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1. Abstract

The trematode liver fluke, Opisthorchis viverrini, is endemic in Thailand, Lao People’s

Democratic Republic (Lao PDR) and Cambodia. Its life cycle involves humans, dogs and

cats as definitive hosts; and snails and fish as intermediate hosts. Humans get infected

through the consumption of raw or undercooked fish. A severe infection of O. viverrini

can lead to cholangiocarcinoma, a mostly fatal bile duct cancer. Control activities in-

clude treatment of humans and domestic pets, health education on food consumption and

improved sanitation. Mathematical modelling can help us to understand this multi-host

disease system, identify weak points in the transmission cycle and determine the effec-

tiveness of combinations of interventions to provide rational advice for the planning of

control activities.

Analysis and simulation of a series of mathematical models, ranging from deterministic

ordinary differential equations models to stochastic individual-based models, calibrated to

data from two islands in the Mekong river in Lao PDR, suggest that (i) mass drug admin-

istration is necessary for elimination of O. viverrini to be achieved as quickly as possible;

(ii) sustainable education campaigns are as important as mass drug administration; and

(iii) it is unlikely that cats and dogs are necessary for transmission to persist.
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5. Introduction

The liver fluke Opisthorchis viverrini belongs to the food-borne trematodes (FBT) and is

endemic in South East Asia where it is a public health issue. O. viverrini is transmitted

through consumption of raw or undercooked fish. The transmission is further promoted

when there is inadequate sanitation and outdoor defecation [57]. Besides humans, the

definitive hosts of O. viverrini are dogs and cats. The intermediate hosts are Bythnia

snails and fish in the Cyprinidae family [54].

5.1 Mathematical modelling of disease transmission

dynamics

Reducing the prevalence and burden of food-borne trematodiases requires rational plan-

ning of interventions. Mathematical modelling and analysis is well placed to clarify para-

site transmission dynamics, and compare the effectiveness of different control strategies.

Mathematical models have been useful in planning for the control and elimination of

many diseases, from providing qualitative inputs on how best to interrupt disease life

cycles [92, 106] and determining optimal vaccination strategies [46], to providing quanti-

tative predictions to disease eradication programmes [44].

To date, besides this work on modelling the transmission dynamics of O. viverrini,

only one other model of FBT transmission dynamics exists. A two stage catalytic (linear

ordinary differential equation with constant coefficients) model of Clonorchis sinensis is

used to estimate the egg positive rate from age prevalence data [107]. However, there

are models which focus on the environmental aspect of the life cycle of O. viverrini for

example a spatial model, including water flow, to investigate environmental drivers of

transmission [67]. Another example is that of Partumchart et al. [86] which simulates the

distribution of Bythnia snails in Thailand to predict the occurrence of snails and link it

to the prevalence of Opisthorchiasis .

The development of these first disease transmission models largely followed earlier ef-

forts on schistosomiasis, a related trematodiasis. Schistosomes have a similar life cycle

as O. viverrini, but do not have the additional stage in secondary aquatic hosts. There-

fore, by adding state variables for the secondary hosts, schistosomiasis models could be

expanded to models of other FBT transmission dynamics. As such, the following is a

brief overview of relevant schisosomiasis models from the past fourty years: extensions of

population-based models which include schistosome larval population dynamics [133], the

latent period in snails [133, 6], snail population dynamics [133], heterogeneity in human

exposure [133, 6, 132, 131], human age structure [47, 129, 130], acquired immunity in

1



2 CHAPTER 5. INTRODUCTION

humans [6, 130], the existence of reservoir mammalian hosts [133, 47, 129, 2], and the ef-

fects of control interventions [47, 129, 134]; a model with age-structure for schistosomiasis

which simulates different treatment strategies with mass drug administration (MDA) to

determine which age group should be targeted

Of note, in general, macroparasite mean-burden models, such as those based on N̊asell

and Hirsch [79], are more appropriate than prevalence-based models for human FBT

infection because, unlike microparasites, trematodes cannot reproduce within humans.

Consequently, morbidity effects and onward infection to snails is strongly dependent on

the intensity of infection within each human. However, the main drawback of these

models is that they do not include prevalence of infection in humans, and additional

sets of assumptions are required to estimate prevalence from model outputs on intensity

of infection. These models have ignored dependence of worm burden in humans and

human age, which affects the impact of age-specific interventions, such as the intermittent

treatment of school children, and potential biases caused by MDA campaigns achieving

lower coverage in working age adults.

Different studies on age-related patterns in O. viverrini infection show that the mean

worm burden and the prevalence is the lowest in young children (< 5 years). From here,

all studies show an increase in prevalence as children became school-age. Some studies

show a decrease in the elderly age group, which is common in helminth infections [115].

Additionally, these models are inappropriate for evaluating the effectiveness of strategies

that selectively target infected populations.

Individual-based models may overcome these problems because they can track the

number of worms in each person at each time, thereby simultaneously capturing infec-

tion intensities and prevalences. However, they are difficult to analyse mathematically

and, unlike simpler population-based models, less frequently provide deeper insights into

disease transmission. Individual-based models also contain more parameters and require

more comprehensive data sets for model calibration.

Prevalence-based susceptible-infected dynamics, as currently used in schistosomiasis

snail infection models, could also be applied to model FBT snail infections. Essential

model adaptations would have to consider infection of secondary aquatic hosts and the

force of infection from these secondary hosts to human and other animal hosts. Exten-

sions to capture more details of the secondary hosts could include (seasonal) population

dynamics, a latent period of the parasites, and the relationship between parasite infection

and likelihood of being eaten by humans or animals. Similar models would then need to

be developed to also include infection in paratenic, reservoir, and definitive animal hosts.

However, at the moment, the very limited data available is probably still the biggest

challenge for mathematically modelling FBT, and thus O. viverrini.
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5.2 Aims and objectives

The goal of this thesis is to understand which factors have the most influence on the life

cycle of O. viverrini, and compare the effectiveness of intervention strategies in reducing

parasite burden. The specific aims are

• to identify the role of reservoir hosts,

• to determine the weakest point in the life cycle of O. viverrini , and

• to see the effect of different intervention strategies.

We created four population-based models and an individual based model of O. viver-

rini, calibrated to data from Lao People’s Democratic Republic (Lao PDR), descpribed

in Chapter 7. (i) The first population-based model (basic model) is a simple one, (ii) the

second one (model with reservoir hosts) is used to determine the role of reservoir hosts in

maintaining transmission, (iii) the third one (model with intervention) enables to define

the optimal combination of interventions and (iv) the fourth one (model depending on

age) allows to analyse the worm burden depending on age. The individual-based model

simulates the worm burden in humans individually and is used to measure mortality.

In Chapter 8, the model simulates the mean worm burden of O. viverrini in the

definitive hosts (humans and the reservoir hosts, dogs and cats) and the prevalence in

the intermediate hosts (snails and fish). There are few geographical regions with com-

prehensive data on infection prevalence in all intermediate and definitive hosts that allow

for these more detailed models. We calibrate the model with the available data from

Lao PDR. The only unknown parameters are the infection rate of a parasite from one

host to the next. These parameters have to be calibrated with help of the data. We use

a Bayesian sampling resampling approach and maximum likelihood estimation. We cal-

culate the basic reproduction number and perform sensitivity analysis, determining the

sensitivity index and the Partial Rank Correlation Coefficient (PRCC), on this crucial

indicator to identify weak points in the parasite’s life cycle for the first model. We also

calculate the steady state of the mean worm burden in humans, and identify potential

targets for interventions to reduce parasite burden in humans. To analyse the importance

of the reservoir hosts, host-specific reproduction numbers were computed, which describe

whether those hosts can sustain transmission or not [80]. The analysis suggests that it is

likely that humans can maintain transmission, and interventions only targeted at humans

could interrupt transmission of the parasite in this part of Lao PDR.

In Chapter 9, the model includes three different interventions. The first intervention

is the use of education campaigns to change people’s eating habits so that they stop

eating raw or undercooked fish, which reduces new infections in humans. The second

one is improved sanitation, which prevents outdoor defecation. We assume that this

intervention is perfect, that means no egg is able to reach the environment and be ingested
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by snails when people are using the latrine. The last intervention is treatment. We look

at the coverage levels of people that need to be treated, with the assumption that the

drugs are completely efficacious. We are also interested in the optimal frequency of drug

distribution. The optimal coverage of each intervention has been defined to reach the goal

of elimination as a public health problem of O. viverrini within 20 years [141].

In Chapter 10, age-dependency in the worm burden of humans is included. We develop

two new model extensions, presenting a partial differential equation (PDE) model of the

age-specific worm burden of the human population, assuming continuous age, and an

age-structured ordinary differential equation (ODE) model, which assumes discrete age

groups. We use these models to (i) define the basic reproduction number, which provides

a threshold condition for the persistence of transmission, (ii) evaluate the steady state

solution of the system with a fixed point iteration, and (iii) estimate model parameters

using data from Lao PDR. We built different scenarios of MDA campaigns to compare

their effectiveness in reducing the mean worm burden in humans when targeting different

age groups.

In Chapter 11, we created an individual-based model. It simulates the individual

worm burden in humans depending on their characteristics such as sex, age and eating

habits. The worm burden of the reservoir hosts is modelled as a pool of worms, and the

intermediate hosts are distributed into a susceptible and an infected group. This model

lays the basis for individual-based models of O. viverrini. We are now able to capture the

heterogeneity. The individual modelling of the worm burden allows to measure morbidity

and mortality. We implement different interventions strategies to determine the effect on

mortality.



6. Epidemiology and burden

Opisthochris viverrini belongs to the food-borne trematodiases, which are some of the

most neglected of the so-called neglected tropical diseases. They are caused by digenetic

trematodes, which live in the biliary duct of their host animal [54]. Food-borne trematodes

(FBT) are transmitted to humans via the ingestion of contaminated food. Depending on

their target organ in the definitive host, FBT are also called liver, lung, or intestinal

flukes [35, 36]. Only some FBT species are considered to be of public health relevance,

among the liver flukes these are Clonorchis sinensis, Fasciola gigantica, Fasciola hepatica,

Opisthorchis felineus and Opisthorchis viverrini ; among the other FBT, the lung flukes

are Paragonimus species pluralis (spp) and the intestinal flukes are Echinostoma spp,

Fasciolopsis buski, Gynmophalloides seoi, Haplorchis spp, Heterophyes spp and Metago-

nimus spp [35, 36, 37, 104]. The disease opisthorchiasis is caused by the worm parasites

Opisthorchis viverrini and Opisthorchis felineus.

6.1 Life cycle and transmission

Figure 6.1 shows the life cycle of O. viverrini (and correspondingly of O. felineus). A

wide range of animals serve as definitive hosts for liver flukes besides humans. Infections

with O. viverrini are also frequently found in cats, dogs and pigs [104].

After sexual reproduction in the definitive hosts, the adult worm of O. viverrini pro-

Dogs
Cats

Humans

Eggs

SnailsCercariaeFish

Figure 6.1: Schematic of the life cycle of O. viverrini.
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duces fertilised eggs. The daily output of infected humans ranges between 3,000 and

36,000 eggs per gram of stool [102, 121]. However, density dependent effects within the

host such as parasite overcrowding can lead to a reduction in per capita parasite egg

production [100, 28, 124]. The parasite eggs are released via the hosts’ faeces. The eggs

need to encounter suitable environmental conditions, including appropriate levels of hu-

midity, temperature and oxygen, and must reach water bodies, which are populated by

aquatic snails, the first intermediate hosts. The first intermediate hosts of O. viverrini

are snails of the genus Bithynia [33]. Eggs of O. viverrini are usually directly ingested

by the intermediate host snails and miracidia hatch only within the snails [36, 56, 70].

Within the snails, miracidia reproduce and multiply asexually developing into sporocyst,

rediae, and cercariae over several weeks [36, 56].

Cercariae are released from the intermediate host snails either by passive extrusion or

active escape [56]. The free-swimming cercariae penetrate through the skin of the second

intermediate hosts, Cyprinidae fish [121], and become fully infective metacercariae after

21 days [54].

Definitive hosts, including humans, become infected when ingesting viable metacer-

cariae by consuming contaminated food [36, 56, 70, 137]. Sufficiently high or low temper-

ature kills the metacercariae and hence, properly cooked or deep-frozen food is consid-

ered safe. The inhibition of metacercariae infectivity by means of other food processing

methods (e.g. acidification, disinfection, drying, irradiation, pressure treatment, salting,

smoking, or washing) remains questionable [35, 137, 41, 99]. In the definitive host, metac-

ercariae excyst in the intestine and the hermaphroditic juvenile flukes migrate to the liver

where they mature, mate, and start producing eggs, thereby completing their life cycles

[35, 36, 56]. The life span of O. viverrini in humans is around ten years. The whole life

cycle of O. viverrini has a duration of four months [102, 121].

6.2 Epidemiology

The epidemiology of liver flukes is governed by complex interactions between ecological,

socioeconomic, and behavioural factors. Together, these factors need to allow the dif-

ferent parasite stages to survive and reach susceptible intermediate and definitive hosts.

Environmental factors such as air temperature, vegetation, rainfall, water current, water

quality, and water temperature influence the population dynamics of host species and

therefore the possibility for liver flukes to establish their life cycles. Other socioeconomic

developments such as the exponential growth of aquacultural production and the imple-

mentation of irrigation systems, coupled with often still inadequate sanitary facilities at

less wealthy production sites, have favoured the spread of the disease [74, 56, 99, 58, 59].

Demographic changes such as human population growth, increasing urbanisation and mo-

bility, together with expanding food distribution networks, have led to the occurrence of

human liver flukes in locations distant from naturally endemic areas. This effect has been
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amplified by the increasing wealth and associated lifestyle changes, which have led to the

increased consumption of exotic foods [36, 9, 56, 68]. However, the main behavioural

driver behind human liver fluke infections is probably still the ingestion of undercooked

or pickled aquatic products because of their high ethnic, cultural, and nutritional value

[36, 56]. Hence, most human infections still occur in distinct areas, where the parasites

successfully sustain their life cycles and people consume certain traditional food dishes

[137, 97]. In Thailand and Laos such traditional food include uncooked and fermented

small- or medium-sized fish (koi pla, lab pla, pla ra, pla som) [104, 137, 109, 55].

Probably because of differing traditions and eating habits, men suffer from opisthorchi-

asis more often. For instance, men may consume more risky food during certain tradi-

tional festivities or – as a patient’s perspective from Laos demonstrates [35] – may more

frequently engage in recreational fishing with friends and subsequently consume raw or

undercooked catch [104, 37, 56, 99].

Age-prevalence curves demonstrate that young children are already at risk of liver fluke

infections and the age-specific prevalence rates usually steadily increase until plateauing

in the middle age groups. Often, liver fluke infections are sustained by the longevity of

the parasites and by continuous re- and super-infection due to unchanged eating habits.

[104, 37, 73, 56, 99, 102, 121, 24]. However, gender- and age-specific prevalence profiles

may vary locally as changes in the interplay between ecological, socioeconomic, and be-

havioural factors, and effects of disease control efforts over the past years may alter local

epidemiological situations [36, 9, 37, 56, 137, 68].

6.3 Clinical signs and symptoms

Most people infected with O. viverrini are asymptomatic, and when symptoms occur

they are often non-specific. Among the clinical symptomatic group, severity is associated

with worm burden, typically measured by faecal egg counts, and the duration of infection.

Clinical presentations depend on the affected organs [35] and as the human liver flukes

O. viverrini inhabit the biliary system, the pathogenesis of opisthorchiasis is confined to

the hepatobiliary region.

The primary pathogenesis occurs in the bile duct epithelial tissue and is caused by

irritation and damage due to mechanical, chemical, and/or immune-mediated effects [94,

110, 48, 89]. Mechanical injury is caused by the suckers of feeding and migrating flukes

and contributes to biliary ulceration. Chemical irritation arises from metabolic products

from the liver flukes’ tegument and excretory openings.

As a result, an increased susceptibility to cholangiocarcinoma (CCA) is the most severe

clinical aspect of liver fluke infection (Figure 6.2a–d). CCA is a primary malignancy of the

biliary tract and patients usually have very poor prognosis resulting in death [83]. In Asia,

liver flukes O. viverrini is a main risk factors for CCA, while further to the west, CCA
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is mainly associated with primary sclerosing cholangitis and other gall bladder diseases

[103, 60, 45].

Figure 6.2: Clinical manifestations of liver fluke induced cholangiocarcinoma. Gross specimen from a
liver resection from a cholangiocarcinoma patient (A, B); histology section of cholangiocarcinoma at low
(10x; C) and high (40x; D) magnification; and ultrasonogram of periportal fibrosis (E) and cholangiocar-
cinoma (F). (source: Profs. Puangrat Yongvanit, Narong Khuntikeo, and Paiboon Sithithaworn).

People with chronic O. viverrini infections usually present with few specific signs and

symptoms. An increased frequency of palpable liver may be diagnosed, but biochemical

and haematological tests remain unremarkable [89, 29]. Furthermore, patients presenting

with opisthorchiasis may suffer from loss of appetite, fullness, indigestion, diarrhoea, pain

in the right upper quadrant, lassitude, weight loss, ascites, and oedema [89, 87]. Cholan-

gitis, obstructive jaundice, intra-abdominal mass, cholecystitis, and gallbladder or intra-

hepatic stones may occur as complications [87, 90]. Ultrasonography is used for screening

high risk groups with biliary fibrosis and other hepatobiliary diseases such as gallblad-

der enlargement, sludge, gallstones and poor function (Figure 6.2e–f) [29, 81, 25, 71].

Even CCA patients usually present with non-specific signs and symptoms such as fever,
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anorexia, and dyspepsia and only a few may experience hepatomegaly and obstructive

jaundice until progression of cancer [123, 78].

6.4 Diagnosis

Currently available diagnostic methods for FBT are unsatisfactory and diagnostic prob-

lems commonly occur for patients with light and mixed species infections. An affordable,

rapid and simple to use diagnostic approach with high sensitivity and specificity is ur-

gently needed to improve individual patient care, monitoring and evaluation of disease

control programmes, disease surveillance, and burden estimation [51]. The most widely

used diagnostic method for liver flukes is based on the microscopic detection of parasite

eggs in patients’ faeces. Techniques used for faecal examination include the formalin-

ether concentration, Kato-Katz thick smear, and Stoll’s dilution egg count. Depending

on the available facilities, direct smear or sedimentation techniques may also be used.

Repeated stool examinations are necessary to provide sufficient sensitivity particularly

with regard to the confirmation of low-intensity infections [52]. However, multiple sample

collection can be difficult in practice and costly. Morphological similarity of eggs from

different trematodes, frequently occurring co-infections, low egg production by some FBT,

crowding effects, obstruction in hosts’ organs, and uneven distribution of eggs in samples

further complicate the diagnosis [35, 53, 116, 118, 84, 10]. Occasionally, adult flukes in

faeces or their identification during surgery facilitate the direct parasitological diagnosis.

Complementary tools in well-equipped institutions include ultrasound, X-ray, computer

tomography, and magnetic resonance imaging [35, 104, 9, 74, 56, 137, 99].

6.5 Treatment

A single dose of praziquantel of 40 mg/kg body weight (mg/kg) is effective against

opisthorchiasis and is the treatment of choice in large-scale treatment programmes [99, 58].

However, experience from East Asia indicates that higher dosages such as 25 mg/kg three

times per day for two days have to be administered to cure heavy Opisthorchis infections.

Side effects occur frequently but are transient and rarely severe and may include dizziness,

vomiting, and abdominal pain [99]. If treated in time, most pathological changes in the

gallbladder are also reversed by elimination of the parasites [99, 88]. A recent randomised

trial conducted in Laos found that a single dose of 200 mg (age below 14 years) or 400

mg (age above 14 years) tribendimidine results in a 99% egg reduction rate in individuals

with opisthorchiasis, which is equivalent to praziquantel [108]. Furthermore, artesunate

and artemether showed relatively high efficacy against O. viverrini in rodent models [57].
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6.6 Current distribution and burden estimates

Human food-borne trematodiases are currently considered a cluster of emerging infectious

diseases [56, 59]. The most recent Global Burden of Disease Study 2016 (GBD 2016)

extrapolated the total global number of people infected by FBT at 74.7 million and the

global burden at 1.8 million disability-adjusted life years (DALYs) lost due to human

food-borne trematodiases in 2016 [39, 50].

Currently, most human FBT infections and the majority of the respective disease

burden are reported from East and Southeast Asia [37, 41, 50]. O. viverrini is mainly

endemic in East and particularly Southeast Asia [14], mainly in Thailand, Lao People’s

Democratic Republic (Lao PDR) and Cambodia [102]. Worldwide 9–10 million people

are infected with O. viverrini [102, 56] and 67.3 million are at risk of infection. Another

opisthorchiidae species, O. felineus, occurring only further to the North and West in

Central, Northern, and Western Eurasia. Of note, the highest incidence of CCA occurs

in Northeast Thailand, where the carcinogenic O. viverrini is endemic, with an estimated

20,000+ deaths due to CCA annually [14].

6.7 O. viverrini as a veterinary and economic issue

Liver flukes are also of veterinary importance as they infect aquacultural animals, domestic

pets and wildlife. Besides reductions in animal wellbeing, animal infections result in

economic losses to livestock and are an important issue for human disease control and

prevention [36, 37, 56, 137, 99, 82]. As in humans, animal morbidity and mortality

depends on susceptibility, the pathogenicity of the parasite species, and the intensity and

duration of infection [82].

Aquacultural production and trade has been rapidly growing over the past decades

with a particularly focus in Asia and it has become an important source of animal proteins,

minerals and essential fatty acids in many parts of the world [56, 137, 1, 11]. However, in

endemic liver fluke regions, aquaculture may expand the habitat of first (i.e. snails) and

second intermediate hosts (i.e. fish). In combination with the lack of clean water and poor

sanitation, wastewater and excreta use as nutrient sources, and inadequate aquacultural

management allowing agricultural, domestic, and wild animals to access ponds, this may

favour the spread of liver flukes [56, 11, 138]. Hence, while the increased aquacultural

production opens new domestic and international markets, potential economic losses from

contaminated products may be substantial [137, 11]. Unfortunately, the aquacultural

production loss due to liver flukes is still largely unknown, although most recent laboratory

studies suggest that liver flukes infections are associated with an increased mortality in

some aquaculture fish species [62].

Liver fluke infections of domestic cats and dogs appear to be common in endemic areas

[5]. However, arguably the most important aspect of liver flukes in domestic pets is the
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potential for contamination of watercourses by faeces containing trematode eggs. This

can result in the establishment or maintenance of the liver fluke life cycle and ultimately

the contamination of food considered for human consumption. Thus, the control of liver

fluke infection in cats and dogs is also an important aspect for human disease control and

prevention [4, 26].

Besides the losses in animal production, the economic costs of human liver flukes

infections and associated morbidity, absenteeism, reduced productivity, and health care

can be considerable. In the 1990s, the annual cost due to O. viverrini in Thailand was

estimated at US$ 65 million for lost wages and an additional US$ 19 million for direct

medical care [137, 69]. Also considering only lost wages and cost of direct medical care, a

more recent opinion piece from 2008 provided an annual estimate of US$ 120 million due

to human opisthorchiasis and opisthorchiasis-induced CCA in Thailand [3]. Of note, all

these estimates include only some selected categories of the total societal costs [20].

6.8 Control and prevention

Currently, the mainstay of human liver fluke control is drug-based morbidity control [99].

However, only a few endemic countries such as Thailand run larger-scale control pro-

grammes specifically targeting all FBT infections [75, 111]. Data for the World Health

Organization (WHO) Western Pacific Region from 2006 indicate that a meagre 0.03% of

the population at risk for FBT infections is covered by a specific preventive chemotherapy

programme. And even when considering positive spill-over effects from other helminth

control programmes, this coverage increases only to 0.3% [75]. Furthermore, the previously

described complexities in the parasites’ life cycles ask for more integrated interventions

as the many non-human definitive hosts may maintain disease transmission in the envi-

ronment [99, 34, 102, 121, 111, 49]. In fact, several studies found high human reinfection

rates after solely drug-based interventions [24, 22, 122, 7].

The non-specific clinical manifestations and diagnostic challenges further complicate

FBT control and prevention as patients may present late or infections may remain com-

pletely unnoticed. As part of its response, Thailand recently initiated the cholangiocarci-

noma screening and care program (CASCAP). The programme utilises ultrasonography

as a tool to screen cancer risk groups. As of 2014, the programme has screened up to

40,000 high risk individuals in Northeast Thailand and diagnosed ca. 1% positive for

CCA. Thanks to the programme, many CCA cases could be identified at an early stage

with better chances for curative surgery [81].

In the future, more integrated control and preventive efforts may complement individual-

based chemotherapy, mass deworming and mass screening. In order to reduce or even com-

pletely interrupt disease transmission, additional interventions should adopt an ecosystem

and one health perspective and consider intermediate, paratenic, reservoir, and definitive

host control, sanitary improvements, and food inspections [111]. The development of ani-
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mal vaccines is underway to reduce disease transmission and economic losses [35, 99, 8, 30].

Furthermore, information, communication, and education campaigns should promote safe

food processing and behaviour change [35, 104, 9, 74, 56, 137, 99, 89, 139, 111].

Provided that sufficient data is available, mathematical modelling may not only help

to better estimate disease burden and transmission dynamics in the future, but also to

select optimal parasite- and location-specific interventions. In order to tackle all these

formidable challenges and more closer to sustainable food-borne trematodiases control,

prevention, or even elimination, collaborations within the health sector and also with non-

health sectors (e.g. environmental, agricultural, and educational sector) may be essential

[35, 137, 139, 75, 111, 77].



7. Data

The data used in this thesis was collected during an ecohealth study on two Mekong

islands in Southern Lao PDR and published in [126].

7.1 Study area

The data were collected during a cross-sectional study between October 2011 and Au-

gust 2012 on two islands. These two islands Done Khon and Done Som are situated in

Champasack Province in the Southern Lao PDR, see Figure 7.1. The islands belong to

the island district Khong with an estimated population of 100,000 people. O. viverrini is

endemic in this district. Done Khon and Done Som belong to the biggest islands and are

popular tourist destinations. In this thesis we assume that the data from the two islands

represent one place. There are around 640 households with a total of 4000 people on the

islands.

(a) Lao PDR (Source: Google Map). (b) Khong District with the study site Done Som and
Done Khon (Source: Google Map).

Figure 7.1: Study site of the data collection from October 2011 and August 2012 on Done Khon and
Done Som islands in Khong district, Campasack Province, Lao PDR [126].

7.2 Data collection

994 individuals were part of the study from two selected villages on each islands. Reservoir

hosts present during the study were also examined. They collected intermediate hosts of

O. viverrini, snails and fish, and tested them for infection. We use the following field data

in this thesis,

13
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• population sizes of humans

• eggs per gram in stool of humans and their characteristics (sex, age,. . . ), see Fig-

ure 7.2,

• population level data on eating behaviour, see Figure 7.3, and latrine usage habits,

see Figure 7.4,

• number of infected fish, snails, cat and dog, see Tables 7.1 and 7.2,

• number of eggs per gram in dogs and cats, see Table 7.2.

Variable Description Value

nh number of tested humans 994
ph number of positive tested humans 603
nd number of tested dogs 68
pd number of positive tested dogs 17
nc number of tested cats 64
pc number of positive tested cats 34
ns number of tested snails 3102
ps number of positive tested snails 9
nf number of tested fish 628
pf number of positive tested fish 169

Table 7.1: Total number tested and positive hosts from two islands in Lao PDR [126].

Figure 7.2: Histogram of eggs per gram of human stool.
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The number of eggs per gram in dogs and cats was not available for the parameter

fitting of the population-based models, we use it for the fitting of the individual-based

model in Chapter 11.

Host Prevalence P Mean worm burden w

Humans 0.6066 32.2884
Dogs 0.2500 3.7905
Cats 0.5313 25.9234
Snails 0.0029
Fish 0.2691

Table 7.2: Prevalence of all hosts from the two islands in Lao PDR [126] and the mean worm burden
of the definitive hosts transformed from the eggs per gram of human stool by the equation (7.1).

7.3 Results

60.7% of the study participants were infected with O. viverrini in 2012. The infection

of O. viverrini on Done Som was almost two times higher than on Done Khon. The

Prevalence of infection seems to be acquired at a young age and increases with age. Most

of the infections are classified as light infection, between 1 and 999 eggs per gram (EPG).

Infection prevalence in reservoir hosts was highest in cats with 53.1% followed by dogs

(25%) and 0.9% of pigs were infected. We neglected the infection of pigs in our models,

as the prevalence is so low.

The infection rate of the intermediate hosts snails was 0.3% and 26.9% in fish. Only fish

of the species Cyprinoid where infected with O. viverrini and the average metacercariae

burden was 228.7 per fish.

Multivariate analysis showed that illiteracy and a lower socio-economic status increases

the risk of infection with O. viverrini. The age group from 10 to 16 years and the ones

having a latrine available are less likely of having an O. viverrini infection.

7.4 Data assumptions

We assume a population size of 15,000 humans, the accuracy of the assumption can be

ignored because the population size is multiplied by the infection rates in the population-

based models. Further, we assume that there are as half dogs as humans and one third

cats as humans. We do not know the populations sizes of fish and snails, so we assume

that there are much more snails than fish.

Additional parameters are set by using literature reviews or reasonable assumptions.

If some of this data is not available we will conduct sensitivity analysis around reasonable

parameter values derived from literature and experts opinion.
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We convert the eggs per gram in human faeces to mean worm burden as we are

interested in the worm burden. We use the pre-calculated relationship from literature,

y = x2 + 2x (7.1)

to convert the eggs per gram in stool, y, into mean worm burden, x, [28]. Firstly, we

assume in the population-based models a Poisson distribution as shown in Figure 7.5.

Later in the individual-based model we assume that the mean worm burdens remains

high at a certain level as fewer people eat raw or undercooked fish, see Figure 7.6. We

use the maximum likelihood method (MLE)1 for the fittings.

1Matlab R2017a: Distribution Fitting App
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Figure 7.3: Exponential distribution of the
probability to eat raw fish over age, 0.9884 ·

exp

((
age in years−44.1

75.15

)2)
· 0.6 for men and

0.9813 · exp

((
age in years−43.59

63.32

)2)
· 0.6 for

women.
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Figure 7.4: Logarithm distribution of the
probability to use the latrine if available,
−0.02674 · log(age in yrs) + 0.1417 for men and
0.007993 · log(age in yrs) + 0.04745 for women.
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Figure 7.5: Estimate of the number of eggs
per gram of stool from humans per age fitted
to a Gaussian distribution: f(age) = 1799 ·
exp

(
−
(
age−45.1

33.1

)2)
, and transformed to the

number of worms in humans, see equation (7.1).
This distribution is used in the model with age-
dependency in Chapter 10.
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Figure 7.6: Distribution of number of worms
over age fitted to a logarithmic distribution,
5.503 · log(age in yrs) + 0.3164 for men and
8.284 · log(age in yrs)− 7.201 for women. This
distribution is used in the individual-based
model in Chapter 11.





8. Basic model and model with reservoir hosts

To create a basis for the mathematical modelling of FBT we develop two different population-

based models without interventions. We first develop a simple model that only includes

infection in fish, snails and humans. We then develop a second model that also includes

infection in cats and dogs. These models allow us to better understand the role of domestic

pets in the transmission dynamics of O. viverrini.

For these models, we define the equilibrium points, the basic reproduction number and

the host-specific type-reproduction numbers. We then use data from Lao PDR described

in Chapter 7. to estimate reasonable distributions for the parameter values of the models.

We conduct sensitivity analysis using these distributions on the equilibrium points and

the reproduction numbers for both models to determine weak points in the parasite’s life

cycle and the role of each mammalian host in maintaining transmission.

8.1 Basic transmission model

In the basic transmission model we assume that only fish, snails and humans are involved

in the life cycle of O. viverrini, ignoring the reservoir hosts: cats and dogs. We model

the mean worm burden in human and the prevalences of infected snails and fish. The

deterministic population-based ODE model represents the base transmission dynamics of

O. viverrini. It is given by

dwh
dt

= βhfNf if − µphwh, (8.1a)

dis
dt

= βshNhwh(1− is)− µsis, (8.1b)

dif
dt

= βfsNsis(1− if )− µf if , (8.1c)

with the state variables shown in Table 8.1 and the parameters shown in Table 8.2.

Variable Description

wh Mean worm burden per human host
wd Mean worm burden per dog host
wc Mean worm burden per cat host
is Proportion of infectious snails
if Proportion of infectious fish

Table 8.1: State variables of the opisthrochiasis models.

The mean worm burden per human host wh increases with the consumption of in-

fected fish. This depends on the number of fish, the proportion of infectious fish and the

19
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Parameter Description Dimension

Nh Population size of humans Animals
Nd Population size of dogs Animals
Nc Population size of cats Animals
Ns Population size of snails Animals
Nf Population size of fish Animals
µph Per capita death rate of adult parasites in

humans (includes additional mortality due to
death of humans)

1/Time

µpd Per capita death rate of adult parasites in
dogs (includes additional mortality due to
death of dogs)

1/Time

µpc Per capita death rate of adult parasites in
cats (includes additional mortality due to
death of cats)

1/Time

µs Per capita death rate of snails 1/Time
µf Per capita death rate of fish including mor-

tality through fishing by humans
1/Time

βhf Transmission rate from infectious fish to hu-
mans per person per fish

1/(Time × Animals)

βdf Transmission rate from infectious fish to dogs
per dog per fish

1/(Time × Animals)

βcf Transmission rate from infectious fish to cats
per cat per fish

1/(Time × Animals)

βsd Infection rate of snails per parasite in a dog
host

1/(Time × Animals)

βsc Infection rate of snails per parasite in a cat
host

1/(Time × Animals)

βsh Infection rate of snails per parasite in a hu-
man host

1/(Time × Animals)

βfs Infection rate of fish per snail 1/(Time × Animals)

Table 8.2: Parameters of the opisthorchiasis model.

transmission rate of parasites to humans per fish, βhfNf if , and decreases with the death

of parasites, µphwh. The proportion of infectious snails is, depends on the total adult

worm population and the eggs they produce that enter the aquatic environment and the

proportion of snails that are susceptible, βshNhwh(1 − is). Snails are infected until they

die at a total rate, µsis. The proportion of infectious fish has similar dynamics. Their rate

of infection depends on the number of infectious snails and the snails’ rate of releasing

cerceriae and the proportion of susceptible fish, βfsNsis(1− if ). The fish remain infected

until they die at a total rate, µf if .

This model ignores the intensity of infection in fish, as well as the distribution of in-

tensity in humans. We assume negative binomial distribution for the intensity of infection

in humans but ignore additional heterogeneities, and that all infected fish and snails are
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equal with regards to within- and between-species transmission, and assume no assorta-

tive mixing. We also ignore density-dependent effects in hosts such as acquired immunity

and Allee effects.

Existence and uniqueness of the solution

The system with the equations (8.1) is well-posed and epidemiologically relevant in the

strip S ⊂ R3. The strip S is defined by the boundaries of the solutions of the system

(wh, is, if ),

S =

[
0,
Nfβhf
µph

]
× [0, 1]2 .

The right hand side of the ODE system (8.1) is continuous with continuous partial deriva-

tives in S. Assuming that an initial condition exists in the strip S, we can show that a

solution of the system cannot leave this strip S:

(i) If wh = 0, then

dwh
dt

= βhfNf if − µph · 0 ≥ 0,

and, if wh =
Nfβhf
µph

, then

dwh
dt

= βhfNf if − µph ·
Nfβhf
µph

≤ 0.

(ii) If is = 0, then

dis
dt

= βshNhwh · 1− µs · 0 ≥ 0,

and, if is = 1, then

dis
dt

= βshNhwh · 0− µs · 1 ≤ 0.

(iii) If if = 0, then

dif
dt

= βfsNsis · 1− µfs · 0 ≥ 0,

and, if if = 1, then

dif
dt

= βfsNsis · 0− µfs · 0 ≤ 0.

It finally follows with the Picard-Lindelöf theorem that a unique solution exists for

the ODE system (8.1) in the strip S.
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Equilibrium points

Definition 1 (Disease free equilibrium point). The disease free equilibrium, also called

trivial equilibrium point, is the steady state solution with no disease in the population.

Definition 2 (Endemic equilibrium point). The endemic equilibrium point is the steady

state solution with all state variables positive, where the disease persists in the population.

Setting the derivatives equal to zero, the equilibrium points are given as the solution

of

0 = βhfNf i
∗
f − µphw∗h,

0 = βshNhw
∗
h(1− i∗s)− µsi∗s,

0 = βfsNsi
∗
s(1− i∗f )− µf i∗f .

The system has two solutions, the disease free and the endemic equilibrium point. The

disease free equilibrium point is characterized by EBM
0 = (w∗h, i

∗
s, i
∗
f ) = (0, 0, 0). The

endemic equilibrium point EBM
e = (w∗h, i

∗
s, i
∗
f ) corresponds to

w∗h =
βhfβshβfsNsNhNf − µphµsµf

βshNhµph(βfsNs + µf )
, (8.2a)

i∗s =
βhfβshβfsNsNhNf − µphµsµf
βfsNs(βhfβshNhNf + µphµs)

, (8.2b)

i∗f =
βhfβshβfsNsNhNf − µphµsµf
βhfβshNhNf (βfsNs + µf )

, (8.2c)

which is in the interior of S if βhfβshβfsNsNhNf > µphµsµf .

Basic reproduction number

Definition 3 (Basic reproduction number). The basic reproduction number R0 is the

average number of new cases of an infection (or number of parasite offspring) caused by

one typical infected individual (or one parasite), from one generation to the next, in a

population with no pre-existing infections.

To determine R0, we define the next-generation matrix (NGM) K. This matrix relates

the number of newly infected individuals or number of adult parasites in consecutive

generations. R0 is then defined as the spectral radius of K.

The linearised infection subsystem describes the production of newly infected individu-

als and changes in the states of already infected individuals. To derive the next-generation

matrix K, we decompose the matrix, which describes the linearised model, into two ma-

trices, T and Σ. T describes transmission: the production of new infections; and Σ

describes transition: the changes in state. K is defined as the product of −T and Σ−1

and R0 is the spectral radius, ρ, of K. Therefore, R0 = ρ(−TΣ−1).
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The interpretation of the (i,j)-th entry of Σ−1 is the expected time that an individual,

who presently has the infected state j, will spend in the infected state i. The (i,j)-th entry

of T is the rate at which an individual in the infected state j produces individuals with

the infected state i. Therefore, the (i,j)-th entry of the NGM K is the expected number

of the infected offspring with the state i who are infected by an individual currently in

infected state j [27].

The transmission matrix is

T =

 0 0 βhfNf

βshNh 0 0

0 βfsNs 0

 ,
and the transition matrix is

Σ =

−µph 0 0

0 −µs 0

0 0 −µf

 .
The next-generation matrix of the basic model is therefore

K = −TΣ−1 =


0 0

βhfNf
µf

βshNh
µph

0 0

0
βfsNs
µs

0

 .
The eigenvalues of the next-generation matrix K are

λ1 = 3

√
βhfβshβfsNhNsNf

µphµsµf
,

λ2 = −(−1)
1
3 3

√
βhfβshβfsNhNsNf

µphµsµf
,

λ3 = (−1)
2
3 3

√
βhfβshβfsNhNsNf

µphµsµf
.

All eigenvalues have the same modulus, so the (not strictly) dominant eigenvalue is λ1,

the only real and positive eigenvalue of K. Hence, it follows that

R0 = 3

√
βhfβshβfsNhNsNf

µphµsµf
. (8.3)

The ecological definition of the basic reproduction number is the number of offspring

adult worms produced by a single adult worm in its life time, in the absence of density-

dependence. This number corresponds to the cube of R0 defined in (8.3) to include all

life stages of the parasite. When R0 = 1, R3
0 = 1 so both definitions provide the same

threshold conditions.
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Stability of the equilibrium points

The basic reproduction number provides a threshold condition for the stability of the

disease free equilibrium point. If R0 < 1, then the disease free equilibrium point is locally

asymptotically stable, and if R0 > 1 it is unstable. We calculate the eigenvalues of the

Jacobian matrix of the model at the disease free equilibrium and show with Descartes’ rule

of sign that not all real parts of the eigenvalues are negative. It follows that the diseases

free equilibrium is locally asymptotically unstable. We conjecture that the disease free

equilibrium point is globally asymptotically stable if R0 ≤ 1 because we do not expect

any non-equilibrium asymptotic dynamics but we do not have a proof for this.

The endemic equilibrium exists if and only if βhfβshβfsNhNsNf > µphµsµf , that is

R0 > 1. To investigate the local stability of the endemic equilibrium point, we use the

Routh-Horwitz Criterion (Proposition 3 in Appendix A) to determine the signs of the real

parts of the eigenvalues of the Jacobian matrix.

The Jacobian matrix of the basic model at the endemic equilibrium point is

J =

 −µph 0 βhfNf

βshNh(1− i∗s) −(βshNhw
∗
h + µs) 0

0 βfsNs(1− i∗f ) −(βfsNsi
∗
s + µf )



=:

−j1,1 0 j1,3

j2,1 −j2,2 0

0 j3,2 −j3,3

 ,
for w∗h, i

∗
s and i∗f , defined in (8.2). The eigenvalues of the Jacobian matrix are calculated

by setting the characteristic polynomial p(λ) = det(J − λE) to zero. This leads to the

equation

λ3 + λ2(j1,1 + j2,2 + j3,3) + λ(j1,1j2,2 + j1,1j3,3 + j2,2j3,3)

+ j1,1j2,2j3,3 − j1,3j2,1j3,2
!

= 0.

We can determine the ai of the Routh-Horwitz criterion in Proposition 3 (in Appendix

A) for i = 0, 1, 2, 3:

a0 = 1,

a1 = j1,1 + j2,2 + j3,3,

a2 = j1,1j2,2 + j1,1j3,3 + j2,2j3,3,

a3 = j1,1j2,2ij3,3 − j1,3j2,1j3,2.

With all the ai’s at hand, we can calculate the Tk’s for k = 0, 1, 2 and see if they are
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positive or negative:

T0 = a0 = 1 > 0,

T1 = a1 > 0,

T2 = det

[
a1 a0

a3 a2

]
> 0⇔ βhfβshβfsNhNsNf > µphµsµf ⇔ R0 > 1.

From the Routh-Hurwitz criterion it follows that the roots of the characteristic poly-

nomial p(λ) and thus the eigenvalues of J have negative real parts. This means that the

endemic equilibrium is locally asymptotically stable whenever R0 > 1.

8.2 Model with reservoir hosts

In the second transmission model we add cats and dogs as reservoir hosts to the basic

transmission model. We extend the basic model (8.1) by including two additional vari-

ables: the mean number of adult parasites per hosts in dogs (wd) and cats (wc) with

similar dynamics for cats and dogs as for humans. This leads to

dwh
dt

= βhfNf if − µphwh, (8.4a)

dwd
dt

= βdfNf if − µpdwd, (8.4b)

dwc
dt

= βcfNf if − µpcwc, (8.4c)

dis
dt

= (βshNhwh + βsdNdwd + βscNcwc)(1− is)− µsis, (8.4d)

dif
dt

= βfsNsis(1− if )− µf if . (8.4e)

The additional state variables are given in Table 8.1 and the additional parameters are

given in Table 8.2.

Existence and uniqueness of the solution

The existence and the uniqueness of the solution (wh, wd, wc, is, if ) of the ODE system

(8.4) follows in complete analogy to Section 8.1 in the strip S ⊂ R5 given by

D =

[
0,
Nfβhf
µph

]
×
[
0,
Nfβdf
µpd

]
×
[
0,
Nfβcf
µpc

]
× [0, 1]2 .
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Equilibrium points

For the model with reservoir hosts (8.4) we solve the following system

0 = βhfNf i
∗
f − µphw∗h,

0 = βdfNf i
∗
f − µpdw∗d,

0 = βcfNf i
∗
f − µpcw∗c ,

0 = (βshNhw
∗
h + βsdNdw

∗
d + βscNcw

∗
c )(1− i∗s)− µsi∗s,

0 = βfsNsi
∗
s(1− i∗f )− µf i∗f ,

to determine the equilibrium points. We see that ERM
0 = (w∗h, w

∗
d, w

∗
c , i
∗
s, i
∗
f ) = (0, 0, 0, 0, 0)

is the disease free equilibrium point and show the existence of at most one endemic

equilibrium point. We calculated an analytic expression for this endemic equilibrium but

do not present it here because of its length.

Basic reproduction number

To define the reproduction number of the model with reservoir hosts (8.4), we use the

same method as for the basic model before. Hence, we obtain the transmission matrix

T =


0 0 0 0 βhfNf

0 0 0 0 βdfNf

0 0 0 0 βcfNf

βshNh βsdNd βscNc 0 0

0 0 0 βfsNs 0


and the transition matrix

Σ =


−µph 0 0 0 0

0 −µpd 0 0 0

0 0 −µpc 0 0

0 0 0 −µs 0

0 0 0 0 −µf

 .

The next-generation matrix is thus defined as

K = −TΣ−1 =



0 0 0 0
βhfNf
µf

0 0 0 0
βdfNf
µf

0 0 0 0
βcfNf
µf

βshNh
µph

βsdNd
µpd

βscNc
µpc

0 0

0 0 0
βfsNs
µs

0


.
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The eigenvalues of the next-generation matrix K are the roots of the characteristic poly-

nomial:

det(K− λE) =

−λ5 + λ2βfsNs

µs

(
βcfNf

µf

βscNc

µpc
+
βsdNd

µpd

βdfNf

µf
+
βhfNf

µf

βshNh

µph

)
!

= 0

Straightforward calculation yields:

λ1 = λ2 = 0,

λ3 = 3

√
βfsNs

µs
3

√
βcfNf

µf

βscNc

µpc
+
βsdNd

µpd

βdfNf

µf
+
βhfNf

µf

βshNh

µph
,

λ4 = −(−1)
1
3

3

√
βfsNs

µs
3

√
βcfNf

µf

βscNc

µpc
+
βsdNd

µpd

βdfNf

µf
+
βhfNf

µf

βshNh

µph
,

λ5 = (−1)
2
3

3

√
βsfNs

µs
3

√
βcfNf

µf

βscNc

µpc
+
βdfNf

µf

βsdNd

µpd
+
βhfNf

µf

βshNh

µph
.

Since λ4 and λ5 are complex numbers, λ3 is the dominant real eigenvalue of K, and the

reproduction number is

R0 = 3

√
βfsNs

µs
3

√
βcfNf

µf

βscNc

µpc
+
βsdNd

µpd

βdfNf

µf
+
βhfNf

µf

βshNh

µph
.

The endemic equilibrium point exists if and only if R0 > 1. We expect that is locally

asymptotically stable for R0 > 1 but did not prove this.

Type reproduction numbers

To determine the role of cats and dogs in maintaining transmission, we analyse host-

specific type-reproduction numbers. They are given by the spectral radii of the next-

generation matrices leaving out one or more host types [91]. Ui is the host-specific and

Qj is the host excluded reproduction number, which are defined as

Ui = ρ(Ki),

Qj = ρ(K−Kj + Kfs),

where Ki is the next-generation matrix of only including host i and Kfs the next-

generation matrix of the transmission from snails to fish. In this multi-host popula-

tion with n types of hosts, the reservoir community is defined as the minimum set

of hosts with U > 1. A maintenance host is the minimum of m (m ≤ n) different

hosts which satisfy U > 1 and Q < 1 [80]. With the type reproduction number, we

can define the reservoir community and subdivide the hosts into maintenance and non-

maintenance hosts. Transmission is not possible without snails and fish, so we always
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Population with an endemic infectious disease: R0 > 1

Reservoir community (U > 1)

Maintenance host (U > 1 and Q < 1)
Non-Maintenance host

Figure 8.1: Definition of reservoir, maintenance, and non-maintenance hosts in a population with an
endemic infectious disease, figure based on [80, Figure 3].

include them in the model while determining the role of the three mammalian hosts, that

means i ∈ {humans (h), dogs (d), cats (c)}.

The different next-generation matrices and their spectral radii are given by

Uh(= Qd,c) = ρ(Kh) = ρ





0 0 0 0
βhfNf
µf

0 0 0 0 0

0 0 0 0 0
βshNh
µph

0 0 0 0

0 0 0
βfsNs
µs

0




= 3

√
NfNhNsβhfβshβfs

µfµphµs
,

Ud(= Qh,c) = ρ(Kd) = ρ





0 0 0 0 0

0 0 0 0
βdfNf
µf

0 0 0 0 0

0 βsdNd
µpd

0 0 0

0 0 0
βfsNs
µs

0




= 3

√
NfNsNdβdfβfsβsd

µfµpdµs
,

Uc(= Qh,d) = ρ(Kc) = ρ





0 0 0 0 0

0 0 0 0 0

0 0 0 0
βcfNf
µf

0 0 βscNc
µpc

0 0

0 0 0
βfsNs
µs

0




= 3

√
NfNsNcβcfβfsβsc

µfµpcµs
,
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Qh(= Ud,c) = ρ(Kd,c) = ρ





0 0 0 0 0

0 0 0 0
βdfNf
µf

0 0 0 0
βcfNf
µf

0 βsdNd
µpd

βscNc
µpc

0 0

0 0 0
βfsNs
µs

0




= 3

√
Nsβfs
µs

(
NfNdβdfβsd

µfµpd
+
NfNcβcfβsc

µfµpc

)
,

Qc(= Uh,d) = ρ(Kh,d) = ρ





0 0 0 0
βhfNf
µf

0 0 0 0
βdfNf
µf

0 0 0 0 0
βshNh
µph

βsdNd
µpd

0 0 0

0 0 0
βfsNs
µs

0




= 3

√
Nsβfs
µs

(
NfNhβhfβsh

µfµph
+
NfNdβdfβsd

µfµpd

)
,

and

Qd(= Uh,c) = ρ(Kh,c) = ρ





0 0 0 0
βhfNf
µf

0 0 0 0 0

0 0 0 0
βcfNf
µf

βshNh
µph

0 βscNc
µpc

0 0

0 0 0
βfsNs
µs

0




= 3

√
Nsβfs
µs

(
NfNhβhfβsh

µfµph
+
NfNcβcfβsc

µfµpc

)
.

8.3 Sensitivity analysis

Sensitivity analysis describes what happens to some dependent variables when one or

more independent parameters are changed [21]. Thus, we can see the influence of the

different parameter to the basic reproduction number, the host-specific type-reproduction

number and the endemic equilibrium point.

Data and parameter values

We use data on prevalence of infection in cats, dogs, snails, and fish; and on intensity

of infection in humans from the two islands Done Khon and Done Som, Champasack

province, Lao PDR, described in Chapter 7. We assume that this data represents an

equilibrium solution, which we use to estimate the unknown parameters. The number of

hosts tested and found positive is shown in Table 7.1 [126].
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We assume triangular distributions as prior distributions for the model parameters

and estimate ranges and modes from the data, literature, and expert opinions, as shown

in Tables 8.3 and 8.4. We assume that the mean life span of parasite in humans (µph) is

10 years, mean life span of a snail (µs) is 1 year and of a fish (µf ) is 2.5 years [13]. We

assume that parasites in cats (µpc) and dogs (µpd) die after 4 years, which is the average

life span of cats and dogs in the area. We use the adapted population sizes of 15,000

humans. From discussions with local village chiefs, We assume that there are half as

many dogs as humans and a third as many cats as humans. We further expect that there

are a lot more snails than fish. We calculate the modes of the transmission parameters

(β) by assuming βsh = βsd = βsc and solving the system of equations (8.4) of the endemic

equilibrium point for the data given in Table 7.1 (after converting the mean worm burden

in humans, cats, and dogs to prevalence as described in equation (8.6)). For the basic

model (8.1), we multiply βsh from the reservoir model by three to account for increased

transmission from humans in the absence of reservoir hosts. We estimate wide ranges

for the transmission parameters and the population sizes of snails and fish because we

have little data on these values. Since the transmission parameters and population sizes

only appear as product in the equations, the individual rates do not matter — only the

product — does matter.

Variable Mode Range Unit

Nh 14542 [1454.2, 29084] Animals
Ns 20000 [2000, 40000] Animals
Nf 8000 [800, 16000] Animals
µph

1
10×365

[
1

20×365
, 1

1×365

]
1/Days

µs
1

1×365

[
1

2×365
, 1

0.1×365

]
1/Days

µf
1

2.5×365

[
1

5×365
, 1

0.25×365

]
1/Days

βhf 4.898× 10−5 [4.898× 10−6, 9.795× 10−5] 1/(Animal x Day)
βsh 9.160× 10−11 [9.160× 10−12, 1.832× 10−10] 1/(Animal x Day)
βfs 3.477× 10−5 [3.477× 10−6, 6.954× 10−5] 1/(Animal x Day)

Table 8.3: Parameter values and ranges of the basic model (8.1) assuming triangular distribution.

Sample construction and maximum likelihood estimation

We use a Bayesian sampling resampling approach to better estimate parameter distribu-

tions. We first draw 100,000 sample sets of parameter values, for both the basic and the

reservoir hosts models, from the prior triangular distributions with modes and ranges de-

scribed in Tables 8.3 and 8.4. We filter out samples that correspond to values of R0 < 1.

In the basic model 92,758 (93%) parameter sets correspond to R0 > 1 and in the reservoir

hosts model 84,548 (85%) correspond to R0 > 1.
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Variable Mode Range Unit

Nh 14542 [7271, 21813] Animals
Nd 7271 [3635.5, 10906.5] Animals
Nc 4847 [2423.5, 7270.5] Animals
Ns 20000 [2000, 40000] Animals
Nf 8000 [800, 16000] Animals
µph

1
10×365

[
1

20×365
, 1

1×365

]
1/Days

µpd
1

4×365

[
1

8×365
, 1

0.4×365

]
1/Days

µpc
1

4×365

[
1

8×365
, 1

0.4×365

]
1/Days

µs
1

1×365

[
1

2×365
, 1

0.1×365

]
1/Days

µf
1

2.5×365

[
1

5×30
, 1

0.25×365

]
1/Days

βhf 4.898× 10−5 [4.898× 10−6, 9.795× 10−5] 1/(Animal x Day)
βdf 4.110× 10−6 [4.110× 10−7, 8.220× 10−6] 1/(Animal x Day)
βcf 4.414× 10−5 [4.414× 10−6, 8.829× 10−5] 1/(Animal x Day)
βsh 3.053× 10−11 [3.053× 10−12, 6.107× 10−11] 1/(Animal x Day)
βsd 3.053× 10−11 [3.053× 10−12, 6.107× 10−11] 1/(Animal x Day)
βsc 3.053× 10−11 [3.053× 10−12, 6.107× 10−11] 1/(Animal x Day)
βfs 3.477× 10−5 [3.477× 10−6, 6.954× 10−5] 1/(Animal x Day)

Table 8.4: Parameter values and ranges of the model with reservoir hosts (8.4) assuming triangular
distribution.

For the resampling, we calculate probabilities from the likelihood that the solution of

the equations is at the equilibrium point corresponding to the data in Table 8.6 (and the

eggs per gram in each human tested). We define the likelihood function L of the model

with reservoir hosts (8.4) as

L = LhLdLcLsLf ,

and of the basic model (8.1) as

L = LhLsLf ,

where

Lh =
nh!

ph!(nh − ph)!
(i∗h)

ph (1− i∗h)(nh−ph), (8.5a)

Ld =
nd!

pd!(nd − pd)!
(i∗d)

pd (1− i∗d)(nd−pd), (8.5b)

Lc =
nc!

pc!(nc − pc)!
(i∗c)

pc (1− i∗c)(nc−pc), (8.5c)

Ls =
ns!

ps!(ns − ps)!
(i∗s)

ps (1− i∗s)(ns−ps), (8.5d)

Lf =
nf !

pf !(nf − pf )!
(
i∗f
)pf (1− i∗f )(nf−pf ), (8.5e)

assuming that the equilibrium prevalences i∗h, i
∗
d, i
∗
c , i
∗
s, and i∗f are binomially distributed.

For the three mammalian hosts we need to convert the mean worm burden at the endemic

equilibrium into prevalence of infection. For humans we have data on both prevalence and
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intensity of infection (eggs per gram in stool for each human). We use the pre-calculated

relationship from literature, y = x2 + 2x to convert the eggs per gram in stool, y, into

mean worm burden, x, [28]. We assume a negative binomial distribution for the number

of worms per person, leading to the relation between mean number of eggs per person

(M) and the prevalence (P ) [43],

P = 1−
(

1 +
M

k

)−k
. (8.6)

We assume that cats and dogs have the same relationship between mean worm burden

and eggs per gram in stool and the same distribution for the number of worms per host

as humans. The prevalence of infection in humans is P = 0.6066 (see Table 7.2) and the

mean number of eggs per person is M = 1108.2, so from equation (8.6), k = 0.10020566.

It follows that the prevalences in cats and dogs are

i∗c = 1−

(
1 +

(w∗c )
2 + 2w∗c
k

)−k
,

i∗d = 1−

(
1 +

(w∗d)
2 + 2w∗d
k

)−k
.

We resample 2,000 sets of parameter values with probability proportional to the likelihood

function with replacement1 [105, 114].

To optimize all the infection rates (β), we maximize2 the logarithm of the likelihood

function starting from the resampled parameter set with the highest likelihood [76, 143].

The maximum likelihood estimates are shown in Table 8.5.
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(a) Basic model.
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(b) Model with reservoir hosts.

Figure 8.2: Distributions of the basic reproduction number R0 of the basic (8.1) and the model with
reservoir hosts (8.4) calculated for the resampled parameter distributions from Section 8.3.

1MatlabR2017a: bootstrp
2MatlabR2017a: fminsearch
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Basic model Model with reservoir hosts

Parameter MLE MLE

βhf 3.4891× 10−5 1.6850× 10−5

βdf — 1.2733× 10−6

βcf — 1.1851× 10−5

βsh 5.6002× 10−11 3.3575× 10−11

βsd — 5.2889× 10−11

βsc — 7.5833× 10−12

βfs 4.1682× 10−5 2.5073× 10−5

Nh 12, 231 15, 143
Nd — 6, 236
Nc — 6, 220
Ns 18, 862 6, 261
Nf 6, 969 6, 824
µph

1
1.3526×365

1
2.8603×365

µpd — 1
0.7424×365

µpc — 1
1.6392×365

µs
1

0.3580×365
1

0.4600×365

µf
1

0.4479×365
1

2.2044×365

Reproduction number

R0 1.1112 1.1112

Table 8.5: Maximum likelihood estimation (MLE) and the corresponding basic reproduction number
(R0). Units are provided in Table 8.4.

Threshold conditions

The basic reproduction number R0 calculated for each of these 2,000 samples is shown in

Figure 8.2. Note that values of R0 < 1 are excluded because we assume the existence of

the endemic equilibrium point. For this equilibrium point, we numerically show that all

eigenvalues of the Jacobian matrix have negative real parts so it is locally asymptotically

stable.

We calculate the distributions of the type reproduction numbers from the resampled

distributions of the parameter values (Figure 8.3). Humans, snails, and fish belong to the

reservoir community because their host-specific type-reproduction number is likely bigger

than 1 (U > 1) and their host excluded type-reproduction number is likely smaller than

1 (Q < 1). Humans, snails, and fish are also maintenance-hosts, because they are the

minimum set which satisfies U > 1. The host specific type-reproduction number of cats

and dogs is smaller than 1 (Ud, Uc < 1), so they are non-maintenance hosts.

The host-specific type-reproduction numbers, calculated with the parameter values in
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Table 8.5 from the maximum likelihood estimation, are

Uh = 1.0935, Qh = 0.4016,

Ud = 0.2548, Qd = 1.1067,

Uc = 0.3640, Qc = 1.0981.

Local sensitivity analysis

The local sensitivity index is the ratio of the relative change in the variable to the relative

change in the parameter. Hence, we define the normalized forward sensitivity index of a

variable u and the parameter p as, see [23],

Υu
p :=

du

dp
× p

u
. (8.7)

We first use the formula in (8.7) to calculate the sensitivity index of R0 in the basic

model (8.1) with respect to βhf :

ΥR0
βhf

=
dR0

dβhf
× βhf
R0

=
1

3β
2
3
hf

3

√
βshβfsNhNsNf

µphµsµf
× βhf

3

√
βhfβshβfsNhNsNf

µphµsµf

=
1

3
.

The calculation is similar for the sensitivity indices of R0 with respect to βsh,βfs,Nh,Ns

and Nf . For the sensitivity indices of R0 with respect to µph, µs and µf we have, for

example,

ΥR0
µph

=
dR0

dµph
× µph
R0

= − 1

3µ
4
3
ph

3

√
βhfβshβfsNhNsNf

µsµf
× µph

3

√
βhfβshβfsNhNsNf

µphµsµf

= −1

3
.

Therefore if, for example, βhf increases by 100%, then R0 increases by 33%. If µph

increases by 100%, then R0 decreases by 33%. Since the sensitivity index of R0 is inde-

pendent of any other parameters, it is valid locally and globally. Due to the same absolute

value of the sensitivity index, all parameters are equally important for R0. This is shown

in Figure 8.4.

The sensitivity index of the state variables at the endemic equilibrium of the basic

model is for example

dw∗h
dβhf

× βhf
w∗h

=
βshβfsNhNfNs

βshNhµph(βfsNs + µf )
× βhf

βshNhµph(βfsNs + µf )

βhfβshβfsNhNfNs − µphµsµf

=
βhfβshβfsNhNfNs

βhfβshβfsNhNfNs − µphµsµf
.
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Figure 8.5 (a) shows the sensitivity index of w∗h for the parameter values from Table 8.3.

The local sensitivity analysis for the model with reservoirs host (8.4) is performed as

described in formula (8.7). we got analytical expressions with similar calculations to those

for the basic model, but they are not shown here due to their length. The results for R0

are shown in Figure 8.4 (b) and the results for w∗h are shown in Figure 8.5 (b).

Global sensitivity analysis and numerical simulation

We use partial rank correlation coefficients (PRCC) to analyse the sensitivity globally

and to compare the influence of the parameters on R0 and on the endemic equilibrium

point. To calculate the PRCC, we used the Matlab implementation of the PRCC function

developed in [72]3. The function was run on the 2,000 samples from Section 8.3.

Figures 8.4 (c) and (d) show, from the top to the bottom, the influence of the change

in the parameter on R0 and Figures 8.5 (c) and (d) show the influence on w∗h in the basic

model (8.1) and in the model with reservoir hosts (8.4). The closer the absolute value is

to one, the more influence the parameter has on the output.

In the basic model (8.1), the death rate of snails (µs) has the most global influence

on R0, followed by the death rate of parasites in humans (µph) and the death rate of fish

(µf ). However there is little difference between the parameter values, so the basic model

is not able to differentiate between the sensitivity of the parameters on R0. For the model

with reservoir hosts (8.4), the death rates of snails and fish (µs, µf ), followed by death

rate of parasites in humans (µph) have the most global influence on R0.

The death rate of parasites in humans (µph) has the most global influence on the mean

worm burden of humans at the endemic equilibrium point w∗h in both models, followed by

the fish to human transmission rate (βhf ) and the number of fish (Nf ).

In Figure 8.6 we show two dimensional sensitivity analysis of R0 (of both models) to

the population sizes of the five hosts with all other parameters as in Table 8.5. Figure 8.6

(a) shows the dependence of R0 of the basic model (8.1) when the numbers of snails (Ns)

and fish (Nf ) are varied. R0 depends more strongly on the population size of snails than

of fish. The sensitivity of R0 for the model with reservoir hosts (8.4) is presented in

Figures 8.6 (b)–(d). Figure 8.6 (b) shows the variation of R0 to the number of snails (Ns)

and fish (Nf ). Similar to the basic model, R0 increases faster with more snails faster than

with more fish. In Figure 8.6 (c), we see that R0 increases faster with the number of dogs

(Nd) than with the number of cats (Nc). Figure 8.6 (d) shows that when the numbers

of humans (Nh) and cats (Nc) are varied, R0 increases more rapidly with the number of

cats.

We show numerical simulations of the basic model (8.1) and of the model with reservoir

hosts (8.4) in Figure 8.7. For both models the parameter values are given in Table 8.5

and the initial conditions are wh = 1, wd = 1, wc = 1, is = 0 and if = 0. We use the

3http://malthus.micro.med.umich.edu/lab/usanalysis.html (24.10.2016)
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Dormand-Prince method 4 to integrate over the time interval [0, 70000], which corresponds

to a time period of 190 years.

4MatlabR2017a: ode45
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(a) Uh,s,f = Qc,d; P (Uh > 1) = 0.92
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(b) Ud,s,f = Qh,c; P (Ud > 1) = 0.28
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(c) Uc,s,f = Qh,d; P (Uc > 1) = 0.33

0 1 2 3 4 5
Q

h

0

5

10

15

20

F
re

qu
en

cy

0.87309
Q

h

Q
h
=1

median

(d) Qh = Uc,d,s,f ; P (Qh > 1) = 0.38
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(e) Qd = Uh,c,s,f ; P (Qd > 1) = 0.99
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(f) Qc = Uh,d,s,f ; P (Qc > 1) = 0.94

Figure 8.3: Distributions of the host-specific type-reproduction numbers of the model with reservoir
hosts (8.4) calculated from the resampled parameter distributions from Section 8.3 and the probability
that the number is above 1.
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Figure 8.4: Local sensitivity indices and partial rank correlation coefficients (PRCC) of the basic
reproduction number R0 for the basic model (8.1) and the model with reservoir hosts (8.4).
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Figure 8.5: Local sensitivity indices and partial rank correlation coefficients (PRCC) of mean worm
burden in humans at the endemic equilibrium point w∗

h of the basic model (8.1) and the model with
reservoir hosts (8.4).



40 CHAPTER 8. BASIC MODEL AND MODEL WITH RESERVOIR HOSTS

0
20

0.2

40

R
0

N
f
 in 1,000s

10

N
s
 in 1,000s

0.4

20
0 0

0.05

0.1

0.15

0.2

0.25

0.3

(a) Basic model: Ns and Nf .

0
20

1

40

R
0

2

N
f
 in 1,000s

10

N
s
 in 1,000s

3

20
0 0

0.5

1

1.5

2

2.5

(b) Model with reservoir hosts: Ns and Nf .

1.1
10

1.11

20
R

0

N
c
 in 1,000s

5

N
d
 in 1,000s

1.12

10
0 0

1.105

1.11

1.115

(c) Model with reservoir hosts: Nd and Nc.

0.8
10

1

40

R
0

1.2

N
c
 in 1,000s

5

N
h
 in 1,000s

20
0 0

0.9

1

1.1

1.2

(d) Model with reservoir hosts; Nh and Nc.

Figure 8.6: Basic reproduction number R0 for the basic model (8.1) and the model with reservoir hosts
(8.4) varying population sizes of two hosts with all other parameters as in Table 8.5.
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Figure 8.7: Numerical simulations of the opisthorchiasis models (8.1) and (8.4) with the Dormand-
Prince method over a time line of 70,000 days. The initial values are 1 for the worm burdens and 0 for
the prevalences. The parameter values are in Table 8.5.





9. Model with interventions

The model with interventions includes humans, dogs and cats as definitive hosts and

snails and fish as intermediate hosts. We simulate the mean worm burden in humans,

dogs and cats and the prevalence of infection in fish and snails. After developing the

model, we estimate the unknown parameters using data from Lao PDR, see Chapter 7.

Distributions of unknown parameters of this model were estimated by a Bayesian sampling

resampling approach and point estimates with maximum likelihood estimation using data

collected from the two islands in Lao PDR analogous to Section 8.3. We define the basic

as well as the control reproduction numbers of the model. This helps us to determine

the minimum coverage of each intervention. Then, we optimise targeted coverage levels

with the optimal control method. Finally we investigate the elimination potential of

interventions by estimating the time to and probability of achieving elimination as a

public health problem of O. viverrini in 20 years.

9.1 General mathematical model with interventions

We extend the previous model with reservoir hosts of O. viverrini (8.4) to include the

effects of interventions. We model the interventions as

(i) education campaigns to reduce the consumption of raw or undercooked fish: we let

Ie denote the coverage successfully achieved by the education campaign, that is, the

proportion of people who do not get further infected by eating raw or undercooked

fish.

(ii) improved sanitation to stop transmission from humans to snails: we let Id denote the

coverage of improved sanitation, that is the proportion of people who stop defecating

outdoors because of the improved sanitation.

(iii) mass drug administration: we let Im denote the proportion of people treated annually

(except for campaigns at lower frequencies as described later).

Assuming γ is the rate per unit time of treating people, then

exp(−γ × Tγ) = 1− Im

is the proportion of untreated humans with Tγ as the time interval of treatment in days

[12]. It follows that the treatment rate is

γ =
− log(1− Im)

Tγ
.

The full model is given by the ODE system,

43
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dwh(t)

dt
= βhfNf if (t)(1− Ie)−

(
µph −

log(1− Im(t))

Tγ

)
wh(t), (9.1a)

dwd(t)

dt
= βdfNf if (t)− µpdwd(t), (9.1b)

dwc(t)

dt
= βcfNf if (t)− µpcwc(t), (9.1c)

dis(t)

dt
= (βshNhwh(t)(1− Id) + βsdNdwd(t) + βscNcwc(t))(1− is(t))− µsis(t), (9.1d)

dif (t)

dt
= βfsNsis(t)(1− if (t))− µf if (t), (9.1e)

where the state variables are shown in Table 8.1 and the parameters in Table 8.2 and

Table 9.1.

We model the mean worm burden per human host, wh, assuming a negative binomial

distribution for the distribution of worms in humans. We assume no correlation between

the worm burden of an individual and the probability of being influenced by the education

campaign to stop eating raw fish, so the transmission rate from fish to humans is propor-

tionally reduced by (1 − Ie). The worms die naturally in humans, µphwh, or because of

treatment, − log(1−Im(t))
Tγ

wh. We make the implicit assumption that there is no correlation

between worm burden and the likelihood of being treated. Hence, the proportion of peo-

ple getting treated (with the assumption that treatment is perfect) is equal to killing this

proportion of worms in humans. The infection rate of snails depends on the proportion

of people who have access to a latrine and do not defecate outdoors. Making the im-

plicit assumption that access to a latrine is not correlated with worm burden, improved

sanitation proportionally reduces the transmission from humans to snails by (1− Id).

Parameter Description Dimension

Ie Proportion of people who stop eating raw fish
due to intervention

Dimensionless

Id Proportion of people who stop defecating
outdoors due to intervention

Dimensionless

Im(t) Proportion of people getting treatment
(medication) at time t

Dimensionless

Tγ Interval of drug distribution Time

Table 9.1: Addditional internvention parameters of the opisthorchiasis model with interventions.

We use the data in Chapter 7 from the Champasack province, Lao PDR (see Table 7.1).

To get a distribution of uncertainty, we estimate the parameters with a different num-

ber of sample. To estimate β = (βhf , βdf , βcf , βsd, βsc, βsh, βfs), we followed the Bayesian

resampling approach in Section 8.3 with the same parameter ranges as in Table 8.4 and

no intervention Ie = Id = Im = 0, followed by the maximum likelihood estimation (MLE)

method. We sample 50,000 parameter sets and resample 500 of them in the Bayesian
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resampling approach. The final estimate with MLE is found in Table 9.2. Due to the

re-estimation we got slightly different values for the parameters.

We simulate the ODE system (9.1) with the Runge-Kutta 4 method with the initial

value I estimate from the data, (wh(0), wd(0), wc(0), is(0), if (0)) = (33, 3, 13, 0.003, 0.3),

and time steps in days up to 20 years. The numerical results of the model with parameter

values from the MLE are presented in Figure 9.1. To show the uncertainty of the param-

eter sets, we also illustrate the median, the mean and the standard deviation of the 500

parameter sets in Figure 9.1.

Variable MLE

Nh 15705
Nd 8437
Nc 6098
Ns 31019
Nf 9701
µph

1
4.8×365

µpd
1

2.2×365

µpc
1

1.5×365

µs
1

1×365

µf
1

1.5×365

βhf 5.9785× 10−6

βdf 3.2337× 10−7

βcf 2.9608× 10−6

βsh 1.0210× 10−11

βsd 2.8635× 10−11

βsc 4.7734× 10−12

βfs 1.2900× 10−5

Table 9.2: Parameter estimations with the maximum likelihood method, units are shown in Table 8.4.

9.2 Model with continuous treatment

We first assume continuous treatment with Im constant throughout the year and Tγ = 365

days in the model, which refers to a daily treatment rate while coverage is defined as the

proportion of people treated within one year (as described above). We model continuous

treatment, as it allows us to calculate the basic and the control reproduction number and

to determine the threshold value of coverage where the control reproduction number is

equal to one.

Basic and control reproduction number

The basic reproduction number R0 is the average number of new offspring per parasite

in the next step of the life cycle assuming no density dependence and no interventions.
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It is calculated as the spectral radius of the next-generation matrix [27]. The cubic

spectral radius is equal to the number of adult offspring in mammalian hosts from one

adult worm in a mammalian host. It follows that, when the basic reproduction number

is below one (R0 < 1), the parasite cannot produce enough offspring to persist. The

control reproduction number Rc includes the impact of interventions on the reproduction

number. The next-generation matrix K of the model (9.1), with constant Im, is given by

K =



0 0 0 0
βhfNf (1−Ie)

µf

0 0 0 0
βdfNf
µf

0 0 0 0
βcfNf
µf

βshNh(1−Id)

µph− log(1−Im)
Tγ

βsdNd
µpd

βscNc
µpc

0 0

0 0 0
βfsNs
µs

0


,

assuming that treatment is distributed continuously. Its spectral radius, and therefore

the control reproduction number of the model, is given by the expression,

Rc =

(
NsNfβfs(µphTγ − log(1− Im))(Ndβdfβsdµpc +Ncβcfβscµpd)

(µphTγ − log(1− Im))µpdµpcµsµf

+
NsNfβfs(1− Id − Ie + IdIe)(TγNhβhfβshµpdµpc)

(µphTγ − log(1− Im))µpdµpcµsµf

) 1
3

.

The basic reproduction number,

R0 =

(
NsNfβfs(Ndβdfβsdµpc +Ncβcfβscµpd +Nhβhfβshµpdµpc)

µphµpdµsµf

) 1
3

,

is equal to the control reproduction number Rc if the coverage of all interventions is 0 (no

interventions in the population). The basic reproduction number is R0 = 1.1351 with the

MLE parameter values given in Table 9.2.

The control reproduction number depends on the type and coverage of the intervention.

Figure 9.2, shows the impact of coverage of each intervention applied singly on the control

reproduction number for parameter values determined by MLE and Tγ = 365 days. The

control reproduction number Rc has a similar dependence on the level of coverage of

education campaigns (Ie) and improved sanitation (Id). The coverage needs to be at

least 34% for either of these two interventions for Rc to be below 1. The coverage of the

mass drug administration (Im) has a much stronger effect on the control reproduction

number than the coverage of the education campaign (Ie) and improved sanitation (Id).

The control reproduction number for mass drug administration decreases below 1 at

the low coverage of 10%. Figure 9.2 also shows that the incremental effectiveness of

the interventions in reducing Rc increases with coverage for improved sanitation and

education campaign but decreases for mass treatment. Therefore, programmes should try

to achieve a coverage of education campaigns and improved sanitation as high as possible,

but a moderate coverage of mass treatment may be sufficient.
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The possible combination of the interventions Ie and Id (without Im) which are suc-

cessful in achieving Rc < 1, for MLE parameter values, are shown in Figure 9.3. The

minimum combination such that Rc < 1 is Ie = Id = 0.2025.

9.3 Model with pulsed treatment

We also develop a model with pulsed treatment applied at a fixed frequency. This model

takes into account the fact that the number of worms increases in humans in between

mass drug administration campaigns. For example, treatment once a year, conducted

over one day, is modelled by,

Im(t) =

Im, t mod 365 = 1,

0, else,

with Tγ = 1 day.

This model allows us to additionally consider the effect of frequency of the mass

drug administration campaigns on the probability of elimination and time to elimination.

We also calculate the optimal coverage of the mass drug administration and education

campaigns using optimal control theory.

Effectiveness of interventions

The minimum levels of coverage we calculated with continuous treatment, where Rc = 1,

are not sufficient to reach a low mean worm burden in humans in 20 years. Hence,

we simulate reasonably achievable coverage levels of Ie ∈ {0.2, 0.4, 0.6} and Id, Im ∈
{0.4, 0.6, 0.8}. We choose these coverage levels because we assume that it is more difficult

to changes people’s eating habit through education campaigns. Then to convince them to

use a latrine or accept treatment. Mass drug administration is assumed to be distributed

over one day once a year. Figure 9.4 shows the numerical solutions for all state variables

for each intervention at these different levels of coverage compared to no interventions.

To investigate the impact of the frequency of distribution of mass drug administration,

we simulate campaigns distributing drugs every 0.5, 1, 2, 3 and 4 years. Hence, Im(t) is the

proportion of humans who receive a drug against O. viverrini in every drug distribution

campaign. The influence of the choice of the frequency on the mean worm burden in

humans with different levels of coverage is shown in Figure 9.5.

Optimal control

To synchronously optimise the level of coverage of the education campaign (Ie) and the

mass drug administration (Im) in the model, we use the optimal control method. We do

not try to optimise the sanitation coverage because we assume that any programme would
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try to maximise sanitation for all its additional health benefits. We focus on optimising

interventions that are targeted against O. viverrini. To fulfil the linearity property of the

right-hand side of the model (9.1), we optimise the treatment rate,

γ(t) = − log(1− Im(t))

365
,

instead of the proportion Im(t), because Im(t) and correspondingly γ(t) are piecewise

constant for a pulsed treatment rate. Since the treatment distribution occurs once a year,

we have a rate γ(t) of treated people with the properties,

γ(t) =

γk, t mod 365 = 1,

0, else,

with the annual rate γk for k = 1, . . . , n, n ∈ N. The first equation of the ODE system

(9.1) becomes
dwh(t)

dt
= βhfNf if (t)(1− Ie)− (µph + γ(t))wh(t). (9.2)

Minimising the coverage of the interventions affecting humans leads to the optimal control

problem,

min
Ie,γ

∫ T

0

w2
h(t) +

α2

2

(
Ie(t)

2 +
n∑
k=1

γ2
k

)
dt,

with the weight α = 0.001, the time T = 20 × 365 (in days), n = T
365

, 0 ≤ Ie(t) ≤ 0.9

and 0 ≤ γk ≤ 0.0016, which is equivalent to 0 ≤ Im = 1 − exp(γk × 365) ≤ 0.8 for each

k = 1, . . . , n. The regularisation parameter α prioritises the minimisation of the mean

worm burden instead of the coverage level. The optimal control solutions are robust with

respect to this parameter, as the results are similar even with α = 1. We assume that it

is not possible to reach all people by either campaign, and that the maximum achievable

coverage of drug distribution is 80%, while it is 90% of education campaigns.

To simplify the notation, we write Ie(t) = Īe, γ(t) = γ̄ and (Ie, γ1 . . . , γn) = Ī. We use

the definitions

L(t, wh, Ī) := w2
h(t) +

α2

2

(
Ī2
e +

n∑
k=1

γ2
k

)

as the integrand; df
dt

= f(x, t) with x = (wh, wd, wc, is, if ) as our ODE model (9.1), so

fi = f(x(i), t) for i = 1, . . . , 5;

J(Ī) =

∫ T

0

w2
h(t) +

α2

2

(
Ī2
e +

n∑
k=1

γ2
k

)
dt

as the integral to minimise and

U = {Ī(t)|Ī(t) ∈ [0, 0.9]× [0, 0.0016]n, t ∈ [0, T ]}.

In order to show that a solution exists to this optimal control problem, we have to

prove the following assumptions [31, 64]:
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Proposition 1 (Existence). i) The set of solutions of the ODE system (9.1) is not

empty and the right-hand side is continuous and bounded.

ii) U is closed and convex and f can be written as

f(t, wh, Īe, γ̄) = a(t, wh) + b(t, wh)Īe + c(t, wh)γ̄.

iii) L(t, wh, ·) is convex on U .

Proof. i) The ODE system (9.1) is well-posed in the strip S ⊆ R5, which is defined by

the boundaries of the system’s solution for (wh, wd, wc, is, if ):

S =

[
0, βhf

Nf

µph

]
×
[
0,
βdfNf

µpd

]
×
[
0,
βcfNf

µpc

]
× [0, 1]2.

The right-hand side of the system is well-posed and with continuous partial deriva-

tives. The proof of the existence and uniqueness of the solution of the model (9.1)

can be found in Section 8.2.

The right-hand side of the ODE system (9.1) is clearly continuous and bounded in

the strip S̃ ⊆ R5, given by

S̃ = [−βhfNf , βhfNf ]× [−βdfNf , βdfNf ]× [−βcfNf , βcfNf ]

×
[
−µs,

βshNhβhfNf

µph

]
× [−µf , Nsβfs].

ii) U is closed and convex because it is a Cartesian product of closed intervals. f can

be written as a linear combination of the form

f(t, wh, Īe, γ̄) = a(t, wh) + b(t, wh)Īe + c(t, wh)γ̄,

where

f1(t, wh, Īe, γ) = βhfNf if − wh︸ ︷︷ ︸
a(t,wh)

+ (−βhfNf if )︸ ︷︷ ︸
b(t,wh)

Īe + (wh)︸︷︷︸
c(t,wh)

γ̄.

The linear combination for the other system of equations (f2, f3, f4, f5) looks similar.

iii) To show that L(t, wh, ·) is convex on U , we must have

L(t, wh, (1− ε)Ī1 + εĪ2) ≤ (1− ε)L(t, wh, Ī1) + εL(t, wh, Ī2)

for Ī1, Ī2 ∈ Ī. Indeed, it holds

L(t, wh, (1− ε)Ī1 + εĪ2)

= w2
h +

α2

2

((1− ε)Īe,1 + εĪe,2
)2

+

(
(1− ε)

n∑
k=1

γk,1(t) + ε
n∑
k=1

γk,2(t)

)2


≤ (1− ε)

(
w2
h +

α2

2

(
Ī2
e +

n∑
k=1

γk(t)
2

))
+ ε

(
w2
h +

α2

2

(
Ī2
e +

n∑
k=1

γk(t)
2

))
.
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To characterise the optimal solution, we use Pontryagin’s maximum principle [66].

The proof can be found in Pontryagin’s original text [85].

There exists a piecewise differentiable adjoint variable,

λ(t) = (λ1(t), λ2(t), λ3(t), λ4(t), λ5(t)),

such that

λ′(t) =
−∂H(t, x∗(t), Ī∗(t), λ(t))

∂x
,

where H denotes the Hamiltonian

H(t, wh, wd, wc, is, if , Īe, γ̄, λ) = L(t, wh, Ī) +
5∑
l=1

λl(t)fl(x, t)

and x∗ = (w∗h, w
∗
d, w

∗
c , i
∗
s, i
∗
f ) are the corresponding state variables of the optimal control

functions Ī∗ = (Ī∗e , γ(t)∗).

Proposition 2. The optimal controls are given by the set

Ī∗e = min

{
max

{
0,
λ1βhfNf if

α2

}
, 1

}
,

γ̄∗ = min

{
max

{
0,
λ1wh
α2

}
, 1

}
.

Proof. Let Ī∗ be the optimal control functions to the corresponding state variables x∗ =

(w∗h, w
∗
d, w

∗
c , i
∗
s, i
∗
f ), which minimise our integral function J(Ī). It follows with the Pon-

tryagin’s maximum principle that adjoint variables λ(t) = (λ1(t), λ2(t), λ3(t), λ4(t), λ5(t))

exist such that

λ′1 = −2wh + λ1(µph + γ)− λ4βshNh(1− Id)(1− is), (9.3a)

λ′2 = λ2µpd − λ4βsdNd(1− is), (9.3b)

λ′3 = λ3µpc − λ4βscNc(1− is), (9.3c)

λ′4 = λ4(βshNhwh(1− Id) + βsdNdwd + βscNcwc + µs)− λ5βfsNs(1− if ), (9.3d)

λ′5 = λ5(βfsNsis + µf )− λ1βhfNf (1− Ie)− λ2βdfNf − λ3βcfNf , (9.3e)

with transversality conditions λi(t1) = 0 for i = 1, . . . , 5. Considering the optimality

condition ∂H(t,x∗(t),Ī∗(t),λ(t))
∂I

= 0, we get the solutions

Ī∗e =
λ1βhfNf if

α2
, (9.4a)

γ̄∗ =
λ1wh
α2

. (9.4b)

It follows with the characteristics of the control set U that the proposition holds (compare

[64]).
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We use the forward-backward sweep method with the Runge-Kutta 4 method to cal-

culate the solution of the optimal control [66]. We calculate the optimal control solution

for three different, but fixed, coverage levels of Id: 0.4, 0.6, and 0.8. We start with the

end value of the MLE solution in Figure 9.1 as initial value of the state variables,

(wh(0), wd(0), wc(0), is(0), if (0)) = (47.107, 0.815, 5.120, 0.002, 0.323).

We choose the weight α = 0.001 and numerically solve the ODE system (9.1) with the

MLE parameters given in Table 9.2 forward in time with 1,000 iterations, followed by

the simulation of the ODE system of the adjoint functions (9.3) backward in time with

likewise 1,000 iterations. With the new solution of the adjoint functions, we can update

the solution of the intervention I in accordance with to the equations (9.4). We repeat

these steps until the relative error of the interventions is smaller than δ,∥∥∥I − Ĩ∥∥∥ ≤ δ ‖I‖ ,

with Ĩ being the previous solution. To account for the possibility of ‖I‖ = 0, we transform

it to the condition

δ ‖I‖ −
∥∥∥I − Ĩ∥∥∥ ≥ 0.

The parameter δ is set to δ = 0.001 [66].

The solution of the the treatment rate γ(t) is transformed back to the proportion

Im(γ) = 1− exp(γ(t)×365). The minimisation of the interventions Ie and Im(γ) is shown

in Figure 9.6(a) – it is the same solution for all three assumption of Id ∈ {0.4, 0.6, 0.8}.
The mean worm burden in the definitive hosts and the prevalence in the intermediate

hosts depends on the coverage of improved sanitation, Id, as shown in Figures 9.6(b)–(f).

The solution of the optimal control problem shows that the optimal coverage for

treatment is 44% if it is done on a yearly basis. The coverage of people that should stop

eating raw or undercooked fish is set to the maximum of 90% over the whole time period.

Elimination

We define the elimination of O. viverrini as in Definition 4 when there is less than one

worm per person (wh ≤ 1) or less than one infected fish (if×Nf ≤ 1) or snail (is×Ns ≤ 1).

Definition 4 (Elimination). Elimination of O. viverrini is reached if at least one of the

following statements holds true within a default time frame of 20 years:

(i) wh ≤ 1,

(ii) if ×Nf ≤ 1,

(iii) is ×Ns ≤ 1.
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Figure 9.7 shows the time to elimination and the probability of elimination at varying

frequencies of mass treatment and at varying levels of coverage for all three interventions.

We estimate the time to elimination for MLE parameter values (see Table 9.2) by assuming

that interventions are deployed at time t = 0 with the endemic equilibrium in the absence

of interventions as the initial condition. Figure 9.7(a) shows the time to elimination at

different frequencies of mass treatment at coverage levels of Im ∈ {0.4, 0.5, 0.6, 0.7, 0.8}.
Figure 9.7(b) shows the time to elimination for all interventions as the coverage of each

intervention increases. We estimate the probability of reaching elimination as the pro-

portion of the 500 resampled parameter sets that achieve the definition of elimination

above. The probability of elimination as a function of treatment frequency is shown in

Figure 9.7(c) and as a function of intervention coverage is shown in Figure 9.7(d). The

results show that mass treatment, even at very low frequencies, is more effective and faster

in achieving elimination than improved sanitation or education campaigns. In particular,

relatively low coverage of treatment at a high frequency is as effective if not even more,

than high coverage of the other interventions or of treatment at low frequencies.
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Figure 9.1: Numerical simulation of the O. viverrini model (9.1) with parameter values selected using
MLE (black line) and with the 500 parameter sets chosen with the Bayesian sampling-resampling without
any interventions (Ie = Id = Im = 0) the mean (grey line), median (grey dashed line) and standard
deviation (grey area).
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applied singly and the basic reproduction number, calculated with the parameters from the MLE solution
in Table 9.2.
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Figure 9.4: Numerical simulations of the model (9.1) with different coverage levels of the interventions
compared to the baseline scenarios with no intervention. The parameters are set to the MLE solution in
Table 9.2.
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Figure 9.5: Numerical simulations of the frequency of treatment every 0.5, 1, 2, 3 and 4 years and its
effect on the mean worm burden in humans. The parameters of the MLE solution in Table 9.2 are used
for the calculation.
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Figure 9.6: Optimal control results of the interventions and the solution of the model calculated with
the Forward-Backward Sweep method for the different assumptions on Id. The MLE solution parameters
(Table 9.2) are used for the calculations.
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Figure 9.7: Time to elimination and probability of elimination of the different interventions with
different settings. I use the parameter of the MLE solution in Table 9.2 for the calculation of the time to
elimination and the resampled parameter sets to determine the probability of elimination.



10. Model with age-dependency

The model with age-dependency allows the mean worm burden in humans to depend on

the host age. We use a Bayesian sampling approach to estimate the parameters analogous

to Section 8.3. The steady state solution is derived by a fixed point iteration. We optimise

the coverage level of MDA in an adapted model of five age groups to compare varying

coverages across age groups.

10.1 Mathematical model

We extend the model with reservoir hosts (8.4) to include the dependence of mean worm

burden in humans on the host age. We model human age continuously by transforming

the system of ODEs to a partial differential equation, where the mean worm burden in

humans depends on age and time (wh(a, t)). The number of humans also depends on

age (Nh(a)) and the additional parameter φ(a) denotes the proportion of people of age a

eating raw or undercooked fish for a a > 0. This model of O. viverrini including age of

human is given by the equations:

∂wh(a, t)

∂t
+
∂wh(a, t)

∂a
= φ(a)βhfNf if (t)− µphwh(a, t), (10.1a)

dwd(t)

dt
= βdfNf if (t)− µpdwd(t), (10.1b)

dwc(t)

dt
= βcfNf if (t)− µpcwc(t), (10.1c)

dis(t)

dt
=

βsh amax∫
0

Nh(a)wh(a, t)da+ βsdNdwd(t) + βscNcwc(t)

 (1− is(t))− µsis(t),

(10.1d)

dif (t)

dt
= βfsNsis(t)(1− if (t))− µf if (t). (10.1e)

where, amax is the maximum age of humans. All state variables are described in Table 8.1

and parameters in Table 8.2 with the additional parameters in Table 9.1 and 10.1.

The parameter µph is the death rate of the parasite in humans excluding mortality

due to the death of humans (since the mortality of humans is explicitly included with an

exponential distribution for the human population).

The integral over age of the mean worm burden in humans wh(a, t) weighted by the

number of humans Nh(a) yields the total number of worms in humans. The total human

59
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population size is given by the integral over age

N̄h =

amax∫
0

Nh(a)da.

We assume that the number of humans follows a truncated exponential distribution with

the following equation

Nh(a) =

 c
λ

exp
(
− a
λ

)
, if a ≤ amax,

0, if a > amax,
, (10.2)

where λ is the average life span of a human and c is a scaling factor defined as

c =
N̄h · λ

amax∫
0

exp
(
− a
λ

)
da

,

where we can estimate the total human population, N̄h, and λ from data.

Parameter Description Dimension

Nh(a) Population size of humans dependent on age
a

Animals

φ(a) proportion of humans of age a eating raw or
undercooked fish

1/Animals

λ Mean life span of humans Time
c Constant of human population size Dimensionless

Table 10.1: Additional parameters of the opisthorchiasis model with age-dependency.

10.2 Data and numerical simulation

As Figure 10.1 shows, the distribution is flat between the ages of 0 and 20 years and

then decays exponentially after 20 years. We make the simplifying assumption that the

distribution is exponential for all ages until a maximum age, amax, which we set to 95

years. We fit a truncated exponential distribution for the number of humans, Nh(a), to

the Lao population data to estimate an average life span of humans of λ = 9628 days ≈
26.37 years using the MLE1 (see Figure 10.1. By assuming an exponential distribution, we

overestimate the population sizes of children and adults under 20, and we underestimate

the human life span. However, since the infection rates in children are relatively low and

the mortality rates of parasites is still substantially shorter than the estimated human

life span, this assumption does not affect our results. We truncate the age distribution to

simplify the numerical integration. However since the population size of people over 95

1Matlab R2017a: Distribution Fitting App
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in Lao PDR is minimal, the effect on our results is negligible. We assume that the total

number of humans living on the two islands is N̄h = 14541 [126], leading to the constant

c = 1.5318×104 in the exponential distribution. The distribution is shown in Figure 10.1.

The age-dependent proportion of people who eat raw or undercooked fish, φ(a), is

fitted to a truncated Gaussian distribution in the interval [0, 89] based on the data from

the study in Champasack province Southern Lao PDR [126]. Figure 10.2 shows the

absolute number of humans eating raw or undercooked fish as well as the proportion of

people who eat raw or undercooked fish increases with age since young children rarely eat

raw fish, until a peak and then decreases. This decrease is presumably due to decreasing

dental health with age, which makes it more difficult to chew undercooked fish.

We need a distribution of the mean worm burden of humans over age for the initial

condition for the numerical simulation. We fit the distribution of eggs per gram (epg)

of stool in humans over age to a truncated Gaussian distribution in the interval [0, 89]

as shown in Figure 7.5. We use the data from Lao PDR on epg in stool, see Chapter 7,

and transform it into the number of worms per person using purging data from a study

in Thailand [28]. We assume the same trend in the number of worms per human as a

function of age as in the proportion of people eating raw or undercooked fish.
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We estimate the population sizes of five hosts and the mortality rates of fish and snails,

and worms in humans, cats and dogs by sampling from a prior distribution. We estimate

the transmission rates, β = (βhf , βdf , βcf , βsh, βsd, βsc, βfs), using the maximum likelihood

method.

The likelihood function L is given by the product of the likelihood functions for the

intensity of infection in humans and the prevalence of infection in dogs, cats, snails and

fish,

L = LhLdLcLsLf ,
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where we assume a negative binomial distribution for the worm (and the egg) burden,

Lh =

N̄h∏
i=1

(epgi + r − 1)!

epgi!(r − 1)!

(
r

epg∗ + r

)r (
epg∗

epg∗ + r

)epgi

with nh the number of human tested in the data set from Lao PDR (see Table 7.1)

[126], epgi the eggs per gram of each person, epg∗ the steady state solution of the mean

worm burden transformed into the mean egg per gram burden (with data from [28]) and

r > 0 a real value that we estimate. Ld, Lc, Ls and Lf are given in equation (8.5a). We

sample 5,000 sets of parameter values from a triangular distribution with mod and ranges

provided in Table 10.2 and choose the set with the highest likelihood as the baseline

parametrisation for the maximum likelihood optimisation, where we fit the transmission

rates, β. The parameter set with the maximum likelihood is shown in Table Table 10.2.

Variable Mode Range MLE Unit

Nh 15705 [1571, 23557] 8679 Animals
Nd 8437 [844, 12656] 7991 Animals
Nc 6098 [610, 9147] 2552 Animals
Ns 31019 [3102, 46529] 33068 Animals
Nf 9701 [970, 14552] 12433 Animals
µph

1
4.8×365

[
1

9.6×365
, 1

2.2×365

]
1

3.7×365
1/Days

µpd
1

2.2×365

[
1

4.4×365
, 1

1.1×365

]
1

2.9×365
1/Days

µpc
1

1.5×365

[
1

3×365
, 1

0.8×365

]
1

1.7×365
1/Days

µs
1

1×365

[
1

2×365
, 1

0.5×365

]
1

1.1×365
1/Days

µf
1

1.5×365

[
1

3×30
, 1

0.8×365

]
1

2.0×365
1/Days

βhf 5.9785 ×
10−6

[5.9785× 10−7, 1.1957× 10−5] 5.1266 ×
10−6

1/(Animal
x Day)

βdf 3.2337 ×
10−7

[3.2337× 10−8, 6.4674× 10−7] 5.3964 ×
10−7

1/(Animal
x Day)

βcf 2.9608 ×
10−6

[2.9608× 10−7, 5.9216× 10−6] 4.2211 ×
10−6

1/(Animal
x Day)

βsh 1.0210 ×
10−11

[1.0210× 10−12, 2.0420× 10−11] 1.3490 ×
10−11

1/(Animal
x Day)

βsd 2.8635 ×
10−11

[2.8635× 10−12, 5.7270× 10−11] 2.8636 ×
10−11

1/(Animal
x Day)

βsc 4.7734 ×
10−12

[4.7734× 10−12, 9.5468× 10−11] 3.8561 ×
10−11

1/(Animal
x Day)

βfs 1.2900 ×
10−5

[1.2900× 10−6, 2.5800× 10−5] 2.1769 ×
10−5

1/(Animal
x Day)

Table 10.2: Mode and ranges for the triangular distribution used as prior distribution and the maximum
likelihood estimate of the parameter values. The mode is chosen as the maximum likelihood estimate for
the reservoir host model, see Table Tab:ranges. The MLE solution is the data set of the highest likelihood
and the β’s estimated by the MLE method.

We run numerical simulations of the model (10.1) with this MLE parameter set.. We

use the method of characteristics [40] to convert the PDE to a system of ODEs, along the
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characteristic lines a = ζ + t. We numerically integrate the ODEs by using the tourth

order Runge-Kutta method with a time step of one day.

We use the following initial values at time t0: wh(a, t0) is the mean worm burden for

every age a as shown in Figure 7.5 and (wd(t0), wc(t0), is(t0), if (t0)) = (1, 13, 0.003, 0.3) as

calculated from Table 7.1 and equation (8.6).

0 5 10 15 20
Time (years)

0

5

10

15

20

N
um

be
r 

of
 p

ar
as

ite
s

3.965

17.621wd

wc

(a) Mean worm burden in dogs wd and cats wc.

0 5 10 15 20
Time (years)

0

0.1

0.2

0.3

0.4

0.5

0.6

P
re

va
le

nc
e

0.002

0.556is
if

(b) Prevalence of infection in snails is and fish if .

(c) Mean worm burden in humans wh(a, t) over time
and age.

0 20 40 60 80 100
Age (years)

0

10

20

30

40

50

N
um

be
r 

of
 p

ar
as

ite
s

(d) Mean worm burden in humans wh(a, 20) over
age after 20 years.

Figure 10.3: Numerical simulation of the model (10.1) with the parameter values chosen using MLE
from Table 10.2 calculated with the Runge Kutta 4 method.

10.3 Steady state solution

Definition 5 (Steady state). The steady state of a system is a solution that does not

change with time; this means that the partial derivative with respect to time is zero [98].

There is the trivial steady state solution S0(a) = (w∗h(a), w∗d, w
∗
c , i
∗
s, i
∗
f ) = (0, 0, 0, 0, 0)

for all ages a ∈ [0, amax]. We calculate the endemic steady state solution Se(a) =
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(w∗h(a), w∗d, w
∗
c , i
∗
s, i
∗
f ) by solving the following system:

∂w∗h(a)

∂a
= φ(a)βhfNf i

∗
f − µphw∗h(a), (10.3a)

0 = βdfNf i
∗
f − µpdw∗d, (10.3b)

0 = βcfNf i
∗
f − µpcw∗c , (10.3c)

0 =

βsh amax∫
0

Nh(a)w∗h(a)da+ βsdNdw
∗
d + βscNcw

∗
c

 (1− i∗s)− µsi∗s, (10.3d)

0 = βfsNsi
∗
s(1− i∗f )− µf i∗f . (10.3e)

Solving equation (10.3b), (10.3c) and (10.3e) for w∗c , w
∗
d and i∗s, respectively, leads to

w∗d =
βdfNf i

∗
f

µpd
, (10.4a)

w∗c =
βcfNf i

∗
f

µpc
, (10.4b)

i∗s =
µf i
∗
f

βfsNs − βfsNsi∗f
. (10.4c)

We rewrite equation (10.3d) in terms of i∗f and w∗h(a):

0 =

βsh amax∫
0

Nh(a)w∗h(a)da+ βsdNd

βdfNf i
∗
f

µpd
+ βscNc

βcfNf i
∗
f

µpc


×

(
1−

µf i
∗
f

βfsNs − βfsNsi∗f

)
− µs

µf i
∗
f

βfsNs − βfsNsi∗f
.

This yields to a quadratic equation with two solutions of i∗f depending on w∗h(a). The two

solutions are of the form

if,1 =

√
f1 + f2 + f3 − f4 − f5

f6

,

if,2 = −
√
f1 − f2 − f3 + f4 + f5

f6

.

The fi terms stand from parameters as factors, where fi > 0 for i = 1, . . . , 6 since all

parameters are positive. It follows that one solution is positive and one is negative.

We discretise our differential equation by dividing the human population into groups

with size of one day [w∗h(ai)]
amax

i=0 . We rewrite equation (10.3a) to calculate w∗h(a)

∂w∗h(ai)

∂a
=
w∗h(ai+1)− w∗h(ai)

∆a

= φ(ai)βhfNf i
∗
f (w

∗
h(ai))− µphw∗h(ai)
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where ∆a = 1 day, for i = 0 . . . amax and define the function

Φ :

[
0,
Nfβhf
µph

]
−→

[
0,
Nfβhf
µph

]
with

Φ(w∗h(ai)) = −φ(ai)βhfNf i
∗
f∆a+ µphw

∗
h(ai)∆a+ w∗h(ai+1).

We use the function Φ for the fixed point iteration

w∗h(ai)
k+1 = Φ(w∗h(ai)

k),

with k as iteration index. We set the threshold of ε = 0.001 for∣∣w∗h(ai)k+1 − w∗h(ai)k
∣∣ < ε

to estimate the steady state solution. If the iteration reaches the limit k > 100, we

consider the steady state solution not to be calculable.

We next discretise the integral by using the Riemann definition

amax∫
0

Nh(a)w∗h(a)da =
amax∑
i=0

Nh(ai)w
∗
h(ai).

We take the value of wh(a) at t = 20 from the numerical simulation of (10.3) (as shown in

Figure 10.3(c)) as the initial value of [w∗h(ai)]
amax

i=0 for the fixed point iteration. The steady

state solution w∗h(a) is shown in Figure 10.4 and Se(a) = (w∗h(a), 4.0029, 17.7187, 0.0025, 0.5582)

for all a ∈ [0, amax].
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Figure 10.4: Steady state solution of the mean worm burden in humans w∗
h calculated by the fixed

point iteration and numerical simulation after 20 years.
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10.4 Basic reproduction number

The basic reproduction number is the expected number of offspring from one (hermaphrodite)

worm in the absence of density dependence (assuming fully susceptible snail and fish pop-

ulations). It is mathematically defined as the spectral radius of the next generation matrix

K [27].

For the sake of simplicity, we divide humans into n age groups and rewrite the model

(10.1) with ODEs. Here, fori = 1, 2 . . . , n, wh,i is the mean worm burden per human host

in the age group i; Nh,i is the number of humans in age group i; and φi the proportion of

people in age group i who consume raw or undercooked fish. ζi is the rate of movement

of worms from the age group i to i+ 1, which is equal to the rate of movement of humans

to the next age group, ζi = 1
Duration of age group i

for i = 1, 2, . . . , n − 1. This leads to the

following model:

dwh,1
dt

= φ1βhfNf if − (µph + ζ1)wh,1,

...

dwh,i
dt

= φiβhfNf if − (µph + ζi)wh,i +
ζi−1Nh,i−1

Nh,i

wh,i−1,

...

dwh,n
dt

= φnβhfNf if − µphwh,n +
ζn−1Nh,n−1

Nh,n

wh,n−1,

dwd
dt

= βdfNf if − µpdwd,

dwc
dt

= βcfNf if − µpcwc,

dis
dt

=

(
βsh

n∑
k=1

Nh,kwh,k + βsdNdwd + βscNcwc

)
(1− is)− µsis,

dif
dt

= βfsNsis(1− if )− µf if .

(10.5)

The next-generation matrix of this model is

K =



0 . . . 0 · · · 0 0 0 0 0
φ1βhfNf
µph

... . . .
... · · · ...

...
...

...
...

...

0 . . . 0 · · · 0 0 0 0 0
φiβhfNf
µph

... . . .
... · · · ...

...
...

...
...

...

0 . . . 0 · · · 0 0 0 0 0
φnβhfNf
µph

0 . . . 0 · · · 0 0 0 0 0
βdfNf
µpd

0 . . . 0 · · · 0 0 0 0 0
βcfNf
µpc

Nh,1βsh
µph

. . .
Nh,iβsh
µph

. . .
βshNh,n
µph

βshNh,n
µph

βsdNd
µpd

βscNc
µpc

0 0

0 . . . 0 . . . 0 0 0 0
βfNs
µph

0



.
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We compute its spectral radius for different numbers of age groups starting with three

age groups (n = 3) and going up to 1000 age groups (n = 1000).

The median of the basic reproduction number is 1.38603 and the range of the oscillation

for different numbers n of age groups is 1.4856× 10−2, so we conclude R0 = 1.39 for the

adapted model (10.5) with age groups. To evaluate the basic reproduction number of the

continuous age model (10.1), we let n tend to ∞.

Claim 1. The basic reproduction number of the model with age groups (10.5) for n→∞
is equal to the basic reproduction number of the continuous age model (10.1).

Proof. Let h be the length of the age interval of the age groups. We define ζi = 1
h

for

2 ≤ i ≤ n− 1. Thus, the system of ODEs for the worm burden in humans for age groups

2 to n− 1 becomes

dwh,i
dt

= φiβhfNf if −
(
µph +

1

h

)
wh,i +

1

h

Nh,i−1

Nh,i

wh,i−1

= φiβhfNf if − µphwh,i −
1

h

(
wh,i −

Nh,i−1

Nh,i

wh,i−1

)
.

(10.6)

We still assume that the human population is exponentially distributed, so Nh,i−1 =∫ k
k−hNh(a) da is the number of humans between age k − h and k, Nh,i =

∫ k+h

k
Nh(a) da

for k = amax

n
(i − 1) and all i = 1, 2, . . . , n. Instead of n → ∞, we can also let h → 0. In

the last term of the ODE (10.6)

lim
h→0

1

h

(
wh,i −

Nh,i−1

Nh,i

wh,i−1

)
=
∂wh
∂a

.

Then

lim
h→0

Nh,i−1

Nh,i

= lim
h→0

∫ k
k−hNh(a) da∫ ik+h

k
Nh(a) da

= 1

and therefore it follows

∂wh
∂t

+
∂wh
∂a

= φ(a)βhfNf if − µphwh.

For i = 1 and i = n, the terms

lim
h→0

1

h
wh,1

and

lim
h→0

1

h

Nh,n−1

Nh,n

wh,n−1 = lim
h→0

1

h
wh,n−1,

are equal to ∂wh
∂a

since they are the derivative with respect to age of the first and last age

groups in the ODEs. We hence obtain exactly the PDE (10.1a).
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It is left to show that the ODE

dis
dt

=

(
βsh

n∑
k=1

Nh,kwh,k + βsdNdwd + βscNcwc

)
(1− is)− µsis

is equal to the ODE (10.1d) for n→∞. We thus look at the limits of the ODE

dis
dt

= lim
n→∞

(
βsh

n∑
k=1

Nh,kwh,k + βsdNdwd + βscNcwc

)
(1− is)− µsis

=

(
βsh lim

n→∞

(
n∑
k=1

Nh,kwh,k + βsdNdwd + βscNcwc

)
(1− is)

)
− µsis

=

βsh amax∫
0

Nh(a)wh(a)da+ βsdNdwd + βscNcwc

 (1− is)− µsis

with amax as maximal age, as justified by the Riemann definition of the integral.

10.5 Effectiveness of mass drug administration

We simulate the impact of mass drug administration (MDA), using praziquantel, which is

efficacious against all human trematode infections endemic in Lao PDR [95], in reducing

the mean worm burden in humans. We split the human population into five age groups

and extend the model with age groups (10.5) to include MDA, as done previously in

Chapter 9. We assume the number of humans in each age group follows an the exponential

distribution. We model annual treatment that occurs over one day every year with an age-

group dependent coverage, where Im,i humans of age group i are treated for i ∈ {1, . . . , 5}.
The treatment rate of humans is γ(t) = − log(1−Im(t))

Tγ
for the day of treatment, where
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Tγ = 1; and γ(t) = 0 for the rest of the year.

dwh,1(t)

dt
= φ1βhfNf if (t)(1− Ie(t))−

(
µph + ζ1 −

log(1− Im,1(t))

Tγ
+ γ(t)

)
wh,1(t),

(10.7a)

dwh,2(t)

dt
= φ2βhfNf if (t)(1− Ie(t))−

(
µph + ζ2 −

log(1− Im,2(t))

Tγ
+γ(t))wh,2(t) +

ζ1Nh,1

Nh,2

wh,1(t),

(10.7b)

dwh,3(t)

dt
= φ3βhfNf if (t)(1− Ie(t))−

(
µph + ζ3 −

log(1− Im,3(t))

Tγ
+ γ(t)

)
wh,3(t) +

ζ2Nh,2

Nh,3

wh,2(t),

(10.7c)

dwh,4(t)

dt
= φ4βhfNf if (t)(1− Ie(t))−

(
µph + ζ4 −

log(1− Im,4(t))

Tγ
+ γ(t)

)
wh,4(t) +

ζ3Nh,3

Nh,4

wh,3(t),

(10.7d)

dwh,5(t)

dt
= φ5βhfNf if (t)(1− Ie(t))−

(
µph −

log(1− Im,5(t))

Tγ
+ γ(t)

)
wh,5(t) +

ζ4Nh,4

Nh,5

wh,4(t),

(10.7e)

dwd(t)

dt
= βdfNf if (t)− µpdwd(t), (10.7f)

dwc(t)

dt
= βcfNf if (t)− µpcwc(t), (10.7g)

dis(t)

dt
=

(
βsh

5∑
k=1

wh,k(t)(1− Id)Nh,k + βsdNdwd(t) + βscNcwc(t)

)
(1− is(t))− µsis(t),

(10.7h)

dif (t)

dt
= βfsNsis(t)(1− if (t))− µf if (t), (10.7i)

with the age groups described in Table 10.3.

Group Age (years)
1 <6
2 6–16
3 17–36
4 37–50
5 >50

Table 10.3: Age groups of the age-stratified model (10.7).

We run thirteen different scenarios to identify the age groups that should be targeted

by MDA campaigns. The first three scenarios consider an ideal campaign where all groups

are targeted equally with 70% coverage (I), a school-based campaign focusing on children

with 80% coverage (II) and a realistic campaign with lower coverage of working-age adults

(50%) and 70% of other age groups (III). Strategies IV –V III consider MDA with equal
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coverage of four age groups and 0% of one age group (to determine the impact of not

reducing transmission from that age group) with an overall coverage of 70% (to account

for the fact that not all age groups have the same population size). Strategies IX–XIII

consider campaigns with 70% coverage of each age group singly to determine the impact

of transmission from that age group. The strategies are described in Tables 10.4–10.6

and the simulation results of the mean worm burden of each age gourp after 10 years are

shown in Figure 10.5.

Applying the annual MDA strategies to the population for 10 years shows that strate-

gies I and III are much more effective in lowering the overall worm burden. The mean

worm burden after 10 years is between 15 and 20 worms per person in strategy I and

III. Whereas focusing on school children keeps the mean worm burden high at around

40 worms per person on average. The same pattern is seen when looking at the mean

worm burden in each age group. Strategy II does not affect the high mean worm burden

of the young and old age group, as we assume the school children do not take place in any

education campaigns and so do not change their behaviour of eating raw or undercooked

fish, and reducing the worm burden of school children, does not sufficiently reduce onward

transmission.

In strategies IV –V II we focus on 4 age groups out of the 5, so one age group does

not get any treatment. The overall coverage is held at 70% of the human population.

Neglecting the youngest age group has the best effect of strategies IV –V II and neglecting

the fourth age group 37–50 years has the worst effect. Strategies IX–XII focus on one

age group with a coverage level of 70%. The mean worm burden over all age groups

shows that focusing on the third, 17–36, or fourth age group, 37–50, years has the highest

positive effect and focusing on the youngest age group has the least.

Strategy Age group
<6 6–16 17–36 37–50 >50

I: ideal MDA 0.7 0.7 0.7 0.7 0.7
II: school-based treatment 0 0.8 0 0 0
III: realistic MDA 0.7 0.7 0.5 0.5 0.7

Table 10.4: Coverage of MDA of the age groups for each strategy I, II and III.

We compare each strategy with the MDA strategy I of 70% coverage of all age groups.

We calculate the ratio of the mean worm burden of strategy K and the mean worm

burden of the baseline strategy I; r =
wh,K
wh,I

for K = II, . . . , XIII [142]. The ratio r

helps to describe the additional reduction or increase of this strategy in comparison with

the baseline strategy I; the additional reduction or increase is calculated by 1 − r. The

results are shown in Figure 10.6. Overall the strategy II has 2.44 times more worms per

person than strategy I. Strategy III has only 1.18 times more worms than the baseline

strategy. In comparison with the baseline strategy I, strategy IV even has 8% less worms
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(f) Mean worm burden in humans for each age
group and strategy.

Figure 10.5: Intervention strategies (Table 10.4–10.6) applied annually for 10 years. The effect of the
intervention on the mean worm burden of each age group and overall population.
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Strategy Age group
<6 6–16 17–36 37–50 >50

IV : ignoring age group <6 0 0.8867 0.8867 0.8867 0.8867
V : ignoring age group 6–16 0.9739 0 0.9739 0.9739 0.9739
V I: ignoring age group 17–36 0.9844 0.9844 0 0.9844 0.9844
V II: ignoring age group 37–50 0.7770 0.7770 0.7770 0 0.7770
V III: ignoring age group >50 0.7956 0.7956 0.7956 0.7956 0

Table 10.5: Coverage of MDA of the age groups for each strategy IV − V III.

Strategy Age group
<6 6–16 17–36 37–50 >50

IX: focusing on age group <6 0.7 0 0 0 0
X: focusing on age group 6–16 0 0.7 0 0 0
XI: focusing on age group 17–36 0 0 0.7 0 0
XII: focusing on age group 37–50 0 0 0 0.7 0
XIII: focusing on age group >50 0 0 0 0 0.7

Table 10.6: Coverage of MDA of the age groups for each strategy IX −XIII.

and strategy V II has 1.37 times more worms than the baseline strategy. Focusing on

only one age group as in strategies IX–XII increases the mean worm burden between

2.39–2.78 times more than the baseline strategy.



10.5. EFFECTIVENESS OF MASS DRUG ADMINISTRATION 73

I II III
Strategies

0

0.5

1

1.5

2

2.5

3

3.5

R
at

io

(a) Ratio of the mean worm burden of each strat-
egy to the baseline strategy.

IV V VI VII VIII
Strategies

0

0.5

1

1.5

2

2.5

3

3.5

R
at

io

(b) Ratio of the mean worm burden of each strat-
egy to the baseline strategy.

IX X XI XII XIII
Strategies

0

0.5

1

1.5

2

2.5

3

3.5

R
at

io

(c) Ratio of the mean worm burden of each strat-
egy to the baseline strategy.

I II III
Strategies

0

0.5

1

1.5

2

2.5

3

3.5

R
at

io

<6
6-16
17-36
37-50
>50
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Figure 10.6: The ratio of the mean worm burden compared to the baseline strategy I.





11. Individual-based model

We develop an individual-based model that simulates the worm burden in each human

separately depending on gender, age and eating habits, this allows us to better determine

the impact of worm burden on morbidity and mortality. The worm burden of the reservoir

hosts dogs and cats is modelled as a pool of worm burden. I add interventions with

different coverage levels and analyse their effect on the mean worm burden in the definitive

hosts and on the prevalence of the intermediate hosts. I calculate the odds ratio of deaths

of the different intervention strategies to compare their effect on mortality.

11.1 Methods

General outline of the model

We develop an individual-based model of O. viverrini to simulate its transmission dynam-

ics and the impact of different strategies of interventions. We model the definitive host

human individually with a certain number of worms in each person and the prevalence

of the intermediate hosts snails and fish as groups of susceptible and infected hosts. We

further model the mammalian definitive hosts dogs and cats as a pool of worms in each set

of hosts. Figure 11.1 illustrates the individual-based model of O. viverrini. We provide

an outline of the model here, but details are shown in Appendix B.

Human demography

The size of the human population is fixed. Each person has the different characteristics:

sex and age; and a fixed probability to eat raw or undercooked fish. The sex is chosen

randomly with a binomial distribution and a given probability to be male. The distribu-

tion of humans over age is shown in Figure 11.2 and the distribution of a fixed probability

to eat raw or undercooked fish in Figure 11.3.

People die in a stochastically with the mean rate dependent on their age and worm

burden. The probability to die is shown in Figure 11.4, the maximum age is set to 85

years. They are replaced by a newborn person. A fixed number of newborns in every

time step keeps the age distribution stable over time by replacing the deceased population.

When not enough people die in one time step, the missing number is randomly selected

out of the people most likely in order to die accordingly to the mortality, and replaced by

newborns.

75
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Human infection

Worms in humans die stochastically and are added to the population with a transmission

probability depending on human behaviour of eating raw or undercooked fish and the

number of infected fish.

Reservoir hosts demography and infection

The reservoir hosts are represented by a pool of the worm burden in dogs and cats. We

have a fixed number of dogs and cats in the model, which have each a certain amount

of worms at the beginning. The number of worms in the pool of cats and dogs is calcu-

lated from the data from Lao PDR in Table 7.2, multiplied by their population sizes in

Table 11.1, which have been estimated in Table 9.2. The pool of worms in dogs and cats

is simulated separately. The worms in the pool die and join in the same random way as

in humans.

Intermediate hosts demography

Snails and fish are simulated as two populations with a group of infected animals and a

group of susceptible animals. The susceptible snails get infected randomly depending on

the number of worms in humans, dogs, cats, and the susceptible fish depending on the

number of infected snails. Fish and snails die individually in a stochastically way. If the

total number of snails or fish decreases below the value, the number of susceptible snails

worm burden
reservoir hosts

Birth

Humans

Death Eggs

BirthSnails

Death

CercariaeBirth Fish

Death

Figure 11.1: Schematic representation of the individual based model of O. viverrini with the non-human
definitive hosts as a pool of worm burden.
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Figure 11.2: Distribution of
humans over age.
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Figure 11.4: Distribution of
the probability of humans to die
depending on age.

Variable Description Value Units

Nh Number of humans 15,000 animals
Nd Number of dogs 8,058 animals
Nc Number of cats 5,824 animals
Ns Number of snails 29,627 animals
Nf Number of fish 9,266 animals
µph Per capita death rate of adult parasites in

humans

1
4.8×365

1/Time

µpd Per capita death rate of adult parasites in
dogs

1
2.2×365

1/Time

µpc Per capita death rate of adult parasites in
cats

1
1.5×365

1/Time

µs Per capita death rate of snails 1
1×365

1/Time

µf Per capita death rate of fish including mor-
tality through fishing by humans

1
1.5×365

1/Time

Table 11.1: Population sizes and parameters used in the simulations.

and fish is increased to keep the population constant. The construction of the algorithm

ensures that it is not possible to have more snails or fish. The constant values are provided

in Table 11.1.

Drug treatment

If we assume that the given drug has an efficacy of 100%, it follows that treated humans are

free of worms after treatment. Only humans who are infected get treatment. There exits

a fraction of the human population that do not take part in any treatment programme

because of chronic hypertension, hepatitis, diabetes, chronic kidney failure, or chronic

cardiovascular diseases [95, 96]. In addition to this fraction, all pregnant women do not

take part in any treatment programme. People who take part in a MDA campaign several

times after reinfection are more likely to die as they have a higher risk of getting cancer.

This higher risk comes from the damage to the liver which persists even after treatment.

This situation combined with reinfection and repeated drug treatment correlates with the

frequency of treatment as a risk factor for CCA. We use the odds ratio in Table 11.2 [103].
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Number of worms Odds ratio Number of treatments Odds ratio

0 1 0 1
< 38 1.67 1 3.4
< 76 3.23 2–4 4.6
> 76 14.08

Table 11.2: Odds ratio of getting cancer dependant on worm burden and number of past treatments
[103]. We transformed the eggs per gram into the mean worm burden by the formula in [28].

Education campaigns

Education campaigns have an effect on people’s behaviour of eating raw or undercooked

fish. We assume that these campaigns change people’s eating behaviour to no longer eat

raw or undercooked fish. Consequently, in the model, education campaigns change the

fixed probability of eating raw or undercooked fish to zero.

Improved sanitation

There is a certain probability that each human has a latrine available. On the two islands

in Lao PDR, 44.06% of the people had a latrine (in 2012) [126]. In accordance with this

percentage, it is randomly decided if a person has a latrine available or not. We have a

probability dependent on age and sex for the use of a latrine, since not all people who

have a latrine available use it. The probability to use the latrine, if it is available, is shown

in Figure 7.4. The people who use the latrine are assumed to not transmit any parasites

to snails.

Simulations

We use 1 day time steps and simulate transmission for 20 years. Humans choose their eat-

ing habits monthly. If they choose to eat raw or undercooked fish, they eat it every fourth

day. They also decide if they take part in regularly conducted treatment programmes.

The transmission of worms to the definitive hosts and the prevalence in the intermediate

hosts is calculated on a daily basis while the death of worms in humans is calculated on

a monthly basis.

We simulate a fixed population size of 15,000 humans. We use the odds ratio of the

human population size to the population size of the other hosts from Table 9.2 and define

the population sizes in Table 11.1. The transmission and death rates are taken from

Chapter 9.

The initial number of worms in humans is taken from the distribution found in Fig-

ure 7.6, fitted to the data from Lao PDR. The initial number of worms in the pool of cats

and dogs is taken from Table 7.2, see Chapter 7.
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11.2 Data and parameter values

The data we use in the model are based on the study done from October 2011 until

August 2012 on the two islands Done Khon and Done Som in the Champasack province

in Lao PDR. We have data on the intensity of infection in humans, their age, gender, and

habits of eating raw or undercooked fish. We have data on the intensity of infection and

prevalence of the reservoir hosts cats and dogs and the prevalence of infection in snails

and fish. [126]. The human distribution over age is fitted from the United Nations Data

on Lao PDR from 2015 [120], while the number of newborns is equal to the death rate of

Lao PDR from 2015 [117]. The number of animals and death rates, found in Table 11.1,

are based on estimates from Table 9.2 as found in Table.

Parameter fitting

The transmission rates from one host to the next host are unknown. We estimate these

parameters by creating prior distributions and redefining posterior distributions with the

help of a distance measure. We use the estimates from Table 9.2 as the mode of the prior

triangular distribution.

We sample 5000 parameter sets from this triangular distributions with the modes and

ranges as seen in Table 11.3. The simulations of all 5000 data sets are run for a time span

of 20 years.

We define the distance measure

ρ(mi,j, D) =

√√√√∑
j

(
mi,j −Dj

sd(mj)

)2

(11.1)

with mi,j being the output from run i (i ∈ {1, . . . , 5000}) and animal j (j ∈ {h, d, c, s, f})
and Dj being the data we have from the Lao PDR data set, cf. Table 7.2. The output

mi,j is the mean worm burden in the definitive hosts and the prevalence of infection in

the intermediate hosts. We scale the results and the data by dividing by the standard

deviation of all results of the simulations and calculate the distance between the model

runs and the data by equation (11.1). We create a posterior distribution with the 100

runs that minimize the distance the most [125].

To test if there is a difference in the prior and posterior distribution of the transmission

rate, we apply a variance test. We test the variance from the distribution of all 5000 data

sets and the variance of the 100 best data sets with a two sample F-test1 with a significance

level of 5% shown in Figure 11.5 [125].

1MatlabR2017a: vartest2
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Figure 11.5: Box plot of the transmission rates, scaled by the best fit as in Table 11.3. The grey box
plots are the prior distributions and the black box plots are the posterior distributions. The transmission
rates marked by a star are significantly narrower distributed in the posterior than in the prior with a
significance level of 5%.
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Parameter Description Dimension Mode Ranges Best solution

βhf Transmission rate from infectious
fish to humans per person per fish

1/(Time × Animals) 1.4946× 10−7 [1.4946× 10−10, 2.9893× 10−7 ] 1.2070 ×10−7

βdf Transmission rate from infectious
fish to dogs per dog per fish

1/(Time × Animals) 1.7785× 10−6 [1.7785× 10−9, 3.5571× 10−6 ] 2.1760×10−6

βcf Transmission rate from infectious
fish to cats per cat per fish

1/(Time × Animals) 7.4020× 10−6 [7.4020× 10−9, 1.4804× 10−5 ] 3.5269×10−6

βsh Infection rate of snails per parasite
in a human host

1/(Time × Animals) 3.0630× 10−11 [3.0630× 10−14, 6.1260× 10−11 ] 3.5762×10−11

βsd Infection rate of snails per parasite
in a dog host

1/(Time × Animals) 8.5905× 10−11 [8.5905× 10−14, 1.7181× 10−10 ] 1.4328×10−11

βsc Infection rate of snails per parasite
in a cat host

1/(Time × Animals) 1.4320× 10−10 [1.4320× 10−13, 2.8640× 10−10 ] 1.2768×10−10

βfs Infection rate of fish per snail 1/(Time × Animals) 6.4500× 10−6 [6.4500× 10−9, 1.2900× 10−5 ] 1.0701×10−5

Table 11.3: Description of transmission rates used in the model with the initial values, the ranges of the triangular distribution, and its best fit. The initial value
are adapted from the estimates in Table 9.2.
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11.3 Results

We plot the simulation runs of the posterior distribution and showing the mean as well

as the median and depict the standard deviation of the these parameter sets.

The median and the mean of posterior parameter sets from dogs, cats, snails and fish

are close to the numbers of the data from Lao PDR. The number of worms in humans is

too low but acceptable as it is still increasing after 20 years. We conclude that the model

indeed describes important parts of the transmission of the life cycle of O. viverrini, see

Figure 11.6.

Impact of interventions

We simulate the nine different strategies of combination of interventions shown in Ta-

bles 11.4 and 11.5 with the posterior distribution parameter sets. We define strategy I as

the baseline strategy with no intervention as control strategy. We count the number of

deaths over the 20 years simulated and compare them to the baseline strategy.

Strategy MDA coverage education campaign coverage MDA Time interval

I - baseline 0 0 0
II 0.4 0 6 months
III 0.4 0 yearly
IV 0.4 0 every 2 years
V 0.4 0 every 4 years

Table 11.4: Description of the intervention strategies with different time intervals of the MDA. The
level of coverage of improved sanitation is fixed at 0.4406 for all simulations [126].

Strategy MDA coverage education campaign coverage MDA Time interval

I- baseline 0 0 0
V I 0.4 0.2 yearly
V II 0.4 0.4 yearly
V III 0.4 0.6 yearly
IX 0.4 0.8 yearly

Table 11.5: Description of the intervention strategies. The level of coverage of improved sanitation is
fixed at 0.4406 for all simulations [126].

We analyse the influence of the frequency of drug treatment on the number of deaths

compared to the simulation without any interventions. We calculate the odds ratio of the

number of deaths of strategies II − V to strategy I and present the results of the 100

best parameter sets in a box plot in Figure 11.7.

The following numbers represent the median of the simulations of the 100 parameter

sets in the box plot. If MDA is done every six months, then 1.2373 times more people

die if they do not change their eating habits in comparison with when there is no MDA.
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(b) Mean worm burden in dogs.
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(c) Mean worm burden in cats.
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(d) Prevalence of infection in snails.
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(e) Prevalence of infection in fish.

Figure 11.6: Numerical simulation of the mean, median and standard deviation of the posterior distri-
bution. There are no interventions in these simulations.

This number increases 1.3884 when MDA campaigns are conducted every year, due to

1.4490 times when MDA campaigns are conducted every two year. We expect that this

increase is due to the time between the treatments where people have more opportunity

to get infected again. When treatment only occurs every fourth year, the odds ratio goes

down to 1.3413 times more deaths because the relatively rare treatment does not have as

stronger influence on the number of deaths as the other strategies.
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As we recommend an annual MDA, we now look at the coverage level of the education

campaign. With a coverage level of 20% and MDA of 40%, 1.1381 times more people die

than without any intervention. If we increase the coverage of the education campaign

to 40%, then still more people die than without any intervention (1.0241 times). If

the coverage reaches 60%, the intervention can prevent more deaths with 0.9953 times

deaths in 20 years. With a coverage level of 80%, it is 0.9115 times the level without the

interventions.
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Figure 11.7: Box plot of the odds ratio of the number of deaths from the simulations with the 100 best
parameter sets with strategies II − IX compared to the baseline strategy I in Table 11.4.

11.4 Outlook

This individual-based model lays a foundation to model O. viverrini on an individual

basis. To improve the model the following points should be considered:

• Age distribution: The average age increases during the simulations. We tried to

keep the age distribution by a minimum number of newborns every day. A possible

solution would be to include birth and deaths rates as well as model a growing

population.

• Mortality: The number of deaths per time step is too high which leads back to

the problem of the age distribution. The odds ratio of number of worms to getting

cancer is given in large intervals, the same holds for the odds ratio of number of

treatment to getting cancer. We could improve the probability to die with more

precise data.

• Worm burden distribution: The worm burden follows a negative binomial dis-

tribution. Even when we start with this assumption, the peak of the worm burden
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shifts up with the simulations. This peak has been shifted and flattened including

the odds ratio of getting cancer depending on the worm burden in humans.

• Fitting: The numerical simulation of the mean worm burden in the definitive hosts

and the prevalence of infection in the intermediate hosts increases over time. We

would expect that it reaches a steady state solution after a certain time. The model

output is very sensitive to the infections rates. To get a better fit of the infection

rate a algorithm is needed, that searches for the best solution in a very tiny range.

• Modelling morbidity: Morbidity due to infection with O. viverrini can be mea-

sured with this model. As we model the mean worm burden individual, we can

calculate the morbidity of each human and express it in DALYS.

• Additional data on treatment: There is new data available. The data includes

treatment rates and prevalence of infection from sequential years. With these data

the model fitting could be done over time.





12. Discussion

The World Health Organization (WHO) published a roadmap for implementation to over-

come the impact of neglected tropical diseases (NTDs) [141]. The roadmap evolved from

a goal of the medium-term strategic plan 2008-2013

to provide access for all populations to interventions for the prevention, con-

trol, elimination and eradication of neglected tropical diseases [140].

The 2020 targets for food-borne trematodes (FBT), including O. viverrini, are:

• 75% of population at risk of food-borne trematode infections are reached by pre-

ventive chemotherapy [141].

• Morbidity due to food-borne trematode infections controlled in all endemic countries

[141].

WHO recommends carrying out community diagnosis and preventive chemotherapy at

the district level, and complementary interventions such as safe food practices, improved

sanitation, and veterinary public health measures [135]. Praziquantel is the recommended

treatment for patients with O. viverrini infections. It has been used for treatment for

decades because of its high efficiency, large safety margin and reasonable price. Other

alternative drugs are studied, the best candidate which is tribendimidine [93]. Unlike

praziquantel, which is taken in two doses, tribendimidine is a single dose and has fewer

adverse effects [95]. Reducing cholangiocarcinoma (CCA) with preventive chemotherapy

leads to a reduction the O. viverrini worm burden, but there remains a high prevalence

of O. viverrini infections [113].

Thailand developed the cholangiocarcinoma screening and care program (CASCAP),

which involves a package with different levels of prevention activities. The primary pre-

vention activity aims to block the transmission and rise a fluke-free generation. The

secondary prevention activity aims to detect early cases of CCA using ultrasound screen-

ing. These detected cases get treatment and care in the tertiary prevention. It also has

the goal of raising social and public awareness of O. viverrini and CCA to ensure that

these cases receive treatment and care through the Cholangiocarcinoma Foundation [61].

In the province Khon Kaen, in the Northeast Thailand, a project was started called

the Lawa model. In communities around the Lawa lake, a new research-based strategy

for integrative control was launched. Starting in 2007 the programme runs including

chemotherapy, novel intensive health education methods in the communities and schools,

ecosystem monitoring, and active community participation. The successful programme

shows a decrease in the prevalence of infection in fish, from a maximum of 70% during

87
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the baseline study to under 1%. The integrated opisthorchis control includes treatment

of infected individuals and school children, community-based activities, school-based con-

trol activities, monitoring and evaluation of all key activities to improve the model; and

sustainability development with an intensive community participatory approach. The

community-based activities are (i) the distribution of brochures about the liver fluke

infection and liver cancer, (ii) health education by lectures and events at night, (iii) door-

to-door education with the help of volunteers, (iv) folk songs about liver flukes and (v)

big billboard posters [112].

The question arises: what are the most effective interventions without increasing the

incidence rate of CCA? To answer this complex question, there are many aspects of

O. viverrini that need to be looked at. It is important to understand the life cycle of

O. viverrini and the roles of the hosts, especially of the reservoir hosts. Analysis of the life

cycle shows the weakest point to target with interventions. Further aspects consider the

role of interventions, including question such as which intervention has the highest impact

and how many people need to be targeted. If we look closer at MDA, we investigate which

age group should be targeted and how often so as to not increase the morbidity caused

by reinfection.

To answer all these questions we have developed different models. We started with a

basic population-based model, and a slight modification to this model to include reservoir

hosts. Using these models we defined the role of each host and weakest points in the

life cycle. We added interventions to the model to understand the effects of education

campaigns, improved sanitation and MDA. We included age dependency of the worm

burden in humans in order to simulate the application of MDA to certain age groups.

Lastly, we created an individual-based model to analyse the dependence of mortality on

frequency of treatment, and the coverage level of education campaigns.

12.1 Mathematical models

We started with two simple population-based models to analyse the role of all hosts

and the sensitivity of the basic reproduction number R0 and the endemic equilibrium

point to parameters. The first of the two population-based models of the transmission

dynamics of O. viverrini is the basic model (8.1) which includes the intermediate hosts

snails and fish, and humans as definitive hosts. The second model, which has reservoir

hosts (8.4), also includes cats and dogs as additional definitive hosts. The models are

mathematically and epidemiologically well-posed. We obtained an explicit expression for

the basic reproduction number R0, and the disease-free and the endemic equilibrium

points. The existence of the equilibrium points was proven, and we investigated their

stability with respect to R0. The parameter values were constructed by using a sampling-

resampling approach with data from two islands in Lao PDR. The models simulate the
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mean worm burden in the definitive hosts, and the prevalence in the intermediate hosts

over time.

The host-specific type-reproduction number defines the number of new infections from

one infected individual when certain types of hosts are excluded from the model. It

identifies the reservoir community and their maintenance hosts. We showed that humans,

snails, and fish are maintenance-hosts, because they can sustain transmission on their

own. Furthermore, transmission is not possible if any of these species are removed from

the cycle, so that they are also reservoir hosts. This implies that it is possible to interrupt

transmission with interventions that only target humans and ignore cats and dogs. For

example, improving sanitation to a high enough level could be sufficient to eliminate

opisthorchis transmission in Lao PDR. Targeting cats and dogs can reduce the mean

worm burden in humans – but not eliminate it.

The basic model could not differentiate between the sensitivity of the basic reproduc-

tion number, R0 to the parameters. Sensitivity analysis of the model with reservoir hosts

showed that R0 depends mostly on the death rate of parasites in humans (µph), of snails

(µs), and of fish (µf ), and the population sizes of snails (Ns) and fish (Nf ). Increasing the

death rate of parasites in humans (µph) is possible through regular treatment of humans

with praziquantel. Increasing the death rates of snails (µs) and fish (µf ) is more difficult,

but reducing the number of snails is possible through snail control. Improved sanitation

(which lowers βsh) and safe fish production (which lowers βhf ) have a moderate effect on

reducing R0.

There are some differences in the sensitivity indices of the equilibrium mean worm

burden in humans (w∗h) between the basic model and the model with reservoir hosts,

and between the local and global analysis compare Figure 8.5. However, the death rate

of parasites in humans (µph), the transmission rate from fish to humans (βhf ), and the

number of fish (Nf ) most often have a high sensitivity index. This suggests that regular

treatment of humans and safe fish production are the most effective interventions for

reducing the parasite burden in humans. Sensitivity analysis of the model with reservoir

hosts (8.4) showed that the cats have more influence on the worm burden in humans

than dogs. Including interventions in the model with reservoir hosts (8.4) led to the third

model which inlcudes interventions (9.1).

We defined the basic reproduction number and the control reproduction number of

the model with continuous treatment (9.1). Education campaigns (Ie) and improved

sanitation (Id) show a similar relationship between coverage and the control reproduction

number, with a sharper decrease as coverage increases. Since increasing coverage leads

to larger gains, if these interventions are deployed, high coverage should be targeted.

In contrast to that MDA get decreasing gains with increasing coverage. The coverage

of mass treatment (Im) has a stronger influence on the reproduction number, and a

lower coverage is sufficient to reach the threshold of R0 = 1. The minimal coverage

of successfully targeted humans with education campaigns is Ie ≈ 0.34. The same is true
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for the coverage of improved sanitation, Id ≈ 0.34. The coverage of continuous treatment

has to reach Im ≈ 0.10 within at least a year in order to eventually lead to elimination.

Including age so the mean worm burden depends on time and humans age provides

the opportunity to simulate the effect of intervention strategies targeting certain age

groups. We developed two deterministic models of O. viverrini transmission that included

age dependence in the worm burden of humans (10.1). This allowed us to capture the

phenomenon that the worm burden typically increases with age since older individuals

have had more time to accumulate worms and, on average adults eat more raw fish than

children, until a peak of around 50 years. The average worm burden of humans does not

saturate, but decreases with age after 50, possibly because deteriorating dental health (in

particular due to the high prevalence of betel nut consumption), makes chewing raw fish

more difficult. This has been modelled through the parameter, φ(a), which denotes the

proportion of people eating raw or undercooked fish at age a. The steady state solution

of the model for mean worm burden in humans replicates these dynamics in line with the

data for the age distribution of eggs per gram in stool.

We defined the basic reproduction number, R0, for the model with age-dependency

(10.1). The value of R0 is not very large, so the elimination of transmission may be

feasible with sufficient control interventions.

Population-based models cannot capture morbidity or mortality of O. viverrini in-

fection, well, so we proposed an individual-based model of O. viverrini in Chapter 11,

which takes into account certain characteristics of humans such as age, gender, eating

behaviour, behaviour of using improved sanitation, and their mortality. The reservoir

hosts are modelled as a pool of worms in cats and dogs and the intermediate hosts as

groups of susceptible and infected animals.

12.2 Interventions

Interventions which target the mean worm burden in humans are: education campaigns,

improved sanitation and MDA. From the model, the decrease of worm burden in humans

due to MDA, with pulsed treatment, also depends on the frequency of the distribution.

The more often the distribution takes place, the faster the mean worm burden decreases.

The decrease in mean worm burden in humans is much steeper with distributions once or

twice a year, than every second, third, or fourth years. However, as the coverage of mass

drug administration increases, the impact of the frequency of distribution decreases.

The optimal control calculation suggests an annual MDA coverage of Im ≈ 0.44 to

achieve elimination of O. viverrini in 20 years, and that education campaigns should

target 90% of the humans to stop eating raw or undercooked fish. Varying the underlying

coverage of improved sanitation, Id ∈ {0.4, 0.6, 0.8}, does not a strong influence on the

optimal control calculations of the coverage of mass treatment or education campaigns.
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According to our simulation results, MDA has to take place once or twice a year to

achieve the elimination of O. viverrini within 20 years. About 97% of the 500 resampled

parameter sets reach elimination with a mass treatment coverage of the optimal control

solution of 44% administered twice a year. A treatment once a year with the same coverage

of 44% still leads to an elimination in about 78% of the parameter sets. The other two

interventions, education campaigns (Ie) and improved sanitation (Id), require a very high

coverage (over 60%) to reach an elimination within 49 and 45 years respectively. Also,

the probability of elimination of these two interventions within 20 years is below 18%

and 51% respectively even with a high coverage level. Therefore, education campaigns

and improved sanitation alone are not enough to reach the elimination goal, and mass

treatment of humans is necessary.

However, high coverage of education campaigns reduces the reinfection of treated hu-

mans, and improved sanitation reduces transmission to snails and brings additional health

benefits. Hence, we should seek a coverage as high as possible of these interventions. In

this analysis, we have defined the coverage of the education campaigns as the proportion of

humans who stop eating raw or undercooked fish and consequently do not reinfect them-

selves. We have similarly defined the coverage of improved sanitation as the proportion of

defecations that occur with improved sanitation. Neither of these definitions of coverage

are easy to measure in the field, but may only be approximated through questionnaires.

School-based mass treatment has been a common strategy for reducing transmis-

sion and morbidity of the related trematode disease, schistosomiasis, with mixed results

[42, 65]. Mathematical models of schistosomiasis have suggested that school-based pro-

grammes can be successful if the pre-treatment prevalence is low, but are unlikely to

achieve global control targets if pre-treatment prevalence is high [127]. My results show

that school-based treatment campaigns, even if they are able to achieve very high cover-

age, do not have a large impact on reducing the worm burden of the overall population,

although they can have a substantial reduction in the burden of school-aged children.

Therefore, control efforts should focus on community-wide campaigns. The realistic MDA

(strategy III) has a lower coverage of the age groups 17− 36 years and 37− 50 years but

after 10 years of annual treatment the mean worm burden is not much higher across all age

groups than the ideal MDA (strategy I). Looking at each age group the mean worm bur-

den in the less noticed group is much higher than in the other ones. Although campaigns

should aim at a coverage which is as high as possible in all age groups. An exceptional

effort to reach the same coverage across all age groups is unlikely to be necessary.

We also considered the impact that each age group had on maintaining transmission

by simulating MDA campaigns in only one age group, or by excluding only one age group.

The simulations for excluding a group allows on increased treatment coverage of the other

groups, so that the overall population coverage was 70% which accounts for the fact that

not all groups had same the population size. The simulations targeting only one group

assumed a fixed coverage in that age group of 80%. Hence, the results also depend on
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the population size of that age group. As expected, treating only children (< 6 years old)

had the least impact, and excluding children was even better than the baseline strategy,

since on average humans with more worms were treated. Excluding any other age group

resulted in a worse outcome than the baseline strategy, suggesting that all age groups play

an above-average role in maintaining transmission. Excluding the middle aged adults (37–

50 years old) results in the worst outcome, suggesting that on a per capita basis, they play

the biggest role in maintaining transmission. Treating only the young adult and middle

age group (17–50 years old) had the best outcomes. However, the differences between the

impact of treating adults of different ages was relatively small.

The individual-based model allows us to determine mortality in the population, such

that the effects of interventions on mortality can be measured. The odds ratio of mortality

with MDA and education campaigns to simulations with no interventions shows that,

without a sustainable education campaign, MDA could do more harm than help. With a

yearly treatment of at least 40% of humans, at least 60% should also receive an education

campaign to change their eating behaviour. Otherwise mortality can be increase due to

an increased risk of cancer from repeated treatment and reinfection

12.3 Assumptions

All models ignored seasonality in the infection dynamics in fish, and the latency period

in snails and fish. Transmission of O. viverrini follows a seasonal pattern because of

an increase of the amount of snails and fish in the rainy season. This implies that the

effectiveness of interventions is dependent on the season it is implemented. Additionally,

it may also be possible that cats or dogs could sustain transmission in the rainy season.

The dynamics of O. viverrini infection in fish is more similar to that of the parasites in

humans than in snails, because fish can be superinfected, and the number of metacercariae

in fish correspond to the number of potential adult worms in humans. However, little

data is available on the intensity of infection in fish, so based on available prevalence

data. Therefore, we make the simplifying assumption of susceptible-infectious dynamics

for fish.

The sensitivity analysis depends on the data used to fit the models. This data was

collected in 2011–2012 from a cross-sectional survey in two islands. Hence, in the absence

of any time-series data, we made the parsimonious assumption that the system was at

an endemic equilibrium, and that the coverage of any interventions (such as improved

sanitation) was constant, with their effects included in the model parameters. There

have been intermittent MDA campaigns in the past, as part of schistosomiasis control

programme.

In the first three models we assumed all humans are identical and ignored the fact

that babies are born without infection, and children have a lower worm burden than

adults. Since humans accumulate parasites over their life times, heterogeneity in the
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distribution of worms in humans may lead to sustained transmission, even at lower mean

worm burdens. At high parasite density there are likely to be effects of density-dependence

such as competition and immune regulation, but we ignore these effects in our simple

model.

O. viverrini is a hermaphrodite – it has both male and female reproductive organs – so

any two worms in one definitive host can reproduce and Allee effects at low worm densities

are less relevant for this species [35] (although they can be relatively easy included in an

individual-based model). Assortative mixing between species is unlikely because cats and

dogs are domestic pets, so all definitive hosts live in the same households, eat the same

fish, and are likely to the infect the same fish.

Fish trading can help the disease to spread into new areas. As we assume closed

local transmission we neglected that infected fish could be transported to other areas or

infected fish could be imported from else where.

The infection rate from fish to the definitive hosts (βhf , βdf , βcf ) depends on the in-

tensity of infection in fish. We ignore the intensity of infection in fish, but model the

prevalence of infected fish. Similar to the heterogeneity in humans, the heterogeneity of

intensity of infection in fish could lead to higher transmission. Infected snails and fish are

not infectious immediately, but need some time for the parasite to develop. This latent

period could lead to a lower prevalence of infectious snails and fish, because infected snails

and fish can die before becoming infectious.

The worms are not only unequally distributed over age but are generally heterogeneous,

with an overdispersed distribution over the population (that is, a few people have an

extremely high number of worms while the majority have zero to a few worms). We

modelled this by assuming a negative binomial distribution for the worm burden in the

human population, but ignored the secondary impacts – such as the impact of worm

burden on morbidity; the nonlinear relationship between treatment and worm burden on

morbidity; and the impact of targeted interventions – of this overdispersion.

We also did not consider the sustainability of the interventions. It has been shown

that governmental control programmes are often only successful during the implementa-

tion [101]. We assume here that the interventions will continue to be active and equally

efficacious over the simulation period; that is the human population will maintain the

behaviour change of not eating raw fish and that the improved sanitation will be main-

tained.

We assumed perfect efficaciousness of all interventions at the given coverage level –

although in our models this would be equivalent to imperfect interventions at higher cov-

erage levels. We also assumed no decay in the use of improved sanitation and behavioural

change. Sustaining the effectiveness of such interventions is possible but would require

sustained efforts by national control programmes.

We also only considered the impact of interventions in reducing transmission, and not

on reducing disease burden. This may have a substantial impact on the results because,



94 CHAPTER 12. DISCUSSION

while differently treating particular age groups may have a minor impact on transmission,

they have a substantial impact on consequent disease burden. The effect of interventions

as education campaigns and improved sanitation are difficult to measure. We assume that

a person who takes part in an education campaign changes its eating habit definitely to

not eating raw or undercooked fish. Data on sustainability of these interventions would

be needed to analyse their impact. However, the relationship between worm burden and

morbidity for opisthorchiasis is complicated, as field studies have shown that repeated

treatment of high intensity infections may increase the risk of cancer [103].

12.4 Outlook

This work lays a basis to model transmission dynamics of O. viverrini. There are still

many unanswered questions concerning:

• Interventions: What does improve the sustainability of interventions, is it the

coverage level, the frequency of application or something else? When is the best

time to implement an intervention concerning the seasonality of snails and fish?

• Morbidity and mortality: Which effect do O. viverrini infections and treatment

campaigns have on morbidity and mortality? What are the options to measure

morbidity and mortality?

• Spreading: How far does the infection of O. viverrini spread through traded fish

and fish movement in the water? What favours the new settlement of Bythnia snails

and how could it be prevented?



13. Conclusion

Targeting humans as a first priority is common in all the current interventions pro-

grammes. Intervention analysis in the models shows that MDA cannot be omitted if

elimination of O. viverrini should be achieved as fast as possible. MDA is only successful

against the disease if it is done in combination with an education campaigns. People

have to change their eating habits or MDA could do more harm than help. Reinfection

of O. viverrini and frequent treatment leads to a higher risk of getting CCA and reduced

health status. Improved sanitation reduces the infection of snails, and also stops the

transmission of other food-borne trematodes. Building and using improved toilets is also

important because of the additional benefits of improved hygiene.

Targeting the intermediate hosts with interventions is much more difficult. It is known

that rice fields are the preferred living habitats for the Bythnia snails, but they can survive

the burning or drying of the field. They can also be reintroduced from a pond nearby when

the farmers floods the fields again [128]. It is easier to target the transmission from fish

to humans than from snails to fish. To stop the transmission from snails to fish, safe fish

production could be implemented, but many people live from fishing, so we may create

another problem, while solving one. Education campaigns include not only the knowledge

about the diseases and the parasite, but also the prevention measures. Cooking the fish

kills the parasite by heat, but this requires changes in the cultural habit of eating raw or

undercooked fish. Moreover it is not only humans who eat infected fish, but also their

pets eat leftovers and get infected.

In this setting, it is unlikely that cats and dogs are necessary to maintain transmis-

sion. This means it could be possible to eliminate O. viverrini by only targeting humans

by effective interventions such as regular treatment, safe fish production and improved

sanitation. Whether or no this is generalisable to other geographical areas would require

similar analysis of models parametrised to data from those settings. MDA campaigns can

be effective in reducing transmission, especially when combined with improved sanitation

and eating behaviour change campaigns. Specifically, elimination of O. viverrini in these

islands may be feasible within 20 years, if a reasonable coverage of at least 40% of an-

nual MDA campaigns are maintained, alongside efforts to change the population’s eating

habits, and improved sanitation. Since treating adults has the most impact on reducing

transmission, campaigns should target adults, if such targeting is operationally infeasible.

Otherwise, achieving moderate coverage levels in all age groups can still have a substan-

tial impact on reducing worm burden. Education campaigns and improved sanitation

coverage should be as high as possible due to their additional benefits. The coverage of

education campaigns should be at least 60% and sustainable.
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The WHO roadmap for NTDs focuses on preventive chemotherapy, but the models

show that sustainable education campaigns are as important as MDA on these two is-

lands in the Mekong river in Lao PDR. Using mathematical models could help to choose

suitable intervention for each region of Lao PDR. Given more data across the country,

the suitability of intervention can be further refined by region.



A. Appendix

Proposition 3 (Routh-Horwitz criterion, see [63]). For a polynomial

f(x) = a0x
3 + a1x

2 + a2x+ a3 = 0 (A.1)

with ai ∈ R for i = 0, 1, 2, 3, the number of roots with positive real parts is equal to the

number of sign changes in either one of the sequences

T0, T1,
T2

T1

or

T0, T1, T1T2,

where

T0 = a0 > 0, T1 = a1, T2 = det

[
a1 a0

a3 a2

]
.

Given a0 > 0, all roots have negative real parts if and only if T0, T1 and T2 are all positive.
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Construction of the individual-based model

We transform β and µ from rates to probabilities (β̃ = 1−exp(−β ·t), µ̃ = 1−exp(−µ ·t))
[32] with time t, for the daily applied t = 365, and the monthly applied t = 30.

Creating population of humans

1. We assume a population size of Nh = 15, 000 and have the number of newborns of

6.754 per 1,000 people per year [117]. We hence have Nh ·6.754/1000/365 newborns

in minimum every day.

2. Every human has a gender, taken form the binomial distribution with the probability

p = 0.5012 of being male [120].

3. The age of humans is taken from an exponential distribution in days. The distribu-

tion is fitted separately for women and men with µm = 9518.49 days for men and

µf = 9726.2 days for women [120].

4. Each human has a fixed probability of eating raw fish given by birth. This prob-

ability is randomly chosen out of a beta distribution Beta(4, 2) as seen in Figure

11.3.

5. The worm burden is randomly distributed to each human who has chosen to eat raw

fish. The number of worms is Poisson distributed with λ = ai · log(age in yrs) + bi

for i ∈ {m, f}. We fitted the data [126] for men am = 5.503, bm = 0.3164 and for

women af = 8.2843, bf = −7.2013 to the Poisson distribution as shown in Figure

7.6.

Creating population of reservoir hosts

1. The initial number of worms in all cats and dogs is the number of cats and dogs

multiplied by the mean worm burden in cats and dogs from Lao PDR [126]. This

is Nd · 3.7905 for dogs and Nc · 25.9234 for cats as seen in Table 7.1 and the number

of reservoir hosts as seen in Table 11.1.

Creating population of intermediate hosts

1. The total number of the intermediate hosts fish (Nf = 9266) and snails (Ns = 29627)

are the population sizes, calculated using the odds ratio from the human populations

to the population size of the other hosts from Table 9.2.
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2. The number of infected fish (fi) is calculated as Nf · 0.2691 with 0.2691 being the

prevalence of fish from [126], see Table 7.1.

3. The number of susceptible fish (fs) is Nf · (1− 0.2961), see Table 7.1.

4. The number of infected snails (sf ) is calculated as Ns · 0.0029 with 0.0029 being the

prevalence of snails from [126].

5. The number of susceptible snails (ss) is Ns · (1− 0.0029).

Simulation in time

One time step represents one day.

1. Humans.

a) Humans choose their temporary probability of eating raw fish. The data [126]

are fitted to an exponential distribution ai · exp

(
−
(

age in yrs−bi
ci

)2
)
· 0.6 fir

i ∈ {m, f} separately for men and women, shown in Figure 7.3. Men have

parameters am = 0.9884, bm = 44.1, cm = 75.15 and women have af = 0.9813,

bf = 43.59 , cm = 63.32. The distribution is multiplied by 0.6 according to

the data [126] to give the proportion of people eating raw or undercooked fish.

With their individual probability of eating raw fish, it is decided with a binomial

distribution if they are going to eat fish or not. All children below 2 years do

not eat raw fish. This probability is multiplied with the fixed probability to eat

raw or undercooked fish given by birth. Humans have the same eating habit

for one month. When they choose to eat raw or undercooked fish, they do it

only every fourth day, so approximately two times a week.

b) The death of a worm in a human being is decided individually by a binomial

distribution with the probability of the worm to die of p = µ̃ph on a monthly

base.

c) The number of new worms in humans is randomly taken from a Poisson distri-

bution with λ = fiβfh. Only the humans eating raw or undercooked fish are

getting new worms and only on the days they are eating fish.

d) Each human gets one day older.

e) The probability of each person to die depends on age, gender, number of worms

and number of treatments [136, 103]. We take the odds ratio in Table 11.2 of

getting CCA and multiply it with the probability to die as the cancer is usually

fatal.

f) We have a maximum age of 85 years.

g) As we have a fixed population size i.e. dead people are replaced by newborns.
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h) The number of newborns is counted and compared to the minimum number

of newborns. When this minimum is not reached, some additional humans

are chosen with the same probability of mortality to be replaced by newborns.

This is done to keep the age distribution stable.

2. Reservoir hosts: dogs and cats.

a) For each worm in a dog or cat, it is individually decided by a binomial distribu-

tion if it dies with the probability pd = µ̃pd in case of dogs and the probability

pc = µ̃pc in case of cats.

b) The worms of all dogs are summed up and the worms of all cats are summed up.

The number of new worms in the pool of worm burden dogs/cats is randomly

chosen by a Poisson distribution with λd = fiβdfNd for dogs and λc = fiβcfNc

for cats.

3. Intermediate hosts: snails and fish.

a) The number of new infected snails and fish is taken randomly from a Poisson

distribution with

λs = (
∑

(number of worms in humans) · βsh

+ (number of worms in pool (dogs)) · βsd
+ (number of worms in pool (cats)) · βsc)ss

for snails and

λf = sifsβfs

for fish.

b) Snails and fish die individually determined with a binomial distribution with

the probability ps = µ̃s to die for snails and pf = µ̃f to die for fish.

c) The number of snails and fish is fixed (Ns, Nf ). If the number of snails and

fish is smaller then the fixed population size, new snails and fish are added to

the susceptible population.

Interventions

1. Drug treatment.

a) Drug treatment is done over a certain time interval, for example annually, i.e.,

every 365th time step.

b) Each drug treatment has a defined coverage.
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c) The humans receiving treatment are randomly chosen. The number of chosen

humans is given by the coverage.

d) There exists a fraction of humans who never take part in a drug treatment cam-

paign because of health issues. Therefore, each person decides from a binomial

distribution with the probability 1–0.0587 to take part in the treatment. We

calculate this fraction with the help of the study from 2018 [95, 96].

e) Pregnant women do not receive any drugs and do not part in the MDA. Each

woman has a probability dependent on her age to be pregnant and thus a

probability of not taking part. We use ay a binomial distribution to decide if

the woman takes part or not shown in Figure B.1 [119].

f) Humans without worms are not taking part in the MDA.

g) All worms in the humans, who take part in the treatment program, die as we

assume perfect efficacy.

2. Education campaign.

a) The education campaigns are conducted over a certain time interval, e.g. once

per year, so every 365th time step.

b) The humans are randomly chosen accordingly to the predefined coverage level

to take part in the education campaign.

c) The eating habit of the humans taking part in the education campaign changes

to not eating raw or undercooked fish, i.e., the respective probability is set to

zero.

3. Improved sanitation.

a) Since not all humans have a latrine available, we have a certain coverage of

latrines, using a value of 0.4406 from [126].

b) Each human has a probability to use the latrine dependent on gender and age

ai · log(age in yrs) + bi for i ∈ {m, f}, where am = −0.02674 and bm = 0.1417

for men and af = 0.007993 and bf = 0.04745 for women [126]. It is binomially

decided, depending on this probability, if they use the latrine or not in case of

having one available. They decide this once a month and have the same habit

the whole month.

c) The humans using the latrine cannot transmit any eggs to snails. This means,

the number of worms of these humans is not taken into account when calcu-

lating the new number of infected snails, but they keep their worm burden.
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Figure B.1: Fertility rate per age group per 1000 women[119].
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