted in Fig 6.1 require an abundance of prospective data that few groups
outside of Peru possess. By publishing results from the validation of CystiAgent, we hope to
encourage increased data-sharing between the current (and future) research groups developing T.
solium models. The availability of datasets published alongside our validation studies will allow
for new and existing models to be validated against the same datasets. If this validation challenge
is accepted by other groups, we would have an unprecedented opportunity to make unbiased
comparisons between T. solium models and work synergistically to achieve the ultimate goal of

supporting evidence-based decisions for T. solium control.

6.3 Future directions

In one sense, validation of the CystiAgent model represented a satisfying culmination of
this dissertation research. We produced a good model that can be used to better understand T.
solium transmission, and may ultimately be useful for conducting evaluations of control strategies
if necessary improvements and adjustment can be made. However, as described above, the
current version of CystiAgent represents only the first step of what we hope will be an enduring
and cyclical process of validation and improvement to address the shortcomings of CystiAgent
and other T. solium models.

Given the availability of other T. solium models, the first and most important follow-up to
this research should be to replicate our rigorous validation of CystiAgent on these other models.
While we designed CystiAgent to accurately represent components of T. solium transmission that
we believed to be fundamental, there may be advantages of other model structures that we did not
originally consider. In fact, it may be true that different model structures are better suited to

different types of research questions or different endemic settings. For example, while the agent-
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based structure of CystiAgent may allow it to test a wider variety of targeted strategies or
structural/environmental interventions, a deterministic model may be adequate for testing mass-
applied interventions while improving computational efficiency and the ability to explore other
mathematical relationships (e.g., basic reproductive rate, incidence). Only through comparative
validation of multiple T. solium models can we begin to understand the contribution and validity
of each model, and to capitalize on the synergy that is possible through such collaborations.

Until such cross-model validations can be completed, however, we have only the results
of our current work on CystiAgent to direct research priorities for future model improvements.
For this purpose, the sensitivity analyses we conducted (Chapter 4) were essential in identifying
parameters that had significant impacts on transmission in the model. Targeting these key
components of transmission for additional research would not only improve the accuracy and
precision CystiAgent, but would help uncover unknown mechanisms of T. solium transmission
that could have broad impacts on control. In the following section, | briefly describe a few of the
most important features of transmission that could be targeted with additional field work.

First, while our GPS tracking study provided important estimates for the size of pig
roaming ranges and areas of contact with human feces, more research is needed to determine if
pig behavior and human defecation patterns are similar in other endemic areas. The area of pig
home-ranges and the prevalence of latrine-use were both identified as a highly impactful
parameters and significant sources of uncertainty in our sensitivity analyses. Thus, replication of
this study in other endemic regions would allow us to test the model in these regions, and may
ultimately uncover information about differences in transmission patterns that could impact
decisions about prevention and control.

Another important and largely unknown factor of T. solium transmission that was
identified in our sensitivity analyses involves the distribution of infected pork throughout and
between villages. Our surveys on this topic only crudely assessed the sale and distribution of
pork, but did not specifically ask about other features of pork distribution including black market
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sale of infected pork [154], donation to family members, traditional methods of curing or boiling
meat to sanitize it [169], or report of infected meat to health officials [123]. What is particularly
challenging about this topic is that such practices are difficult to assess given the stigma
surrounding taeniasis and tainted pork, and may vary considerably between different cultures in
endemic regions. Therefore, replication of these surveys in other endemic regions, and
consideration of alternative research methods such as focus groups and personal interviews will
be needed to fully explore this topic.

The average duration of tapeworm infections is another key aspect of transmission that
was identified as highly influential on transmission in CystiAgent, but is subject to a high degree
of uncertainty. Given the lack of animal models for T. solium infection and ethical barrier of
monitoring active human infections, the natural duration of the tapeworm infections cannot be
assessed directly. If the natural incidence of tapeworm infections in endemic population were
known, duration could be estimated indirectly (Duration = Prevalence / Incidence).
Unfortunately, the incidence of taeniasis has not yet been measured in observational
epidemiologic studies, and would require substantial investment to reach necessary sample sizes
to detect incident cases. Therefore, future work to reduce uncertainty in this key model parameter
will likely require creative employment of modeling techniques. This could include model-based
calibration of the parameter value to arrive at an estimate that reduces measured error in model
outcomes.

Finally, the role of pig immunity in developing resistance to infection and causing
antibody response without true cyst infection [46] is a field of research with considerable
uncertainty that likely impacted the accuracy of CystiAgent in our validation study. Pig resistance
and immunity were not factored into CystiAgent in any way due to limited knowledge on the
topic. Experimental infection studies to untangle the complicated relationship between exposure
to eggs, immune activation, and resistance would provide important knowledge to improve future
versions of the model.
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For each of the above components of transmission, a lack of quantitative data has
potentially limited our correct specification of the feature in CystiAgent, and in each case, this
uncertainty has potentially impacted variability of the model’s outputs. With this in mind, our
research group has proposed a suite of new epidemiologic and experimental studies aimed
addressing these gaps. The proposed field work includes an enhanced GPS tracking study of pig
movement, rigorous experimental infection studies to better understand resistance and immunity
in pigs, and the validation of CystiAgent with prospective data collected in sub-Saharan Africa
(Zambia) to evaluate its generalizability to this substantially different ecological setting.

When this research is completed, the resulting transmission model should have the ability
to conduct the types of robust evaluations and comparisons of T. solium control strategies that are
urgently needed for policy decisions. A final evaluation of control strategies conducted with this
validated and generalizable model would include comparison of different combinations of
interventions, including timing and frequency of treatment, vaccination, and behavioral
interventions, to determine optimal sets of actions to maximize intervention effectiveness . These
strategies could be tested in diverse settings and populations, and would be expected to include
measurement of cost to assess feasibility. An evaluation of this magnitude would change the
landscape of knowledge and tools available for T. solium control, and is now within reach

because of the important foundation built through this dissertation research.
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Appendix A: Supplemental tables for Chapter 3

Table Al. Characteristics of tracked pigs.

Village A Village B Village C
Characteristics Rainy Dry Rainy Dry Rainy Dry
Total pigs tracked 14 16 18 19 21 20
Sex (male, %) 6(43%) | 3(19%) | 4(22%) 9 (47%) 13 (62%) | 15 (75%)
Age, in months (mean, sd) 13 (6.0) 12 (5.9) 9 (6.9) 9 (5.6) 7(4.4) 8 (4.2)
Herd size (mean, sd) 11 (7.3) 10 (6.4) 5(3.3) 7 (4.6) 6 (3.8) 6 (4.2)
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Table A2-1. Regression coefficients for the log-area of maximum, home, and core roaming
ranges. Ordinary least squares regression models (Bivariate associations).

Bivariate
(e coefficients (95% CI))
Max. range Home range Core range
Village
Village A Ref. Ref, Ref.
Village B 0.50** 0.48** 0.53**
(0.32,0.77) (0.30, 0.76) (0.41, 0.69)
Village C 0.19** 0.24** 0.64**
(0.12, 0.29) (0.15, 0.39) (0.49, 0.84)
Season
Rainy Ref. Ref, Ref.
Dry 0.40** 0.40** 0.70**
(0.27, 0.59) (0.27, 0.59) (0.57, 0.88)
Household density’
<25 0.94** 0.95** 0.98*
(0.92, 0.96) (0.92, 0.97) (0.97, 0.99)
>25 1.06** 1.05** 1.00
(1.03, 1.09) (1.02, 1.09) (0.99, 1.02)
Herd size (per pig) 1.07** 1.06** 1.01
(1.03, 1.11) (1.02, 1.10) (0.99, 1.04)
Pig sex
Female Ref. Ref. Ref.
Male 0.70 0.78 0.88
(0.45, 1.07) (0.51, 1.19) (0.70, 1.10)
Pig age (per month) 1.06** 1.04* 1.02*
(1.02, 1.10) (1.0, 1.08) (1.0, 1.04)

p-value: **<0.01, *<0.05
SSignificant statistical interactions (village*season)
+Number of households within 100m radius, linear spline at 25 households/100m
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Table A2-2. Regression coefficients for the log-area of maximum, home, and core roaming
ranges. Ordinary least squares regression models (Multivariate associations).

Multivariate
(e coefficients (95% CI))
Max. range Home range® Core range
Village
Village A Ref, Ref, Ref.
Village B 0.49** Rainy: 0.43** 0.64**
(0.33,0.74) (0.24,0.75) (0.50, 0.82)
Dry: 0.51**
(0.07,0.22)
Village C 0.19** Rainy: 0.14** 0.52**
(0.12, 0.28) (0.08, 0.24) (0.41, 0.67)
Dry: 0.10**
(0.05, 0.17)
Season
Rainy Ref, Ref, Ref.
Dry 0.53** Village A: 0.24** 0.69**
(0.38,0.73) (0.14,0.44) (0.57,0.84)
Village B: 0.29**
(0.17,0.49)
Village C: 0.70
(0.43,1.16)
Household density’
<25 - - -
>25 - - -
Herd size (per pig) - - -
Pig sex
Female - - -
Male - - -
Pig age (per month) - - -

p-value: **<0.01, *<0.05
SSignificant statistical interactions (village*season)
tNumber of households within 100m radius, linear spline at 25 households/100m
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Table A3-1. Regression coefficients for the number of open defecation sites within pig range
areas (maximum, home, and core ranges). Negative binomial models for the number of
defecation sites within maximum and home ranges (rate ratios [RR] with 95% confidence
intervals [CI] displayed), and logistic regression model for the presence of > 1 defecation site
within the core range (odds ratios [OR] with 95% CI displayed). Bivariate associations.

Bivariate
Max. range Home range Core range
(RR, 95% CI) (RR, 95% CI) (OR, 95% CI)
Village
Village A Ref. Ref. Ref.
Village B 5.18** (3.53,7.60) 7.06** 6.72*
(3.83, 13.01) (1.37, 33.0)
Village C 1.02 1.25 1.11
(0.67, 1.56) (0.63, 2.49) (0.17, 0.30)
Home range size 1.47** 1.50** 2.45*
(log-area, m%) (1.17,1.84) (1.13, 2.0) (1.03, 5.82)
Household density’
<25 1.02 1.03 1.04
(0.99, 1.05) (0.99, 1.07) (0.97, 1.12)
>25 1.04* 1.03 1.01
(1.0, 1.08) (0.99, 1.08) (0.94, 1.08)
Pig sex
Female Ref. Ref. Ref.
Male 0.80 0.94 1.03
(0.52, 1.23) (0.54, 1.66) (0.37, 2.93)
Season
Rainy Ref. Ref. Ref.
Dry 0.86* 0.69 1.10
(0.72, 1.02) (0.39, 1.21) (0.39, 3.11)
Herd size (per pig) 0.97 0.97 1.01
(0.93, 1.01) (0.91, 1.03) (0.91, 1.11)
Pig age (per month) 0.99 0.98 1.01
(0.95, 1.02) (0.93, 1.03) (0.91,1.12)
Roaming land-type (per
1% increase by type)*
Peri-domestic 0.18** 0.17** 0.29
(0.07, 0.43) (0.05, 0.56) (0.04, 2.24)
Vegetation 1.11 2.13** 1.62
(0.41, 3.02) (0.58, 7.81) (0.19, 13.8)
Roads/paths 16.9** 5.74 2.34
(4.52, 63.1) (0.83, 39.7) 0.10, 53.7)

p-value: **<0.01, *<0.05

SSignificant statistical interactions (village*season)

+Number of households within 100m radius, linear spline at 25 households/100m
1Farming land-type not included due to insufficient roaming
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Table A3-2. Regression coefficients for the number of open defecation sites within pig range
areas (maximum, home, and core ranges). Negative binomial models for the number of
defecation sites within maximum and home ranges (rate ratios [RR] with 95% confidence
intervals [CI] displayed), and logistic regression model for the presence of > 1 defecation site
within the core range (odds ratios [OR] with 95% CI displayed). Multivariate associations.

Multivariate
Max. range SHome range Core range
(RR, 95% CI) (RR, 95% CI) (OR, 95% CI)
Village
Village A Ref, Ref, Ref,
Village B 5.3** Female: 16.3** 21.8**
(3.61,7.78) (6.25, 42.3) (2.74, 173)
Male: 3.84**
(1.77, 8.39)
Village C 1.48 (0.91, 2.41) | Female: 2.45 4.59
(0.76, 7.9) (0.43,48.5)
Male: 0.63
(0.25, 1.57)
Home range size 1.87** 1.69** 5.38*
(log-area, m?) (1.59, 2.21) (1.39, 2.07) (1.50, 19.2)
Household density’
<25 1.06** 1.08** -
(1.05, 1.08) (1.05, 1.11)
>25 1.28** 0.95** -
(1.11, 1.48) (0.93, 0.98)
Pig sex
Female - Ref.
Male - Village A: 5.10**
(1.72, 15.1)
Village B: 1.21
(0.80, 1.81)
Village C: 1.28
(0.57,2.92)
Season
Rainy - - -
Dry - - -
Herd size (per pig) - - -
Pig age (per month) - - -
Roaming land-type (per
1% increase by type)*
Peri-domestic - - -
Vegetation - - -
Roads/paths 3.41** - -
(1.79, 6.49)

p-value: **<0.01, *<0.05

SSignificant statistical interactions (village*season)
TNumber of households within 100m radius, linear spline at 25 households/100m
{Farming land-type not included due to insufficient roaming
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Appendix B: Supplemental material, tables, and figures for Chapter 4

Supplement B1. Data sources and statistical methods for CystiAgent parameters.
SOURCE #1: Ring Strategy Trial (RST)

Model parameters:

humans-per-hh mean number of people assigned to each household
prop-pig-owners proportion of households that raise pigs

pigs-per-hh mean number of pigs assigned to each pig-raising household
prop-corrals proportion of pig-raising households that own corrals for their pigs
prop-latrines proportion of households that have access to a latrine
slaughter-age mean age at which pigs are slaughtered

Description of study:

This was a large cluster-randomized trial comparing the effectiveness of “Ring-strategy” versus
mass-treatment as control strategies to reduced Taenia solium transmission. The trial was carried
out in 23 rural villages of the northern Peruvian region of Piura between 2015-2017. Data from
this study that were used in the CystiAgent model included the baseline census, which collected
demographic variables for all households in the study, and serial follow-up of cohorts of pigs,
which were captured every 4 months to collect serum samples. The RST study was funded by
NIH grant number NIH RO1-NS080645 with Seth O’Neal as principle investigator.

Methods/results:

Village input parameters. A household-level census was conducted at baseline in all 23 study
villages, and attempted to gather information on all residents of the study villages. Variables
recorded for the census included demographics of all human inhabitants, the condition of the
house, access to water and sanitation, and livestock including pigs. For each variable of interest,
results were summarized by village. The plausible ranges for parameters were determined by the
maximum and minimum means observed across all villages. Probability distributions for discrete
parameters (humans-per-hh, pigs-per-hh) were determined by fitting raw census data to a range
of distributions (e.g., normal, log-normal, Poisson, exponential) and selecting the distribution
with the best fit based on AIC values (Akaike Information Criterion). The Poisson and
exponential distributions chosen to represent humans-per-hh and pigs-per-hh, respectively are
defined by a single mean value, and were truncated at 1 to prevent household with 0 inhabitants.

Parameter Distribution Mean Lower Upper
humans-per-hh Poisson 3.89 3.32 4.94
prop-pig-owners Binomial 0.49 0.25 0.75
pigs-per-hh Exponential 244 1.74 4.21
prop-corrals Binomial 0.5 0.23 0.92
prop-latrines Binomial 0.64 0.19 0.97

slaughter-age: The age of pigs at slaughter was estimated for two cohorts of study pigs (n=1,284
pigs) that entered the study at baseline and month 4 (M4), when they were between 2-4 months
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old (this is when age estimation is most accurate). Pigs were captured for serum-sampling every
4 months throughout the study. Therefore, when a pig from one of these cohorts was censored
from the study (not captured in the following sample), its age at censorship (i.e., slaughter) was
assumed to be the age it would have reached at the mid-point of the previous 4-month interval.
Pigs still alive at the end of the study (n=47 pigs) were conservatively given slaughter-ages of
their age in the last sampling round plus two additional months. Final slaughter ages were
analyzed to determine the probability distribution and summary statistics to best describe them. A
log-normal distribution was chosen as the optimal fit, and the log-mean and log-standard-
deviation were estimated from the data. The “plausible range” for log-mean was derived from a
95% confidence interval produced through bootstrapped resampling (n=1000).

Slaughter-age to follow a LOG-NORMAL distribution
Value Lower Upper

Log-mean 2.279 2.249 2.305

Log-SD 0.515 - -

SOURCE #2: Household survey (HH)

Model parameters:

pigs-sold Proportion of pigs sold prior to slaughter

pigs-exported Proportion of sold pigs that are exported to other villages

pig-import-rate Rate of pigs imported from other endemic villages (import / pig / week)

hh-only-pork Proportion of slaughtered pigs that are consumed exclusively by the
owner’s household

sold-pork Proportion of slaughtered pigs that are exclusively sold to another
household in the same village

shared-pork-hh Among slaughtered pigs shared between the owner and other
households, the proportion pork-meat eaten by the owner’s household

traveler-prop Proportion of households that have a member who regularly travels

travel-freq Interval of time (in weeks) between trips to other endemic villages

travel-duration Average duration of trips to other endemic villages

Description of study:

The “household survey” was a door-to-door survey applied in 7 rural villages of northern Peru
(Piura region) between 2017-18. The survey was applied to all heads-of-household that resided in
the study villages, and was carried out over two time-points four months apart (n1=420 and
n2=410 households). The survey was applied as part of a community-based study that aimed to
identify methods for improving reporting of infected pigs to the health post. Survey questions
used for the CystiAgent model were embedded in a larger survey that assessed knowledge,
behaviors, and attitudes towards cysticercosis. The parent study was funded by NIH grant number
NIH RO1-NS080645 with Seth O’Neal as principle investigator.

Methods/results:

pigs-sold: The survey question asked (translated from Spanish): “How many pigs from your
household have you sold prior to slaughter in the past 4 months?” The total number of pigs sold
in each village was divided by the total number of pigs slaughter or sold in the same interval to
determine the proportion of pigs sold among those due for sale or slaughter. The final parameter
value was determined by averaging the results of the two survey time-points. The “plausible
range” was determined by selecting the minimum and maximum values from among the seven
villages surveyed.
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Estimate LL UL
Total pigs sacrificed or sold 760
Pigs SOLD 51.4% (391/760) 32.6% 75.4%

pigs-exported: The survey question asked (translated from Spanish): “How many pigs from your
households have you sold prior to slaughter outside of the village in the past 4 months?” The total
number of pigs sold outside of the village (i.e., exported) was divided by the total number of pigs
sold to determine the proportion of sold pigs that were exported. The final parameter value was
determined by averaging the results of the two survey time-points. The “plausible range” was
determined by selecting the minimum and maximum values from among the seven villages
surveyed.

Estimate LL UL
Total pigs sold 391
Pigs EXPORTED 73.1% (286/391) 34.2% 100%

pig-import-rate: The survey question asked (translated from Spanish): “How many live pigs have
your purchased from outside the village in the past 4 months?”” The total number of pigs imported
was divided by the total number of pigs in the village and the 4-month period (17 weeks) to
determine the number of pigs imported per pig in the population per week. The final parameter
value was determined by averaging the results of the two survey time-points. The “plausible
range” was determined by selecting the minimum and maximum values from among the seven
villages surveyed.

Parameter Estimate LL UL
Total pigs in the village 1956

Total pigs purchased externally 35

IMPORTED pigs (per pig per week) 0.00105 0 0.00384

hh-only-pork, sold-pork: The survey questions asked (translated from Spanish): “How many pigs
from your households have you slaughtered in the past 4 months?” and, among those, “How
many were consumed exclusively by members of your household?”, “How many were sold or
gifted after slaughter to other households?” and “How many were shared between members of
your household and other households?” The proportion of pigs eaten at home, sold, and shared
were calculated by dividing each total by the total number of pigs slaughtered. The proportion
shared is not explicitly defined as a model parameter because it is represented by the proportion
of pigs that remain after the first two parameters are applied. The final parameter value was
determined by averaging the results of the two survey time-points. The “plausible range” was
determined by selecting the minimum and maximum values from among the seven villages
surveyed.

Parameter Estimate LL UL
Total pigs slaughtered by household 366

Pigs consumed exclusively by 39.6% (145 / 366) 21.7% 71.4%
HOUSEHOLD

Pigs exclusively SOLD to other 11.5% (42 / 366) 0% 50.0%
households in village

Pigs SHARED between household and 48.9% (179 / 366) 12.5% 75.0%
other households in village
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shared-pork-hh: The survey question asked (translated from Spanish): “How many kilos of pork
meat have you purchased from within your village in the past 4 months?” This total was divided
by the total number of kilos of pork meat shared or sold within the village, which was determined
taking the total number of pigs sold or shared in the village and applying an average of 50 kg per
pig times 0.3 to represent the edible portion of the pig. This allowed for estimation of the
proportion of shared pork that was eaten at home versus shared for each village.

Parameter Estimate LL UL

Total sacrificed pigs whose meat was SHARED/SOLD 221

Number of kg of pork (pigs*50kg*0.3) 7735Kkg

Number of kg of pork purchased from WITHIN 1545.5kg

Proportion of pork eaten by HOUSEHOLD 80% 0% 83.9%
(6189.5 / 7735kQ)

Travel-related parameters: A section of the survey asked respondents to list all trips taken in the
past 4 months by any member of the household for which the traveler spent at least 1 night
outside of the village. The person, location, and duration of each trip were recorded. In analysis,
destinations were evaluated to determine if they were endemic for T. solium transmission. Given
that travel was likely to be underreported and most destinations were endemic areas, we chose not
to exclude non-endemic areas. Final parameter values were determined by averaging the results
of the two survey time-points. The “plausible range” was determined by selecting the minimum
and maximum values from among the seven villages surveyed.

traveler-prop: The proportion of households that have a traveler was determined by dividing the
number households that reported at least one trip by the total number of households.

Parameter Estimate LL UL

Number of households 828

At least 1 TRIP (“TRAVELER HH”) 42.3% 24.6% 65.4%
(350/828)

travel-freq: The frequency of travel among travelers was determined by counting the total
number of trips completed by each household in the past 4-months, and using this to determine
the mean number of trips per week and the mean interval between trips.

Parameter Estimate LL UL
Number of travelers 350

MEAN # of trips in 4-month period 2.16 1.08 3.5
MEAN # of trips / week 0.12 0.06 0.20
MEAN frequency of trips (weeks between trips) 8.00 16.02 4.94

travel-duration: The mean duration of travel was determined by averaging the duration of every
trip reported by a traveling household. Final travel-durations were analyzed to determine the
probability distribution and summary statistics to best describe them. An exponential distribution
was chosen as the optimal fit by comparing AIC values for evaluated distributions.

Parameter Estimate LL UL
Number of travelers 350

MEAN trip duration (days) 12.28 5.9 23.5
MEAN trip duration in weeks: 1.75 0.84 3.36
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SOURCE #3: GPS pig tracking study (GPS)

Model parameters:

latrine-use Among households with access to latrines, proportion that are in “good”
condition and are “always” used by all household inhabitants
cont-radius Distance from household at which open defecation occurs among
household not using latrines
corral-always Among households that raise pigs and own pig-corrals, the proportion of
corrals that are in “good” condition and are “always” used to contain all
pigs
corral-sometimes | Among households that raise pigs and own pig-corrals, the proportion of
corrals that are “sometimes” used to contain pigs
prop-corral-some | Among pigs raised in households that “sometimes” contain pigs in
corrals, the proportion of pigs contained at any given time
home-range Radius of the area pigs cover when roaming (i.e., not contained in
corrals), and within which exposure to T. solium is assumed to occur

Description of study:

A detailed description of this study is can be found in Chapter 3. The study consisted of two
separate activities, both carried out in 2018 in three rural villages of northern Peru (Piura region).
First, we conducted a door-to-door survey of all households in the villages. The survey asked
adult heads-of-household about the presence and use of latrines and pig-raising practices. Second,
we conducted GPS tracking of a sample of free-roaming pigs. Overall, we tracked 108 pigs for 6
days each, and included GPS tracking in both the rainy and dry season. Roaming patterns were
then analyzed to determine the size of each pig’s “home-range.”

Methods/results:

latrine-use: Heads-of-households were asked if their household had access to a latrine/indoor
bathroom, or if they used outdoor areas to defecate. If a latrine was present, we then asked how
often members of the household used the latrine, giving the options “always,” “sometimes,” or
“never.” The option of “always” was only recorded if all members of the household, including
children, were reported to always use the latrine/bathroom. We also inspected the condition of the
latrine, and recorded it as “good,” “normal,” or “bad,” and inspected the areas around the house
for evidence of feces or soiled paper. In the model, “latrine-use” was defined as the proportion of
households with latrines that reported “always” using latrines, and for which latrine condition was
“good” and no evidence of feces was observed in the household area. The final parameter value
was determined by averaging the results of the three villages. The “plausible range” was
determined by selecting the minimum and maximum values from among the villages surveyed.

Among households with latrines, the proportion of HH’s that are in
GOOD condition and are used ALWAYS
Estimate LL UL
73% (142 /194) 57% 86%

cont-radius: For households that reported the practice of open defecation, respondents were asked
to indicate the location of the defecation area, and a GPS point was recorded at the location where
feces or soiled paper was visualized. We then calculated the distance between the open defecation
point and the household (GPS point taken at the front door), and labeled this distance as the
“contamination radius” for each house. Final contamination radii were analyzed to determine the
probability distribution and summary statistics to best describe them. A log-normal distribution
was chosen as the optimal fit by comparing AIC values for evaluated distributions. The “plausible
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range” was derived from a 95% confidence interval of the log-normal distribution. When applied
in the model, tapeworm carriers will shed infectious T. solium eggs and proglottids onto a
location that is determined by generated a random value from the cont-radius distribution and
applying a random angle from the household location.

Estimate (m) LL UL
Log-mean 3.27 3.14 3.40
exp(log-mean) 26.3 23.0 30.1
Log-SD 0.546

corral-always, corral-sometimes: For households that reported raising pigs, pig-owners were
asked if they allowed their pigs to roam freely or kept their pigs contained in corrals. A response
of “always” indicated that all pigs (including piglets) were always kept enclosed (or tied).
Reports were confirmed or adjusted based on observation of pig-owners current practices, and
were further validated by cross-referencing reports with pig-level data collected in the same
month in a separate pig sero-survey (each pig reported as “free” of “enclosed”). The “plausible
range” was determined by selecting the minimum and maximum values from among the villages
surveyed. For application in the model, pig-raising households that possessed corrals were
assigned as either “always,” “sometimes,” or “never” users of corrals. Pigs in households that
“sometimes” used corrals were either corralled or not corralled depending on prop-corral-some.

Estimate LL UL
Always 35% (36 / 102) 33% 39%
Sometimes 57 % (58 /102) 53% 62%
Never 8% (8/102) 4% 13%

prop-corral-some: The proportion of pigs that were corralled among households that
“sometimes” corral their pigs was determined by cross-referencing survey responses (household-
level) with pig-level data from a serological survey that took place in the same month.
Households that reported “sometimes” using corrals were found in the serological data, and the
numbers of pigs that were “contained” vs. “free-roaming” at the time of the sero-survey were
recorded. The “plausible range” was determined by selecting the minimum and maximum values
from among the villages surveyed.

Estimate LL UL
Total pigs in “sometimes” 261
households
Contained 32% (83 /261 pigs) 15% 44%
Free-roaming 68% (178 /261 pigs) 56% 85%

home-range: The area of each pig’s “home-range” was calculated using the Localized Convex
Hulls (LoCoH) home range algorithm. Home-range areas represent the area of active foraging
that represents the densest 90% of a pigs range. The total area (m?) was calculated for each pig,
and was converted to a radius that assumed each range followed a circular shape. Final home-
range radii were analyzed to determine the probability distribution and summary statistics to best
describe them. A log-normal distribution was chosen as the optimal fit by comparing AIC values
for evaluated distributions. In the sub-analysis, a significant difference between villages and
seasons was detected. Therefore, upper and lower limits were determined by extracting the mean-
log from the largest and smallest village/season combinations.
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Estimate LL UL
mean-log 3.79 3.39 4.56
exp(mean-log) 44.2 29.7 95.5
sd-log 0.552

SOURCE #4: Literature review and expert opinion

Model parameters:

import-prev Proportion of imported pigs that have cysticercosis

light-to-heavy Proportion of infected imported pigs that have light vs. heavy cyst infection

travel-incidence | Rate of human taeniasis infection during travel to external endemic areas

tn-incubation Latency period after initial infection (taeniasis) before beginning to expel eggs

tn-lifespan Mean duration of taeniasis infections

decay-mean Mean time eggs remain viable in the environment before decaying

import-prev: The proportion of imported pigs that had cyst infection was assumed to be
consistent with the prevalence of cyst infection expected in a standard endemic village of
northern Peru. We therefore estimated this prevalence using a necropsy study conducted in this
region of Peru in 2017 [75]. Since only a sample of seropositive pigs were necropsied in this
study, but all pigs were tested with the EITB assay, we estimated the total number of infected
pigs by applying the proportion infected at each EITB band level (1-7 positive bands) to the total
number of pigs at each band level. Given the limited data for this parameter, the “plausible range”
of 0 to 30% was set manually based on plausible limits determined by our expertise.

WB # Prevalence of cyst infection Pig population at band level Expected # with cyst
bands in necropsy sample (n=828 pigs) infection

0 0/0 = 0% 395/828 = 47% 395*0=0

1 2/22=9.1% 87/828 = 10.5% 87*0.091=7

2 4/42 = 9.5% 127/828 = 15.3% 127*0.095 = 12
3 17/52 =32.7% 142/828 = 17.2% 142*.327 = 46

4 6/18 = 33.3% 37/828 = 4.5% 37*0.333=12

5 6/10 = 60% 16/828 = 1.9% 16*0.60 = 10

6 5/5 = 100% 9/828=1.1% 9*1.0=9

7 9/9 = 100% 15/828 = 1.8% 15*1.0 =15
TOTAL 49/158 =31% 433 / 828 pigs = 52% 111/828 =13.4%

light-to-heavy: The proportion of infected imported pigs that had light vs. heavy cyst infection
was based on the same necropsy study referenced above [75]. Among infected pigs that were
found on necropsy, those with < 100 viable cysts were considered lightly infection and those with
> 100 viable cysts were heavily infected. Given the limited data for this parameter, the “plausible
range” of 50% to 100% of infected imported pigs with light infection was set manually based on

what our experts believed could be the plausible limits.

Parameter Estimate
Total pigs necropsied 158
Necropsy-positive (1+ cyst) 49

Light infection (1-99 cysts)

75.5% (37 / 49)

Heavy infection (>100 cysts)

24.5% (12 / 49)
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travel-incidence: The incidence of human tapeworm infections (taeniasis) among travelers
traveling to other endemic areas was assumed to be the same as the incidence observed in a
standard endemic village. However, the incidence of taeniasis in endemic villages is unknown
and has not been published. We therefore estimated taeniasis incidence based on the known
prevalence in this region and an estimate of the duration of infection using the equation:
Incidence = Prevalence / Duration. The prevalence was based on a cross-sectional study of
taeniasis prevalence conducted in this region [75]. See below for explanation of taeniasis duration
used for this calculation (2 years). The “plausible range” was determined by calculating incidence
with the minimum and maximum prevalence observed among the 7 villages included in the
original study. Taeniasis incidence was then applied in the model as the probability of infection
per person per week of travel.

Parameter Estimate LL UL

Taeniasis prevalence 2.4% 0.9% (2/218) 5.3% (8/151)
(34/1420)

Taeniasis duration 104 weeks 26 weeks 208 weeks

INCIDENCE (probability of 0.024 /104 = 0.009 / 208= 0.053/26 =

infection per week) 0.000231 0.000043 0.0020

tn-incubation: The period of time after initial ingestion of a viable T. solium cyst and growth of a
mature tapeworm that expels infection eggs and proglottids is widely reported in literature to be
approximately 2 months (8 weeks). See [22,26,27]. No “plausible range” or probability
distribution was utilized for this fixed parameter value.

tn-lifespan: Humans that are infected with tapeworm will have a natural duration of infection that
is determined by this parameter. Taeniasis duration is unknown and has not been studied due to
ethical barriers. A range of 2-4 years is typically reported, and is based on age-specific prevalence
data, biological plausibility, and auto-infection of a scientist in 1935. See [Garcia, Yoshino]. A
zero-truncated normal distribution with standard deviation of 50 weeks was chosen for simplicity,
but is not supported by data. In the model, the duration of each individual tapeworm infection is
randomly drawn from this distribution.

Estimate

LL

UL

Mean = 104 weeks (2 years)

26 weeks (0.5 years); Truncated at O

208 weeks (4 years)

SD =50

SD =50

SD =50

95% LL =0
95% UL = 132 weeks (2.5 years)

95% LL =125 weeks (2.4 years)
95% UL = 290 weeks (5.6 years)

decay-mean: If a tapeworm carrier is practicing open defecation, they will contamination their
environment with T. solium eggs and proglottids. After the infection ends, eggs (but not
proglottids) will persist in the environment until they naturally decay. The longevity of eggs in
the environment is determined by this parameter. Estimates for the longevity of eggs in the
environment are based on experimentation done on eggs of related species in the 1970s [134].
These experiments indicate that longevity is impacted by temperature and moisture. The mean
and plausible range was derived from observations from a variety of experiments conducted in
different conditions. In the model, a fixed probability of decay is applied each week, which
creates an exponential survival function with the mean inversely related to the probability of
decay.
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Eggs decay in the environment according to the EXPONENTIAL SURVIVAL FUNCTION, where at
each time (t) there is a constant probability of decay (1), the survival function is therefore given by
f(t) = exp(-At), with mean decay time given by E(t) = 1/A

Estimate: LL UL
A=0.125 1.0 0.038
E(t) = 8 weeks 1 week 26 weeks
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Supplement B3: Graphical results of CystiAgent sensitivity analyses

Sobol’ Sensitivity Analysis. All villages (low, medium, high-density); full and reduced
models. Parameters with S; > 0.02 in the full model and S; > 0.01 in the reduced model

shown.

Full Model (k = 33 parameters)

Reduced model (k = 22 parameters)

Parameters

High

Medium

Low

High

Medium

Low

Pig

tuning—pig§

corral-always

prop-corrals

corral-sometimes

prop-corral-some

home-range

latrine-use

humans-per-hh

cont-radius

home-range-sd

Human

tuning-human®

prop-pig-owners

tn-lifespan

pigs-per-hh

pigs-exported

pigs-sold

hh-only-pork

shared-pork-hh

pig-import-rate

import-prev

sold-pork

travel-duration

travel-incidence

B = Human taeniasis,

SOBOL first-order indices (S;): mmm /
Stuning-pig and tuning-human refer collectively to the set of tuning parameters defining the
probabilities of pig and human infection.

>0.25; mm/
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LHS-PRCC Analysis. All villages (low, medium, high-density); full and reduced models.
Only parameters with significant correlation coefficients (p< 0.0015) are displayed.

Full Model (k = 33 parameters)

Reduced Model (k = 22 parameters)

Parameters

High

Medium

Low

High

Medium

Low

Pig

tuning—pig§

corral-always

prop-corrals

corral-sometimes

prop-corral-some

+

home-range

+

+

latrine-use

humans-per-hh

prop-latrines

slaughter-age

+l+ |+ |+

+ |+ |+ |+

decay-mean

cont-radius

home-range-sd

+ |+ |+ |+

Human

tuning-human®

prop-pig-owners

tn-lifespan

pigs-per-hh

pigs-exported

pigs-sold

hh-only-pork

shared-pork-hh

pig-import-rate

import-prev

sold-pork

travel-duration

travel-incidence

light-to-heavy

traveler-prop

M = Human taeniasis,
PRCC (absolute-value of p): mmm /

0.0015)

>0.5;,mm/

>0.25;m/0>0.1;+/+<0.1; (allp<

Stuning-pig and tuning-human refer collectively to the set of tuning parameters defining the
probabilities of pig and human infection.
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FULL ANALYSIS (k = 33 parameters)

Sobol’ sensitivity analyses indices
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Latin hypercube sampling partial rank correlation coefficients (LHS-PRCC)
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REDUCED ANALYSIS (k = 22 parameters)
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Latin hypercube sampling partial rank correlation coefficients (LHS-PRCC)
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Appendix C: Supplemental material, tables, and figures for Chapter 5

Supplement C1. Model settings for simulations during CystiAgent validation.

Participation in interventions

When available, participation levels for humans and pigs were set separately for each
village and each intervention activity (Table 3). Village-specific participation levels for humans
included the proportion of eligible humans that participated in stool screening and presumptive
treatment (NSM, 1 vs. 2 doses). Post-screening treatment positively identified humans was fixed
at 91.8%, the average observed across all villages. For pigs, village-specific participation levels
defined the proportion of eligible pigs receiving anti-helminthic treatment (OFZ), and the
proportion participating in the first and second round of vaccination (TSOL18) in applicable
villages. Pigs were eligible to participate in treatment, vaccine, and/or tongue-screening if they
were > 10 weeks old. For repeated interventions, participation levels observed in the field trials

were averaged across all rounds for that village.

Drug efficacy and sensitivity of stool screening

A variety of other intervention settings were applied uniformly to all study villages. For
both trials, the sensitivity of the CoAg-ELISA for detecting T. solium taeniasis was set to 96.4%
[156], and the efficacy of NSM for treatment of human taeniasis was set at 76.6% for one dose,
86.6% for two doses, and 93.3% for post-screening follow-up. These values were based on results
from the screening arms of the Ring Strategy interventions, and are generally in agreement with

prior reports of NSM efficacy [93]. Treatment of pigs with OFZ was assumed to have an efficacy
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of 100% [170], and render cysts non-viable within 1 week [34,170]. For infected pigs, treatment

with OXF conferred protection against future infections for a period of 18 weeks [97].

Other intervention-specific settings

Additional settings required specifically for the Ring Strategy Trial included participation
of pigs in tongue screening (77% applied uniformly to all villages and rounds), and the sensitivity
and false-positive rate of tongue screening for detecting heavy cyst infection in pigs (90.9% and
2.1%, respectively) [43]. Human participation in the final round mass treatment/screening applied
in Ring Strategy was set to 73.6%, the average observed across all villages. For the CEDP trial,
the efficacy of the TSOL-18 pig vaccine was set to 99% for pigs receiving two doses [99,100].
Pigs receiving only one dose of TSOL-18 were not assumed to receive any protective benefit, as
there is limited immunological evidence for single-dose vaccine protection [161]. Lastly,
participation of pigs in the final round and post-intervention necroscopic examinations in CEDP
were set to 48.2% and 38.4% of seropositive pigs. With the notable exceptions of pigs < 10
weeks old and humans traveling at the time of intervention applications, participation in

interventions was randomly applied to members of the eligible population.

Methods used to compare model outputs with observed data

For each village evaluated, we compared the model-predicted prevalence of human
taeniasis and porcine cysticercosis with the prevalence observed in the corresponding field trial.
Given that the CystiAgent model represents actual infection, and field studies are limited by
imperfect diagnostics, we made a variety of adjustments to the observed field statistics in order to
compare them with model predictions.

Ring Strategy Trial. The prevalence of human taeniasis was directly measured at the

conclusion of the study; however the baseline prevalence was not measured. Therefore, we
predicted the baseline prevalence of human taeniasis using a regression equation developed from
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a prior cross-sectional study of human and pig prevalence in the region [75]. For this,
seroprevalence of (2+ EITB bands) in pigs was used a predictor for the log-prevalence of human
taeniasis, and a 75% prediction interval was generated for each Ring Strategy village (Fig C1-1).
Because necroscopic examination of pigs was not performed in this study, the prevalence of cyst
infection at baseline and study-end was also estimated based on pig seroprevalence. For both
measures, we estimated that 30.1% of seropositive pigs (2+ EITB bands) would have light cyst
infection (<100 cysts), and 12.8% of seropositive pigs would have heavy cyst infection (=100
cysts). For these proportions, we averaged the results from two large necropsy studies conducted
in Peru — one in the Piura region [43], and the other in the highland of Huancayo [162]. For
serological outcomes, we compared the incidence of pig seroconversion (2+ EITB) measured at
seven time-points throughout the study with model-predicted sero-incidence.

CEDP. The CEDP trial directly measured the prevalence of human taeniasis in all
villages at months 2 and 5 of the trial, thus no statistical prediction was needed. For porcine
cysticercosis, the baseline prevalence of cyst infection was estimated based on the seroprevalence
as above. Due to volatility in the seroprevalence observed in this study, we based prevalence
predictions on the average of the pre-baseline and baseline sero-surveys. For this study, we
assumed that 19.5% and 6.5% of seropositive pigs (2+ EITB bands) would have light and heavy
cyst infection, respectively. These lower proportions were based on available necropsy data from
this region [122], and averaged with data from the Piura region [43]. For the prevalence of
porcine cysticercosis at study-end and in the post-intervention follow-up (12 months later), we
assumed that T. solium elimination was achieved in all villages. This was based on necroscopic
examinations conducted in all villages that detected cyst infection in only 6/4019 (0.15%) pigs
directly following the interventions and 7/3073 (0.23%) pigs in the one-year follow-up [94]. The
serological outcomes compared throughout the intervention comprised of seroprevalence (2+

EITB bands) across eight time-points.
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Pig and human prevalence (TTEMP)

o~ :
e Y s
o observed .

Logiy) = -5.22+3.19x (p=0.037) "

— predicted
-~~~ 95% prediction

0.10 015

Taeniasis (humans)

0.05

WB: 2+ bands (pigs)

Fig C1-1. Regression model used to predict baseline prevalence of human taeniasis from pig
seroprevalence. Data were extracted from a cross-sectional survey of seven villages in the Piura
region of northern Peru [75].
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Fig C2. Full validation results from Ring Strategy Trial (n=21 villages). Left: Porcine
cysticercosis; Right: Human taeniasis; Lower: Porcine seroincidence
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Ring Screening w/o pig treatment (RST, village 3 of 4)
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Ring Screening w/ pig treatment (RST, village 1 of 4)
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Ring Screening w/ pig treatment (RST, village 3 of 4)
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Ring Treatment w/o pig treatment (RST, village 1 of 2)

n = 1000 simulations

Intervention: Ring Trt

n = 1000 simulations

Intervention: Ring Trt

@ g 4
(=] all model runs =] all model runs
=== median, 95% envelope === median, 95% envelope
©  Field ebservation, 95% Cl ©  Field ebservation, 95% Cl
© e |
< =]
@ @
g g
o o« s 2
T o @ —
8 8 °
a a
o~
3 g -
o
3 8
T T T T T T
-100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200
Weeks Weeks
n = 1000 | Intervention: Ring Trt
o
= all model runs
= median, 85% envelope
©  Field ebservation, 95% CI
@«
o
8
c @
g ©
o
]
&
S -
g ©
o
o
) 1
=
S
T T T T T T T
0 20 40 60 80 100 120
Weeks
Ring Treatment w/o pig treatment (RST, village 2 of 2)
n = 1000 tervention: Ring Trt o n = 1000 ion: Ring Trt
«©
S all model runs 27 all model runs
=== median, 95% envelope === median, 95% envelope
©  Field observation, 95% CI ©  Field observation, 95% Cl
@ 2
© o
@ @
g 2
2 % e
T s .
s v g °
S —————— T £
—_—
o 8 |
=] L o
N M‘—‘\—\x s |
° T T T T T T S T T T T T T
-100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200
Weeks Weeks
n = 1000 simulations | Intervention: Ring Trt
(=]
= all model runs
= median, 95% envelope
©  Field observation, 95% CI
@
=]
8
e @
g o
2
o
&
[
i) o
0

0.2

0.0

0 20 40 60 80 100 120

Weeks

147



Appendix C

Ring Treatment w/ pig treatment (RST, village 1 of 4)
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Ring Treatment w/ pig treatment (RST, village 3 of 4)
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Mass Treatment w/o piq treatment (RST, village 1 of 4)
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Mass Treatment w/o piq treatment (RST, village 3 of 4)
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Mass Treatment w/ pig treatment (RST, village 1 of 3)
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Appendix C

Mass Treatment w/ pig treatment (RST, village 3 of 3)
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Fig C3. Full validation results from CEDP Trial (n=15 villages). Left: Porcine
cysticercosis; Right: Human taeniasis; Lower: Porcine seroprevalence
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Appendix C

Mass Screening w/o vaccine (CEDP, village 2 of 4)
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Appendix C

Mass Screening w/o vaccine (CEDP, village 4 of 4)
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Appendix C

Mass Screening w/ vaccine (CEDP, village 2 of 3)
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Appendix C

Mass Treatment w/o vaccine (CEDP, village 1 of 6)
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Appendix C

Mass Treatment w/o vaccine (CEDP, village 3 of 6)
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Appendix C

Mass Treatment w/o vaccine (CEDP, village 5 of 6)
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Mass Treatment w/o vaccine (CEDP, village 6 of 6)
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Appendix C

Mass Treatment w/ vaccine (CEDP, village 1 of 2)
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Appendix C

Fig C4. Summary of validation results by intervention-type (Ring Strategy Trial,
n=21 villages)
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Appendix C

Ring Treatment (RST, 6 villages)
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Appendix C

Mass Treatment (RST, 7 villages)
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Appendix C

Fig C5. Summary of validation results by intervention-type (CEDP Trial, n=15
villages)
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Appendix C

Mass Treatment (CEDP, 8 villages)
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