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Abstract

Regional spread and control of Q fever in dairy cattle herds: a
multiscale modelling approach.
Q fever, a worldwide zoonotic disease caused by the bacterium Coxiella burnetii, is a
looming concern for livestock and public health. Epidemiological features of transmission of
C. burnetii between cattle herds by wind and trade of cows are poorly understood. We
developed a novel dynamic spatial model describing the inter-herd regional spread of the C.
burnetii in dairy herds, quantifying the ability of windborne transmission and animal trade in
C. burnetii spread in an enzootic region. Spread of C. burnetii between dairy herds of
Finistére department (France) was simulated and compared with observed spread of the
infection. Our model predictions indicated that the majority of infections in disease-free herds
occur due to windborne transmission. Infections acquired through this pathway are shown to
cause relatively small and ephemeral intra-herd outbreaks. On the other hand, disease-free
herd purchasing an infectious cow could experience higher intra-herd prevalence. Results
also indicated that, both transmission routes are independent from each other without any
synergistic effect. Lastly, effects of implementation of vaccination on regional spread were
assessed by comparing different strategies to select herds for vaccination. Vaccinating cows
and heifers of 70% of herds using Phase | vaccine over 10 years resulted in a large simulated
reduction in the prevalence of C. burnetii positive herds. Vaccinating already infected herds
was found to be most effective strategy. Targeting highly connected herds or herds situated in
a dense area would also represent a valuable alternative. Besides providing better
understanding of C. burnetii infection dynamics at regional scale, this work also gives

important insights to control the infection in animal populations.
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1.1 History and Background of Coxiella burnetii

In early 1933, numbers of cases of febrile illness among abattoir workers in Brisbane were
reported. Patients suffered acute onset of the disease along with varied symptoms including
fever, headache, shivers and sweats, rash and jaundice. The pathogen was inoculated in Guinea
pigs which also developed clinical symptoms [1]. After ruling out common abattoir related
diseases such as typhus, undulant fever, paratyphoid and leptospirosis, authorities were
convinced that they were dealing a with disease which was not described previously. An
investigation of this mysterious feverish ailment was the beginning of the studies on Q fever
[1]. Initially, the agent was thought to be a ‘filterable virus’[2]. Few decades later the pathogen
was classified as rickettsia and the disease was called as ‘Queensland rickettsia fever’, later was
rechristened as ‘Q fever’, where ‘Q’ stands for ‘Query’[3]. The scientific binomial was decided
to be Rickettsia burnetii to honour Sir Frank Burnet’s contribution in the initial identification of
the pathogen. The works of Dr Herald Cox from Montana, USA showed that the pathogen is
different enough, deserving its own generic name and was re-named as Coxiella burnetii. The
bacterium C. burnetii is an obligate intra-cellular Gram negative organism. It is now classified
under Phylum Proteobacteria, Class Gammaproteobacteria, Order Legionellales, Family
Coxiellaceae [4, 5]. It occurs in two variants, small cell variant (SCV) and large cell variant
(LCV). Metabolically active LCV are intra-cellular forms and they undergo sporogenic
differentiation to produce spore like forms called SCV. These SCV are released when infected
cell lyse and they can survive for long period in the environment [6]. The bacteria also show
phase variation phenomenon (phase | and phase Il). This is lipopolysaccharide transition
similar to the one seen in Enterobacteriaceae family and is associated with the resistance to
complement mediated immunity. Bacterium expressing complete lipopolysaccharides is

virulent Phase I [7].

Until now, the pathogen has been isolated from several mammals, birds and arthropods (mainly
ticks) [8]. Our understanding about the disease and the bacterium has grown tremendously
since its discovery, but ‘Queries' about Q fever are still baffling infectious disease specialists.
‘There is no disease to match the Q fever for queer stories’ [9] as quoted by Dr MacFarlane
Burnete himself still holds true after more than eighty years since its discovery. The bacterium
is known for its extraordinary versatility as a parasite and the reservoirs of C. burnetti are
extensive. It is found throughout the world except New Zealand. In 1942, USA listed the

bacterium among the agents that can be used as weapon during offensive biological program
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and significant studies about bacteriological, clinical, ecological and epidemiological features

of the bacterium and the disease were conducted during this period [10-12].

1.2 Impact and global relevance

Q fever is one of the important zoonotic diseases of rising concern. Aerosols generated from
infected placentas, faeces and contaminated dust cause infection after inhalation [13, 14]. It is
essentially an airborne disease. People who are in close association with animals are known to
be at higher risk of getting infected. Zoonotic transmission is mostly associated with abortions
in domestic ruminants. The seasonal variation in human cases has been attributed to
environmental contamination because of lambing and searing in spring and early summer [15,
16]. Along with direct contact with aborted animals and their birth products, indirect
transmission by contaminated wool has been seen on multiple occasions [17]. Raw milk
consumption, contaminated clothing and sexual contact are considered as rare routes of
transmission in humans [18]. Along with livestock, pets such as cats, rabbits, dogs and

sometimes pigeons have been shown to be a potential source for urban outbreaks [19, 20].

The Netherlands suffered one of the largest community outbreaks ever described, which started
in 2007. Cases were reported from the provinces of Noord-Brabant and Gelderland [21, 22].
The outbreak which began in 2007 continued till 2009. Cases were attributed to the infected
dairy goat farms within the radius of 5 km [23]. Airborne transmission of these contaminated
particles excreted during abortions in those farms was facilitated by dry and hot weather during
that time [25, 26]. Further studies also indicated that land applied goat manures from Q fever
positive goat farms might have also played its role in the sustaining the outbreak during the
years of 2007-2010 [27, 28]. Similarly, human cases were reported from Cheltenham, England

where sheep farms were identified as source [29].

21



1000 2000 3000 4000

Number of reported human cases

cases
Netherlands 4206
Russia 1023 Y

Germany 997

Spain 604

France 482

Belgium T 286|

Croatia | 262|

United Kingdom 225

Bulgaria 217

Romania 173

Bosnia and Herzegovina 153

Hungary 13|

Portugal | 91

Poland 88

Ireland [ 73]

Slovenia | 71|

Switzerland 70

Cyprus 51|

Greece | 51

Ukraine 47|

Sweden [ a5

Moldova 27|

Finland 25

Montenegro 1|

Georgia I 9

Latvia B &

Czech Republic 7l

Norway 5 -
Liechtenstein 2 <
Greenland 1 =
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In France, between 1990 and 1995, near Marseille and Aix-en-Provence, 289 Q fever patients
were reported. Sheep densities were statistically and graphically correlated with these cases and
strong mistral winds were thought to be responsible for the transmission of the pathogen from
source to humans [16, 30]. A smaller outbreak in the town of Florac, France in 2007 was
explained by aerial transmission from ovine flocks in the nearby villages [31]. Since 2005,
Europe has reported 9461 human cases of Q fever [24] (Figure 1), with exceptionally high
reporting of cases from the Netherlands (4206 cases), Russia (1023 cases) and Germany (997
cases). In these last ten years France reported 482 human cases.

About 60% human patients are asymptomatic seroconversions. In acute infections people
mainly show flu like symptoms which include fever, atypical pneumonia and hepatitis. The
febrile illness is characterized by sudden onset with temperature reaching up to 40 °C with
severe headache, weight loss, myalgy and cough. Chronic Q fever develops invariably in
patients with predisposing conditions such as heart valve lesion, vascular abnormalities and
immunosuppression. C. burnetii infection to pregnant mother poses risks both to mother and
foetus, as the bacteria settles in the uterus. Infection in first trimester leads to abortion most of
the time and may also lead to foetal death, premature delivery, intra-uterine foetal death, and

intra-uterine growth retardation [32].

Interest in Q fever studies is growing worldwide as increasing number of human cases are
being seen and is reflected by numerous reviews published recently [8, 33-43]. The disease is
now considered as re-emerging zoonotic disease in many countries. A report published in 2012
identifies Q fever as one of the most important thirteen zoonotic diseases to poor livestock
keepers, based on its impact on human health and livestock health [44]. Recent events,
especially unprecedented number of human cases in the Netherlands, prompted European
Union Commission to form a scientific committee at the European Food Safety Authority
which reviewed the risk posed by Q fever for humans and animals and advised EU about the
scale and distribution of the infection, risk factors for its occurrence and persistence and
assessed the effective disease control options. The report states that further investigations are
needed to identify the factors influencing the maintenance of the infection along with improved
understanding of the transmission pathways in animals, both at intra-herd and inter-herd levels,
and clarify the role of environmental conditions and climatic factors in the transmission of

bacteria in animal populations and its spillover to humans [45]. The report also reinforces
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focusing on the assessment of different control options in animal populations, subsequently

reducing the spillover in humans.

1.3 Q Fever in ruminants

Most of the infected animals remain asymptomatic, so much so that many prefer the term
coxiellosis as an appropriate designation [46]. In acute phase the bacteria can be found in
blood, lungs, spleen and liver, where as in chronic phase it can be seen persistently shedding in
urine and faeces. The infection in mammals can lead to abortion, stillbirth or delivery of weak
lamb, calf or kid. In most of the cases, the abortion occurs at the end of gestation without any
imminent clinical sign. Aborted foetuses usually appear normal and infected placentas exhibit
exudate and intracotyledonary fibrous thickening. In goats the myometrium shows
inflammation and in cattle metritis is a very unique manifestation of the disease. Abortion rate
can vary from 3% to 80% [47, 48]. Generally, high rates of abortion are seen in caprine herds

[47]. Aborting females recover rapidly and do not abort again in successive pregnancies.

The prevalence of the disease is widely studies across the world in different species. Small
ruminants and cattle are the most frequently surveyed animals. A systematic review published
in 2011, on the prevalence of the C. burnetii in the period of 1960 to 2010 [39] re-states the
pan-global prevalence of the infection in animals, with high animal level prevalence as well as
high prevalence at herd level. The estimates of given in the study are based on a metanalysis of
multiple studies having different methodologies, tests and sampling frames. Prevalence of
infected cattle herds varied considerably across the world, from 4.4% to 100% (median 37.7%)
as shown in Figure 2, while intra-herd prevalence varied from 0 to 47% (median 26.3%).
Similarly, in sheep, the herd level prevalence varied from 0 to 89% (median 25%) and in goats
the range is 0-100% (median 26%) [39].
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1.4 Transmission of C. burnetii in animals

There are two distinct transmission patterns of C. burnetii. Sylvatic cycle and transmission
cycle in livestock. In sylvatic cycle, infection circulates amongst wild animals and in their ecto-
parasites especially ticks. Ticks play important role in transmission and maintenance of the
infection in wild vertebrates especially in rodents, lagomorphs and wild birds [46]. However,
they do not play a significant role in transmission in livestock [41]. In livestock populations the
infection is maintained by windborne transmission and purchasing of animals from infected
regions. Purchasing infected animals is known to cause abortion storms in goat and cow herds
[49-52].

Infected ruminants shed the bacteria through milk, faeces, birth products and vaginal mucus
[53, 54]. Chronically infected cows can shed the bacteria for several months [54], and goats
shed at successive parturitions [55]. These shedding animals are of importance in transmission
of the disease, as the contamination by these animals will lead to infection of susceptible
animals as well as humans. The route and the quantity of bacteria shed show great
heterogeneity between animals, which can depend on the age, lactation stage and infection state
of the animal [53, 54, 56, 57]. In asymptomatic herds cows shed more in milk than in vaginal
mucus or faeces [53, 58]. Ewes are generally found shedding via faeces and vaginal mucus. On
the other hand goats generally are reported shedding in milk and mucus [53, 57, 59]. Animals
get infected by inhalation of the shed bacteria. Mice are very less susceptible orally when
compared for their susceptibility to intra-peritoneal inoculation [56], but cats and dogs may be
infected by the consumption of placentas [35]. C. burnetii is also found in the semen of bull,

indicating the possibility of sexual transmission [60].

In cattle the transmission of infection can be divided into two separate components. The
maintenance and circulation of the infection within a herd, where infection can pass from one

cow to another and second being the circulation of the pathogen between different herds.

Multiple studies have shown the heterogeneity in bacterial shedding by cows and its influence
on the transmission of C. burnetii within the herd. Earlier study, observing the shedding
through different routes (milk, faces, vaginal mucus) by cows in naturally infected herds
showed that there is no predominant route of excretion. 65% of the positive cows were
shedding only via one route, while only 7% cows were shedding by all the three observed

routes [54]. Concentrations of bacteria shed in vaginal mucus or milk can also vary
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tremendously (100bacteria/gm to 1,000,000 bacteria/gm) [58]. A longitudinal study following
naturally infected cows in herds showed that faecal shedding by cows was very sporadic (>90%
of times), shedding in vaginal mucus occurred frequently but for limited time and shedding in
milk was persistent [58]. More recent study, focusing on the shedding of bacteria after
confirmed abortion because of C. burnetii, showed that shedding in vaginal mucus after
abortion occur for a very short duration after abortion. Only 8 out of 24 aborted cows were
shedding in vaginal mucus after 14 days of abortion [61]. Shedding levels of bacteria in
seronegative and seropositive shedding cows in faeces and vaginal mucus just after calving is

an important parameter in the transmission of infection within a herd [62].

Predominantly two pathways are known to be responsible for the circulation of C. burnetii
between different cattle herds. Multiple studies have shown airborne dispersal of the bacterium
[29, 63-65], indicating that windborne transmission is one of the routes of inter-herd
transmission in cattle herds. Along with this, large number of cattle trade exchanges taking
place between herds can introduce the infection to a naive herd. Very few studies which try to
address transmission of the infections in cattle herds at regional scale are available. High
regional animal density (odds ratio = 2.34) and in-degree (number of cattle purchasing partners)
(odds ratio = 2.31) of herds both were found to be risk factors for the dairy cattle herds in
Finistere department, France [51]. Moreover, higher proportion of cases were attributed to
windborne transmission than to animal movements in areas with higher cattle density [51].
Studies have also shown that dairy cattle herds in Sweden having environmental conditions
conducive for windborne transmission (i.e. strong winds, open landscape, high animal density
and high temperature) show very high risk of becoming infected [52]. Besides these few
studies, there is a scarcity of studies quantifying the effect of windborne transmission and trade

of cows on the transmission of C. burnetii within a region.

Quantitative impacts of these transmission routes in a geographical region still need to be
estimated. Because of our lack of knowledge about how disease circulates, we lack
comprehensive strategy to control the infection which can be implemented in an enzootic
region. Controlling infections generally transmitted because of trade of animals between farms
is studied for multiple diseases and even is addressed using network graph theory [66-68]. But
the disease under question here provides more complex interplay of windborne transmission
and cattle trade and strengths of these two routes presumptively depend on the density of

animals, geographical conditions, contact network of trading between herds, prevalence of the
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infection in the region and few other underlying factors. Hence, to have a global understanding

and subsequent control of the infection in cattle herds in a given region we must first:

Problem Statement 1
Quantify the relative contributions of the windborne transmission and cattle trade in

the regional spread of C. burnetii between cattle herds

C. burnetii infection in cattle is a disease of lesser concern than its implications in small
ruminants. Even though, nearly all the recent human outbreaks are linked with small ruminants
and no information is currently available with respect to spillover of infection from cattle [45,
65], intensive cattle farming always remains a looming concern for public health. Hence,
investigation of infection dynamics in cattle herds at the first sign of its emergence is essential
in the emergence-to-control continuum [69]. Moreover, infection in cows being mostly
asymptomatic, generating longitudinal databases of the disease prevalence becomes easy as
collected data is not sensitive from farmer’s perspective. For cattle farms, data on cattle trade
and movements is available because of European regulations, which is not easily available for
small ruminants. Many regions of the world such as Brittany in France are known for their
predominance in cattle farming. Hence these cattle farming regions become very good study
cases to understand the transmission of C. burnetii in cattle herds via windborne transmission

and trade, especially when the epidemiological and trade data are easily available.

15 Control of C. burnetii in cattle populations

Control of the C. burnetii within a dairy cattle herd depends on our understanding of the intra-
herd infection dynamics and generally aims at reducing the environmental contamination by
bacteria in the long run. The environmental contamination can be reduced by regular cleaning
and disinfection of the farm, especially the parturition area. Pregnant animals should be kept in
separate pens and their reproductive products should be removed as soon as possible to avoid
contamination. In order to achieve C. burnetii free herd regrouping of the flocks should be

avoided; also contact with wildlife and ticks should be minimized [70].
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Previously, antibiotics especially tetracyclines were routinely used in infected animals to reduce
the shedding. They were used in two different regimes: at drying off, to prevent late abortion
and around calving time to reduce the shedding peak [57]. Few experiments assessing the
effectiveness of antimicrobial treatment in reducing the bacterial shedding in cows [71] and in

sheep [72, 73] have been performed.

Vaccination is also known as an efficient way of reducing the bacterial shedding through milk,
placenta and colostrum [74, 75] and hence to control the disease in a herd [76]. Arricau-
Bouvery et al. [77] compared the efficiency of phase | and phase Il vaccines in goats: the phase
I vaccine prevented abortions and dramatically reduced the frequency of bacteria shedding in
the milk, vaginal mucus and faeces, while the phase Il vaccine did not affect the course of
infection indicating that phase | vaccines are much more effective. Non pregnant susceptible
cows when vaccinated with a phase | vaccine are known to have lesser probability of becoming
a shedder, hence effectively reducing the bacterial contamination [78]. Many other
observational and experimental studies have confirmed the reduction in infection within a herd
after vaccination with phase | vaccine [79-83]. For instance, experimental field trial in naturally
infected herds with random allotment of chemotherapy and vaccination also showed that
vaccinated cows show reduced shedding of bacteria [79]. Modelling study predicting the effects
of the vaccination within a naturally infected herd showed that vaccinating only for first three
years will not stabilise the infection dynamics and also showed that vaccinating both heifers
and cows is slightly more efficient than vaccinating only cows [84]. Other control options can
be used in emergency situations when public health is at risk. Culling of pregnant animals,
temporary breeding ban or control of animal movements are some of the measures
implemented in the Netherlands during the outbreak in 2007 [45, 65].

Vaccination is a prospective technique which can be applied on regional scale. For effective
implementation of vaccination in a region, field experiments, optimisation based on data is
essential [45, 65]. In a given region of study, identifying dominant route of transmission
between herds aids in tremendous manner to formulise a control strategy. Implementation of
prospective control strategy should account for the relative contributions of transmission routes
in the regional spread. Specific herds, identified as important in the chain of transmission for
each of the transmission route, can be targeted for the implementation of control strategy. This

leads us to the second problem statement of the thesis.
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Problem Statement 2

Assessment of the effectiveness of vaccination in controlling the regional spread of

C. burnetii in cattle farms of an enzootic region.

1.6 Modelling approach

The spread of the C. burnetii is a complex phenomenon poorly understood. The infection is
known to spread by wind and the bacteria travel to newer places through diffusion of
contaminated aerosols. These processes are difficult to observe on the field. Moreover, large
number of dairy animal herds in the study region and their intricate network of contacts (animal
trade) contributing to the spread of pathogen, it is very convenient and reliable to use modelling
approach to understand the spread of the disease. Use of generic epidemiological models is also
considered as a robust framework to assess control options for Q fever in domestic ruminant

populations [45].

A mathematical model of a biological phenomenon is an abstract representation of the system,
formulised by systems of equations. The core of the models lies in the underlying assumptions
made on biological mechanisms while structuring the model. The models help us to come to
logical conclusions based on the assumptions of the model. The framework of the model helps
modellers to reach conclusions which perhaps can be non-intuitive, keeping in mind that the
certainty about conclusions always remains relative to assumptions [85]. Studies that use
mathematical models generally have objectives which can be broadly classified into two
groups: understanding (characteristics and mechanisms of biological system) and prediction
(speculating the future progression of the system). These models are applied on various scales
of biology: ranging from modelling of gene and cellular structures in systemic biology,
evolutionary models describing trends in evolution to modelling phenomena at the scale of

large ecosystems (ecological modelling).

From mathematical point of view, different formalisms and technical choices are available:
stochastic or deterministic models according to if demographic and environmental stochasticity

of modelled phenomena are taken into account or not; in discrete or continuous time; with
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various structuring variables (such as age); at various granularities and scales (individual based,
in population, metapopulation,). The dynamic character of these types of models allows us to
follow the evolution of variables of interest (such as number of infected individuals) over time
and also in space (if spatial component is involved in the model). The appropriate choice is

made for each specific biological system under study [86].

Classically health states of individuals considered in a simple modelling framework are S
(susceptible) and I (infectious). These as they are called as SI models, are suitable for very few
diseases such as HIV where transition stage before becoming infectious are not seen and
individuals remain infectious throughout life if not treated. In a case of disease where an
individual recovers and become susceptible to infection, the model becomes SIS. Though in
reality such simplistic transitions are rarely seen, commonly used simple formulations of a
compartmental mathematical model of diseases are SIR and SEIR as shown in figure 3.E stands
for exposed and represents latent stage of infection status when individuals are not infectious

and might or not show clinical signs. R stands for recovered individuals which are immune to

the disease.
SIR
Susceptible > Infectious — Recovered
SEIR
Susceptible —* Exposed — Infectious — Recovered

Figure 3 Structure of SIR and SEIR models

Modelling as a tool to understand the basic epidemiological process of disease dynamics in
populations is now a well-established technique [86, 87]. Insights gained from such models are
robust and generic and hence help in collecting epidemiologically more relevant data, and in
deciding important elements in the system [86]. In recent years, use of such epidemiological
models for animal diseases is increasing with more focus on diseases of higher concern such as
FMD [88-93], avian influenza [94-100]. Modelling of enzootic diseases such as Bovine Viral
Diarrhoea Virus [101-103], paratuberculosis [104-106], salmonella [107-109] is also becoming

common. These studies aim either to understand the disease transmission (pathogen/ hosts
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interactions, contact structure, transmission routes etc.) or to identify the most efficient
prevention and control strategy at group/farm level or at larger scale of a specific region,

country.

Since it is easy to numerically simulate large number of experiments, which are otherwise not-
possible to conduct in field; large epidemiological studies can be conducted using simulation
models. When large population is studied, scenarios which are improbable to occur and observe
naturally can be simulated easily to thoroughly explore the behaviour and reach a theoretical

conclusion.

Given the advantages of modelling approach, multiscale mechanistic modelling of C. burnetii
in a cattle metapopulation integrating cattle trade and meteorological data becomes a very
promising scientific endeavour. Multiscale models have been frequently implemented to
describe spread of the infections in metapopulations [102, 110-115]. Here, two scales which are
under consideration are herd scale (intra-herd dynamics) and regional scale (inter-herd
dynamics). One of the main advantages of using mechanistic models is that they allow
determining the causes of infection, and subsequently help assessing targeted interventions

[114] with easy integration of data with model.

1.7 Objectives and outline of the thesis

The two main objectives of the thesis are: (i) the assessment of relative role of airborne
transmission and transmission because of cattle trade in the regional dynamics of C. burnetii
and (ii) the assessment of the effectiveness of vaccination strategy to reduce the spread of
infection within a region. These questions were tackled in three distinct stages presented here as

separate chapters.

First, a mathematical model describing the spread of C. burnetii between cattle herds over a
region via windborne transmission and cattle trade was conceptualised. This model is presented
in chapter 2. The chapter explains the framework of the metapopulation model. We detail the
intra-herd model adapted from Courcoul et al [62] along with the changes done in the original
intra-herd model to couple it with Gaussian dispersion model and cattle trade model. Following
that, concept of dispersion model, different types of dispersion models which are generally
utilized are described. Then, we briefly present the framework of Gaussian dispersion model
which is implemented here. At the end of the chapter, we detail part of the model which

simulates the cattle trade in a region. The chapter also focuses on how all these different model
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sections are integrated with each other to generate a meta-population model, its use in
identifying the causes of disease introduction in disease free herds and its ability to describe the

disease progression at regional scale and at individual herd level.

Chapter 3 is an example of the case study where we apply the conceptualized model. We use
the model to simulate the spread of C. burnetii in dairy herds of Finistére department, France.
First we describe the data available for the region: epidemiological data on the heard infection
status, cattle trade data and wind velocity data. We predict the spread of infection in the dairy
cattle herds for the period 2012-2013 and compare the prediction results with the observed data
using receiver operating characteristic analysis. Along with the relative contributions of
windborne dispersion and cattle trade in the spread of C. burnetii in the region, we also study in
detail the differences in the intra-herd dynamics of newly infected herds because of windborne
transmission and cattle trade. We finally simulate the model over a period of ten years while
addressing the contributions of routes. Methods developed in Chapter 2 and results of Chapter 3
constituted the first research paper which is currently under revision in Journal Veterinary

Research (see appendix I1).

As we proceed toward addressing the second goal, while contemplating about possible control
strategies which can be implemented, we explain the selection of vaccination as prospective
control strategy over other possible control techniques. We present the assumptions underlying
approach of modelling the vaccination. Secondly, we briefly describe the intra-herd dynamics
of an isolated vaccinated herd. Then we generate different vaccination scenarios in
metapopulation where we implement this strategy in targeted herds based on their

epidemiologically relevant features and assess the effectiveness of vaccination strategies.

Chapter 5 finally provides the general discussion on the whole project. It discusses the main
results with respect to both objectives and their implications in the field. It also discusses the
modelling methodology used here along with its limitations. Final thoughts and prospects are

also mentioned.
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Chapter 2 and 3 constitutes the first research paper which is under revision in journal
Veterinary Research

Pandit P, Hoch T, Ezanno P, Beaudeau F, Vergu E: Q fever spread between dairy cattle
herds in an enzootic region: modelling contributions of windborne transmission and
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This chapter focuses on describing the generic model developed for representing the spread of
Coxiella burnetii between dairy cattle herds. We will first describe the overall concept of the model

followed by detailed description of the assumptions made and equations for each section of the model.

2.1. Overview of the metapopulation model

Metapopulation consists of a group of spatially separated populations of individuals with their own
distinct dynamics which interact with each other through various dynamics processes [116].
Metapopulations can occur naturally as well as are created as a result of human actions. Natural ponds
in forests, mixed forests with grasslands, islands archipelagos are examples of habitats which are

naturally found metapopulations [117, 118].

Livestock farming in a geographical area is a very good example of metapopulation system formed
due to human activities. Subpopulations, i.e. the farms, are spatially constrained and specified. In
feedlot beef production farms and dairy farms where pasturing is limited, the animals in
subpopulations remain constrained to a very specific geographical region and have controlled
interactions with other subpopulations. These interactions mostly can be in the form of trade of
animals or sharing of environmental resources. To model spread of a pathogen between dairy herds,
metapopulation framework of model becomes a suitable option [86, 102, 114, 115, 119-123].

C. burnetii is an enzootic pathogen and the natural progression of the disease in an infected cow is
slow. Results of multiple studies also indicate that the transmission of C. burnetii within a herd is a
slower process [62, 124-128] when compared with other fast spreading highly infectious diseases
which cause epizootic outbreaks in animal populations such as Foot and Mouth Disease (FMD) and
Highly Pathogenic Avian Influenza (HPAI). In mathematical models of highly contagious viruses,
infection dynamics within a subpopulation is simplified and its representation in the metapopulation
model is minimalistic [97, 100, 129, 130]. Here, for modelling C.burnetii transmission, the dynamics
of the infection within a herd and the herd management techniques occur at the same time scale and
cannot be ignored as they are known to be very influential in the infection transmission process.
Hence, a detailed intra-herd model is essential in the metapopulation framework when modelling the
spread of pathogens such as C.burnetii. Such multiscale models where the dynamics is modelled at
both the scales of herd and region are already used for models of diseases such as paratuberculosis,
bovine tuberculosis and bovine viral diarrhoea [102, 114, 131, 132].

The model for C.burnetii transmission over a region can be conceptualised by dividing the processes

modelled into two distinct parts. The first part describes the infection spread within an infected dairy
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Conceptualization of the metapopulation model

herd. The infection dynamics within a herd is represented using a stochastic model adapted from
Courcoul at al [62]. The second part of the model connects such local models of intra-herd dynamics
to describe regional propagation leading to the between herd transmission section of the model.
Regional spread of the infection is described by two processes, namely the dispersion of the infectious
particles by wind and the introduction of infected animals through cattle trade. As described earlier in
Chapter 1, other pathways of transmission such as tick vectors do not play significant role in the
transmission of the infection in livestock [41, 65].

Hence, in brief, the regional spread of C. burnetii was conceptualised by a multiscale model (inter-
herd and intra-herd scales), with spatially separated herds having their own infectious and

demographic dynamics and interacting with each other via cattle trade and windborne dispersion
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dynamics is governed by cattle trade (arrows) and windborne dispersion of pathogen (red

plume).

2.2. Intra-herd dynamics of infection and demographics

The intra-herd model used in the study is adapted from a stochastic discrete-time individual-based
model introduced earlier by Courcoul et al. [62]. This is a data driven model where the parameters
describing the transition from one health state to another are estimated from longitudinal
observational study using Bayesian estimation methods [124, 133]. Similarly the herd dynamics of
within a dairy farm is based on the observational data and management practices followed in a typical

dairy herd of Western France.

2.2.1. Intra- herd infection dynamics

The model of infection dynamics is conceptualised using standard compartmental structure (Figure 5)
with added complexity concerning shedding routes, sero-positivity and intermittency in shedding.
Cows of the herd undergo different transformations in their health states as shown in Figure 5, with
parameters defined in Table 1. A susceptible, non-shedder, sero-negative cow (S) becomes infected
and changes its health state to shedder sero-negative cow (I7). The probability of infection for S cows
(transmission through the environment) depends on the bacterial load present in the herd environment
(equation 1). I~ cows then become sero-positive, either I* (shedder, with antibodies) or I*tmilkpers
(shedder with antibodies, permanently shedding in milk at higher levels) or return to S state. Shedder
sero-positive (I*) cows then can become carriers which do not shed, C* (with antibodies) and
subsequently C~ (without antibodies). C* cows can restart shedding. Shedding cows can shed the
bacteria through milk, mucus/ faeces or through all the three routes with distributions a, , Bean, ¥ and
yeav depending on the health-states 1, 1%, I+™ilkpers regpectively. Low, medium and high levels of
shedding, corresponding respectively to a quantities (Qty) shed equal to 1/3000, 1/30 and 1 unit of
environment per week were considered with distributions of Q1 to Q5 according to the type of
shedder and lactation stage (Table 2). The proportions of cows shedding through different routes and
at different levels change according to whether cows are in early lactating stage
(< 4 weeks post calving) or not. The quantities €1, €2 and €3 are the amounts of bacteria shed during
a time step by an individual 1=, I* and I™kPers respectively, and contaminating the environment.
These are the sum of quantities shed by all the shedders through all the shedding routes times the
fraction (p™/fand p™) of these quantities reaching the environment of the herd.All the parameters

related to heterogeneity in shedding are presented in Table 2. The probability p;(t) of a susceptible
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cow of herd i to acquire infection at time t depends upon the environmental compartment (E; (t — 1))
of the herd:

pi() = 1—e "= 1)

E;(t) [number of bacteria / time step] is equivalent to the force of infection related to the bacterial
contamination of the environment (for simplicity of writing the time step multiplying E;(t — 1) was
omitted in equation 1). It corresponds to the bacterial load at time t (expressed in infectious doses)
shed by shedding animals (according to their infection status and the shedding route), times the
contact rate between animals and the environment, times the probability that a contact of a susceptible
animal with an environment contaminated by one infectious dose leads to a successful infection event.
Similar formulation of probability of infection has been proposed previously for aerosol infection of
C. burnetii [134].

Equations (2-7) describe the updating (between time steps (t-1) and t) of variables
corresponding number of cows of a health state in herd i:

Susceptible cows

S;(t) = S;(t — 1) — NI (t) + NS;(t) 2)

I7(t) = I (t = 1) + NI (t) — NS;(t) — NI; — NI7™Pers (3)

IF@®)= [Ft—1) + NI;F(t) = NITCH () + NCTIF(t) + NCTI (¢t) (@)

Ii+ milk pers 4y — Ii+milk pers(p _ 1) 4 N1i+milk PerS (¢) — N[*milk versci(p) (5)
CiH(t) = CF(t—1)+ NITCF(t) + NIT™Mikperscr(t) — NCTIF (t) — NCHC7 (t) (6)
Cr(t) = CT(t—1)+ NC*C7(t) — NCTI} (t) (7)

39



I | +milk pers  milk

l milk pers
» X _,+milk pers milk + mucus
I 1 milk I 3 dFoces
m > r;
p / :
.
- - mucus feces n .
S (I q*plp: s
pr—( E I+ milk B i
2 milk + mu- s t ry C
P 2 cus/feces . q
' -+ l+ mucus ' feces
. I 2 T
. % (1o
: q* (1-plp) -
b .
. . I’ milk + mu-
> S 34':45}[(.’:‘0,\ p C_
Ll
¢ & & : v
. ps °
bl . .
: :
: .

\/

Figure 5 Schematic presentation of the model describing health states of cows and transitions between these states, and environmental

bacterial load of the herd (adapted from [14]). Variables and parameters are defined in the text here above and Table 1.
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Conceptualization of the metapopulation model

This updating is written using new variables NS; NI, NI, NITMkperscr () NItCH,
NItmikperscr () NC*C7(t), NC*IF and NC~I;F; describing (new) flows entering or going
out from a given health state compartment . Dynamics of these variables are given by equations
(8-13).

NI (t)~Bin (S;(t — 1), p;(t)), where p;(t) = 1 — e~ Fit=1) (8)

. m  qplp q(1—pIP
(NSO, NIF N ™5 PT)_ Muteinom (17 (¢ — 1), (—n—, PP 41~ PIP)
m+q m+gq m+q

) (9)

NI*C ()~ Bin (I (t = 1),71) (10)
N[+milk persCi+ (t)~ Bin ([i+milk pers (t _ 1)’ 7 ) (11)
(NC*C7(6), NCHI (£))~ Multinom(CF (¢ — 1), (——,——)) (12)

T+s't+s
NC~I} (©)~Bin (C7 (t — 1), p; (1)) (13)

Based on equations (2-7), it is possible to define two main outputs of the model at the herd

level as:

Seroprevalence;(t) = I (t) + I, mik Pers (1) 4 ¢ (t) (14)

Shedders;(t) = I (t) + IF (t) + I} ™ P (1) (15)
The overall dynamics of the environmental infection force is governed by animals shedding
through different routes at different stages of their reproductive cycle and at different levels of

shedding. According to [62], this hence can be summarized in the following equation:

Ei(t) = Ey(t = DA — ) + Zii(p*Qty, Siw N xwit) [62] (16)
where, x € {I7,I%,1*mikppers} gre the different health states of cows which can shed the
bacteria, w € {< 4 weeks post calving ,> 4 weeks post calving} is the state of
reproductive cycle of the cow, k € {milk, mucus/feaces} is the route by which bacteria are

shed, l € {low, medium, high} is the level of bacterial shedding,
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e wier~ Multinomial (Ng xwier Qc,cew,iy) With Ne xyi the number of animals in corresponding
health state and shedding route at time t and Q. (xw k) (Q1 to Q5) the probability distributions

governing shedding levels. The remaining parameters are defined in Tables 1 and 2.

Table 1 Parameters of infection dynamics within a dairy herd (adapted from [13, 14])

Parameter Definition Value
m Transition probability I==S 0.7
q Transition probability I-=I% 0.02
plp Proportion of cows going from I~ to I* and becoming [ ™tk pers 0.5
rl Transition probability IT=C* 0.2
r2 Transition probability J*™ik pers=c+ 0.02
s Transition probability C*=1" 0.15
T Transition probability C*=C~ 0.0096
Proportion of bacteria eliminated due to death and to plume generation (can
yzi be written as ugeqen + Uplume source) 0.2
p Infection probability 1—e7E
Proportion of bacteria shed through mucus/faeces filling the environment
p™f compartment 0.28
Proportion of bacteria shed through milk filling the environment
p™ compartment 0.125p™/f

2.2.2.  Herd demographics and interplay between demography and infection

The intra-herd model also captures the herd demography and for this component it completely
follows the assumptions presented in previous intra-herd model study [62]. The model
incorporates only cows. Heifers, calves and bulls are not represented. Purchase of cows by
farmer is modelled according to the data and is explained in detail in the following section. In a
herd, only susceptible primiparous cows, which have just calved (i.e. heifer becoming lactating
cows) enter the herd at any time of the year. Introduction of such new heifer ceases if the herd
size is above 1.15 times the initial herd size, a value in agreement with field practices.

Recruiting of heifers at a given time step is implemented using a binomial draw with

probability of occurrence of

-1
Replacement rate(year )/52. The replacement rate is given in

Table 3.
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Conceptualization of the metapopulation model

Table 2 Description and probability distributions used for different shedding routes and

levels.
Parameter Definition Value
o oz, milk Probability distribution of the shedding routes for 0.31
ap, mucus/faeces the I~ cows 0.62
a3, milk+mucus/faeces 0.07
S P1, milk Probability distribution of the shedding routes for the 0.61
[, mucus/faeces It cows after 4 weeks post-calving 0.33
B, milk+mucus/faeces 0.06
Peaw Peant, Milk Probability distribution of the shedding routes for the 0.14
Peaz, Mucus/faeces I't cows in the 4 first weeks post-calving 0.5
Peanvs, Milk+mucus/faeces 0.36
y y1, Milk Probability distribution of the shedding routes for the 0.83
ya, milk+mucus/faeces [+mitkpers cows after 4 weeks post-calving 0.17
YVealy Yeavt, Milk Probability distribution of the shedding routes for the 0.25
Yeana, Milk+mucus/faeces [mitkpers cows in the 4 first weeks post-calving 0.75
Q1 Low level Probability distribution of the shedding levels for all 0.85
Mid-level the I~ and for the I* shedding in mucus/faeces after 4 0.15
High level weeks post-calving 0
Q2 Low level Probability distribution of the shedding levels for the I* 0.4
Mid-level shedding in milk after 4 weeks post-calving 0.5
High level 0.1
Q3 Low level Probability distribution of the shedding levels for all 0.25
Mid-level the I'* in the 4 first weeks post-calving 0.25
High level 0.5
Q4 Low level Probability distribution of the shedding levels for the 0.6
Mid-level [+milk pers shedding in mucus/faeces after 4 weeks post- 0.4
High level calving 0
Q5 Low level Probability distribution of the shedding levels for all 0.15
Mid-level the 1+™mitk Pers shedding in milk and for the 7™k Pers jn 0.6
High level the 4 first weeks post-calving 0.25

The probability of a cow to get culled depends on its lactation year. The culling can also occur

at any time step of the simulation and culling stops if the initial herd size is below 0.85 times of

the initial herd size. The probabilities of culling according to the age are given in Table 3.

For each cow, we represent the lactation/gestation cycle. We consider inter calving interval of

55 weeks. The lactation cycle is composed of 47 weeks of lactation starting at calving followed

by 8 weeks of dry period. The gestation cycle is composed of a non-gestation period of 15

weeks starting at calving followed by a gestation of 40 weeks. The lactation cycle of a cow is

represented in illustration shown in Figure 6.
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Table 3 Description of the parameters of the herd demography model and their standard

value
Standard

Description Value
Replacement rate (year™) 0.355
Culling rate (week™)

Lactation 1 0.0057
Lactation 2 0.0052
Lactation 3 0.0065
Lactation 4 0.0067
Lactations 5 & 6 0.0161

Pregnant

................................

Lactating

A
v

Recently
Calved

Figure 6 Illustration of lactation cycle of a cow (in weeks)

An infected cow can abort at any time after 3 weeks following its resumption of shedding
(which can occur during a transition from S to I~ from C* to I* or from €~ toI*). It is also
assumed that a cow can abort only once during its lifetime. The amount of bacteria shed at the
time of abortion depends on the trimester in which it aborts. If it aborts in the first two
trimesters, it sheds moderate quantity of bacteria, else in the last trimester it sheds high quantity
of bacteria through route ‘facces/mucus’. If cow aborts during the first two trimesters the dry
period is reduced to 8 weeks (instead of 15), and if a cow aborts after week 22 of gestation, it
starts a new lactation. If it aborts before, its current lactation continues for a maximum of 50

weeks of lactation. Afterwards, it is dried off.

We also assume that from spring to the beginning of winter (mid-March to mid-November) dry

cows are kept on pastures and they shed bacteria in E ,;54re- The probability of infection is
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Conceptualization of the metapopulation model

thus lower than for lactating cows and based on E,gqre fOr dry cows during this period.

Outside this period, there is only one compartment for the environment in which all the cows

(lactating and dry) shed bacteria. This environment is E py,;14ing (Figure 7).

Winter

Winter

Summer

All the Cowsin Lactating Cows in the Dry Cows on the All the Cowsin
the Building Building Pastures the Building

Figure 7 Yearly cycle of use of pastures by cows according to their lactation cycle (in
weeks)

The shedding of bacteria by an infected cow thus depends on its status in gestation cycle,
subsequently its status in lactation cycle. As shown in Table 4, recently calved (weeks 0-4) cow
will shed higher quantities of bacteria governed by distributions Q3 for It through routes

governed by PBcay distribution and Q5 for I*™ikPers through routes governed by Ycary
distribution.

Table 4 Table describing the gestation, lactation status and corresponding bacterial
excretion status for infected cows

Weeks in
cycle Gestation Lactation Excretion Status
0-4 Non-pregnant Lactating Higher Shedding Parameters
4-15 Non-pregnant Lactating Normal Shedding Parameters
16-47 Pregnant Lactating Normal Shedding Parameters
Normal Shedding (Faeces and

47-55 Pregnant Dry Mucus)

2.3. Inter-herd windborne transmission of C. burnetii

Atmospheric dispersion modelling refers to mathematical description of contaminant transport
in the atmosphere. Generally, the term dispersion describes the combination of advection (due
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to wind) and diffusion (because of eddy diffusion) [135]. These models have been used in
various fields ranging from studying emissions from large industrial operations, volcanic
eruptions [136], seed pollen and insect dispersal [137-139], odour propagation from livestock

facilities [140], nuclear contamination [141], and pathogen dispersal [97, 130, 142].

2.3.1.  Types of dispersion models

Gaussian dispersion models: These are the earliest developed dispersion models, and consider
normal probability distribution for diffusion within the atmosphere. They are used to describe
for both non-continuous (puff models) and continuous (plume) air pollution dispersion. In puff
models, two important assumptions are made: (i) wind speed and direction to determine
variations in the position of the centre of each puff and (ii) decrease in the concentration around
the centre of the puff to determine the age of the puff [143].

In plume model assumptions are that the wind speed is over 1 ms™ and transfer time is long
enough for pollutant to reach long distance (but still less than 10 km) [143].

Lagrangian dispersion models: These models consider mass conservation equation by
following each and every particle. Advantages associated with these models include simplicity,
flexibility and relatively accurate results in turbulent atmospheric conditions and complex field
terrain conditions [130, 143].

Two studies one about FMD dispersion [130] and the other about dispersion of radionuclides
[144] comparing Lagrangian and Gaussian models showed that both the models predicted
similar directions of infection and differences were attributed to the way atmospheric
conditions were inferred in these models. Lagrangian models were found applicable to nearly
all real life situations with atmospheric conditions with vertical wind shear and wind fields
modified by topography [145]. On the other hand, Gaussian dispersion models are useful for
temporally and spatially constant and isotropic wind and turbulent conditions. They are useful
only when the topography is moderately plain. Commercially and established algorithms
already developed and available are given in Table 5. They are used in multiples
epidemiological studies to study the dispersion of pathogens due to wind [29, 64, 130, 143, 146,
147].

Use of dispersion models to model the windborne dispersion of C.burnetii can be seen in
following two studies. Wallensten et al used Lagrangian model “NAME” to both identify the
risk for people to get infected from suspected farms and to identify source herds based on the

air quality in Cheltenham, UK [29]. A recent study correlates human cases in the Netherlands
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using Operations Priority Substance Short Term model [64]. Both studies concern the zoonotic
spillover of the infection from livestock to humans with a more or less similar aim of
identifying source livestock. None of the study as per our knowledge uses dispersion model in

the context of transmission between livestock farms.

Table 5 Atmospheric dispersion models available and developed

Model types & developers

Gaussian Models Lagrangian Models

PLUME (UK National Radiological Protection NAME (UK Met Department)

Board)

ADMS 3 (Cambridge Environmental Research NARAC (National Atmospheric Release
Consultants) Advisory Center, US)

ICAIR 3V (Maisons-Alfort, France) MLDOP (Canadian Meteorological Center)

VetMet (Danish Meteorological Institute): Local
scale Rimpuff

PDEMS: Plume Dispersion Emergency
Management System, Calpuff

AIWM: Australian Department of Agriculture,
Fisheries and Forestry

Operations Priority Substance Short term Model
(RIVM, Netherlands)

2.3.2.  Gaussian dispersion model describing airborne transmission of C.burnetii

As Gaussian plume models have shown significantly good accuracy and are known to be less

intensive for implementation, we used this tye of model with deposition to describe the airborne

dispersion of bacteria from one herd to another. Gaussian dispersion model describes the

concentration profiles of particles over three axes in the direction of the wind from a continuous

source (Figure 8). Basic two dimensional Gaussian dispersion model equation for the

calculation of plume concentration C at x, y location at time t is

3?2

Coeyn = % 32, an
y

2Ky (x)

Where standard deviation of Gaussian dispersion function is o2 =

and o? = %(x) K,

and K, (eddy diffusivity coefficients) = 0.03(m?/s), u is wind velocity (m/s), x and y are

differences (meters) between coordinates of source and destination on each
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axis. Q¢—x,,,(bacteria/s) is the bacterial source at time t — X /.- Different Gaussian dispersion

equations used for different scenarios are reviewed by Stockie [135].

concentration
profile

Figure 8 A contaminant plume emitted from a continuous point source, with wind
direction aligned with the x—axis. Profiles of concentration are given at two downwind
locations, and the Gaussian shape of the plume cross-sections are shown relative to the
plume centreline (taken from Stockie J. M., 2011 [135])

Bacterial loss in the environmental compartment can result from various mechanisms such as
natural death and from dispersion due to wind. The bacterial source for the plume is therefore a
proportion of lost environmental infection force which was estimated from Courcoul et al [62].
The small cell variant (SCV) of bacteria shed is very resistant to the environmental conditions
and can survive well in the environment [19]. Plume transportation takes place with
simultaneous deposition and settling of particles. Indeed, the small droplets generated by
sneezing, coughing, splashing and other activities remain suspended in the air and dry fast
enough to produce small particles called droplet nuclei which can remain suspended in the air
for long duration and can be transported along with the wind to distant places, unlike larger
particles. Hence, the inherent capacity of windborne transmission of any infectious agent
depends on the production of the appropriate range of droplet particle sizes with viable
pathogens [148]. Multiple studies have suggested a higher risk of windborne transmission of Q
fever within the radius of 5 km from the source in moderate environmental conditions [23, 29].

Hence we restrict our dispersion model to a radius of 5 km from the source herd.
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Plume transportation takes place with simultaneous deposition and settling of particles. The
transport and deposition of infectious particles were modelled by underlying Equation (18), to
account for phenomena such as settling and gravitation [135, 149]. The concentration (C) of
bacteria reaching herd i from source herd j (where X, y are differences in respective coordinates

of herds i and j) was calculated using the following equation:

0; (—y2> (—wsef(z-m wsefzaf) <—(z—h)2> (—(z+n)2>
I p\20)7%), 2K, 8K,2 [e 20, ) 4 e\ 2077

Cijieya = 2nUoy0,

(18)

V2iW,o, (Mg Megt) (W,  (z+h)
————e\ 7 2Kz Jerfe +
Kz \/EKZ \/EO'Z

Equation (18) is the solution of an atmospheric advection-diffusion equation accounting for
particle dispersion and deposition as developed in Ermak 1967 [20]. Quantities forming the
different terms are the following: Q; [number of bacteria / time step] is the force of infection in
source herd j; U [m/s] is the wind velocity; o, [m] and o, [m] are the standard deviation for
dispersion coefficients, taking the form a,,(x) = ayxby and 0,(x) = a,xP with a,, a, by, b,
corresponding to the atmospheric stability class C (3-5 m/s wind velocity, slightly unstable
environment);W, [m/s] writes as Wy =W — 0.5Wj, where W [m/s] is the deposition velocity due

to gravitation and Ws [m/s] is the settling velocity, fixed to %z‘g—f’]rz, with ¢ [kg/m?] the
particle density, r [m] the particle radius, 7 [kg/m s] the dynamic viscosity of air, and g [m/s’]
the gravitational acceleration; h [m] is the height of reception at destination herd; and K, [m%s]
is the coefficient of eddy diffusivity set to K, = 0.5a,b,Ux®==1_ In the last term of (18), erfc
is the complementary error function (erfc (x) = 1 — erf(x)) resulting from the approximation
of the solution of the partial differential equation of advection-diffusion. Parameters were taken
from the standard model presented in Stockie et al. (2011) [21]. Additional details on dispersion
related parameters are given in Table 6. The relationships between C; j (2, Q;, and the intra-

herd infection dynamics at source and destination herds are presented in the next subsection.
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Table 6 Parameters of dispersion model

Parameter Definition Estimation Unit
g Gravitational acceleration 9.8 m s
z Height of plume generation 4 m
h Height of plume reception 4 m
n Dynamic viscosity of air 1.8*107 Kgm's?
0 Density of particles 1150 [7] Kgm?
r Radius of particle 10°® m’
W Deposition velocity 0.01 [8] ms*
ay, a, Guifford-Pasquill stability ~ 0.34, 0.27[3] m®)
by, b, class ‘C’ stability 0.82, 0.82 [3]
parameters

The dispersion model uses the vector of wind velocity reaching herd i from source herd j. The
data generally available for wind velocity consists of northward wind component (v;) and

eastward wind component (u;). Based on it, the wind speed was estimated as windspeed =

Jnorthward wind component? + eastward wind component?, and the direction of the

wind flow was estimated through its angle ¢poar With the original x-axis, where ¢pprar =

_1 northward wind component

tan

. : Diagrammatic representation of
eastward wind component

northward wind component (v;) and eastward wind component (u;) is shown in Figure

9, where ¢y g7 is the directional angle of wind.
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Figure 9 Description of wind components taken from the Natural Environment Research
Council (NERC)

Weekly averages of wind direction and speed (a unique value for the whole area under study, as
very little spatial variation in wind velocity and direction was observed) were used in the
Gaussian dispersion model. Adjustment of the frame of the receiving herd i and source herd j
coordinates according to the direction of wind flow was done based on the distance between the
two herds (Distance;;), direction of the wind angle between the line linking the two herds and
the x-axis (angle;) as described in Stockie [135] (Figure 10).

Xaajustea = Distance;; * cos(angle;; — §) (19)

Yadjustea = Distance;; * sin(angleij - cl)) (20)

51



’__Igv'erd i

Y,

Distangé;, " d dire

ctio”

wind velobity

herd ,

Figure 10 Adjustment of frame of the receiving herd

2.3.3.  Cattle trade

Modelling of cattle trade was completely based on data. As the intra-herd model includes only
cows, cattle movements were also restricted to the trade of dairy cows, excluding nulliparous
heifers, bulls and calves. The source and destination herds, the date of the movement and the
age of the animal were based on the observed data and therefore deterministically implemented.
An animal of the same lactation number was randomly chosen from the selling herd to move to
the destination herd. The probability of trading an infectious cow was based on the proportion
of infectious animals in the given lactation age in the source herd. Because of the comparatively
low time spent by cows in markets during trading, it was assumed that there was no
transmission between cows following any possible interaction between them in markets.
Animal purchases from herds outside the study region were modelled slightly differently. A
random herd from the metapopulation was selected to copy an animal based on the lactation
number. This was done to ensure that the probability of purchasing an infectious cow from
outside the study region is same as buying an infectious animal from the metapopulation. In the
case of buying an animal from a herd within the metapopulation, animal was ‘moved’ while in
the latter case it was just copied. Matrix 2 was defined as describing the incoming (purchase)

and outgoing (sell) trade of cattle for a herd i.
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.Q[S, I_, 1+’ Imilk pers’ C+, C_]i(t)

Nb
- Multinomial (n;;(t), Py ;(t
i utltinomia (njl() X,jl( ) (21)
Nb
— Multinomial (n;(t), Py ;;(t))
j=1

Where,

_ ilk _
S I He) [PTTO i G
N; (®) "Nju(8) "N (8)" N () "N () "Nju(t)

Py ji(t) = (22)

is the probability of purchasing a cow with specific health state from herd j in the lactation year
L.

_ ik _
Su(t) I 15 Iin,zu P () Ch®) ¢
N; (£) "Ny (8) "Nig(®)" Nyg(8) "N (8) " Ngy (1)

Py () = (23)

is the probability of selling a cow with specific health state from herd i to herd j in the lactation
year L. The lactation year [, n;; number of purchases made by herd i from j, and n;; number of
cows sold to herd j at time step t and is based on the data. Nb is number of purchasing or

selling neighbours of herd i.

2.4. Coupling of cattle trade and wind dispersion model with intra-herd
dynamics and identification of cause of infection

Coupling of intra-herd model with cattle trade was done by characterizing each cow in a herd,
based on its origin and health status. Cows which are born in the same herd or when susceptible
(S) at purchase were called internal animals. Cows which were infected outside the herd and
that were shedders (I, I* or I+ ™k Pers ) or carriers (C*) at the time when they were bought
were called external animals. The infection dynamics of the internal animals and external
animals were assumed to be identical, the first contributing to the local subsection of the
environmental compartment, Ejinternai, While the second contributing to the external
subsection, E; oyternar- After coupling of cattle trade with the intra-herd model, equations (2 -

7) change to the following equations.

S;(t) = S;(t — 1) = NI7(t) + NS;(t) + 025,(t — 1) (24)
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I7(t) = I7 (t — 1) + NI (t) — NSi(t) — NI = NI P 4 01 (¢ — 1) (25)

IF() = IF(t — 1)+ NIF(t) = NI*CH(t) + NCHIF(©) + NCTIF (¢) + QI (£ — 1) (26)

Il+ milk pers (t)

ilk ilk i
— ijml PerS(t _ 1) + NIi"'ml PerS(t) _ N[+mllk persCi+(t) (27)

1

+ Qli-}-milk pers(t _ 1)

CHt) = CF(t— 1)+ NITCH(t) + NITMkpersct () — NC*IF () — NCHC; (t) 28)
+0CT(E—-1)

Cr(t)=C7(t—1)+NC*C7(t) —NC™I}({t) + nC/ (t—1) (29)

0NX;(t) for each health state is calculated using equation (21).

Coupling of the intra-herd model with windborne transmission of infectious particles was also
done, through the environmental compartment. Bacteria arriving from a neighbouring herd j
through windborne transmission accumulate in compartment E; ; jep,. This writes as E;jgep =
area; W Cij«y.0, Where the area for each herd (area;) was approximated using average space
recommendation for a cow and the number of cows in a given herd. W and Cjjy, are
presented in equation (18). Similarly, a fraction « of the bacteria leaving the environmental
compartment (due to the various mechanisms encompassed in term p, Table 2) was assumed to
become the source for generation of the plume and was defined as Qi=EiMpiume sources With Q;

defined in equation (18) and Hpiume source=K M.

Hence, after accounting for inter-herd processes in the intra-herd model, the environmental
force of infection for each herd can be decomposed into two terms related to the origin of
shedders  (E; internai) @and (Ej externas) and one term related to deposited bacteria due to
windborne transmission from all possible source herds j(X; Ejgep(t — 1)). The general
formulation of the environmental force of infection due to bacteria in herd i was represented as

follows:
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Ei(t) = Ei(t - 1)(1 - H) + Ei,internal(t - 1) + Ei,external(t - 1) + (30)
YiEijaep(t—1)

Ex origin(t) = Tii(p*Qty, X nt,xwkl)origl-n (31)
Or in other words E ,yigin = E puitaing + E pasture Where origin€ {internal, external} and
the loss of bacteria from the environment, p, encompassing death and plume generation, was

defined as u = pgeqen + Hplume source:

Figure 11 shows a diagrammatic representation of intra-herd infection dynamics coupled with
the model describing cattle trade and Gaussian dispersion model of a single herd in a
metapopulation of cattle herds.
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Figure 11 Flow diagram describing the intra-herd spread of C. burnetii in a dairy cattle
herd. The diagram describes the health statuses of cows and transitions between these
statuses, and environmental bacterial load of the herd (adapted from [62]). The blue
section represents the infection dynamics of external animals, while the black section

corresponds to internal animals.
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2.5. Re-coding and implementation in Python

The intra-herd model of Courcoul et al [62] was originally implemented in R. As the aim was to
develop a more complex and efficient metapopulation model using this model as a building
block, the model was recoded in Python 2.7.6. We used standard package list available in
conda 3.16.0. Plots were generated using matplotlib 1.4.3., pandas 0.15.2 and additionally
installed seaborn 0.6 visualisation packages. Maps were based on the basemap 1.0.7.

The R model was not translated line by line, but two Python based objects (Python class)
representing a Cow and a Herd were created contrary to R code. These objects had their own
variables (categorical and numerical values) as well as functions which defined and
manipulated their states and values in the model. All the model outputs results were stored
again as Python class and were saved as text files after serialisation with the help of package
‘pickle’, for reanalysis later.

Outputs of the model coded by Courcoul et al in ‘R’ were compared with the ones obtained
with the model coded in Python developed here. In both models, same initial conditions at time
t=0 were created. Infection in a herd of 50 susceptible cows was initiated with introduction of a
primiparous I~ cow which has just calved. Parameters of infection dynamics and demographics
were set to their standard values (Tables 1-4) and for each model 200 stochastic simulations of
the ‘intra-herd model” were run to see the dynamics of infection over the period of five years.
Four important outputs from both models, proportion of susceptible cows (equation 2),
seroprevalence (equation 14), proportion of shedders (equation 15) and force of infection

represented by environmental compartment of the herd were compared with each other.

The model coded in the Python was significantly faster than the one coded in R. Average time
taken by the model in R was about 3 hours for 200 stochastic simulations, while it took less
than 20 seconds in Python. Visual comparison of the model outputs from the re-coded model in
Python and the model outputs from the model coded by Courcoul et al [62] showed good
agreement (Figure 12). Minor deviation of the outputs was seen in the 95" quartile of the
outputs after two years. These deviations are due to the stochastic nature of models and

different random number generators in Python and R.
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2.6. Discussion

Modelling of transmission of pathogens through environment, as for C. burnetii, requires
information about parameters such as elimination rate of the pathogen, pick up rate of the
pathogen by susceptible individuals (contact parameter), the quantity of pathogen in the
environment and the infectivity of the pathogen in the given environment [150]. These models
of environmental transmission were applied to other airborne pathogens such as influenza
viruses [150]. Similar model is proposed for smallpox infection of a susceptible cell denotes the
probability of infection (Pr) of a cell as Pr =1 — e("P*#) where p is the probability of
successful infection per virus particle and p, is the average number of virus particles

encountered by the cell [151].

Concerning the expression of the probability of infection, such ‘one hit” model is also presented
for C. burnetii where the probability of airborne infection from the environmental
contamination of the bacteria is modelled as p = 1 — e~** [134]. The authors define 1 as the
average number of pathogens received by the host and x is the probability of infection for each
received organisms via inhalation [134]. The formulation presented by Courcoul et al [62] for
probability of infection (p =1 — e™E) does not differentiate between number of viable
pathogens available (1), and the contact term (k). Instead, it considers the force of infection in
the environment equivalent to the E compartment. Shedding by each individual presented in the
model can be interpreted as the corresponding contributions to this force of infection. Another
novelty of the metapopulation model proposed here lies in the way dispersion model is utilized.
It is a common practice to model the transport of pathogens and to calculate the concentration
of pathogens at a place of concern [97, 130, 144, 152]. Contrary to this, we calculate the force

of infection at a given place following transport of pathogens due to wind.

The translated intra-herd model from R into the new coding environment of Python resulted
into a computationally more efficient model, which was essential as the subsequent aim was to
couple such intra-herd models to each other via windborne dispersion and cattle trade. The

comparison of the model outputs showed no significant change in the model outputs.

The individual based nature of the original intra-herd model developed by Courcoul et al [62];
which was recoded here, aided in formalizing this system by identifying each animal based on
its origin, and hence subsequently helping in identifying the cause of infection. Hence, the

spatio-temporal dynamic model presented here describing the spread of C.burnetii between
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dairy herds, via windborne transmission and cattle trade, provides a good platform to address
our objectives of thesis. The multiscale model can be applied to different geographical regions
with the availability of geo-coordinates and population estimates of dairy cattle herds,

meteorological parameters and cattle trade data.

In the following chapters, we will use this model to a specific dataset related to Finistére
department, France to also test the reliability of the model, by assessing its ability of predicting
similar spread of infection as observed in 2012-2013 in the same geographic region and to

identify the contributions of the routes in the regional spread of infection.
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Chapter 3

Assessing the relative role of windborne
transmission and cattle trade in the
transmission of Q fever in dairy herds of

Finistere Department (France)
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Assessing the relative role of windborne transmission and cattle trade in the
transmission of Q fever in dairy herds of Finistére Department (France)

In previous chapter, we discussed the overall structure of the mathematical model which
describes the spread of Q fever in dairy cattle herds on a regional scale. We also discussed the
ability of the model developed in identifying the route responsible for the introduction of
Coxiella burnetii in an infection-free herd. In this chapter, we apply this model to a case study

in Finistére department in France.

Important objectives being addressed here are (i) assess the reliability of the model predictions
by comparing them with the available data of infection spread in Finistére department, (ii) to
identify the relative impact of transmission routes on the regional spread and on the intra-herd
infection dynamics of the C. burnetii in dairy herds. Along with this, we also did a preliminary
sensitivity analysis of the model parameters. The third objective was to understand the
persistence of infection over a longer duration in a metapopulation in absence of any control
strategy along with a sub-objective to see if the contributions of the routes are similar even on

longer duration as seen or shorter duration.

To address these objectives in this chapter we describe two simulation experiments concerning
the spread of the C. burnetii among the dairy herds of Finistére. The first simulation predicts
the spread of infection over one year period (2012-13). We first assess the ability of the model
in predicting the spread of infection as observed during the same time period. Along with that,
we quantify the contribution of transmission routes in the regional spread, then impact on the
intra-herd dynamics, and performed a preliminary sensitivity analysis. The second experiment
describes the spread of infection over longer duration of 10 years identifying the cause of

infection in infection free herds.

3.1. Finistére Department

Finistere is a department of Brittany region in France. It is located in the north western corner
of metropolitan France and is surrounded by English Channel to its north, and Atlantic Ocean
to east west and south (Figure 13, inset). The climate of the region is oceanic characterized by
presence of wind which flows mostly toward south east direction from the sea. The overall
terrain of the region is flat with a small range of hillocks. The highest elevation in the region is

not more than 400 meters.

The region is known for predominant dairy farming and in 2014, Finistére was the 4"
department in France in terms of milk production. More than 80% farms in the Brittany region

are dairy farms (www.finistere-economie.fr). In 2014 the department had 2179 pure dairy, 436
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mixed and 1528 beef herds registered with the Groupements de Défense Sanitaire (GDS) de
Bretagne, (France) and has seen a steady annual decrease of 10% in number of number of
herds.

The department becomes a very good case study with the availability of meteorological data,
data related to cattle trade, and detailed data about the dairy cattle herds, including their
demographics, geolocations and epidemiological data on Q fever prevalence. The intra-herd
model developed earlier and incorporated into the metapopulation here is also based on the data
collected from the herds in the same region. It also models the management practices prevalent
in the region. Keeping this in mind, the intra-herd model can be used here as it is, without any

changes in assumptions.

3.2. Data

The data used for these simulations are of three types. 1. Data related to herds (epidemiological,
demographic and geographical), 2. Wind velocity data, and 3. Cattle trade data. Before
explaining the details of the methodology used in the simulation experiments we briefly

describe these three data sets

3.2.1.  Epidemiological and demographic data

In May 2012, a survey was conducted in the dairy cattle farms of the region to estimate the
sero-prevalence of C. burnetii. Bulk Tank Milk (BTM) samples were collected from dairy
herds at two time points and ELISA test was used to detect antibodies against C. burnetti. In
May 2012, 1,963 herds were found positive for the presence of antibodies in BTM. Out of the
866 negative herds in 2012, 828 herds were retested in May 2013, and 307 were found positive
(epidemiological: dataset 1).

The data related to dairy herds in the department of Finistere was procured from GDS Bretagne.
The data included details with respect to number of total cattle present, number of cows,
latitude and longitude of 2883 dairy cattle herds in the department. Along with that, the data
also included the herd unique identification number, name of the proprietor, and postal address

of the farm office (demographical: dataset 2).

For the purpose of simulation of the model based on these two datasets (dataset 1 and 2) we
used a subset of 2,799 (shown under Model column of Table 7) herds (69% of all the cattle
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herds in Finistere) for which we had information from both datasets in 2012 (Table 7 and
Figure 13).

Table 7 Sero-prevalent herds for C. burnetii in Finistére department in 2012 and 2013
based on presence of antibodies in BTM. Observation columns give number of herds
tested in the field and Model columns give number of herds which had data from both

datasets (1 and 2) and were used in the model for simulation.

May 2012 May 2013
Interpretation Classes of Observation Model Observation  Model
of ELISA S/P” ratio of BTM

Number of

herds tested 2829 2799 828 823

- <30 866 (30.6%) 858 521 (62.9%) 520

+ 30 < S/P ratio < 100 822 (29.1%) 809 129 (15.6%) 128

++ 100 < S/P ratio <200 1108 (39.2%) 1099 133 (16.1%) 130

e+ > 200 33 (1.1%) 33 45 (5.4%) 45

* sample to positive ratio

3.2.2.  Cattle trade data

The French Ministry of Agriculture (Ministére de I'agriculture, de I'Agroalimentaire et de la
Forét) maintains pioneering database about life histories of each individual livestock animal.
Tracing individual animal started way back in 1969 in France, but it was generalised in 1978 by
making it mandatory to tag and trace all the cattle. France was the first country to do so in the
World. Since then, each cow, bull in the country has received a unique identification number
and a passport. This system provided the efficient backbone to the French national herd disease
prevention and epidemiological surveillance system, and was a step ahead of the subsequent
OIE (World Organization for Animal Health) and WHO (World Health Organization)
guidelines. This framework and long experience of this tracing system has served as a template
for the series of EU regulations (EC 1760/2000, EC 1825/2000). System provided a significant
ease in tracing the source of packed meat or its products from ‘farm to fork’” which is evident in
the labelling seen in the meat products available across Europe. The computerisation of this
database has resulted into more accessible database called as “Base de Données Nationale

d'Identification” (‘BDND).

65



Prevalent herds Uninfected Incident herds

a—— ca—
(2012) herds (2013)
i 48.7°N
. ta i B Y it
e tr T e ey .
Yo o # .:, " 2. Y
.  EA hed ~e
o o :’:‘ ;” A i) ‘o :.
: RS O SR cbrga
2 N e S et WL g @ S . Bg K
/S Tl T SR 48 4°N
i HE B
0 -2
e ."
= i ¥
e e o S
Kin -, 5 e o o o e Y
| | o ot ¥ P L)
10 - A
-b‘ - -:.': :., L3 :
oo, 0 R R 48.1°N
. ) et oo » e
YR H fula o . % ase
AR GO ~.
S e Y .... AL -f ----- .
. """ ¢ S,
" LN 3 . .
o T
{‘ 47.8°N
4.7°W 4.3°W 3.9°wW 3.5°W

Figure 13 Sero-prevalent herds as observed in May 2012 and May 2013 in the Finistére

department, France. Inset map shows location of Finistére department in France.

The data is generated since the birth of a calf. Farmer should tag animal within 20 days after its
birth, by fitting it two ear tags carrying a unique identification number ‘FRxxxxxxxxxx’, where
FR stands for France and 10 digit code. Since 2010, farmers can opt to upgrade one of these ear
tags to an electronic ID ear tag fitted with a transponder. The farmer has one week after ID-
tagging their animal in which to provide the national computerized information database [the
’BDNI’] with the compulsory set of animal data, which they can do either via internet or by
sending in a certified form: ID number, date of birth, farm herd number, the number of calf’s

mother, breed of the calf and of its mother and parent bull, and so on. Each successive owner
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who purchases this animal is required to notify the BDNI system within 7 days of animal

transfer (purchase or sell) or slaughter (http://en.france-genetique-elevage.org/). Detailed

country wide analysis of this database and its implication on the ability to spread the disease
were presented by Rautureau et al [153] and Dutta et al [66].

For the purpose of the study, data for the individual movements of cows from one dairy herd to
another only within the Finistére department, for the time period 2005 to 2014, were extracted
from BDNI. Data were filtered out according to the requirement of the model. First cattle
exchanges involving any herd within the Finistére department were separated from the global
database. This involved cattle trade within the herds of the department and purchase of cattle
from herds outside the department and sell of cattle to herds outside the department. As
described earlier in the Chapter 2 (section 2.4) the model accounts only for cows and excludes
heifers, all the movements of cattle less than 730 days of age were excluded which further
shortened the database to 66,448 cow trade events. A directed static network of this dataset was
generated to analyse the structure and nature of the cattle movements in the region. Centrality
measures of this network were estimated as they allow ranking of nodes according to their
importance in the network.

Out of 2799 herds under question, 2603 herds participated in cattle exchanges during the period
of 2005- 2014, with mean degree (number of trade partners) of 7.01 (x7.6). 1,925 herds
participated in selling cows to herds within the department and 1988 herds bought cows from
herds within the department or from outside of the department. The number of animal
transactions shown in the data per week is shown in Figure 14(a). Red highlighted data is the
data used for the first experiment, while Figure 14(b), (c), (d) shows the typical power law

distribution of degrees, in-degrees and out-degrees respectively.

3.2.3.  Wind velocity data

Wind velocity data required for dispersion modelling were taken from publically available
European Centre for Medium Range Weather Forecasts database [154]. Northward and
eastward wind component data for Finistére department for the periods of the experiments were
procured. The dataset used for these experiments come from dataset ‘ERA Interim Daily’ [155]

(http://apps.ecmwf.int/datasets/data/interim-full-daily/) and two variables namely ‘10 metre U

wind component’ (Eastward wind component) and ‘10 metre V wind component’ (Northward

wind component) were downloaded for the given time period of the study. Data was utilised in
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the model by converting daily averages into weekly averages as mentioned in Chapter 2,

section 2.3.2.
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Figure 14: Trade of cows involving dairy herds of Finistere department from 2005-2014.
3.3. Simulation experiments

3.3.1. Initial conditions and simulation set up

For both experiments the same initial conditions were considered to generate a metapopulation
with enzootically established infection of C. burnetii. Initial conditions were simulated for
prevalent herds in agreement with field observations in May 2012. The ELISA in BTM

classifies the S/P ratio (sample to positive ratio) in three different ranges. For these three
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different interpretations of ELISA results, estimates of sero-prevalence were taken from a study
by Taurel et al (Table 8) [127]. For all positive herds in May 2012 as listed in Table 7, the intra-
herd model was run, with forced introduction of 1 infected cow until its sero-prevalence
reached a value in the interval between the expected mean + sd of sero-prevalence as given in
Table 8 [127]. This simulation was done independently without considering transmission
between herds. The distribution of simulated sero-prevalence in prevalent herds at the
beginning of the simulation is show in Figure 15.

Table 8 S/P ratio of ELISA of BTM associated with within-herd sero-prevalence of C.
burnetii in milking dairy herd (Taken directly from AF Taurel et al, 2012 [127])

Interpretation of ELISA Variables ser[izsg:;i:f(s d) 95% ClI
Classes of S/P ratio of BTM:
- <30 - -
+ 30 < S/P ratio < 100 0.20 (0.09) (0.02; 0.38)
++ 100 < S/P ratio <200 0.40 (0.07) (0.29; 0.54)
+4+ > 200 0.37(0.07) (0.23; 0.51)

180

I FLISA Interpretation +

160 BN /CLISA Interpretation ++
ELISA Interpretation +++

140

120

100

80

frequency of herds

| =
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seroprevalence

Figure 15: Distribution of sero-prevalence simulated for the initial conditions of prevalent
herds based on the ELISA for BTM results.
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Once the initial conditions were obtained, the between-herd spread of the infection was
simulated over the duration of one year. 100 stochastic simulations were run for this scenario as
comparison of outputs at 100, 200 and 300 stochastic simulations showed similar results. Hence
for computational efficiency 100 stochastic simulations were run for each scenario of one year
duration. During this experiment, the parameter values for the intra-herd model were taken
from a previous study where they were estimated based on field data [62, 124] (Table 1-4). For
the dispersion model, parameters were taken from standard dispersion model presented in
Stockie (2011) [135] (Table 6).

For the second experiment, simulation was done for the duration of 10 years from 2005 to
2014. Even though the initial conditions of the metapopulation in Finistere department in 2005
were completely different and unknown, we generated the enzootically infected metapopulation
of herds as seen in May 2012 as we did for the first experiment assuming a stable distribution
of seroprevalence between years. Here in this experiment external risk of introduction of
infected animals through trade from outside the population was considered as was implemented
as described in Chapter 2 section 2.4.Because of computational and time constrains, 50

stochastic simulations of the model were run with same parameter values as described earlier.

3.3.2.  Model outputs

In the first experiment, the spatial dynamic model was used to predict the status (in May 2013)
of initially (in May 2012) susceptible herds. Introduction of infection in herds was defined as
the generation of the first case among internal animals (Cows which are born in the same herd
or when susceptible (S) at purchase). Identifying contamination sources allowed us to allocate a
cause to the primary local case and therefore to assess the relative contribution of each of the
two transmission routes considered for each incident herd. Herds receiving infectious animals
previous to the generation of the first local case were designated as being infected by cattle
trade, the rest of the incident herds were attributed to windborne transmission. In addition to the
cause of infection, the probability of infection (P1) was also estimated for each incident herd
based on the proportion of runs it experienced infection: Pl = (number of runs with at least one
local case) / (total number of runs). Herds were predicted positive by the model if their
predicted PI was higher than a threshold, which was calibrated according to the available data,
as described in the next subsection (Assessment of model predictions). Concerning the intra-
herd dynamics in incident herds, four model outputs were considered: seroprevalent animals,

proportion of shedders (Equation 15), extinction rate (equal to the proportion of runs with no
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shedding and no seropositive cow at the end of the simulation among those runs where the herd
was infected) and herd incubation period (calculated as the time elapsed between exposure to
the identified cause and generation of the first local case). Descriptive statistical measures
(mean, median, standard deviation and percentiles) of seroprevalence and proportion of
shedders in incident herds were calculated only over runs in which herds experienced an
infection.

In the second experiment, an important output of the model was temporal dynamics of
prevalent herds in the metapopulation and was defined as number of herds with at least one
shedding animal at given time point. Over the long duration of simulation incident herds can
lose the infection to become susceptible again, and can get infected again either because of
wind transmission, purchase of infectious cow, or because of environmental contamination
from previous outbreak. Hence, in this experiment, we followed the causes of not just
preliminary outbreak, but also successive outbreaks of C. burnetii infections. Three possible
causes of infection were defined based on the amount of environmental contamination in the
sub-compartments of environment: wind, trade and old. When the environmental contamination
of Einternar Was found to be greater than both Eg.,, and Egyterna it Was assumed that the re-
infection is due to the contamination caused by previous outbreak and was defined as old
infection. For the other two transmission routes the identification as a cause was decided as for

the first experiment.

3.3.3.  Assessment of model predictions

In the first experiment, to assess the accuracy of the model in predicting the binary outcome
(infected / non infected) for all the initially susceptible herds, as observed at the end of the
study period, we performed receiver operating characteristics (ROC) analysis, based on
Sensitivity (Se) (or true positive rate of detection) and Specificity (Sp) (more precisely 1-Sp,
representing the false positive rate). ROC analysis consists in evaluating the performance of a
classifier in detecting binary behaviour for different discrimination thresholds. More
specifically, for each initially susceptible herd, the predicted infectious status was compared
against the observed one (the reference) at the end of the study period. Each point of the ROC
curve corresponds here to a different threshold to which the PI for each initially susceptible
herd is compared in order to be classified as infected or not. To assess possible improvements
in prediction, we also relaxed the spatial precision in the ROC analysis and compared the

output for a neighbourhood around an expected incident herd (neighbourhood level analysis).
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The comparison was done for neighbourhood distances of multiple radii (1, 2, 3 or 4 km). Sp
for the neighbourhood level analysis was considered equal to that of herd level analysis. AUC
(Area Under the Curve) was used for assessment of model performance.

The cut-off Pl was used to classify herds into two categories: herds with a Pl larger than the
cut-off were considered as positive (infected), the others as negative (uninfected). This
categorisation concerns the simulated herd status at one year after the onset of pathogen spread
into the metapopulation. The optimum cut-off is chosen based on comparison of simulation to
data concerning herd status at the end of one year. In general, the optimum cut-off value is
chosen based on the epidemiological situation of the case concerned, such as prevalence in the
population and consequences of false positive and false negative results [156]. In the literature,
prevalence dependent (Sensitivity (Se), Specificity (Sp), Youden index (J), odds ratio etc.) and
independent criteria (Efficiency, kappa), both are used to come up to a decision.

The optimum cut-off (threshold) values for PI to classify herds as positive or negative were
selected based on three criteria: equality of Se and Sp, (Se =Sp); maximum accuracy (ACCmay),
where Acc = (true positive herds + true negative herds) / (total population) or, equivalently,
Acc = Se X prevalence + Sp X (1-prevalence);
Acc = (truepositiveherds + truenegativeherds)/(totalpopulation), or, equivalently, Acc =
Se x Prevalence + Sp X (1-Prevalence) and maximum Youden index (Jmax), Where | = Se +
Sp — 1[156].

Figure 16 shows the basic idea and differentiation of the herd level ROC analysis and the
neighbourhood analysis. We show a hypothetical situation of observed data of positive herds
(in red) and hypothetical model predictions of Pl and classification of herds positive (red) and
negative (grey) based on a PI cut-off of 0.2. On the right side, calculation of Se and Sp is shown
using standard 2x2 contingency table for herd level and neighbourhood analysis.

At herd level the comparison is straightforward, by comparing herd by herd level model results.
In neighbourhood level, we considered a predetermined radius only around expected incident
herd (here in the example around herd ‘A’) and that too only if the model fails to predict the

herd as positive. Rest of the comparison remains same for neighbourhood level.

3.3.4.  Spatial cluster analysis
For the first experiment, spatial cluster analysis for predicted incident herds or herd cases was

done using a Poisson model (SatScan®) with a null hypothesis of expected number of cases in
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each area proportional to its population size, hence adjusting the model for the density of cows.

Definition of a case herd was based on the optimum PI cut-off suggested by the ROC analysis.

Data B 025 Model Data+ Data-
B
® ® Herd level
P ) ® ° o';_m o, Model + |0 (TP) 1 (FP)
- - ° ° Model - | 1(FN) 4 (TN)
0.05 0.15
i ;
B,  Data Neighbourhood |, .~ .
level
® : ® Model + |1(TP)  1(FP)
® @ Model - | O(FN)  4(TN)

Figure 16: Hypothetical example of ROC analysis at herd level and neighbourhood level
to compare model outputs and observed data. Red: positive herds, grey: negative herds.
Sensitivity and specificity is calculated using TP (true positive), FP (False positive), FN
(False negative) and TN (True negative) Sensitivity analysis

A preliminary sensitivity analysis was done in order to assess the robustness of the model
predictions with respect to parameter variations. In a detailed sensitivity analysis conducted on
the intra-herd infection dynamics model by Courcoul et al. [62], three significantly sensitive
parameters were found: Q1, p and p (Table 9). Along with these three parameters, three more
parameters from the dispersion model x (fraction of p becoming plume source), r (radius of
fomite particle), W (deposition velocity) were tested in the analysis. The values chosen to be
tested in the sensitivity analysis were those used in [62] for Q1, p and p. Fork,r, W the
standard value was varied by fifty percent, in the limits of biological plausibility. Each
parameter was varied independently of other parameters (univariate sensitivity analysis) the
effect of these variations on three model outputs (relative contribution of windborne
transmission to new infections of herds, number of incident herds and proportion of shedders in

incident herds) was evaluated.
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Table 9 Parameters considered for the sensitivity analysis of the model.

Parameter Definition Standard Values tested in sensitivity analysis
value
Q1 Probability distribution of the shedding  Distributio  Distributio  Distribution
Low-level levels of all the I~and for the I'* nl nil I istribution
Mid-level  shedding in mucus/faeces after 4 weeks 0.85 0.6 0.25 v
High-level post calving 0.15 0.4 0.25 0.15
0.0 0 0.5 0.6
0.25
p Proportion of bacteria shed through 0.28 0.05 0.15 0.35 0.5
mucus and faeces filling the
compartment
M Elimination rate of C. burnetii from the 0.2 0.1 0.5 0.8
herd environment
K Ratio between Mpiume source. aNd [ 0.5 0.25 0.75
r Radius of a fomite particle le-6 0.5e-6 1.5e-6
w Deposition velocity due to gravitation 0.01 0.005 0.015

3.3.5.  Relative impact of transmission routes on the regional spread and intra-herd
dynamics of the infection

In the first experiment, to identify the contribution of cattle trade and wind dispersion as routes
of transmission, we used two complementary approaches. First, we tested four scenarios to
understand the role of each transmission route both independently and in association with one
another: absence of between herd transmissions (Scenario A), transmission only by movement
of animals (scenario B), transmission only by windborne dispersion of the pathogen (scenario
C), both routes of transmission (scenario D). Temporal dynamics of incidence at herd level,
total number of incident herds and temporal dynamics of shedder cows in incident herds were
compared to assess the impact of presence and absence of the transmission routes on regional
spread. The second approach focused on identifying the relative roles of the two transmission
pathways in introducing the infection in incident herds, by further evaluation of scenario D. To
investigate differences in the intra-herd dynamics of the incident herds concerning the causative
transmission route, PI, extinction rate and time after exposure were compared using Mann-
Whitney U test. A similar analysis was done on a subset of herds at risk of acquiring infection
through both routes, i.e. those herds that purchased animals and were exposed to C. burnetii

due to windborne transmission.
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3.4. Results
3.4.1. Experiment 1: Spread of C. burnetii over one year period

3.4.1.1. Incidence prediction and agreement with the observed data

Out of 823 susceptible herds at the beginning of the simulation, 768 got infected at least once
over the total number of runs. The PI predicted for incident herds showed spatial heterogeneity
(Figure 17a). Most of the incident herds showed low values of PI. Out of 768 herds, 38.8 %
herds showed PI < 0.1, while only 1.5% herds showed PI1> 0.9 (Figure 17b).

For different decreasing cut-offs of PI, the number of predicted positive herds decreased
drastically (Figure 18). Simultaneously, the incidence attributed to airborne dispersion
decreased similarly and the incidence attributed to trade of animals decreased gradually. The
highest relative contribution of animal trade in the total incidence was 46.1% and was observed
at 0.63 infection probability cut off.

The model had moderate agreement with data at herd level. It performed better for predictions
at the neighbourhood level (Figure 19a). In the radius of 2, 3, 4 km there were on average 1.7,
3.8 and 6.6 initially susceptible neighbour herds around an expected incident herd respectively
in the Finistére department. The gain in the model’s predictive ability in terms of AUC with the
increase in neighbourhood radius was weighed against the loss in the precision of model
predictions arising because of an increase in the number of initially susceptible herds, the
calculations rely on, resulting into a subjective compromise for a neighbourhood of 3 km for

further analyses of model results.

At herd level, the model was found performing better at P1=0.11 for the first and the third
criteria (se = 0.57,sp = 0.59), Jnax=0.15) and at P1=0.61 for the second one (Se=0.1, Sp=0.95,
AcCCax=0.64). For a neighbourhood of 3 km, the optimal cut-off was found to be equal to 0.21
based on the first criterion(se = 0.76,sp = 0.75)0.25 based on the second one (Se=0.71,
Sp=0.80, Accmx=0.76), and 0.15 according to the third one (Se=0.86, Sp=0.66) (Figure 19b and
19c¢). Details of the Se, Sp, Acc, J, predicted incidence, contribution of windborne transmission
to the incidence and the spatial distribution of incident herds at these cut-offs are given in Table
10 and Figure 20. The subsequent clustering analyses were performed using a cut-off value of
0.25 (i.e. herds were declared positive if their Pl > 0.25) as this value provided the uniformly

best results with respect to the three criteria at the neighbourhood level.
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Figure 17 Simulated probability of infection (P1) by C. burnetii one year after its spread
between herds, for herds initially susceptible (observed to be infection-free in May 2012).
(a) Map of Finistere department in North-Western France with the locations of incident
herds (bubbles sizes are proportional to Pl1). (b) Distribution of PI.
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Table 10 Performance of the model concerning the choice of PI cut-off optimal values at

herd and neighbourhood levels. (Values in bold are values at which the thresholds of Pl

were seen at)

Herd Level Neighbourhood (3km)

Criteria Se = Sp ACCimax Jmax Se~Sp  AcCmax Jmax

Pl cut-off 0.11 0.61 0.11 0.21 0.25 0.15
Sensitivity 0.58 0.10 0.58 0.75 0.71 0.86
Specificity 0.58 0.95 0.58 0.75 0.80 0.66
Accuracy 0.58 0.64 0.58 0.75 0.76 0.73
Youdenindex (J)  0.15 0.06 0.15 0.51 0.51 0.53
Incidence 419 58 419 259 219 346

v airborne 86 57 86 78 75 83

transmission
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Figure 19 Receiver operating characteristics (ROC) analysis of model output. ROC
analysis (data are the reference) for the simulated probability of infection (PI) by C.
burnetii one year after its spread between herds, for herds initially susceptible. (a) ROC
curves for herd level analysis and neighbourhoods of 1,2,3,4 km. (b) and (c) Variation of
the four indicators (Sensitivity — Se, Specificity — Sp, Accuracy — Acc, Youden Index —J)
used for building the three criteria (Se = Sp, max(Acc), max(J)) to optimise the cut-off of
P1 for the classification of herds as positive and negative. Calculations were performed at
herd level and for a neighbourhood of 3 km. The Sp of the model is considered identical

over different neighbourhoods and hence is shown by a single line
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3.4.1.2. Cluster analysis

According to the clustering analysis, herds predicted as positive by the model at the cut-off of
0.25 showed seven non-overlapping statistical clusters, three in the north and four in the south
of the Finistéere department (Figure 21). A small cluster (Cluster 1, Figure 21) in northern
Finistere department showed the highest relative risk of 7.7 and a slightly bigger cluster with

same relative risk was also seen in the south-eastern corner for the department.

3.4.1.3. Sensitivity analysis

Model outputs were sensitive (Figure 22) to Q1, p, u, and k, whereas very little perturbations
were induced by variations in particle size, r and deposition velocity, W (except for number of
incident herds). Results showed that, despite a considerable sensitivity of the model to the
parameters tested (except for r), the relative contribution of windborne transmission in the
simulated incidence mostly remained higher than the contributions of cattle trade, regardless
the parameter values tested, except for some values of k and p for which this trend was

reversed in the last six months of simulation duration.

3.4.1.4. Contribution of transmission pathways to the regional spread

Windborne transmission was responsible for the infection of the majority of incident herds
predicted by the model at all the optimum PI cut-offs derived in the ROC analysis. The
contribution over these cut-offs varied from 57 % to 86 % at herd level and from 75 % to 83 %
at neighbourhood of 3 km. The sensitivity analyses showed that windborne dispersion
contributed to more than 50% and 70% of the new herd infections in 88 % and 63 % of the

tested situations, respectively (Figure 22).
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Figure 21 Spatial clustering of infection probability in Finistere department. Statistically

significant spatial clusters (circled in red) with high relative risk (RR) of presence of

simulated positive herds (red dots), initially susceptible, infected by C. burnetii one year

after its spread between herds. The positive herd is defined based on a cut-off value of

0.25 for the probability of infection (PI). Herds initially seroprevalent according to the

data (orange dots) and herds which remain uninfected (green dots) are also represented.
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Figure 23 illustrates the effect of windborne dispersion and cow trade on the regional spread of
infection. More incident herds were seen in scenarios comprising windborne transmission (C
and D, at least five times more incident herds on average than in scenario B), as depicted in
Figure 23(a) and 23(b). Further analysis of scenario D carried out in the second approach
provided similar results for the predicted incidence. In all 100 iterations of the standard
stochastic model, 92 % of all the introductions of infections were attributed to windborne
transmission, while the rest (8%) to cattle trade. The incidence dynamics over the time period
attributed to these two transmission routes, when acting simultaneously, showed close
coherence with the incidence predicted in scenarios B and C, where each transmission route
was considered separately (Figure 23b). Incidence attributed to windborne transmission
(scenario C and deconvolution of scenario D) showed an initial rapid increase followed by
steady growth, while the incidence attributed to cattle trade was comparatively low and
constant throughout the simulation period (scenario B and deconvolution of scenario D). The
analysis performed on the subset of herds at risk from getting infected through both routes, with
parameter values corresponding to the standard scenario, led to results consistent to those
obtained for the whole population of initially susceptible herds. On average, the majority of the

introductions were due to windborne transmission (65%).
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Figure 23 Infection dynamics of C. burnetii spread over one year in four simulated scenarios.
Absence of between-herd transmission (A, black), transmission by cattle trade only, (B, blue),
transmission by wind dispersion, (C, cyan) and presence of both transmission routes, (D, red). The
subdivision of scenario D based on the identified cause of herd infection is also represented (due to
animal trade — orange; by wind dispersion — green). (a) Distribution of the total number of
predicted incident herds. (b) Dynamics of incidence (mean over 100 runs). Shaded regions for the
subdivisions of scenario D represent 95% empirical confidence intervals. (¢) Median proportion of
within-herd shedders and 10-90th percentile (represented by shaded area) for all the scenarios.
Inset figure shows the proportion of shedders (median and 80th percentile) for subdivisions of
scenario D. Median and percentiles are calculated for runs where herds experienced infection
(sample sizes are 16,733 for D, 13,814 for C and 3,617 for B).
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3.4.1.5. Impact of transmission pathways on the intra-herd dynamics

The impact of presence and absence of a transmission route on the intra-herd infection
dynamics was highlighted in the four scenarios. Scenario involving only trade (B) showed
higher proportion of shedders (Figure 23(c)) and seroprevalence within incident herds, than
scenarios involving windborne transmission only (C) or both transmission pathways (D). When
both transmission routes were accounted for, herds infected due to windborne transmission
showed significantly lower levels of shedding animals than those infected after purchasing an
infectious cow (Figure 23(c) inset). Other representative parameters of the infection dynamics
also were found statistically significantly different (p< 0.05, Figure 24). Pl was higher for herds
infected by cattle trade, while extinction rate was higher in windborne infected herds. These
latter also took significantly longer time to generate the first local case after exposure to the

respective cause than herds infected by cattle trade.

Variation in the intra-herd dynamics (proportion of shedders) followed similar trends when
performed on the subset of herds exposed to both transmission routes, as seen in the analysis
done on all susceptible herds. Also, for all outputs considered (PI, herd incubation period and
extinction rate) statistically significant difference in herds infected by windborne transmission

and herds infected by cattle trade was found.
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Figure 24 Distribution of the simulated probability of infection (PI), extinction rate and
herd incubation period after exposure to the cause of infection, in C. burnetii infected
herds (one year of simulated infection dynamics) by windborne transmission and by cattle

trade.
3.4.2.  Experiment 2

3.4.2.1. Spread of infection over long duration.

Over the period of 10 years, majority of introductions of C. burnetii infection in infection free
dairy herds were also due to windborne transmission (Figure 25). Overall incidence in the
metapopulation stabilised after initial increase of two years. While the incidence because of
contamination from previous outbreak quickly stabilised within two years and contribution of

trade in incidence diminishes steadily after two years.

86



Assessing the relative role of windborne transmission and cattle trade in the
transmission of Q fever in dairy herds of Finistere Department (France)

30
—— total incidence
—— windborne dispersion
25
—— cattle trade
o — old
3
3 20
<
=
c
O
o
RS
= 15
o p—
G
)
e
8
= 10
=
a
5 f\/pwﬁ )‘Vy.\(“r-\ i MN‘Ii i 3 =t
MW f A “J Ay i WMM‘M,\ /N 'W“‘JV‘MH | AWM Mt AWM M |
.MM'LAN/\‘AWMNW YWY WY xviv’w VIS A A v o MN'N“[‘(JL’\*‘ v
rq«‘
O I T (o A e PU S T pa—.

0 52 104 156 208 260 312 364 416 468 520
time (weeks)

Figure 25 Overall incidence (black line) and incidence as per causes of C. burnetii

infection in susceptible herds over the period of 10 years (2005-2014).

The overall prevalence of infected herds in the metapopulation also shows steady increase over
the period of 10 years in the metapopulation (Figure 26), with a maxium number of prevalent

herds reaching upto 2,475 (85.8%) in average over 50 stochastic simulations.
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Figure 26: Prevalence of infected herds over a period of 10 years. Line shows median of

50 simulations while shaded region shows 5th and 95th percentile

3.5. Discussion

Our findings show that windborne transmission and movement of cows both affect the regional
spread of C. burnetii but with different capacities. On the one hand, in both experiments
windborne transmission has the ability to introduce the pathogen in a large number of herds if
the generation of plume occurs at high enough rates, but the generated outbreaks are generally
ephemeral and small. On the other hand, animal trade results in a limited number of incident
herds, but purchasing an infectious cow can instigate comparatively larger outbreaks. The
differences in the impact of each transmission route on the intra-herd infection dynamics arise
from the intrinsic nature of these transmission routes in spreading the infection. Regardless the
route, the first generated local case is always a cow with health status I~ as shown in Figurell.
Such a seronegative shedding cow is a transient shedder, which can become susceptible again.
Therefore, in herds infected by windborne transmission, infection can easily go extinct if the
transient first local case does not shed enough to generate secondary cases, which are essential

for infection persistence. In herds introducing infectious cows by trade, the animal purchased
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can be either a transient shedder (1) or a permanent shedder (I* or I™¥ PeTs) Hence, after the
generation of the first local case, there are at least two shedding cows in herds purchasing
infectious animals, leading to potential higher bacterial contamination and increasing the
probability of intra-herd infection persistence.

Our results, based on a mechanistic dynamical model of infection spread at different scales, are
consistent with a previous study from the same group [51] based on a statistical regression
model, which indicated that windborne transmission and cattle trade are both risk factors for the
dairy cattle herds in Finistére department. The study [51] also attributed higher proportion of
cases to the neighbourhood (which authors consider a proxy representation of windborne
transmission) than to animal movements in areas with high cattle density. A cluster analysis
performed for the 2012 seroprevalence in dairy herds showed a high-risk cluster in North-
western corner of the Finistére department. Clusters for the predicted probabilities of herd
infection in 2013 showed two high-risk clusters in the same area, known to have a high density
in cattle.

The contribution of animal trade in transmitting livestock diseases is known to vary
considerably according to the disease under study. For Q fever, cattle trade seems to explain
quite a low proportion of incidence (compared to wind), at least in areas with high cattle
density. It is known to play an important role in the regional spread of other infectious diseases,
such as foot-and-mouth disease (FMD) and bovine viral diarrhoea virus [92, 102]. For bovine
tuberculosis - as here for Q fever -, trade is correlated to a low number of infections [132]
compared to other transmission routes. While these studies focus on the regional contribution of
transmission pathways, here we also highlighted differences in intra-herd infection dynamics
depending on these pathways. The simulated differences in the intensity of intra-herd outbreaks
experienced by herds acquiring infection by cattle trade and by windborne transmission, and the
capacities of these routes to affect infection-free herds provide valuable insights for risk
assessment. Even if cattle trade seems not to generate large proportion of newly infected herds
in certain conditions, preventing the purchase of infected animals is still a relevant measure to
limit infection spread at the intra-herd scale.

From the model perspective, it is the first time, to our knowledge, that a Gaussian dispersion
model for infectious particles is coupled with an intra-herd infection dynamics model to
describe the spread of an enzootic livestock disease. Gaussian dispersion models previously

have been employed in the description of the spread of viral diseases of livestock and poultry
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such as FMD and avian influenza [97, 152]. A dispersion model also has been used to detect
the possible risk of Q fever occurrence in human communities from nearby sheep farms [29].
One of the main advantages of using mechanistic models is that they allow determining the
causes of infection, and subsequently help assessing targeted interventions [114]. For a given
scenario (characterized by a set of fixed parameter values), the mechanistic model presented
here identifies the cause of infection of susceptible herds based on the dominant contributory
route, at the time of generation of the first local case, and also provides very similar results with
the two scenarios assuming single transmission route. Moreover, according to our
investigations, the combined effect of the two processes (windborne transmission and animal
trade) at a regional scale is additive and not synergistic.

Performance measures of the model at the neighbourhood level can be interpreted as the model
ability to predict an observed herd case within a given area. The increase in the AUC for the
comparisons done at different neighbourhood radii also indicates the model ability to capture
the spatial nature of the dispersion. Assuming that the neighbourhood range and the accuracy of
the model depend on the herd density and the clustering of the infection in the study region,
selection of a neighbourhood range becomes case-specific. The ROC analysis performed for
different neighbourhoods is an effort to increase the sensitivity of the model without altering its
specificity, with more weightage given to the capacity of the model of identifying positive
herds. The sensitivity of the model hence increases with the decreasing spatial granularity.
Irrespective of the benefits, mechanistic models are generally difficult to be consistent with
data. Spatio-temporal outcome of FMD models, when tested against the 2001 outbreak data,
have shown about 10-15% accuracy [157]. In the current Q fever model, high accuracy of the
model is probably due to the high prevalence and the enzootic nature of the infection in the
study region. Models are generally used to simulate the overall spread of an infection to
produce expected epidemic curve, and are often difficult to judge for their relevance, especially
in the absence of detailed and accurate data. Since many models are increasingly depicting the
spatial spread of infections in livestock in enzootic regions, more refined evaluation of their
ability to produce spatial patterns in agreement with field observation needs to be addressed.
Analysis based on ROC spatial analysis, like the one used here, can be useful in understanding
the complex spatial behaviours of such models.

Although we cannot deny the possible existence of interactions between the tested parameters
with potential impact on model outputs, the one-at-a-time sensitivity analysis performed

supports the relative robustness of model predictions at elementary level. The main output of
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the model concerning the relative contributions of the transmission routes in the regional spread
of C. burnetii showed moderate perturbations to parameter variations, especially when the
plume was generated at rates high enough (allowing windborne transmission) compared to
death rate of bacteria (« related to the ratio between these two rates). To reduce the uncertainty
on these parameters and hence on their effect on the infection dynamics, more data collection is
essential to estimate the bacterial quantities generally found in and leaving farm buildings. The
possible effects of super shedders were indirectly assessed using sensitivity analysis of the
model to Q1, which is the probability distribution of the shedding levels for all the I~ and for
the I* shedding in mucus/faeces after 4 weeks post-calving. Two of the probability
distributions tested (described in Table 2) assumed proportions of high shedders of 0.25
(distribution 1V) and 0.5 (distribution 111), whereas the reference scenario assumed no high
shedders in these classes. It seems that in scenarios corresponding to distributions Il and IV for
Q1 the contribution of trade was diminished, but this needs to be confirmed in further refined
analysis.

The model is expected to underestimate the spread of the infection as we ignore beef herds in
the study region, which can transmit infection to dairy herds by windborne transmission, and
also as we consider cattle trade within the concerned department only for the first experiment.
Indeed, according to the analysis of a larger database over the period 2005-2009, 22% of all the
concerned transactions of cows involving dairy herds located in Finistére department
corresponded to purchases from outside the department. However, no epidemiological
information was available for these herds; in second experiment suitable, assumptions were
made to model purchase of animals from outside the department and to have same probability
of purchasing and infected cow as within the department. Similarly, the impact of small
ruminant flocks also was neglected as very few small ruminant flocks are present in the region.
Accuracy of the model could be further improved if epidemiological data about beef herds and
other livestock flocks in and around the region were available.

The time-varying nature of the network describing cattle trade, in particular the large variability
in the trade relationships between herds from one year to the next (as described in France by
Dutta et al. [66]), suggests that the transmission route due to trade could have a larger impact
on the regional dynamics over a longer duration. Indeed, new susceptible target herds could be
linked to the network of herds by enlarging (more than one year) the time window of the study.
The capacity of windborne transmission of the bacteria is relatively unhindered and all herds

get exposed in a very densely populated region without any geographical barriers such as
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Finistere. Hence, the regional spread and corresponding control strategies predominantly
depend on the prevalence of infection, characteristics of the cattle trade network, and cattle
density. On the backdrop of these, the model presented here can become a useful tool to assess
the impact of relevant interventions such as vaccination of cows [79][79] and testing of cows
for the presence of the pathogen before trading, on the control of the regional spread of

infection.
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Methods to control Coxiella burnetii transmission between livestock farms are limited. They
have varying efficacy in controlling the infection within a herd and between herds. In general
these techniques can be divided into three groups of measures (i) Hygienic and disinfection
methods: proper disposal of manure with heat treatment [27, 28, 158-160], disinfection and
removal of aborted placenta and regular cleaning of faeces [45] can reduce intra-herd and
subsequently inter-herd transmission of C. burnetii. (ii) Testing of infected animals: Identified
infected animals can be culled and therefore removed from the transmission cycle. Similarly,
trade of infected animals can be restricted to reduce inter-herd transmission of the pathogen
[66, 131, 161, 162]. (iii) Medical interventions: These include chemotherapy with the use of
tetracyclines, even though it is very much effective in human cases to reduce the symptoms but
is known to be moderately effective in reducing the bacteria shedding and the duration of
shedding in infected animals [72, 163]. Vaccination of animals using a vaccine composed of
inactivated whole Phase | bacteria is known to be much more effective than Phase Il vaccine
[77], but the role of Phase | vaccine in cattle and small ruminants is considerably different in
separate conditions such as preventive vaccination (immunization precedes infection) and
outbreak vaccination (immunization after infection). Preventive vaccination of non-pregnant
cows substantially reduces their chances to become shedder while pregnancy is thought to
affect the immunity adversely rendering the vaccine impotent [78]. Other experimental and
field trials also have indicated that the vaccination of non-infected goats and cows reduces
shedding after infection. Details of studies regarding vaccination in cattle herds are presented in
Chapter 1: section 1.2.3.

In all the available control options which can be implemented to reduce the prevalence of C.
burnetii in cattle herds of a region, vaccination of animals with Phase | vaccine is professed as a
strong candidate for implementation [65]. Vaccination is known a long term strategy
particularly in enzootically infected areas and in heavily infected herds as it is expected to
reduce the environmental contamination by reducing the shedding by infected animals over
long periods, subsequently reducing the transmission within and between animal stocks and to
humans. Culling of pregnant animals is generally considered as very effective in reducing the
spread, but is extremely difficult to implement because of the high cost of animals, political and
ethical issues. Identifying shedders and culling those animals generally is considered
ineffective, especially because of the low specificity of currently available tests [161].

Similarly, controlling trade of shedding animals also becomes difficult. Moreover, identifying
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infected herds requires mass testing and can be financially difficult. The use of antibiotics is
known to be ineffective in substantially reducing the level and duration of shedding in domestic
ruminants [65]. Moreover, in the context of the development of antimicrobial resistance in

pathogens, it is advisable to avoid long term use of such antibiotics.

This chapter assesses the efficacy of implementation of vaccination in reducing the spread of C.
burnetii in dairy cattle herds at a regional scale. The further part of this chapter is written in the
format of a scientific manuscript. In this chapter we modify the model developed in Chapter 2
to accommodate vaccination and model the effects of vaccination in the metapopulation of

dairy herds in Finistere department (France).

4.1. Introduction

Q fever is a worldwide zoonotic disease caused by Coxiella burnetii which is found in wide
range of animals including ruminants [41]. Ruminants are known as important source of
infection to humans [45, 70]. In livestock the infection causes reproductive problems, abortions
which result into non-negligible economic losses. Recent years have seen large outbreaks in
humans especially in the Netherlands and all these outbreaks were caused by spillovers of the
pathogen from livestock [159, 164, 165]. Therefore, the control of the infection because of its
consequences for animal as well as human health is crucial [45, 65]. Multiple control options
including wide use of antibiotics, trade restrictions and vaccination are possible, which can be
implemented on large scale in livestock. Except vaccination of animals with a vaccine
composed of Phase | bacteria, other options such as wide use of antibiotics and testing of
animals to curtail the trade of infected animals is not-recommended [45]. This is mainly due to
rising concerns about possibilities of development of antibiotic resistance and poor
performance of diagnostic tests to detect infected animals [161]. Vaccination is considered as

an important technique to control the spread of C. burnetii in livestock population.

As a prospective strategy to be implemented in a region, vaccination of cattle herds against
Coxiella burnetii on regional scale provides a few challenges. Implementation of vaccination
on a large number of herds is difficult and costly and in many times logistically not feasible.
The question under study is a complex scenario of C. burnetii transmission between cattle
herds. Transmission is influenced by windborne dispersion of the pathogen and cattle trade [45,
51, 52]. Herds which are already infected, herds within high cattle density areas and herds

trading large number of cows are known to be significant contributors to the transmission cycle
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in a region [51, 65]. Various epidemiological risk factors of herds which positively influence
the circulation of the bacteria within a livestock metapopulation can be used as guiding
principles in formalising different vaccination strategies. A vaccination strategy could aim to
target such specific herds which play an important role in the circulation of the infection in the
metapopulaion. Identifying such herds this is essential, as well as assessment of the efficacy of
targeted vaccination schemes in reducing the prevalence in a region. Along with that the
vaccination threshold required to interrupt the transmission cycle in a region needs to be
assessed.

Efficacy of vaccination strategies, as related to the duration of immunity induced by the vaccine
and the effect on the intra-herd prevalence of C. burnetii is studied by Courcoul et al [84] but
the efficacy of vaccination to control C. burnetii in livestock populations in a wider
geographical area still remains unexplored. Efficacy of vaccination strategy depends on various
factors related to the vaccine, coverage of the vaccine in the population, and targeting herds

which are significantly contributing to the transmission of infection in the region.

The objective of the study is to formalise an effective strategy which can be implemented to
reduce the prevalence of C. burnetii in a metapopulation of dairy cattle herds. First we delve
into the effects of varying the duration of immunity a vaccine induce on an intra-herd dynamics
of infection in an isolated dairy herd. Second we identify the important characteristics of a
cattle herd which can be used as directive to implement vaccination program leading to
effective reduction in the regional spread of C. burnetii, and third we identify the minimum
coverage a vaccination should reach in an enzootically infected region to significantly reduce

the regional prevalence in dairy cattle herds.
4.2. Methods

4.2.1.  Metapopulation model of transmission of C. burnetii, with implementation of
vaccination in dairy cattle herds

The metapopulation model developed earlier Pandit et al [166] is used in this study and is
adapted to include the vaccination at herd level. In this section we briefly describe the
metapopulation model starting with infection dynamics at herd level (intra-herd infection
dynamics) along with details of modelling vaccination. Inter herd dynamics is then explained

which is modelled using Gaussian dispersion model and observed data on cattle trade.
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Modelling the impact of vaccination strategies in an enzootic region

The model is an individual-based stochastic model in discrete time with one week simulation
time step. Cows of the herd undergo different transformations in their health states as shown in

Figure 27, with parameters defined in Table 1.

For non-vaccinated cows, susceptible, non-shedder, sero-negative cows (S) become infected
and change their health states to shedder sero-negative cows (I~). The probability of infection
for S cows (transmission through the environment) depends on the force of infection present in
the herd environment due to bacterial shedding by infectious cows and deposition of bacteria

received due to windborne transmission.

p(D) = 1 D) (32)

I~ cows then become sero-positive, either I* (shedder, with antibodies) or IT™k Pers (shedder
with antibodies, permanently shedding in milk at higher levels) or return to S state. I* cows
then can become carriers which do not shed, C* (with antibodies) and subsequently C~

(without antibodies). C* cows can restart shedding by returning to I* health state.

Modelling of vaccination in a dairy cattle herd is based on earlier work presented by Courcoul
et al [84]. We assumed that the vaccine is effective only when applied to non-pregnant
uninfected animals [78]. Hence, in the epidemic model (Figure 1), in the intra-herd subsection
of the model, only non-pregnant susceptible (S) and sero-negative recovered (C~) cows get
effectively vaccinated (S,,, and C,, respectively). These effectively vaccinated animals undergo
alternative epidemic model with complementary health state transitions as for the ones which
are not effectively vaccinated, with parameters defined in Table 11. In an experimental field
study conducted by Guatteo et al, cows vaccinated when non pregnant had five time lower

chance of becoming a shedder than placebo [78]. Hence S,,, and C,, cows were assumed to get
infected with reduced probability of p,, (where p”/p = 0.21 and p is the infection probability of
S and C~ cows, based on Guatteo et al [78]). Except for this difference, effectively vaccinated

animals go through all the alternative vaccinated health states (I, I, I PeTs c+ ) with

identical transmission rates as for non-vaccinated cows.

Shedding cows can shed the bacteria through milk, mucus/ faeces or through both routes

(distributions a, g and y) at low, medium and high levels of shedding (distributions Q1 to @5
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for non-vaccinated cows and Q1,, to Q5,, for effectively vaccinated cows). Assumption
considered regarding the shedding levels of effectively vaccinated cows were based on the
guantification presented in the study by Gautteo et al [78] and Rousset et al [59]. As presented
in Q1,, to Q5,, shedding distributions, it was assumed that no high level shedding is possible
when the cow is effectively vaccinated and the probability to shed at low level is increased. The
proportions of cows shedding through different routes and at different levels also change
according to whether the cow is in early lactating stage (< 4 weeks post calving) or not. All
the parameters related to heterogeneity in shedding are presented in Table 12. The final
assumption was that effectively vaccinated cows cannot abort based on Arricau-Bouvery et al,
2005 [77]. We considered that effectively vaccinated cows would lose their immunity after
three years of vaccination as assumed by Courcoul et al [84] and made the transitions into the

corresponding non-vaccinated health states.

Inter-herd transmission of C. burnetii  due to windborne transmission is modelled using
Gaussian dispersion model which incorporated deposition due to gravity and settling and
modelling of cattle trade is based on the cattle trade data available for the study region.
Dispersion of pathogen and cattle trade directly and indirectly affect the dynamics of
environmental bacterial load of a herd and were modelled according to the study presented in
Pandit et al. [166]. The intra-herd model also described the herd demographics and modelled

lactation cycle, culling and recruitment of heifers.

In a herd where vaccination strategy is implemented, we presumed that all of the cows
irrespective of their pregnancy status are injected the prescribed dose of vaccine at the same
time. According the health state and pregnancy status, they get classified into effectively
vaccinated and non-vaccinated. At the end of the immunity period, all effectively vaccinated
cows lose their immunity and again booster dose is administered to all of the cows of the herd.
All heifers during the recruitment in the herd are assumed to be susceptible and effectively

vaccinated.
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Table 11 Definitions of the epidemiological model parameters and their values used for

simulations for non-vaccinated and effectively vaccinated cows

Parameter Definition Value
M Transition probability I==S and I,=S,,, 0.7
Q Transition probability I~=I" and I, =17, 0.02
Proportion of cows going from I~ to I* and becoming I™* PeTs similarly
plp Proportion of cows going from I, to I}, and becoming 17tk Pers 0.5
rl Transition probability It=C* and I},=C/, 0.2
r2 Transition probability /™ Persc+ and [T P 50t 0.02
S Transition probability C*=1* and C/,=1F, 0.15
T Transition probability C*=C~ and C},=Cg, 0.0096
Proportion of bacteria eliminated due to death and to plume generation (can
M be written as Hdeath T Hplume source) 0.2
P Infection probability of S and C~ cows 1—e7F
Py Infection probability of S,,, and C,cows p x0.21
Proportion of bacteria shed through mucus/faeces filling the environment
p™f compartment 0.28
Proportion of bacteria shed through milk filling the environment
p™ compartment 0.125p™/f

Table 12 Description and probability distributions used for different shedding routes and

levels for non-vaccinated and effectively vaccinated cows

Parameter Definition Value
o az, milk Probability distribution of the shedding routes for 0.31
ap, mucus/faeces the I~ and I,,cows 0.62
a3, Milk+mucus/faeces 0.07
S L1, milk Probability distribution of the shedding routes for the 0.61
[, mucus/faeces I't and If,cows after 4 weeks post-calving 0.33
[, milk+mucus/faeces 0.06
Peaw Peawt, Milk Probability distribution of the shedding routes for the 0.14
Beanz, mucus/faeces I and I},cows in the 4 first weeks post-calving 0.5
Peans, Milk+mucus/faeces 0.36
y g, Milk Probability distribution of the shedding routes for the 0.83
y3, Milk+mucus/faeces [milk pers Milk PeTs oo\ after 4 weeks post-calving 0.17
YVealy Yeavt, Milk Probability distribution of the shedding routes for the 0.25
Yeans, Milk+mucus/faeces  pmilk pers gng [MUKEPETS o\ in the 4 first weeks post- 075
calving
Q1 Low level Probability distribution of the shedding levels for all 0.85
Mid-level the I~ and for the I'" shedding in mucus/faeces after 4 0.15
High level weeks post-calving 0
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Figure 27 The diagram describes the health statuses of effectively vaccinated and non-
vaccinated cows and transitions between these statuses, and environmental bacterial load
of the herd. The blue section represents the infection dynamics of external animals, while
the black section corresponds to internal animals. Dotted line between effectively
vaccinate and non-vaccinated health states indicate that effectively vaccinated cows will

become respective non-vaccinated health state after the end of immunity duration
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4.2.2.  Modelling the effect of duration of immunity on intra-herd infection dynamics
A hypothetical dairy cattle herd of 50 cows completely isolated was considered for these
simulations. To generate a sustained intra-herd outbreak, we introduced an infected cow and
simulated the intra-herd model until it generated a prevalence of shedders between 10 to 20% to
mimic a mildly but endemically infected herd as shown in observational study [127]. After
generation of initial conditions, a vaccination strategy was implemented for 10 years to observe
the effect of vaccination in reducing the overall transmission of C. burnetii within the dairy
herd.

The mean number of shedders (I~ + It + [™mitkvers 4= 41 4 [P - number of
susceptible cows (S + S.,), environmental bacterial load, effectively vaccinated cows and
number of cows eligible for acquiring immunity if vaccinated (non-pregnant susceptible but not

vaccinated) were the outputs of interest.

To assess the effect of duration of immunity vaccine can induce in an effectively vaccinated
cow on the intra-herd infection dynamics; we systematically varied duration of immunity.
Duration of implementation of booster vaccination also varied which was equal to the duration
of immunity. Values tested for the duration of immunity in years were 1, 2, 3, 5, and 10 (5
scenarios). For comparison a negative control of absence of vaccination was also simulated. We

simulated 100 stochastic simulations for each scenario.

4.2.3.  Efficacy of vaccination strategies in Finistére department, France

The Finistére department located in North-Western France and is characterized by a high
density of dairy cattle. It is an ideal case study to understand the long term effects of
vaccination. The infection of C. burnetii is known to be enzootic in the cattle population of this
region. In May 2012, 2,799 dairy herds (69% of all the cattle herds in Finistere) were
individually and spatially identified, and were also tested for the antibodies against C. burnetii
in bulk tank milk (BTM) using ELISA, and 1,941 were found seropositive (referred hereafter as
prevalent herds) as shown in Pandit et al [166]. For the purpose of the study, movement data
related to the herds in Finistére department for the time period 2005- 2015 (515 weeks), were
extracted from the national register (source: Groupements de Défense Sanitaire de Bretagne,
France). Wind velocity data required for dispersion modelling were procured from publically

available European Centre for Medium Range Weather Forecasts database [154]. Northward
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and eastward wind components data were procured for Finistére department for period 2005-
2015. The details of incorporation of the data are in Pandit et al [166].

4.2.4. Initial conditions and model outputs

The initial conditions were mimicking the seroprevalence observed in May 2012 in the
department based on the BTM samples conducted and were generated by simulating the
isolated intra-herd infection model without vaccination with a forced introduction of an infected
cow until the desired (observed) sero-prevalence was reached. We simulated the
implementation of different vaccination strategies over the course of ten years. 50 stochastic
iterations of the model were run for each scenario. Herd level Prevalence was defined as the
proportion of herds with at least one shedding cow. Two additional model outputs of total
number of shedders in the metapopulation and total number of effectively vaccinated cows in
the metapopulation were also compared for different strategies. Implementation of vaccination
was done in selected herds, and targeting those herds was done by multiple ways and is

explained in the next section.

4.2.5.  Modelling regional vaccination strategies in dairy cattle herds

Four criteria for targeting herds were tested. Criteria notwithstanding the infection status of
herds were (I) animal density in the vicinity of the herd, (1) total degree of the herd (number of
trade partners) and (I11) the initial size of the herd in terms of number of cows. A criterion
regarding the infection status was (IV) prevalence of infection based on the survey conducted in
2012. To compare these strategies, constant vaccination coverage at herd level of 70% was
used. Herds in the last 70 percentile for the value of characteristics under consideration in the
scenario were chosen as target herds for implementation of vaccination. For the scenario where
only prevalent herds were targeted, which are 67.2% of the total number of herds, additional
2.8% herds were randomly chosen from susceptible herds to reach 70% of vaccination target.
Along with these strategies we also created a scenario with a strategy where herds were
randomly (V) chosen for vaccination. A positive control strategy (V1) of vaccinating all the
herds and a negative control reference strategy of absence of vaccination (ref) were used also
simulated. As shown in table 13, different vaccination coverages were tested for strategies I, 11
and V.

For each strategy, after generating initial conditions as explained earlier we implemented

vaccination in predetermined target herds. In a herd where vaccination strategy was
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implemented, we assumed that all the animals get vaccinated, generating effectively vaccinated

animals in it. Target herds also received booster vaccinations after every 3 years.

Penetration of different vaccination strategies in the metapopulation was assessed by the
proportion of effectively vaccinated animals in the metapopulation each strategy could produce
over the period of 10 years. Reduction in the spread of C. burnetii was observed by comparing
the dynamics of the proportion of prevalent herds and shedders in the metapopulation. Efficacy
of a strategy at a given time step VE;, was estimated by comparing the attack rate (AR) in the
strategy with vaccination (VS) verses in the reference strategy (RS).

VE(t) =1- (AR(t)VS AR(t)RS) (33)

Where, AR(t), for strategy s was calculated as

number of newly infected herds(t)

AR(®)s = number of infection free herds (t — 1) 34
Table 13 Description of different strategies, estimation of the criteria and coverage of
herds tested
Strategy Target criteria Definition Coverage (%)
I Animal density density of animals within 5km radius 0,10, 25,40, 55, 70, 85, 100
I Total degree Total number of trade partners 0,10, 25,40, 55, 70, 85, 100
i Size initial herd size 70
v Prevalent positive herds (ELISA in BTM in May 2012) 70
\Y/ Random randomly selected herds 0,10, 25,40, 55, 70, 85, 100
Vi All all the herds of metapopulation 100
Ref Null Absence of vaccination 0

4.2.6.  Characteristics of targeted herds and distributions of risk factors

Distribution of animal density showed a narrow range with 98.3% of the herds having animal
density less than 2 cows/km? (Figure 28a). Distribution of degree (Figure 28b) of herds showed
typical power law distribution and initial herd sizes of herds showed a median of 62 cows and

herds with initial herd size greater than 51 cows were classified as target herds for
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implementation of vaccination (Figure 3c). The spatial positions of herds vaccinated for
strategies | (density), Il (degree), 111 (size) and IV (Prevalent) are shown in Figure 29. Figure
30, the venn diagram represents the number of exclusive and common herds vaccinated in
mentioned four strategies. Strategy | and strategy Il had 28.2% difference in targeted herds.
Similarly, strategy Il had 28.1 % and 28.4% differences with strategies | and Il, respectively.
Differences in the targeted herds in strategy | and Il at given vaccination coverage were
calculated as the proportion of herds which were exclusively targeted in each strategy. The
Pearson’s correlation coefficient between animal densities around herds and total degree of
herds was 0.02 (p=0.13), between densities and herd size was 0.01 (p=0.5), and between size
and degree was 0.15 (p<0.05) and indicated a very low correlation between herd density, size
and degree.

(a)

25 10°

(b) (c)
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Figure 28: Distributions of animal density (a), degree (b) and size of herds (c) in the
Finistere department. Red dotted line denotes the 30th percentile; herds with higher

values than the line were vaccinated in strategy I, Il and 111, respectively.
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Figure 29 Spatial positions of herds vaccinated (yellow) in scenario I, 11 and Il1.
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Size Density Prevalence Density
(L11) (D) (V) (D
397 381
177 174 170 190
1053 1084
391 394 383 363
180 188
Degree Degree
(11) (11)

Figure 30 Venn diagram representing common and exclusive target herds vaccinated in
strategies | (density), 11 (degree), 111 (size) and 1V (Prevalence).

4.3. Results

4.3.1. Influence of duration of immunity on model outputs in a herd

In all 600 (100 x 6) stochastic simulations (including the one with absence of vaccination), had
on average 28.7 % (+2.24) of shedders at the time of vaccination (6 scenarios shown here
Figure 31). Average environmental bacterial load at that time was 0.39 (£ 0.02). In negative
control (absence of vaccination), the number of susceptible cows, shedders and environmental
bacterial load in the herd quickly reached a steady of state of 32%, 36% and 0.6 units
respectively. On the contrary, shedders and environmental load for any vaccination scenario,
irrespective of the duration of immunity decreased drastically. This decrease is supported by a
corresponding increase in the accumulation of the number of vaccinated cows in the
vaccination scenarios. As expected, all the scenarios showed similar trends until the end of the
first year. After that, the number of vaccinated animals stabilised in the year of duration of
immunity of the scenario and diverged from the remaining scenarios at that time. Despite that,
all the scenarios with duration of immunity higher than three years showed similar trends for

the environmental bacterial load.
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Figure 31 Effect of variation of duration of immunity on the intra-herd infection

dynamics of Coxiella burnetii.

4.3.2.  Effect of vaccination on the regional spread of C. burnetti

In strategy VI (all herds were vaccinated) the proportion of effectively vaccinated cows in the
metapopulation increased sharply over the first 5 years and stabilised at 0.85 (Figure 32).
Similarly, for all the other vaccination strategies with a vaccination coverage of 70%, except for
strategy Ill, the proportion of effectively vaccinated cows stabilised at 0.6 after the first five
years. For strategy Il (size) it stabilised slightly higher near 0.68.
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Figure 32 : Mean proportion of effectively vaccinated cows in the metapopulation over the

period of ten years with different vaccination scenarios.

Figure 33 shows the temporal dynamics of the prevalence in the metapopulation of dairy cattle
herds in the Finistére department. If vaccination was not implemented, the herd level
prevalence in the metapopulation increased steadily reaching 85% in ten years. All the
strategies with vaccination resulted in decrease in the herd level prevalence after an initial
temporary increase, and went below the initial prevalence within the first four years of
implementation of vaccination. The mean prevalence in strategy VI went below the initial
prevalence the earliest in the 142" week after vaccination. Similarly, for strategies I, 11 111 and
V it took 187, 185, 223, and 189 weeks respectively to reduce the prevalence below the initial
prevalence (Figure 33 inset). In strategy IV, despite a higher initial increase in the prevalence
than other strategies, it took only 191 weeks to reduce the prevalence below the enzootic initial

prevalence. The strategy where all the herds were vaccinated (V1) showed an effective
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reduction in the prevalence with a maximum mean prevalence of 68.6% and reducing it to 18.8
at the end of the ten years. In strategies with vaccination of targeted 70% of herds, strategy IV
was the most effective with a mean prevalence reaching 29.1%. In strategy Il the prevalence
reached 36.6% at the end slightly outperforming strategies | and V with mean prevalence of
38.9% and 39.5%, respectively. Strategy | and V showed similar temporal dynamics of
prevalence.
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Figure 33 Mean prevalence (lines) and 95% CI of herds with shedding cows in the metapopulation over the
period of ten years with different vaccination scenarios. Legends show the criteria used in the strategy
implemented (inset: shows mean number of prevalent herds in first five years for all strategies)

Similar results were seen for the temporal dynamics of proportion of shedders in the
metapopulation (Figure 34). The proportion of shedders in the metapopulation for all the tested
strategies reduced rapidly during the first four years and then decreased gradually. In strategy

VI, the proportion reached 0.02. Strategies based on degree (1) and animal density (1) were
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slightly better than the random (V) strategy and showed slightly lower prevalence at the end of
the ten years. The proportion of shedders was lower in strategies IV and Ill than in other
strategies with identical herd coverage (70%).
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Figure 34 Temporal dynamics (means and 95% CI over 50 simulations) of proportion of

shedders in the metapopulation for different tested vaccination strategies.

The incidence (newly infected herds) was curtailed in different capacities for all the vaccination
strategies. In absence of vaccination (reference, Figure 35) the incidence at herd level stabilised
after first four years near the value of 18 new infected herds/ week. All the tested vaccination
strategies showed initial stable incidence and a gradual increase in the incidence after first five
years. Strategies I, 1l and V showed similar temporal dynamics over the period of 10 years. For
strategy 1V, the incidence was slightly higher than for all the other vaccination strategies but

later on converged to incidence rate at the end of 10 years. Strategy VI showed the least
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incidence in first five years while ending at a lower incidence rate than the other vaccination

strategies.
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Figure 35 Temporal dynamics of overall incidence (mean over 50 simulations) for tested

vaccination scenarios.

Efficacy of each strategy when compared with the reference strategy of absence of vaccination
showed that all the strategies with 70% coverage converge to similar efficacy between 0.5 and
0.6. Strategies I, Il, 111, and V showed similar efficacies throughout the ten year period (Figure
36). Strategy IV initially performed poor with respect to other strategies but the efficacy
increased later and it slightly performed better than other strategies at the end of simulations.

As expected the efficacy of strategy VI was higher, closer to 0.7 at the end of the simulation.
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Figure 36 Variation of efficacy of vaccination strategies at the metapopulation level when

compared with the reference strategy

4.3.3.  Effect of vaccination coverage on the effectiveness of vaccination strategies

Difference in the herds vaccinated at different coverages for strategy | (density dependent
vaccination) and 1l (degree dependent vaccination) decreased linearly with the increase in the
coverage as shown in Figure 37. The prevalence of infected herds at the end of the simulation
also reduced linearly for both strategies | and Il with increase in the vaccination coverage. At
all the different coverages, strategy Il showed lower prevalence than strategy | and strategy

showed similar prevalence at the end of the simulations.
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Figure 37 Proportion of infected herds at the end of simulation at different vaccination
coverage and difference in targeted herds in scenarios 1,11, and IV. Intersection of grey
line indicates minimum vaccination coverage required to reduce prevalence below the

initial herd level prevalence.
4.4. Discussion

4.4.1. Implications of variation of the duration of immunity on the infection

dynamics of C. burnetii within a herd

Results of the numerical experiments conducted to comprehend effects of the duration of
immunity following vaccination can provide insights on the intra-herd persistence of infection
and indicate that duration of immunity induced by vaccine is an important parameter and
considerably affect the infection dynamics of C. burnetii within a dairy cattle herd. In general,
vaccination of cows and recruiting heifers and their subsequent boosting regularly reduced the
overall environmental contamination of C. burnetii and subsequently reduced the prevalence of

shedders. The results shown here are in agreement with more detailed modelling study
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conducted previously to test wider varieties of vaccination scenarios [84]. The reduction is
more efficient if the duration of immunity is more than 3 years. The average lifespan of a cow
being less than three lactations cycles and hence vaccinating before their first insemination
results into practically lifelong immunity. Hence, similarly all the scenarios with more than 3
years of duration of immunity show similar trends throughout. Hence for the metapopulation
experiments we choose the duration of immunity of three years as it is effectively reducing the
bacterial load within 5 years of simulation and it is also corresponds to the recommended

booster time by the vaccine manufacturers.

4.4.2. Vaccination strategies and regional dynamics of C. burnetii in dairy cattle
herds

Results indicate that vaccination of cows and recruited heifers with a vaccine which provides
three years of duration of immunity and subsequent implementation of booster vaccination on
large scale in an enzootically infected cattle metapopulation of Finistere will significantly

reduce the prevalence both at herd level and animal level over a period of ten years.

Vaccinating all the herds (Strategy VI) as a best possible scenario was used to compare the
efficiency of other strategies with 70% coverage in the Finistere. In all of the tested strategies,
targeting herds based on their infection status was the most efficient strategy (Strategy V) for
the Finistere department. After ten years, both the proportion of prevalent herds and the
proportion of shedding cows were significantly lower in strategy IV than in the other strategies
tested. On the contrary, in the first four years, the number of prevalent herds in this strategy
showed a sharp rise, probably because of rapid introduction of infection in non-vaccinated
susceptible herds. We believe that in a metapopulation with a high proportion of prevalent
herds such as in Finistére, vaccinating prevalent herds is the most efficient strategy. We also
think that in areas with low prevalence and dense animal population the strategy might not be
as efficient, as the initial few years of rapid spread might create large infected subpopulation of
newly infected non-vaccinated herds within initial years of implementation which will continue
the transmission cycle within the region. In such areas, other strategies might be equally
efficient and should be tested. In the case of the Finistere department, in absence of any
information about prevalence or infection status of herds in the region, strategy based on
number of trade partners a herd has, is more effective than a strategy based on the density, as
indicated by the dynamics of prevalence and proportion of shedder cows. The scenario based

on animal density and scenario with random selection of herds showed similar effectiveness,
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which might be due to the fact that the distribution of animal densities of herds did not show

large variations leading to the selection of similar herds in both the scenarios.

Previous results indicate that windborne transmission plays an important role in the spread of
C. burnetii between dairy herds of Finistere department [166]. Vaccination of animals as a
preventive tool is generally regarded as an important strategy in windborne spread diseases [96,
167, 168]. Here, vaccination is shown to reduce the incidence at herd level for a few years,
which increases steadily later as number of susceptible herds increase. Similarly, targeting
herds based on cattle trade network characteristics aims to curtail the spread of the disease due
to cattle trade. Counterintuitively, strategy | based on animal density (a risk factor for
windborne dispersion) performs poor than strategy Il. This could be due to the fact that the
infections related due to animal trade are long lasting and produce larger number of animal
cases within infected herds [166]. Moreover, both strategies share 69.2% of herds, hence
vaccinating the rest of the 30.8 % herds based on trade characteristics is more rewarding than
targeting them on animal density. Even at multiple vaccination coverage values tested here,
when the difference in the targeted herds between strategy | and Il varied considerably from
each other, strategy Il based on the degree was always performing slightly better than the
strategy based on density, which showed similar results to strategy V (random) at all the

coverages.

For strategy I, we used the estimates of degree (number of trade partners) for each herd based
on 10 years of accumulated data. The cattle trade networks are known to be dynamic and herds
can exchange animals with different herds with different strengths in different years, despite the
fact that overall distributions of network characteristics remain similar after period of 6 months
[66].

It should be noted that these results are highly influenced by the conditions of the case study
presented here. Finistere department is a region with high density of dairy cattle farms with
nearly 67% of herds enzootically infected with C. burnetii. Though similar risk factors have
been identified in sparsely populated region of Gotland, Sweden [51, 52], efficacies of these
vaccination strategies should be tested before extrapolating these conclusions to other
metapopulations. Vaccination programs in livestock are highly influenced by cost of

implementation of the program [169-172] and such cost-benefit studies are essential before
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implementation of a vaccination program against control of C. burnetii in cattle at regional

scale.

117



118



Chapter 5

Chapter 5

General discussion
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5.1. Significance of the study objectives

In my PhD project, | have focused on the regional spread of Coxiella burnetii in livestock
population and with emphasis on dairy cattle system, to understand important transmission
pathways involved in the regional spread of the pathogen. Further, assessment of effectiveness
of implementation of vaccination at a regional scale also has been done to inform policy makers
and farmers about possible control strategies they can adopt to reduce the regional spread and
prevalence of C. burnetii infection in dairy cattle herds. European Food Safety Authority’s
‘Scientific opinion on Q fever’, explicitly mentions the significance of studying potentials of
transmission pathways and identifying effective control strategies to control the infection in
livestock populations [1]. Similarly, as one of the foremost zoonotic diseases, Q fever features
in the list of diseases of common interest of animal and human health in an agreement of OIE
with FAO and WHO in the development of Global Early Warning and Response System [2]. In
the context of One Health, for the development of any early prediction system at human and
animal levels, results of the thesis contribute to first steps. They can indirectly contribute to
reduce human outbreaks by reducing the circulation of the pathogen among livestock
populations.

5.2. Comments of result highlights

5.2.1. Relative contributions of two main routes in the transmission of C. burnetii in
Finistere department

Our results indicated that in dairy cattle herds of Finistére department, C. burnetii is essentially
transmitted by windborne dispersion. Indeed, the initiation of infection in disease-free herds has
been shown to be more likely due to windborne dispersion than to the purchase of infected
cows. We also observed that both routes affect the newly infected herds differently. Infections
initiated by windborne dispersion in dairy cattle herds cause smaller outbreaks and do not last
long with high probability of extinction. Contrary to this, purchasing an infected cow leads to
larger intra-herd outbreaks with lower chances of extinction. Over longer time period, as herds
experience multiple outbreaks, bacterial contamination in the herd due to previous outbreaks
also contributes significantly in initiating infections in herds, along with windborne
transmission. Windborne dispersion and cattle trade have been shown to act independently of
each other on regional infection dynamics of C. burnetii, at least over short periods (e.g. one

year, as studied here). In a herd which sells a large number of cows, infection due to windborne
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transmission was expected to synergistically act with the transmission due to trade, by infecting
an important node herd in the cattle trade network. Such interaction between the two
transmission routes was not observed. Considering the fact that the two routes have different
and separate impacts on transmission, to achieve complete eradication in livestock a control

strategy which hampers transmission by both routes is essential.

Due to the ubiquitous nature of C. burnetii, which is found in multiple animal taxa in wildlife
and ectoparasites like ticks [3], on rare occasions, transmission of C. burnetii due to these
animals is possible, especially when they are known to be reservoirs of the pathogen [4-9].
Evaluation of the roles of these pathways in the dynamics of infection in livestock is difficult.
This is mainly because knowledge about the prevalence of C. burnetii in these animals and their
interaction with livestock is lacking. Moreover, as the infection dynamics is dominated by
windborne dispersion and cattle trade, the role of synanthropic and sylvatic animals is
considered as negligible [1, 10].

5.2.2.  Effectiveness of vaccination

Vaccination of cows in dairy herds and vaccinating heifers before their first pregnancy with
Phase | vaccine at large scale in a region have been shown to significantly reduce the
prevalence of C. burnetii in the region. In our exploration of scenarios, herds can be chosen for
implementation of vaccination based on their infection status, animal density, number of
animals or the number of trade partners. These strategies have different efficacies in preventing
the spread. For the case of Finistére department, a strategy of vaccinating herds which are
already infected was the most efficient at a given coverage. This might be due to high herd
prevalence in the studied region. However, prevalence might be lower in other areas or herd
infection status might be unknown. We have shown that other strategies give almost as
effective results without requiring information on herd infection status. A strategy of targeting
larger herds was better at reducing the infection at animal level, but the overall reduction in
prevalence at herd level was similar with strategies of targeting herds surrounded by higher
animal density and important number of trading partners. Vaccination is a long term control
option and its effects are reflected after around three and half years to five years (depending on
the strategy and coverage). During the first few years of its implementation, we can still see an
increase in the prevalence. A variation in the vaccination coverage (in animal density and
degree dependent strategies) showed linear relationship with the reduction of prevalence.

Targeting larger herds will imply vaccinating more animals and hence might be more costly
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due to requirement of more vaccination doses in spite being more effective in reducing animal
level prevalence which will increase the cost of implementation. Similarly, decisions with
respect to vaccination coverage should be undertaken keeping in mind the reduction goals

desirable to policy makers along with the cost of the cost of the program.

5.2.3.  External validity of the results

The abilities of windborne dispersion and of cattle trade to spread C. burnetti from one cattle
herd to another, and the ability of vaccination programs to reduce the prevalence of the
pathogen at a regional scale are very well established in the thesis, but their capacities in doing
so depend on characteristics of the population under question. In regions with different animal
density, cattle trade network structure or prevalence of infection than Finistére, the
contributions of the two routes can vary, and hence the effectiveness of a vaccination strategy.
For example, the distribution of cattle density in Finistére is completely different from the one
on the Gotland Island in Sweden, where cattle herds are sparsely located. Finistere has shown a
statistical cluster of positive herds in its north-western corner while similar analysis on the
Gotland population showed none [11], indicating that routes might have slightly different
guantitative contributions in these two populations. However, the model presented here

provides a very good framework to evaluate the spread of infection in such regions.

5.3. Relevance of the modelling framework and methods used

I have developed an original multiscale model of the regional spread and control of C. burnetii
in dairy cattle herds. It is the first model for the infection dynamics of this pathogen combining
windborne dispersion and cattle trade between herds, and within herd and between herd
infection and population dynamics. It constitutes a framework to evaluate control strategies by
targeting herds according to their characteristics (trade pattern, size, location, prevalence of
infection) to implement vaccination. Such formalisation was convenient to address the issue of
guantifying the relative contributions of transmission routes in the regional spread of C.
burnetii. Data available for the Finistere department was used to validate the model at a
preliminary level by comparing the model outputs with observed data. To further understand
the model behaviour, we did a sensitivity analysis of model outputs to input parameter

variation.

Multiscale metapopulation studies, coupling within-herd dynamics and between-herd dynamics

in livestock populations have previously investigated the roles of infection transmission
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mechanisms. Bovine tuberculosis spread in Great Britain is explicitly modelled through
movements of cows and environment [12]. Regional spread of paratuberculosis in cattle
metapopulation is described using cattle trade data [13]. Models for FMD and HPAI have
tackled the problem modelling airborne dispersion [14, 15] and trade of livestock separately
[16]. According to our knowledge this is the first study comprising of a detailed intra-herd
model coupled with model describing regional spread of a disease via windborne dispersion
and trade of animals. Statistical approach applied by Nusinovici et al has been able to quantify
the capacities of transmission routes and identify the factors contributing to the transmission of
C. burnetii between dairy herds [11, 17, 18] and results from these studies are complementary
to the one presented here.

5.3.1.  Model structure

We use an individual based, stochastic, discrete time framework to formalise the model of the
regional spread of C. burnetii between dairy cattle herds, with a time step of one week. Almost
30% of the herds in the Finistére department have less than 50 cows. Hence, since we dealt
with small populations, it was appropriate to consider stochastic transitions between health
states and probability distributions for shedding routes and shedding levels. One of the
important advantages of using an individual based model was that it facilitated the integration
of the cattle trade data into the metapopulation model. The cattle trade data ‘BDNI’ (the
abbreviation of the French name of the database) tracks transfers between farms of each
individual French cattle based on its identification number and incorporates animal
characteristics. Hence, with an individual based model structure, we could use the data as it is,
making the model more realistic. Furthermore, since we can track an individual cow in the
model we can also track the source of infection in the case the cow is infected. The intra-herd
model is parameterised on the dataset presented in a longitudinal study by Guatteo et al [19]. In
this study the samplings of individuals in herds was done every week and considering the slow
progression of the disease in an animal, lead to the choice of one week as a time step for the

intra-herd model presented in previous studies [20-22].

The genotype diversity of C. burnetii in cattle is explored in some studies [26, 27]. As the
genetic diversity among C. burnetii infecting cattle in Europe is considered as low [27] and the
knowledge about the virulence in these strains is lacking, we did not consider the possible

variation in the spread of pathogen because of different genotypes in the model.
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Another important structural characteristic of the model is the explicit representation of the
infection through an environmental compartment, which represents the infection force in the
environment due to the bacterial shedding by infected cows. Modelling studies accounting for
environmental transmission generally model infection probability as p = 1 — e~**, where
exponential term (—Ak) is generally a product of terms representing number of pathogens
available and probability of successful contact [23, 24]. When bacterial are shed through
different routes such as vaginal mucus, faeces, urine, placenta, milk, they are not readily
available for infection through inhalation. Smaller droplets of these shed C. burnetii in its small
scale variant, generated by sneezing, coughing, splashing, and other activities and form droplet
nuclei after drying [25]. These droplet nuclei are readily available for inhalation for animal in
the immediate surroundings or can be transported along with the wind to distant places, unlike
larger particles. Many bacterial shed by cows do not become available for inhalation either due
to natural death or just because they do not form inhalable particles. The model incorporates
this loss, and only fraction (p) of the shed bacterial reaches a stage where it is available for
transmission, which is represented as the environmental compartment. For each cow, we
assume that it is exposed to bacteria present (deposited due to windborne transmission and shed
by animals in the herd) in the area within its vicinity (3m? per cow). Hence, in the dispersion
model, the overall infection force due to deposited bacteria in the environmental compartment
of a herd is based on number of cows rather than the actual area the barn building and available
pasture can have and we consider a farm as a single co-ordinate in the spatial mesh of the

model.

5.3.2.  Dispersion model

Gaussian dispersion model used here to model the windborne dispersion of C. burnetii from
one herd to another describes the transport of a part of the environmental compartment from the
source herd (infection force due to bacterial contamination of the environment), to the
destination herd. We treat a herd, including its barn building and pasture as a single co-ordinate
in the spatial mesh. Since we are concerned about dispersion of the environmental
contamination and not actual number of particles of pathogen as done in conventional
dispersion studies of pathogens [14, 15, 28-35], it is convenient to use the Gaussian dispersion
model rather than the Lagrangian model. The Lagrangian model tracks the dispersion of each
particle on a random walk principle and thus it was not possible to couple it with the current

intra-herd model framework available as we here model do not model spread of infectious
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particles but the infection force due to windborne dispersion. Besides, given the relatively flat
terrain of the Finistere department, we decided to use a Gaussian dispersion model, which
accounts for the deposition due to gravity and settling. Utilisation of Lagrangian model would
have increased the accuracy of the dispersion prediction and should be utilised in complex
terrain conditions [14, 36]. We believe that better estimates of the concentrations of viable C.
burnetii organisms inside and outside the herd buildings are required to implement Lagrangian
model along with their association with the proportion of shedders within the herd. Studies can
be found which try to estimate the bacterial concentration in the air and the dust of barn
buildings [37]. Currently efforts are more focused on longitudinal sampling of air within barns
using PM 10 pumps [38, 39].

5.3.3.  Cattle trade

We modelled the cattle trade in the current study based on the raw data. Modelling of cattle
trade can be also achieved by utilising the trade network characteristics for each herd, but using
raw data allows us to incorporate temporal variation in the trade very easily. Moreover, the data
mentions cow specific information such as its age at the time of trade, which is one of the
influential parameters for the disease dynamics within herd [22]. Hence, utilising raw data

makes model more realistic in representing cattle trade and spread of C. burnetii because of it.

Since these data are not available for future years (by definition), it is important to have long
time series in the present to infer assumptions for future cattle trade, to be incorporated in
transmission models. Generally, availability of such extensive data for trade or movements for
long duration of livestock between holdings is infrequent. Currently, very few regions in the
World have mandatory recoding of such data for cattle trade. Sometimes, data might be
available for shorter durations such as one year. In such cases, repeating the same data in the
model for multiple years might not represent the complete dynamic nature of trading network.
In such cases, generation of networks can be generated based on the topography of the network
studied from the available data. In absence of any information about trading pattern, studies

have used random network structure [40].

5.3.4. Identifying the cause of infection
Dividing the environmental compartment according to the source of contamination was done in
order to be able to identify the relative contributions of routes at the time of generation of first

case amongst internal animals. We also assumed that a herd that has received an infected
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animal and in which initiation of infection is observed after the purchase is infected due to
cattle trade. Otherwise, we considered it to be infected by windborne dispersion. This was due
to the fact that, in pilot simulations, we observed that in all runs, when a herd had bought an
infected animal, the contribution of the corresponding sub-compartment always had higher
value of infection force, when compared with the one corresponding to windborne dispersion.
This was especially due to the fact that the amount of bacteria a cow can shed is very high
compared to bacterial deposition.

In the first experiment presented in Chapter 3, we quantify the ability of transmission routes to
initiate the infection in infection free herds. Comparison of further contributions in number of
cases at animal level attributed to each of the route was not done as it might not be possible to
attribute cause to each individual case in the current model structure. This is mainly due to the
fact that the probability of infection (p = 1 — e~F) comprises combined contributions of three
sources: shedding cows which are purchased from other herds, shedding cows of the same herd
which got infected during the intra-herd outbreak, and bacteria deposited due to windborne
transmission. What could be interesting is to follow the temporal contributions of each of these
routes and to relate there contributions with the intra-herd prevalence, to comprehend the
impact each route have on the intra-herd infection dynamics. Even though this would be an
interesting complementary approach, initial results indicated that after successful initiation of
infection in a herd, multiple cows start shedding, which ultimately leads to its high relative
contribution in the overall environmental compartment. Hence, we hypothesise that, on the long
term, cattle trade and windborne dispersion might not play a significant role in maintaining the
infection in an already infected herd, and their role might only be restricted to instigate

infections in disease-free herds in the metapopulation of livestock herds.

5.3.5. ROC analysis

The model showed satisfactory capability in correctly predicting infection status of a herd in a
year. Keeping in mind the spatial nature of the transmission, we are more interested in knowing
if herds within a small area will suffer an outbreak. Model was substantially better in predicting
the outcome for small zones. This interpretation of model result for vicinity is practical for
farmers as they can pre-empt by implementing some measures such as vaccination or by

following strict hygienic practices, in their community.
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Comparison of the observed data and model outputs was done using ROC analysis. ROC
analysis is generally used to validate a new diagnostic test by comparing it with results of a
gold standard test [41]. The accuracy or validity of any test is generally defined as the closeness
of agreement between the results of the measurement and the true value of the measured
characteristic. It should not be confused with the precision of the test which is the closeness
between repeated measures under prescribed conditions [42]. Here we used the presented
model as a new test able to predict / detect the health status of a herd, to be compared with the
observed data in the ROC analysis (which plays the role of the gold standard). This analysis
was used for estimation of sensitivity and specificity of the model as a prediction tool. One
important assumption which should not be ignored here is that the observed data cannot be
considered as a gold standard. The exact sensitivity and specificity of the ELISA test used to
detect antibodies in the BTM are not well established but some estimates suggest that the test is
moderately sensitive and specific [43]. Hence, the accuracy of the present model was impacted
by the quite low performances (sensitivity and specificity) of this ELISA test. We believe that,
along with the reason mentioned above, further reasons of disagreement between data and
model outputs might be related to unaccounted processes, such as un-modelled beef cattle
herds, and also related to methodological limits of the Gaussian model and of the intra-herd
model used here. Along with dry deposition, wet deposition of infectious particles (due to rain
and humidity in the atmosphere), use of spatially and temporally more precise meteorological
data should be used to increase the prediction accuracy. The parameterisation of the intra-herd
model is done on prior estimates based on observations from five herds. Observations on larger
sample of herds in the region can provide better estimates of the health transmission
parameters. Along with that, frequently sampled longitudinal data about prevalence of infection
in the herds of a given region is very essential for better parameter estimation. This will enable
more detail comparison of data and model outputs by other means such as inference of key

model parameters from data.

5.3.6.  Sensitivity analysis

The sensitivity analysis was conducted for a limited number of parameters of the model. Intra-
herd parameters of the transitions between animal health states have been estimated in previous
study from data collected in the field, using Bayesian statistical methods [20]. A sensitivity
analysis study conducted by Courcoul et al [22] using a fractional factorial design showed that

the most influential parameters were the probability distributions governing the levels of
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bacterial shedding through vaginal mucus and faeces, and parameters governing the dynamics
of the bacteria in the environment of the herd. We tested sensitivity of the regional model
outputs to variation of these parameters, which were found influential also at regional scale.
The relative contribution of windborne transmission in the regional spread of the infection was
higher than the one of cattle trade in most of the scenarios tested. Other parameters which we
tested were the parameters of the dispersion model, whose values were approximations based
on literature. Compared to the set of parameters discussed above, outputs of interests showed
little sensitivity to the parameters of dispersion model. The aim of this sensitivity analysis was
to test the robustness of the model in the back drop of uncertain and known sensitive
parameters. Ideally, a larger and multivariate experimental design for sensitivity analysis would
have been preferable, but we stick to limited number of parameters with one at a time approach
because of the intense computational and time efforts required otherwise.

5.3.7.  Vaccination scenarios and effectiveness of strategies tested

Additional vaccination scenarios could have been evaluated based on the infection status of
herds. Herds could have been be targeted if they were initially infection-free and get infected
during the simulation, or if they suffered abortions. As the model is stochastic and dynamic,
such scenarios would involve variable numbers of vaccinated herds. Currently in the Finistére
department, vaccination in cattle is implemented only when a confirmed identified abortion due
to C. burnetii is reported. Hence, such strategies are close to reality, easier for implementation,
and would be welcomed by farmers. Since our aim was to compare different strategies, keeping
similar vaccination coverage among scenarios was essential in the current experimental setup,

we stick with predetermined vaccination coverage instead of variable vaccination coverage.

Generally, vaccine efficacy is measured for its ability to avoid infection in vaccinated
individual, and is calculated from by comparing attack rates in vaccinated and non-vaccinated
individuals [44]. The present model and case study provide interesting multiple levels where
such comparison of attack rates can be calculated. First, the strategies can be compared with
each other. Second, within each strategy, the attack rate in vaccinated herds can be compared
with the attack rate in non-vaccinated herds. At animal level within each strategy the attack
rates of vaccinated and non-vaccinated animals can be compared. Such multiscale comparison
of vaccine efficacy highlights the differences in disease prevention capacity of vaccination at
these scales, if any. Such analysis is essential as in case of variation of efficacy at different

scales, decision to choose a strategy might depend on the epidemiological unit of concern.
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General discussion

5.4. Perspectives

Future perspectives of the model presented here can take the studies into different directions to
delve into the questions regarding transmission and control of Q fever in animal populations.
The model could be utilised for cattle metapopulations of other geographic regions to be
compared with the results obtained in the Finistere department. Moreover, in complex scenarios
where beef farming, small ruminant herds are also present, the model can be modified by
incorporating separate intra-herd models for each of those herds. For example, a dairy goat
intra-herd model already has been developed [45], which can be integrated into the
metapopulation model. Data about trade of small ruminants, longitudinal studies about beef
cattle herds to estimate intra-herd model parameters, and information about herd locations then
would be essential to extend this model to a more complex multispecies situation. Moreover, in
multispecies model, consideration of genotypes predominantly circulating in each species is
essential as genotypes prevalent in small ruminants and cattle are known to be different [46,
47]. Interaction of these genotypes with other species also needs to be studied and included in
the model. Economical cost benefit analysis of vaccination strategies, as well as other possible
control strategies such as restriction of cattle trade infected herds to infection-free herds, is also
an important question which needs to be and can be addressed with the help of the model.
Finally, we can also predict the risk of human spillovers using the multispecies model

framework to pre-empt possible human outbreaks.
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Appendix I: Summary of the thesis in
French

Résumé long de la thése en frangais

Propagation et contréle de la fiévre Q dans les troupeaux bovins laitiers a I’échelle régionale
: une approche par modélisation multi-échelles

1. Introduction

La fievre Q, causée par la bactérie Coxiella burnetii, est une zoonose présente au niveau
mondial. Un rapport publié en 2012 identifie cette maladie comme I'une des treize plus
importantes maladies zoonotiques, en se basant sur son impact sur la santé humaine et animale
[1]. Largement présente en élevage de ruminants, cette infection constitue un risque majeur de
santé publique vétérinaire, notamment pour les professionnels de 1’élevage mais également
pour les populations proches de zones a fortes densités animales, comme 1’a montré la récente
et importante épidémie dans des populations humaines aux Pays-Bas en 2007-2009 [2]. La
maitrise de la fiévre Q en élevage de ruminants est donc cruciale pour réduire ce risque,
induisant un intérét croissant pour une meilleure compréhension des modalités de transmission
de la bactérie a une échelle régionale et des leviers de maitrise disponibles. Ainsi, 1’Union
Européenne (UE) a mis en place un comité scientifique au sein de 1’ Autorité Européenne de
Securité des Aliments. Ce comité a étudié les risques posés par la fievre Q et a conseillé I’'UE
concernant le niveau et la distribution de I’infection, les facteurs de risque de son apparition et
de sa persistance, et les options pour une maitrise efficace de la maladie. Le rapport produit
insiste sur la nécessité d’évaluer les différentes options de maitrise en populations animales, en

vue de réduire les épidémies chez I’homme.

Les bovins constituent une population d’étude d’intérét en Bretagne (France) car la densité
animale y est trés élevée et tres peu de petits ruminants y sont présents, les populations bovines
constituant donc une source majeure potentielle. De plus, des données de terrain y sont

disponibles, permettant d’envisager une étude a large échelle.
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Les vaches acquicrent I’infection par inhalation de bactéries présentes dans 1’environnement,
qui ont été excrétées par les animaux infectieux, ceux-ci présentant une hétérogénéité des
niveaux et voies d’excrétion. Il a été démontré qu’a I’échelle du troupeau bovin laitier la
dynamique d’infection dépend fortement de cette hétérogénéité d’excrétion [3]. A une échelle
régionale inter-troupeaux, 1’infection se propage via les mouvements commerciaux d’animaux
et une dispersion de la bactérie par voie aérienne. La transmission de C. burnetii par voie
aérienne est un phénoméne bien documenté [1, 4, 5]. Par ailleurs, aucun test n’est généralement
effectué pour déterminer le statut infectieux des vaches avant achat. Par conséquent, le
commerce des animaux en tant que voie de transmission directe peut aussi jouer un réle dans la
propagation de ’infection au sein d’une région. Des études récentes ont identifié un risque
d’infection dans les troupeaux laitiers via la dispersion de bactéries et le commerce d’animaux
[6, 7], mais la contribution relative de ces deux routes de transmission de 1’agent pathogéne

entre troupeaux reste mal connue.

Une maitrise efficace de la propagation de C. burnetii entre troupeaux bovins laitiers requiert
une bonne connaissance des dynamiques d’infection intra- et inter-troupeaux, et la prise en
compte des niveaux de contamination environnementale. Les stratégies utilisées visent
généralement a réduire cette dernic¢re. Parmi elles, la vaccination a 1’aide d’un vaccin de Phase |
est reconnue comme un moyen efficace de réduire I’excrétion de la bactérie par le lait, le
placenta et le colostrum, et ainsi de maitriser la maladie dans un troupeau [8]. Il serait
intéressant d’évaluer maintenant les troupeaux a cibler prioritairement pour la mise en ccuvre

d’une vaccination permettant une maitrise efficace de la propagation régionale de C. burnetii.
Dans ce contexte, nous avons assigné deux objectifs a la thése :

1. Quantifier la contribution respective de la transmission par le vent et via le commerce

des animaux dans la propagation de C. burnetii entre troupeaux a 1’échelle régionale ;

2. Evaluer I’efficacité de la vaccination pour la maitrise de la propagation de C. burnetii

entre les troupeaux bovins laitiers d’une région en conditions enzootiques.

Pour répondre a ces deux objectifs, nous avons utilisé une approche de modélisation. Une
modélisation mécaniste multi-échelles de la propagation de C. burnetii dans une
métapopulation bovine intégrant le commerce des animaux et les données météorologiques
constitue une entreprise scientifique prometteuse. Deux échelles sont a considérer : le troupeau

(dynamique intra-troupeau) et la région (dynamique inter-troupeaux). L’un des principaux
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Appendix I: Summary of the thesis in French

avantages des modéles mécanistes provient du fait qu’ils permettent de déterminer les causes de

I’infection, et en conséquence aident a évaluer des interventions ciblées.

2. Conceptualisation du modele de métapopulation

Ce chapitre est centré sur la description du modéle générique développé pour représenter la
propagation de Coxiella burnetii entre troupeaux bovins laitiers. Nous décrivons dans un
premier temps le concept général du modéle avant de détailler les hypotheses sous-jacentes et
les équations pour chaque partie du modéle.

Le modele de la transmission de C. burnetii a 1’échelle d’une région peut étre conceptualisé en
divisant les processus modélisés en deux parties distinctes. La premiere partie décrit la
propagation de I’infection au sein d’un troupeau bovin laitier infecté. La dynamique d’infection
au sein d’un troupeau est représentée a 1’aide d’un modele stochastique individu-centré adapté
de Courcoul et al. 2011 [3] . La seconde partie du modéle établit des connections entre des
modeéles locaux de dynamique intra-troupeau afin de décrire la propagation a une échelle
régionale, constituant la section du modele qui représente la transmission entre troupeaux. La
propagation de I’infection au sein d’une région est décrite par deux processus : la dispersion des
particules infectieuses par le vent et I’introduction d’animaux infectés via le commerce du

betail.

Le modeéle intra-troupeau utilisé dans cette étude est un modéle stochastique individu-centré en
temps discret qui représente la transmission de 1’infection entre vaches (et exclut les génisses
nullipares et les veaux). Le modéle prend en compte 1’hétérogénéité des voies et niveaux
d’excrétion. De plus, la dynamique de population est incluse a travers la réforme et le cycle de

lactation des vaches.

Le transport par le vent et le dépbt de C. burnetii dans un nouvel environnement a été modélisé
par une équation de dispersion gaussienne, qui prend en compte les phénomeénes de gravitation
et de tassement. Le commerce d’animaux a été modélisé de maniére déterministe a 1’aide des
données disponibles sur les mouvements de vaches entre troupeaux bovins laitiers en France.
Le couplage du modele intra-troupeau avec les données de mouvement des animaux a été
réalisé en caractérisant chaque vache du troupeau, en fonction de son origine et de son statut
infectieux, ce qui nous a permis de classer chague vache en tant qu’animal « interne » (infecté

dans le troupeau concerné) ou « externe » (infecté avant 1’achat). Le couplage du modéle intra-
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troupeau avec le modéle de transmission des particules infectieuses par le vent a été effectué
via le compartiment environnemental. Aprés prise en compte des processus inter-troupeaux
dans le modele intra-troupeau, la force d’infection environnementale a pu étre décomposée en
deux termes liés a I’origine des animaux excréteurs (Ejinernar €t Eijexternar) €0 uN terme
représentant les bactéries déposees via la transmission aérienne a partir des troupeaux sources
(2 Ejaep(t — 1)). Le modele a eté codé en Python, langage pertinent pour implémenter un tel
modele en métapopulation complexe et permettant de réaliser un grand nombre de simulations

numériques en un temps raisonnable.

Trade
= Uninfected cow

= [nfected cow

Wind
# Direction
&»  Plume

Intra-herd dynamics

O Cattle herd

Uninfected cow

® Infected cow

Figure 38 Figure 1: Schéma conceptuel du modéle de métapopulation. Représentation hypothétique d’une
métapopulation de troupeaux bovins avec des troupeaux indemnes (uniquement des points verts représentant
des animaux sensibles) et un troupeau infecté (contenant des points rouges pour les animaux infectés). La
dynamique inter-troupeaux dépend du commerce des animaux (fleches) et de la dispersion de 1’agent
pathogéne par le vent (panache rouge).

3. Evaluation du role relatif du vent et du commerce des animaux dans la transmission de
la fievre Q dans les troupeaux laitiers du département du Finistere (France)
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Le modele générique, I’évaluation des prédictions qui en sont issues, et les investigations
concernant les routes de transmission ont été appliqués aux données du département du
Finistere, situé au Nord-Ouest de la France, et caractérisé par une forte densité de troupeaux
bovins laitiers. Les données disponibles pour le département du Finistere ont été utilisées pour
valider le modele en comparant dans un premier temps les sorties du modéle avec les données
observées, grace a 1’élaboration de courbes ROC (Receiver Operating Characteristic). Pour
mieux comprendre le comportement du modéle, nous avons réalisé une analyse de sensibilité
simple en faisant varier les valeurs des parametres indépendamment les uns des autres. Nous
avons ensuite quantifié la contribution relative de la transmission aérienne et du commerce des
animaux dans la propagation régionale de C. burnetii dans le Finistére. De plus, nous avons
estimé s’il y avait des zones de fort risque d’incidence grace a une analyse spatiale des

agrégats.

Lors de la comparaison avec des données d’observation, les sorties du modele ont montré une
sensibilité (0,71) et une spécificité (0,80) satisfaisantes pour la prédiction du statut infectieux de
troupeaux situés dans un voisinage de 3km autour d’un troupeau observé comme nouvellement
infecté (dit incident). Les prédictions issues de notre modéle appliqué au Finistére ont montré
gue 92% des infections dans les troupeaux indemnes étaient dues a la transmission par le vent.
En dépit de cette fréquence élevée, il s’avére que la transmission aérienne engendre une
propagation intra-troupeau de relativement faible ampleur et éphémeére, tandis que
I’introduction d’une vache infectieuse résulte en une prévalence intra-troupeau
significativement plus ¢élevée. L’analyse de sensibilité a montré que si la contribution relative
des voies de transmission inter-troupeaux variait avec la valeur des paramétres, les infections
liées au vent restaient prédominantes dans la plupart des scénarios. Les résultats ont indiqué
¢galement que les deux routes de transmission étaient indépendantes 1’une de 1’autre, sans effet
de synergie, du moins sur un intervalle de temps d’une année. Ces résultats ont fait 1’objet

d’une publication (Pandit et al.) en cours de révision pour le journal Veterinary Research.
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Figure 39 Agrégation spatiale de la probabilité d’infection pour le département du Finistére. Agrégats
spatiaux statistiquement significatifs (cercles rouges) pour le Risque Relatif (RR) de présence of troupeaux
simulés positifs (points rouges), initialement sensibles, infectés par C. burnetii un an aprés sa propagation
entre troupeaux. Les points orange représentent les troupeaux initialement séro-prévalents (d’aprés les
données) et les points verts les troupeaux qui restent indemnes.

4. Modélisation de I’'impact de stratégies de vaccination a I’échelle régionale en conditions
enzootiques

Dans le but de mener a bien notre deuxieme objectif, nous avons passé en revue les stratégies
de maitrise qui pourraient étre potentiellement implémentées et nous avons opté pour la
vaccination comme stratégie de maitrise prospective, et argumenté ce choix en comparaison
d’autres techniques possibles. Nous avons présenté les hypothéses sous-jacentes a I’approche

de modélisation de la vaccination, fondées sur des précédentes études et des données de [9].
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Dans un premier temps, nous avons ¢tudié les effets d’une durée variable de I'immunité que
peut engendrer un vaccin sur la dynamique intra-troupeau de I’infection dans un troupeau bovin
laitier isolé. Les objectifs de 1’étude ont été par la suite d’identifier les caractéristiques
principales d’un troupeau a cibler prioritairement dans le cadre d’un programme de vaccination
régionale pour permettre une réduction effective de la propagation de C. burnetii. Nous avons
estimé le taux de couverture minimal a atteindre pour réduire la prévalence dans les troupeaux

bovins laitiers dans une région sous conditions d’enzootie.

D’apreés le modéle, la vaccination des vaches et des génisses avant leur premiére gestation avec
un vaccin de Phase | & large échelle permet de réduire de maniére significative la prévalence de
C. burnetii dans une région. Les troupeaux ciblés pour I’implémentation de la vaccination
peuvent étre choisis en fonction de leur statut infectieux, de la densité animale environnante, du
nombre d’animaux ou du nombre de partenaires avec lesquels ils échangent des vaches. Ces
stratégies se révelent d’une efficacité variable dans la prévention de la propagation de la
maladie. Dans le cas du Finistére, la stratégie de vacciner les troupeaux déja infectés s’avére
étre la plus efficace a taux de couverture donné. La stratégie de cibler les plus grands troupeaux
est la meilleure pour maitriser ’infection au niveau de 1’animal, mais, pour réduire la
prévalence a 1’échelle du troupeau, elle n’est pas plus efficace que des stratégies ciblant les
troupeaux situés dans les zones de densités les plus fortes, ou les troupeaux ayant le plus de

partenaires commerciaux.
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Figure 40 Réduction de la prévalence des troupeaux infectés apres vaccination de tous les troupeaux détectés

infectés en 2012 (bleu) en comparaison d’une stratégie sans vaccination (noir)

5. Dicussion

Dans ce chapitre final de la thése, nous avons dans un premier temps discuté des objectifs et des
résultats obtenus dans le contexte mondial de la santé publique et animale. Dans une deuxiéme
partie, nous avons discuté des résultats les plus marquants, de leur portée en termes de biologie,
et de leur importance dans des applications sur le terrain. Comme la dispersion par le vent et le
commerce des animaux ont tous deux des propriétés différentes vis-a-vis de la transmission de
C. burnetii entre les troupeaux bovins d’une région, il est essentiel de prendre en compte cesS
deux routes de transmission dans la mise en place d’une stratégie de maitrise, telle que la
vaccination, visant a réduire la prévalence régionale de C. burnetii. Nous avons également
discuté des problémes liés aux hypothéses biologiques retenues et discuté I’ensemble de la
partie « Résultats » en regard de ces hypotheses. Nous avons abordé dans la discussion la

validité externe des résultats et comment nous pourrions extrapoler ceux-ci a d’autres
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populations (autres densités animales, autres caractéristiques météorologiques, autres réseau de

contact par les mouvements d’animaux).

La partie suivante de ce chapitre a porté sur la discussion des méthodes utilisées dans la these.
Nous avons mis en avant le caractére novateur de ces méthodes et des modeles utilisés. De plus,
nous avons également discuté des inconvénients liés aux méthodes employées et proposé des
suggestions d’amélioration. La partie finale a porté sur les différentes perspectives que ce
travail ouvre et sur la fagon dont cette étude pourrait étre étendue a d’autres espéces et étre

utilisée pour des prédictions d’occurrence de la fieévre Q en population humaine.
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Abstract

Q fever, a worldwide zoonotic disease caused by Coxiella burnetii, is a looming concern for
livestock and public health. Epidemiological features of inter-herd transmission of C. burnetii in cattle
herds by wind and trade of cows are poorly understood. We present a novel dynamic spatial model
describing the inter-herd regional spread of the C. burnetii in dairy herds, quantifying the ability of
windborne transmission and animal trade in C. burnetii propagation in an enzootic region. Our model
predictions indicate that the majority of infections in disease-free herds occur due to windborne
transmission. Infections acquired through this pathway are shown to cause relatively small and ephemeral
intra-herd outbreaks. On the other hand, disease-free herd purchasing an infectious cow will experience
significantly higher intra-herd prevalence. Results also indicate that, for short duration, both transmission
routes are independent from each other without any synergistic effect. The model outputs applied to the
Finistere department in Western France show satisfactory sensitivity (0.71) and specificity (0.80) in
predicting the infection status of herds in a neighbourhood of 3km around an expected incident herd, when
compared with data. The model developed here thus provides important insights into the infection spread
between dairy herds and paves the way for implementation and assessment of control strategies.

Keywords: Coxiella burnetii, multiscale modelling, plume model, cattle movements
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Introduction

Changes in social-economical, environmental and ecological factors are driving forces for the
emergence of zoonotic infections [1]. In Europe, Q fever, a re-emerging zoonosis caused by the bacterium
Coxiella burnetii, has seen a sharp rise in the recent past, especially in the Netherlands with a large
number of human cases whose sources were attributed to livestock [2]-[4]. Q fever infections are common
and subclinical in cattle and generally result into reduced reproductive performance and abortions in
primiparous cows [5], [6]. Infection in cattle herds is known to be widespread and enzootic [7]. Even
though most of the recent human outbreaks are known to be originated from small ruminants, intensive
cattle farming always becomes a looming concern for public health. Hence, investigation of infection
dynamics in cattle herds at the first sign of its emergence is essential in the emergence-to-control
continuum [8].

Cows acquire the infection through inhalation of bacteria shed in the environment. Infectious
animals shed the bacteria with different capacities and through different routes [9]. Intra-herd infection
dynamics of a dairy herd is majorly influenced by the heterogeneity in the shedding routes [10]. One of
the important uncertainties concerning dynamics of infection lies in the contributions of the different
routes in transmitting the pathogen between livestock herds. Although windborne transmission of C.
burnetii is a well-documented phenomenon [11]-[13], its precise contribution to the regional spread of the
infection between dairy herds is poorly understood. Besides, there is no formal testing conducted for the
determination of the infection status of cows before sale or purchase. Hence, trade of animals as a direct
route of transmission also can play a role in the regional spread. Recent studies have identified a risk of
infection of dairy herds through dispersion of bacteria and cattle trade [14], [15], but their respective
guantitative contributions to the transmission still remain unknown.

Here we present a novel individual-based mechanistic model in a stochastic framework capturing

both spatial and temporal spread of C. burnetii between dairy herds. Infection status and trade movement
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of animals between herds were individually tracked through time. The model has been applied to a case
study of Finistere department located in North-Western France, characterized by a high density of dairy
cattle, windy oceanic weather and relatively flat terrain. To comprehend the reliability of the model
predictions, first we have assessed the model accuracy in predicting the status of individual herds and their
neighbourhoods as observed during years 2012-2013 in Finistére. Then we have used the model to
evaluate the contributions of transmission routes to the regional spread of the infection and their impacts

on the intra-herd infection dynamics.
Materials and Methods

Data driven modelling framework

The regional spread of C. burnetii was conceptualised by a multiscale model (inter-herd and intra-
herd scales), with spatially separated herds having their own infection and demographic dynamics, and
interacting with each other via cattle trade and windborne transmission (see a schematic representation in
Figure 1). The intensity and direction of cattle movements between herds were modelled as observed in
available data. The health status of exchanged animals was randomly chosen according to the intra-herd
prevalence in source herds, the purchase of infected cows then leading to the introduction of the bacteria
into naive herds. C. burnetii (as bacterial plume) also can be transmitted from infected to naive herds by
windborne transmission. This process was modelled using Gaussian dispersion model incorporating
meteorological data. The individual-based stochastic intra-herd model described the infection dynamics in
herds after the introduction of the pathogen via either of the two processes, subsequently becoming
sources of infection to other herds. Initial conditions for simulations concerning infection status of herds
were based on epidemiological data.
Data

Description of epidemiological data, animal trade data, and meteorological data used for

modelling the spread of C. burnetii in the Finistere department is given in this subsection.
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The pathogen is known to be enzootic in the cattle population of this region. In May 2012, 2,799
dairy herds (69% of all the cattle herds in Finistére), individually and spatially identified, were tested for
the antibodies against C. burnetii in bulk tank milk (BTM) using LSI Q fever enzyme — linked
immunosorbent assay (ELISA) kit® (LSI; Lissieu, France), and 1,941 were found seropositive (referred
hereafter as prevalent herds). The results of ELISA tests were interpreted as estimates of intra-herd
seroprevalence [16] and were used to set the initial conditions for simulations. Among the 858 negative
herds, 826 were retested one year later in May 2013, and 306 were found positive (they represent the
observed incident herds in the study).

For the purpose of the study, data for the individual movements of cows from one dairy herd to
another only within the Finistere department were extracted for the time period of May 2012 to May 2013
from the national register (source: Groupements de Défense Sanitaire de Bretagne, France). In total, 835
out of 2,799 dairy herds participated in the 2,234 movements during the year. Among trading herds, 182
purchased at least one animal during the study period and were not infected in May 2012. On average, the
number of sold animals was equal to 4.7 (n=474), the number of purchased animals was 5.3 (n=491), the
number of partners for selling was 1.4 and for buying animals was 1.6.

Wind velocity data required for dispersion modelling were procured from publically available
European Centre for Medium Range Weather Forecasts database [17]. Northward and eastward wind
component data for Finistére department for the period of May 2012 to May 2013 was extracted. Daily
data were converted to weekly averages for utilisation in the model. Details of incorporation of the data
into the model are given in the Additional file 1.

Modelling description

The model is an individual-based stochastic model in discrete time with a one week simulation
time step. The whole model (intra-herd dynamics and cattle trade) is restricted to cows, excluding
nulliparous heifers and female calves, as they are not observed to be infected as shown in a previous

longitudinal study [18]. Bulls and male calves were also excluded.
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Inter-herd transmission of infection due to cattle trade

All the movements of cows between dairy herds of Finistére department were modelled according to
observed data and were deterministically implemented based on source and destination herds, movement
date, and age of cows. For each individual movement observed between May 2012 and May 2013, an
animal of the same lactation number as the one recorded in the dataset was randomly chosen from the
source (selling) herd to move to the destination herd. The probability of trading an infectious cow
therefore was related to the proportion of infectious animals in the given lactation age in the source herd.
Because of the comparatively low time spent by cows in markets during trading, it was assumed that there
was no transmission between cows following any possible interaction between them in markets. Due to
the lack of information about the prevalence outside the concerned study region, movements of cows were
considered only between the herds of the study region.

Inter-herd windborne transmission of C. burnetii

In infected herds, infectious cows shed bacteria which became source of infection for animals of the herd
and from which a proportion was assumed to disperse to other herds via windborne transmission. The
small cell variant (SCV) of bacteria shed is very resistant to the environmental conditions and can survive
well in the environment [19]. Plume transportation takes place with simultaneous deposition and settling
of particles. These processes were modelled using a Gaussian Dispersion Equation, which accounts for
phenomena such as transportation, settling, and gravitation [20], [21]. The concentration Ci,j,(X,y,2)
[number of bacteria / m3] of bacteria reaching herd i from source herd j (where X, y are differences in
respective coordinates of herds i and j, and z the height of generation plume in source herd j) was

calculated using the following equation presented in Stockie et al, 2011 [21]:
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Equation (2.1) is the solution of an atmospheric advection-diffusion equation accounting for particle
dispersion and deposition as developed in Ermak 1967 [20]. Quantities forming the different terms are the
following: Q; [number of bacteria / s] is the force of infection in source herd j; U [m/s] is the wind
velocity; o, [m] and o, [m] are the standard deviation for dispersion coefficients, taking the form o,,(x) =
ayxby and 0,(x) = a,xP= with a, a,, by, b, corresponding to the atmospheric stability class C (3-5 m/s
wind velocity, slightly unstable environment); W, [m/s] writes as Wy =W — 0.5Wj, where W [m/s] is the

2 2
deposition velocity due to gravitation and W, [m/s] is the settling velocity, fixed to 2";%2‘2%, with ¢

[kg/m®] the particle density, r [m] the particle radius, 7 [kg/m s] the dynamic viscosity of air, and g [m/s?]
the gravitational acceleration; h [m] is the height of reception at destination herd; and K, [m%/s] is the
coefficient of eddy diffusivity set to K, = 0.5a,b,Ux®z~1_ In the last term of (2.1), erfc is the
complementary error function (erfc (x) = 1 — erf(x)) resulting from the approximation of the solution
of the partial differential equation of advection-diffusion. Parameters were taken from the standard model
presented in Stockie et al. (2011) [21]. Additional details on dispersion related parameters are given in
Table 1. The relationships between C; ; (x.y,7), Q;, and the intra-herd infection dynamics at source and
destination herds are presented in the next subsection.

Intra-herd dynamics of infection and coupling with cattle trade and windborne transmission of

C. burnetii

The intra-herd infection dynamics, tracking the animal health statuses individually, was

represented using the model introduced earlier by Courcoul et al. [10], whose transition parameters
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between health statuses were estimated from a longitudinal observational study using Bayesian estimation
methods [22], [23]. The model accounts for the heterogeneity in the routes and levels of bacterial
shedding. Moreover, the population dynamics of the herd also is incorporated through probabilities for

culling events and the explicit representation of cow lactation cycle.

Cows of the herd undergo transitions between health statuses after infection (Figure 2, with
parameters defined in Table 2). Susceptible, non-shedder, sero-negative cows (S) become shedder sero-
negative I~ cows after infection. I~ cows then either seroconvert, becoming I* (shedder, with antibodies)
or [+ itk pers (shedder with antibodies, and permanently shedding in milk at higher levels), or return to S
status. I and I+ ™k pers cows then become carriers and stop shedding C* (with antibodies), and
subsequently €~ (without antibodies). C* cows can restart shedding (and then become I* again).
Shedding cows can shed the bacteria through milk, mucus/ faeces, or through both routes (with probability
distributions of shedding routes o, 5, and y depending on the infection status) at low, medium, or high
levels of shedding (corresponding respectively to quantities shed equal to 1/3000, 1/30, and 1 unit of
environment per week, with probability distributions of shedding levels Q1 to Q5 depending on the
infection status). The proportions of cows shedding through different routes and at different levels change
according to whether cows are in early lactating stage (< 4 weeks post calving) or not. &3, €, and gz are
the quantities of bacteria shed during a time step by a cow in status 1=, I, and I™4kPers respectively,
and contaminating the environment and are the sum of quantities shed by all the shedders through all the
shedding routes times the fraction of bacteria (0™ and p™) reaching the environment of the herd. All

the parameters related to the heterogeneity of shedding are presented in Table 3.

The probability p;(t) of a susceptible cow of herd i to acquire infection at time t depends on the

environmental compartment (E;(t-1)) of the herd:
pi(t) = 1 — e Eilt=1) 2.2).
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Ei(t) [number of bacteria / s] is the force of infection related to the bacterial contamination of the
environment (for simplicity of writing the time step multiplying E;(t-1) was omitted in Equation (2.2)). It
corresponds to the bacterial load at time t (expressed in infectious doses) shed by shedding animals
(according to their infection statuses and the shedding routes), times the contact rate between animals and
the environment, times the probability that a contact of a susceptible animal with an environment
contaminated by one infectious dose leads to a successful infection event. Similar formulation of the

probability of infection has been proposed previously for aerosol infection of C. burnetii [24].

The complete system of equations describing the infection dynamics at herd level is provided in

Additional File 1.

Coupling of intra-herd model with cattle trade was done by characterizing each cow in a herd,
based on its origin and health status. Cows which are borne in the same herd or when susceptible (S) at
purchase were called internal animals. Cows which were infected outside the herd and that were shedders
(I=, I or It ™ikpers ) or carriers (C*) at the time when they were bought were called external animals.
The infection dynamics of the internal animals and external animals were assumed to be identical, the
first contributing to the local subsection of the environmental compartment, E; ;ternai, the second

contributing to the external subsection, E; oxternai-

Coupling of the intra-herd model with windborne transmission of infectious particles was also
done through the environmental compartment. Bacteria arriving from a neighbouring herd j through
windborne transmission accumulate in compartment E; ; g, This writes as E;j g, = area; W Cij .., Where
the area for each herd (area;) was approximated using average space recommendation for a cow and the
number of cows in a given herd. W and C;; «,., are presented in equation (2.1). Similarly, a fraction x of

the bacteria leaving the environmental compartment (due to the various mechanisms encompassed in term
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M, Table 2) was assumed to become the source for generation of the plume and was defined as Qi=Eipiume

source; With Q; defined in equation (2.1) and Hpiume source=K M.

Hence, after accounting for inter-herd processes in the intra-herd model, the environmental force
of infection for each herd can be decomposed into two terms related to the bacteria local shedding
(Einternat) @nd (Eexternqgr) @nd one term related to deposited bacteria due to windborne transmission from

all possible source herds j (3 Ej qep (t — 1)). The general formulation of the environmental force of

infection due to bacteria in herd i was represented as follows:

Ei(t) = Ei(t - 1)(1 - ll) + Ei,internal(t - 1) + Ei,external(t - 1) + Zj Ei,j,dep(t - 1) Ei(t) =

Ei(t-1)(1-p) + Bact; ocal (t-1) + Bact; goreign (t-1) + X Bactpep i j(t-1) (2.3).

The loss of bacteria from the environment, W, encompassing death and plume generation, was defined as

U = Ugeath T Hplume source-

Simulation settings and outputs

Initial conditions were set to mimic the spatial distribution of intra-herd seroprevalence observed
in May 2012 in the Finistere department. For each prevalent herd, independent simulations of the intra-
herd infection dynamics were run with one introduction of an infectious animal until they reached the
observed levels of infection. Then, herds were connected and the inter-herd spread of the infection was
simulated over the duration of one year, to assess if the model can predict similar spread of infection as
observed in May 2013. For each scenario investigated, 100 iterations of the stochastic model were run.
The spatial dynamic model was used to predict the status (in May 2013) of initially (in May 2012)
susceptible herds. Introduction of infection in herds was defined as the generation of the first case among
internal animals. ldentifying contamination sources allowed us to allocate a cause to the primary local
case and therefore to assess the relative contribution of each of the two transmission routes considered for

each incident herd. Herds receiving infectious animals previous to the generation of the first local case
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were designated as being infected by cattle trade, the rest of the incident herds were attributed to
windborne transmission. In addition to the cause of infection, the probability of infection (PI) was also
estimated for each incident herd based on the proportion of runs it experienced infection: Pl = (number of
runs with at least one local case) / (total number of runs). Herds were predicted positive by the model if
their predicted PI was higher than a threshold, which was calibrated according to the available data, as
described in the next subsection (Assessment of model predictions). Concerning the intra-herd dynamics
in incident herds, four model outputs were considered: seroprevalence, proportion of shedders (Additional
file 1, equations 7 and 8), extinction rate (equal to the proportion of runs with no shedding and no
seropositive cow at the end of the simulation among those runs where the herd was infected) and herd
incubation period (calculated as the time elapsed between exposure to the identified cause and generation
of the first local case). Descriptive statistical measures (mean, median, standard deviation and percentiles)
of seroprevalence and proportion of shedders in incident herds were calculated only over runs in which
herds experienced an infection.
Assessment of model predictions

To assess the accuracy of the model in predicting the binary outcome (infected / non infected, as
observed in May 2013) for all the initially susceptible herds, we performed a receiver operating
characteristics (ROC) analysis, based on Sensitivity (Se) (or true positive rate of detection) and Specificity
(Sp) (more precisely 1 — Sp, representing the false positive rate). A ROC analysis consists in evaluating
the performance of a classifier in detecting binary behaviour for different discrimination thresholds. More
specifically, for each initially susceptible herd, the predicted infection status of the herd was compared
against the observed one (the reference) at the end of the study period (this is what we called the herd
level analysis). Each point of the ROC curve corresponds here to a different threshold to which the PI for
each initially susceptible herd is compared, in order to be classified as infected or not. To assess possible
improvements in prediction, we relaxed the spatial precision in the ROC analysis and compared the output

for a neighbourhood around an expected incident herd (that we called the neighbourhood level analysis).
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The comparison was done for neighbourhood distances of multiple radii (1, 2, 3 or 4 km). Sp for the
neighbourhood level analysis was considered as equal to that of herd level analysis. AUC (Area Under the
Curve) was used for assessment of model performance.

The optimum cut-off (threshold) values for PI to classify herds as positive or negative were
selected based on three criteria: equality of Se and Sp, Se =Sp; maximum accuracy (ACCnax), Where Acc =
(true positive herds + true negative herds) / (total population) or, equivalently, Acc = Se x prevalence +
Sp x (1-
prevalence);Acc =

(truepositiveherds + truenegativeherds)/(totalpopulation), or, equivalently, Acc = Se X

Prevalence + Sp X (1-Prevalence) and maximum Youden index (Jna), Where ] = Se + Sp — 1 [25].

To identify regions with high risk of incidence, a spatial cluster analysis for predicted positive
herds was done using a Poisson model (SatScan®) with a null hypothesis of expected number of cases in
each area proportional to its population size, hence adjusting the model for cow density. Definition of a
positive herd was based on the optimum PI cut-off suggested by the ROC analysis.

A preliminary sensitivity analysis was done to assess the robustness of the model predictions with
respect to parameter variations. In a detailed sensitivity analysis conducted on the intra-herd infection
dynamics model by Courcoul et al. [10], three significantly sensitive parameters were found: Q1, p, and L.
Along with these three parameters, three additional parameters from the dispersion model (x, r, W) were
tested in the analysis. The values chosen to be tested in the sensitivity analysis (details in Table 4) were
those used in [10] for Q1, p, and . For «, r, and W, the standard value was varied by fifty percent, in the
limits of biological plausibility. Each parameter was varied independently of other parameters (univariate
sensitivity analysis) and the effect of these variations was evaluated on three model outputs (relative
contribution of windborne transmission to new herd infections, number of incident herds, and proportion

of shedders in incident herds).
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Assessment of the relative impact of transmission routes on the regional spread and intra-herd
infection dynamics

To identify the contribution of cattle trade and wind dispersion as routes of transmission, we used
two complementary approaches. First, we tested four scenarios to understand the role of each transmission
route both independently and in association with one another: absence of inter-herd transmission (Scenario
A), transmission only by movement of animals (scenario B), windborne transmission only (scenario C),
both transmission routes (scenario D). The dynamics of the incidence at the herd level, the total number of
incident herds, and the dynamics of shedder cows in incident herds were compared to assess the impact of
presence and absence of the transmission routes on the regional spread. The second approach focused on
identifying the relative roles of the two transmission pathways in introducing the infection in incident
herds, by further evaluating scenario D and using the model ability to identify the cause of infection in
incident herds. To investigate differences in the intra-herd dynamics within incident herds because of
different causative transmission routes, comparisons of Pl, extinction rate, and herd incubation period for
herds infected by windborne transmission and infected by trade, respectively, were made using Mann-
Whitney U test. A similar analysis was done on a subset of herds at risk of acquiring infection through
both routes, i.e. those herds that purchased animals and were also exposed to C. burnetii due to windborne

transmission.
Results

Incidence prediction and agreement with observed data

Out of 858 susceptible herds at the beginning of the simulation, 768 got infected at least once over
the total number of runs. The PI predicted for incident herds showed spatial heterogeneity (Figure 3a).
Most of incident herds showed low values of Pl. Out of 768 herds, 38.8 % herds showed Pl < 0.1, while

only 1.5% herds showed PI > 0.9 (Figure 3b).
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The model had moderate agreement with data at herd level. It performed better for predictions at

the neighbourhood level (Figure 4a). In the radius of 2, 3, 4 km, there were on average respectively 1.7,
3.8, and 6.6 initially susceptible neighbour herds around an expected incident herd in the Finistére
department. The gain in the model predictive ability in terms of AUC with the increase in the
neighbourhood radius was weighed against the loss in the precision of model predictions arising because
of an increase in the number of susceptible herds the calculations rely on, resulting into a subjective
compromise for a neighbourhood of 3 km, retained for further analyses of model results.

Optimum cut-off values for Pl were estimated based on three criteria: Se = Sp, ACCrmax, and Jmax. At
herd level, the model was found performing better at Pl cut-off = 0.11 for the first and third criteria
(se = 0.57,sp = 0.59), Jnax = 0.15), and at PI cut-off = 0.61 for the second one (Se = 0.1, Sp = 0.95,
AcCnax = 0.64). For a neighbourhood of 3 km, the optimal cut-off was found to be 0.21 based on the first
criterion(se = 0.76,sp = 0.75)0.25 based on the second one (Se = 0.71, Sp = 0.80, AcCnax = 0.76), and
0.15 according to the third one (Se = 0.86, Sp = 0.66; Figure 4b and 4c). Details of the Se, Sp, Acc, J,
predicted incidence, contribution of windborne transmission to the incidence, and the spatial distribution
of incident herds at these cut-offs are given in Additional file 1 (Table S1 and Figure S1). The subsequent
cluster analysis was performed using a cut-off value of 0.25 (i.e. herds were declared as positive if their PI
> 0.25) as this value provided the uniformly best results with respect to the three criteria at the
neighbourhood level. According to the cluster analysis, herds predicted as positive by the model at the cut-
off of 0.25 showed seven non-overlapping statistical clusters, three in the north and four in the south of the
Finistere department (Figure 5). A small cluster (Cluster 1, Figure 5) in northern Finistere department
showed the highest relative risk of 7.7.

Model outputs were sensitive to Q1, p, U, and «, whereas very little perturbations were induced by
variations of particle size, r, and deposition velocity, W (Figure 6). Results showed that, despite a
considerable sensitivity of the model to the parameters tested (except for r), the relative contribution of

windborne transmission in the simulated incidence remained higher than the contribution of cattle trade,

168



Appendix II: Q fever spread between dairy cattle herds in an enzootic region: modelling
contributions of windborne transmission and trade

regardless the parameter values tested, except for some values of x and p for which this trend was reversed

in the last six months of simulation duration.

Contribution of transmission pathways to the regional spread

Windborne transmission was responsible for the infection of the majority of incident herds as
predicted by the model at all the optimum P1 cut-offs derived in the ROC analysis. The contribution over
these cut-offs varied from 57 % to 86 % at herd level, and from 75 % to 83 % at a neighbourhood of 3 km
(see Additional file 1 Table S1). The sensitivity analyses showed that windborne transmission contributed
to more than 50% and 70% of the new herd infections in 88 % and 63 % of the tested situations,
respectively (Figure 6).

Figure 7 illustrates the effect of windborne transmission and cow trade on the regional spread of
infection. More incident herds were seen in scenarios comprising windborne transmission (C and D, at
least five times more incident herds on average than in scenario B; Figure 7a and 7b). Further analysis of
scenario D carried out in the second approach provided similar results for the predicted incidence. In all
the 100 iterations of the standard stochastic model, 92 % of all the new herd infections were attributed to
windborne transmission, while the rest (8%) was attributed to cattle trade. The incidence dynamics over
the time period attributed to these two transmission routes when acting simultaneously showed close
coherence with the incidence predicted in scenarios B and C, where each transmission route was
considered separately (Figure 7b). Incidence attributed to windborne transmission (scenario C and
deconvolution of scenario D) showed an initial rapid increase followed by a steady growth, while the
incidence attributed to cattle trade was comparatively low and constant throughout the simulation period
(scenario B and deconvolution of scenario D). The analysis performed on the subset of herds at risk from
getting infected through both routes, with parameter values corresponding to the standard scenario, led to
results consistent to those obtained for the whole population of initially susceptible herds. On average, the

majority of the new herd infections were due to windborne transmission (65%).
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Impact of transmission pathways on the intra-herd dynamics

The impact of presence and absence of a transmission route on the intra-herd infection dynamics
was highlighted in the four scenarios. Scenario involving only trade (B) showed higher proportion of
shedders (Figure 7¢) and intra-herd seroprevalence (not shown) in incident herds, than scenarios involving
windborne transmission only (C) or both transmission pathways (D). When both transmission routes were
accounted for, herds infected due to windborne transmission showed significantly lower levels of
shedding animals than those infected after purchasing an infectious cow (Figure 7c inset). Other
representative parameters of the infection dynamics also were found statistically significantly different (p<
0.05, Figure 8). PI was higher in herds infected by cattle trade, while the extinction rate was higher in
windborne infected herds. These latter also took significantly longer time to generate the first local case
after exposure to the respective cause than herds infected by cattle trade.

Variation in the intra-herd dynamics (proportion of shedders) followed similar trends when
performed on the subset of herds exposed to both transmission routes as seen in the analysis done on all
susceptible herds. Also, for all outputs considered (P, time after infection and extinction rate), statistically
significant difference in herds infected by windborne transmission and herds infected by cattle trade was

found.
Discussion

Our findings show that windborne transmission and movement of cows both affect the regional
spread of C. burnetii but with different capacities. On the one hand, windborne transmission has the ability
to introduce the pathogen in a large number of herds if the generation of plume occurs at high enough
rates, but the generated outbreaks are generally ephemeral and small. On the other hand, animal trade
results in a limited number of incident herds, but purchasing an infectious cow can instigate comparatively
larger outbreaks. The differences in the impact of each transmission route on the intra-herd infection

dynamics arise from the intrinsic nature of these transmission routes in spreading the infection. Regardless
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the route, the first generated local case is always a cow with health status I~ as shown in Figure 2. Such a
seronegative shedding cow is a transient shedder, which can become susceptible again. Therefore, in herds
infected by windborne transmission, infection can easily go extinct if the transient first local case does not
shed enough to generate secondary cases, which are essential for infection persistence. In herds
introducing infectious cows by trade, the animal purchased can be either a transient shedder (I7) or a
permanent shedder (I or 1™k PeTs) Hence, after the generation of the first local case, there are at least
two shedding cows in herds purchasing infectious animals, leading to potential higher bacterial
contamination and increasing the probability of intra-herd infection persistence.

Our results, based on a mechanistic dynamical model of infection spread at different scales, are consistent
with a previous study from the same group [14] based on a statistical regression model, which indicated
that windborne transmission and cattle trade are both risk factors for the dairy cattle herds in Finistére
department. The study [14] also attributed higher proportion of cases to windborne transmission than to
animal movements in areas with high cattle density. A cluster analysis performed for the 2012
seroprevalence in dairy herds showed a high-risk cluster in North-western corner of the Finistere
department. Clusters for the predicted probabilities of herd infection in 2013 showed two high-risk
clusters in the same area, known to have a high density in cattle.

The contribution of animal trade in transmitting livestock diseases is known to vary considerably
according to the disease under study. For Q fever, cattle trade seems to explain quite a low proportion of
incidence (compared to wind), at least in areas with high cattle density. It is known to play an important
role in the regional spread of other infectious diseases, such as foot-and-mouth disease (FMD) and bovine
viral diarrhoea virus [26], [27]. For bovine tuberculosis - as here for Q fever -, trade is correlated to a low
number of infections [28] compared to other transmission routes. While these studies focus on the regional
contribution of transmission pathways, here we also highlighted differences in intra-herd infection

dynamics depending on these pathways. The simulated differences in the intensity of intra-herd outbreaks
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experienced by herds acquiring infection by cattle trade and by windborne transmission, and the capacities
of these routes to affect infection-free herds provide valuable insights for risk assessment. Even if cattle
trade seems not to generate large proportion of newly infected herds in certain conditions, preventing the
purchase of infected animals is still a relevant measure to limit infection spread at the intra-herd scale.
From the model perspective, it is the first time, to our knowledge, that a Gaussian dispersion model for
infectious particles is coupled with an intra-herd infection dynamics model to describe the spread of an
enzootic livestock disease. Gaussian dispersion models previously have been employed in the description
of the spread of viral diseases of livestock and poultry such as FMD and avian influenza [29], [30]. A
dispersion model also has been used to detect the possible risk of Q fever occurrence in human
communities from nearby sheep farms [31].

One of the main advantages of using mechanistic models is that they allow determining the causes
of infection, and subsequently help assessing targeted interventions [32]. For a given scenario
(characterized by a set of fixed parameter values), the mechanistic model presented here identifies the
cause of infection of susceptible herds based on the dominant contributory route, at the time of generation
of the first local case, and also provides very similar results with the two scenarios assuming single
transmission route. Moreover, according to our investigations, the combined effect of the two processes
(windborne transmission and animal trade) at a regional scale is additive and not synergistic, at least over
a short period of time.

Performance measures of the model at the neighbourhood level can be interpreted as the model
ability to predict an observed herd case within a given area. The increase in the AUC for the comparisons
done at different neighbourhood radii also indicates the model ability to capture the spatial nature of the
dispersion. Assuming that the neighbourhood range and the accuracy of the model depend on the herd
density and the clustering of the infection in the study region, selection of a neighbourhood range becomes
case-specific. The ROC analysis performed for different neighbourhoods is an effort to increase the

sensitivity of the model without altering its specificity, with more weightage given to the capacity of the
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model of identifying positive herds. The sensitivity of the model hence increases with the decreasing
spatial granularity.

Irrespective of the benefits, mechanistic models are generally difficult to fit to data. Spatio-
temporal outcome of FMD models, when tested against the 2001 outbreak data, have shown about 10-15%
accuracy [33]. In the current Q fever model, higher accuracy of the model is probably due to the high
prevalence and the enzootic nature of the infection in the study region. Models are generally used to
simulate the overall spread of an infection to produce expected epidemic curve, and are often difficult to
judge for their relevance, especially in the absence of detailed and accurate data. Since many models are
increasingly depicting the spatial spread of infections in livestock in enzootic regions, more refined
evaluation of their ability to produce spatial patterns in agreement with field observation needs to be
addressed. Analysis based on ROC spatial analysis, like the one used here, can be useful in understanding
the complex spatial behaviours of such models.

Although we cannot deny the possible existence of interactions between the tested parameters
with potential impact on model outputs, the one-at-a-time sensitivity analysis performed supports the
relative robustness of model predictions at elementary level. The main output of the model concerning the
relative contributions of the transmission routes in the regional spread of C. burnetii showed moderate
perturbations to parameter variations, especially when the plume was generated at rates high enough
(allowing windborne transmission) compared to death rate of bacteria (x related to the ratio between these
two rates). To reduce the uncertainty on these parameters and hence on their effect on the infection
dynamics, more data collection is essential to estimate the bacterial quantities generally found in and
leaving farm buildings. The possible effects of super shedders were indirectly assessed using sensitivity
analysis of the model to Q1, which is the probability distribution of the shedding levels for all the I~ and
for the I't shedding in mucus/faeces after 4 weeks post-calving. Two of the probability distributions tested
(described in Table 4) assumed proportions of high shedders of 0.25 (distribution 1V) and 0.5 (distribution

I11), whereas the reference scenario assumed no high shedders in these classes. It seems that in scenarios
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corresponding to distributions I11 and 1V for Q1 the contribution of trade was diminished, but this needs to
be confirmed in further refined analysis.

The model is expected to underestimate the spread of the infection as we ignore beef herds in the
study region, which can transmit infection to dairy herds by windborne transmission, and also as we
consider cattle trade within the concerned department only. Indeed, according to the analysis of a larger
database over the period 2005-2009, 22% of all the concerned transactions of cows involving dairy herds
located in Finistére department corresponded to purchases from outside the department (personal
communication: B. L. Dutta). However, no epidemiological information was available for these herds.
Similarly the impact of small ruminant flocks also was neglected as very few small ruminant flocks are
present in the region. Accuracy of the model could be further improved if epidemiological data about beef
herds and other livestock flocks in and around the region were available.

The time-varying nature of the network describing cattle trade, in particular the large variability in
the trade relationships between herds from one year to the next (as described in France by Dutta et al.
[34]), suggests that the transmission route due to trade could have a larger impact on the regional
dynamics over a longer duration. Indeed, new susceptible target herds could be linked to the network of
herds by enlarging the time window of the study. Similarly, the capacity of windborne transmission of the
bacteria is relatively unhindered and all herds get exposed in a very densely populated region without any
geographical barriers such as Finistere. Hence, the regional spread and corresponding control strategies
predominantly depend on the prevalence of infection, characteristics of the cattle trade network, and cattle
density. On the backdrop of these, the model presented here can become a useful tool to assess the impact
of relevant interventions such as vaccination of cows [35] and testing of cows for the presence of the

pathogen before trading, on the control of the regional spread of infection.
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Additional file

Additional file 1: Additional file 1 contains following sections

1. The intra-herd model: equations.

2. Windborne transmission of infectious particles in herd neighbourhood and incorporation of
meteorological data

3. Estimation of the optimum cut-off values for probability of infection (P1) for incident herds.
Table S1: Performance of the model concerning the choice of PI cut-off optimal values at herd and
neighbourhood levels.

Figure S2. Incidence predicted at cut-offs of 0.11 and 0.61 (optimum PI values for herd level analysis)

and at 0.21, 0.22 and, 0.15 (optimum P1 values for neighbourhood of 3 km).
Figure legends

Figure 1 Framework for the model of C. burnettii spread in a region. Hypothetical representation of a
cattle herd metapopulation with infection-free herds (made of green points only — susceptible animals) and
infected herds (containing some red points — infected animals). The inter-herd dynamics is governed by
cattle trade (arrows) and windborne transmission of pathogen (red plume).

Figure 2 Flow diagram describing the intra-herd spread of C. burnetii in a dairy cattle herd. The
diagram describes the health statuses of cows and transitions between these statuses, and environmental
bacterial load of the herd (adapted from [10]). The blue section represents the infection dynamics of
external animals, while the black section represents internal animals. S: susceptible, non-shedder cows
without antibodies, I™: shedder cows without antibodies, I'* ; shedder cows with antibodies, I™ilk pers.
shedder cows with antibodies shedding in milk in a persistent way, C*: non-shedder cows with antibodies,
and C~: non-shedder cows without antibodies which were infected and had antibodies in the past. I~ and
It cows are in the shedding route category 1 if they shed in milk only, 2 if they shed in vaginal
mucus/faeces only, and 3 if they shed in milk and vaginal mucus/faeces. I™ilkPers cows are in the

shedding category 1 if they shed in milk only, and 3 if they shed in milk and vaginal mucus/faeces. E

188



Appendix II: Q fever spread between dairy cattle herds in an enzootic region: modelling
contributions of windborne transmission and trade

represents the force of infection related to the bacterial contamination of the environment. Ejycqr
corresponds to the part of the force of infection due to internal animals, whereas E .y ¢ernar 1S due to
external animals and E 4., is due to bacteria deposited from other infectious herds by windborne
transmission. €1, €2 and €3 are the quantities of contributions to E during a time step by cows in statuses
I=, I't, and I™itkpers respectively. These quantities are the sum of all quantities of bacterial load shed by
all the shedders through all the shedding routes and reaching the environment of the herd. Details of the
shedding levels and the proportions of cows shedding through different routes are given in Table 3.

Description and values of the parameters used are given in Table 2.

Figure 3 Infection probabilities of initially susceptible herds. Simulated probability of infection (PI) by
C. burnetii after one year of inter-herd spread, for herds observed to be infection-free in May 2012. (a)
Map of Finistére department in North-Western France with the locations of incident herds (bubbles sizes
are proportional to PI). The inset locates the Finistére department in France. (b) PI distribution amongst

the 768 herds that get infected at least once in the simulations.

Figure 4 Receiver operating characteristics (ROC) analysis of model predictions. ROC analysis (data
are the reference) for the simulated probability of infection (PI) by C. burnetii after one year of inter-herd
spread, for herds initially susceptible. (a) ROC curves for herd level analysis and neighbourhoods of 1, 2,
3, 4 km. The AUC for each analysis is indicated in the legend. (b) and (c) Variation of the four indicators
(Sensitivity (Se), Specificity (Sp), Accuracy (Acc), Youden Index (J)) used for building the three criteria
(Se=Sp, max(Acc), max(J)) to optimise the cut-off of PI for the classification of herds as positive and
negative. Calculations were performed at herd level and for a neighbourhood of 3 km. The Sp of the

model is considered identical over the different neighbourhoods and hence is shown as a single line.

Figure 5 Spatial clustering of infection probability in Finistere department. Statistically significant
spatial clusters (circled in red) with high relative risk (RR) of presence of predicted incident herds (red

dots), initially susceptible and infected by C. burnetii after one year of inter-herd spread. The positivity of
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a herd is defined based on a cut-off value of 0.25 for the probability of infection (PI). Herds initially
seroprevalent according to the data (orange dots) and herds which remain uninfected (green dots) are also

represented.

Figure 6 Univariate sensitivity analysis. Sensitivity analysis of three dynamical outputs of the model
(mean proportion of herd incidence due to windborne transmission (top line), number of incident herds
(middle line), and mean proportion of shedders in incident herds (bottom line) over 100 stochastic
iterations of the model) with respect to the variation in six parameters (from the left to the right: Q1, p, &,

x, r, and W) (details in Table 4).

Figure 7 Infection dynamics of C. burnetii spread over one year in four simulated scenarios: absence
of inter-herd transmission (A, black), transmission by cattle trade only (B, blue), transmission by wind
dispersion (C, cyan), and presence of both transmission routes (D, red). The subdivision of scenario D
based on the identified cause of herd infection is also represented (due to animal trade — orange; by wind
dispersion — green). (a) Distribution of the total number of predicted incident herds. (b) Dynamics of
incidence (mean over 100 runs). Shaded regions for the subdivisions of scenario D represent 95%
empirical confidence intervals. (c) Median proportion of intra-herd shedders and 80" percentile
(represented by shaded area) for all the scenarios. Inset figure shows the proportion of shedders (median
and 80" percentile) for subdivisions of scenario D. Median and percentiles are calculated for runs where

herds experienced infection (sample sizes are 16,733 for D, 13,814 for C and 3,617 for B).

Figure 8 Distribution of PI, extinction rate, and herd incubation period. Distribution of simulated
probability of infection (P1), extinction rate, and time before generation of the first case after exposure to
the cause of infection in C. burnetii newly infected herds (one year of simulated infection dynamics) by

cattle trade and windborne transmission.
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Tables

Table 1 Parameters of the windborne transmission model.

Parameter Definition Estimation Unit

g Gravitational acceleration 9.8 m s

z Height of plume generation 4 m

h Height of plume reception 4 m

n Dynamic viscosity of air 1.8x10° Kgm's®
0 Density of particles 1150 [37] Kgm?

r Radius of particle 10°%* m’

w Deposition velocity 0.01[29] ms™*

a, a, Guifford-Pasquill stability 0.34,0.27[21] m"®

by, b, class ‘C’ stability parameters 0.82,0.82 [21]

* approximated from www.camfilfarr.com

Table 2 Parameters of the intra-herd infection dynamics for a dairy cattle herd (adapted from [23]).

Parameter Definition Value
m Transition probability I==S 0.7
q Transition probability I~=1" 0.02
plp Proportion of cows going from I~ to I* and becoming [™itk pers 0.5
ri Transition probability IT=C* 0.2
r2 Transition probability /™ikPers—c+ 0.02
S Transition probability C*=1* 0.15
T Transition probability C*=C~ 0.0096
Proportion of bacteria eliminated due to death and to plume generation (can
24 be written as Hdeath T Uplume source) 0.2
P Infection probability 1—eE
Proportion of bacteria shed through mucus/faeces filling the environment
p™f compartment 0.28
p™ Proportion of bacteria shed through milk filling the environment 0.125p™/f
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compartment

Table 3 Description and probability distributions used for the different shedding routes and levels

(from [107]).

Parameter Definition Value

o oz, milk Probability distribution of the shedding routes for 0.31
ap, mucus/faeces the I~ cows 0.62
a3, milk+mucus/faeces 0.07
B S, milk Probability distribution of the shedding routes for the 0.61
[, mucus/faeces It cows after 4 weeks post-calving 0.33
[, milk+mucus/faeces 0.06
Peaw Peant, Milk Probability distribution of the shedding routes for the 0.14
Peas, Mucus/faeces I't cows in the 4 first weeks post-calving 0.5
Peanvs, Milk+mucus/faeces 0.36
y y1, Milk Probability distribution of the shedding routes for the 0.83
73, milk+mucus/faeces [tk pers cows after 4 weeks post-calving 0.17
YVealy Yeavt, Milk Probability distribution of the shedding routes for the 0.25
Yeana, Milk+mucus/faeces [mitkpers cows in the 4 first weeks post-calving 0.75
Q1 Low level Probability distribution of the shedding levels for all 0.85
Mid-level the I~ and for the I shedding in mucus/faeces after 4 0.15

High level weeks post-calving 0
Q2 Low level Probability distribution of the shedding levels for the I* 0.4
Mid-level shedding in milk after 4 weeks post-calving 0.5
High level 0.1
Q3 Low level Probability distribution of the shedding levels for all 0.25
Mid-level the I'" in the 4 first weeks post-calving 0.25
High level 0.5
Q4 Low level Probability distribution of the shedding levels for the 0.6
Mid-level [mitkpers shedding in mucus/faeces after 4 weeks post- 0.4

High level calving 0
Q5 Low level Probability distribution of the shedding levels for all 0.15
Mid-level the 1™tk Pers shedding in milk and for the 1™k Pers jn 0.6
High level the 4 first weeks post-calving 0.25
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Table 4: Parameters considered for the model sensitivity analysis.

Parameter Definition Standard Values tested in sensitivity analysis
value
Q1 Probability distribution of the shedding Distribution I Distribution Il Distribution IIl  Distribution 1V
Low-level levels of all the I"and for the I'* shedding 0.85 0.6 0.25 0.15
Mid-level  in mucus/faeces after 4 weeks post calving 0.15 0.4 0.25 0.6
High-level 0.0 0 0.5 0.25
p Proportion of bacteria shed through mucus 0.28 0.05 0.15 0.35 0.5
and faeces filling the compartment
M Elimination rate of C. burnetii from the 0.2 0.1 0.5 0.8
herd environment
K Ratio between Hpiume source. aNd [ 0.5 0.25 0.75
r Radius of a fomite particle le-6 0.5e-6 1.5e-6
W Deposition velocity due to gravitation 0.01 0.005 0.015
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1. The intra-herd model: equations

The model for dynamics of Coxiella burnetii in a dairy cattle herd used in this study is a variant of the
model introduced by Courcoul el al in 2011 [10]. Here we present the equations (1-6), which describe the

updating (between time steps (t-1) and t) of variables corresponding to health states of cows in a herd i:

Si(£) = Si(t — 1) = NI7 () + NS;(£) + 2[S;](t — 1) D)
I7(t) = I (¢ — 1) + NI (£) = NS;(£) — NI () — NI;™ P () + a[17](¢ — 1) )
IF(t) = I (t — 1) + NI (t) — NI*C} (t) + NC*IF (t) + NCTI} (t) + Q[I;](t — 1) (3)

Ii+ milk pers(t) _ Ii-l-milk pers(t —1)+ Nli-l-milk pers(t) _ Np+milk perSCiJr(t) n Q[I;rmilk pers](t 1) @
CH(t) = CH(t—1) + NITCt(t) + NIt™ikpersct(e) — NCYIF(t) — NCTC7 (t) + 2[CT 1t — 1) (5)
Ci(t)= CT(t—1)+NC*C7(t) —NCIF(t) + 2[C](t— 1) (6)
Based on equations (1-6), it is possible to define two main outputs of the model at the herd level as:

Seroprevalence;(t) = I} (t) + I MIUKDPETS (1) 4 CF (¢) (7)

Shedders;(t) = I7 (t) + I (£) + I ™ P (1) (8)
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Equations (9-16) here below define ingoing and outgoing flows in (1-6), with parameters defined in Table

2 (main text):

NI; (t)~Bin (S;(t — 1), p;(t)), wherep;(t) = 1 — e~ (Ei(t=1) (9)
i . B} _ I 1-pIP
(NSi(®), NI, NI ™PT)~ Multinomial (17 (¢ = 1), (- 222 4020y (10)
NI*C} (t)~ Bin (I} (t — 1),7; ) (11)
NI*tmikvers ek £y~ Bin (17 P (¢ — 1),1,) (12)
(NC*C7 (t), NC*I} (t))~ Multinomial (C; (t — 1), (T’:,%)) (13)
NI (£)~Bin (5;(t — 1), p;(t)) (14)
NC™ I (t)~Bin (C; (t — 1), p; (1)) (15)
l l

Q[s, 17, 1%, mitkvers, ¢+, ¢7],(¢) = X2, Multinomial (n;(t), Py ;;(£)) — X2, Multinomial (ny;(t), Py ;;(£))

Where,

- + milk pers + -
Sj) I 15 1 @ ¢ cj®

PX’ji(t) - [Nj,l(t) "Nji(®) "Nj(®)  Nj(®)  CNji(t) TNy ()

], was the probability of purchasing a cow

with specific health state from herd j in the lactation year L

su® In®  HE PO o o

Prij(t) = [Nu(t)'Ni,z(o'zvi,z(t)' Nu® Nu® Nu®

], was the probability of selling a cow with

specific health state to herd j in the lactation year L The lactation year [, njy;number of purchases
made by herd I from j, and n;; number of cows sold to herd j were based on to the data.

The dynamics of bacterial load in the environment is given by the following equation (17, identical to

equation 2.3 in the main text):

E(t) = Ei(t — DA — W+ Eiinternat(t = 1) + Eiexternat(t — 1) + X Ej jaep (t — 1) Ei (1) =
Ei(t-1)(1-p) + Bact; ocar (t-1) + Bact; poreign (t-1) + X Bactpep,i;(t-1) (77)

The overall dynamics of the environmental bacterial load is governed by animals shedding through

different routes at different stages of their reproductive cycle and at different levels of shedding.

According to [10], for herd i this hence can be summarized in the following equation:

195



BaCti,x,origin (t) = Zk,l (pk Qty; Zi,j nt,xwkl) (18)

origin’
where, origin € {internal, external} and x € {I~, 1T, 1P™} are the different health states of cows which

can shed the bacteria, w € {< 4 weeks post calving ,> 4 weeks post calving} is the state of

reproductive cycle of the cow, k € {milk, mucus/feaces}, is the route by which bacteria are shed,
| € {low, medium, high} is the level of bacterial shedding, n; yyi~ Multinomial (N¢ xwi» QCeew i)
with N ., the number of animals in corresponding health state at time t and Qc(y. k) the probability

distributions governing shedding levels. The remaining parameters are defined in Tables 2 and 3 of main

text.

2. Windborne dispersion of infectious particles in herd neighbourhood and
incorporation of meteorological data
The wind speed and direction data from the European Centre for Medium Range Weather Forecasts
database were procured for the entire Finistere department (Western France). Data consisted of daily

values of northward wind component and eastward wind component. Based on it, the wind speed was

estimated as windspeed = \/ northward wind component? + eastward wind component?, and

direction of the wind flow was estimated through its angle ¢ with the original x-axis, where ¢ =

tan_l northward wind component

. . Weekly averages of wind direction and speed (a unique value for the
eastward wind component

whole area considered, here the Finistere department) were used in the Gaussian dispersion model.
Adjustment of the frame of the receiving j and source i herd coordinates according to the direction of wind
flow was done based on the distance between the two herds (Distance;;), direction of the wind angle
between the line linking the two herds and the x-axis (angle;) as described in Stockie (2011) [21]:
Xadjustea = distance;; x Cos(anglel-j - c]>) and Yqqjustea = distance;; * Sin(anglei]- - cl)).

The source for generation of the plume leaving the source herd i was the bacteria being lost from the
environment compartment of this herd (rate of bacterial removal from the environment due to various
mechanisms estimated for the intra-herd dynamics by Courcoul et al 2010 [23]). Here, we assume that a

part of bacteria shed by cows through different routes form dust particles, which remain infectious and
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become source for generation of plume. This plume then transported by the wind to another herd. Indeed,
the smaller droplets generated by sneezing, coughing, splashing and other activities remain suspended in
the air and dry fast enough to produce smaller particles called droplet nuclei, which can remain suspended
in the air for long duration and can be transported along with the wind to distant places, unlike larger
particles. Hence, the inherent capacity of windborne transmission of any infectious agent depends on
production of appropriate range of droplet particle sizes with viable pathogens [35]. Multiple studies have
suggested a higher risk of windborne transmission of Q fever within the radius of 5 km from the source in
moderate environmental conditions [36], [30]. Hence, we restrict our dispersion model to a radius of 5 km

from the source herd.

3. Estimation of the optimum cut-off value for probability of infection (PI) for incident
herds

The cut-off Pl was used to classify the herds into two categories: herds with a Pl larger than the cut-off
were considered positive (infected), the others were negative (uninfected). This categorisation concerns
the simulated herd status at one year after the onset of pathogen spread into the metapopulation. The
optimum cut-off is chosen based on comparison of simulation to data concerning herd status at time zero
(of the follow-up) and at one year. The optimum cut-off value is chosen based on the epidemiological
situation of the case concerned, such as prevalence in the population and consequences of false positive
and false negative results. In the literature, prevalence dependent (Sensitivity (Se), Specificity (Sp),
Youden index (J), odds ratio etc) and independent criteria (Efficiency, kappa) are both used to come up to
a decision [24]. Here, three criteria were used to determine the optimal cut-off value: Se = Sp, maximum
Youden index (Jmax, Where ] = Se + Sp — 1) and maximum accuracy (ACCmax, Where Acc is equal to the
proportion of true negative and true positive into the population). Values of these criteria along with PI
cut-off values are provided in Table S1 for both herd level and neighbourhood (3km) based on simulations

(description of the simulation settings in the main text).
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Predicted incident herds for different values of cut-off at one year after the onset of pathogen spread into

the metapopulation, specifying the contamination route, are provided in Figure S1.

Table S1: Performance of the model concerning the choice of PI cut-off optimal values at herd and
neighbourhood levels. (Values in bold are PI values at which criteria were fulfilled).

Herd Level Neighbourhood (3km)

Criteria Se=Sp ACCrax Jrnax Se=Sp ACCmax Jmax

PI cut-off 0.11 0.61 0.11 0.21 0.25 0.15
Sensitivity 0.58 0.10 0.58 0.75 0.71 0.86
Specificity 0.58 0.95 0.58 0.75 0.80 0.66
Accuracy 0.58 0.64 0.58 0.75 0.76 0.73
Youden index (J) 0.15 0.06 0.15 0.51 0.51 0.53
Incidence 419 58 419 259 219 346
t:ﬁ’nas';]bi:;?jn 86 57 86 78 75 83
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Figure S1: Incidence predicted at cut-offs of 0.11 and 0.61 (optimum P1 values for herd level analysis) and at 0.21, 0.22 and, 0.15 (optimum

P1 values for neighbourhood of 3 km).
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Regional spread and control of Q fever in dairy cattle herds: a multiscale model-

ling approach
Résumé

La fievre Q, une zoonose causée par la bactérie Coxiel-
la burnetii, constitue une menace croissante par la san-
té animale et humaine. Les caractéristiques épidémiolo-
giques de la propagation entre troupeaux bovins de C.
burnetii via le vent et le commerce des animaux sont
peu connues. Nous avons développé un nouveau mo-
déle dynamique spatialisé simulant la propagation entre
troupeaux laitiers de C. burnetii, et quantifiant la contri-
bution relative de la transmission par le vent et par le
commerce des animaux dans un contexte enzootique.
La propagation de C. burnetii entre troupeaux laitiers du
Finistére (France) a été simulée et comparée avec des
observations de la dynamique de l'infection. Nos prédic-
tions indiquent que les troupeaux sensibles acquiérent
majoritairement I'infection via une transmission par le
vent. Cette voie de transmission engendre des infec-
tions de relativement faible ampleur et éphémeéres. En
revanche, I'achat d’'une vache infectieuse dans les trou-
peaux initialement sensibles pourrait résulter en une
prévalence intra-troupeau plus forte. Les effets de I'im-
plémentation d’une vaccination sur la propagation a
I'échelle régionale ont été évalués en comparant diffé-
rentes stratégies suivant les troupeaux soumis a vacci-
nation. Vacciner 70% des troupeaux pendant 10 ans a
résulté en une réduction importante de la prévalence
des troupeaux infectés. La vaccination des troupeaux
déja infectés a été reconnue comme la stratégie la plus
efficace. Ce travail apporte une meilleure compréhen-
sion de la dynamique de l'infection de C. burnetii a
I'échelle régionale, et fournit des informations perti-
nentes pour maitriser I'infection dans les populations
animales.

Mots clés

Coxiella burnetii, modélisation multi-€chelles, mo-
déle de dispersion, mouvements d’animaux, mai-
trise, vaccination
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Abstract

Q fever, a worldwide zoonotic disease caused by Coxi-
ella burnetii, is a looming concern for livestock and pub-
lic health. Epidemiological features of inter-herd trans-
mission of C. burnetii in cattle herds by wind and trade
of cows are poorly understood. We developed a novel
dynamic spatial model describing the inter-herd regional
spread of the C. burnetii in dairy herds, quantifying the
ability of windborne transmission and animal trade in C.
burnetii propagation in an enzootic region. Spread of C.
burnetii between dairy herds of Finistére department,
France was predicted and compared with observed
spread of the infection. Our model predictions indicated
that the majority of infections in disease-free herds oc-
cur due to windborne transmission. Infections acquired
through this pathway are shown to cause relatively
small and ephemeral intra-herd outbreaks. On the other
hand, disease-free herd purchasing an infectious cow
will experience significantly higher intra-herd preva-
lence. Results also indicated that, both transmission
routes are independent from each other without any
synergistic effect. Lastly, effects of implementation of
vaccination on regional spread were assessed by com-
paring different strategies to select herds for vaccina-
tion. Vaccinating cows and heifers of 70% of herds us-
ing Phase | vaccine over 10 years resulted into signifi-
cant reduction the prevalence of C. burnetii positive
herds. Vaccinating already infected herds was found to
be most effective strategy. Besides providing better un-
derstanding of C. burnetii infection dynamics at regional
scale, this work also gives important insights to control
the infection in animal populations.

Key Words

Coxiella burnetii, multiscale modelling, plume mod-
el, cattle movements, control, vaccination



