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Chapter One

Introduction

1.1 Introduction

The increasing prevalence of antibiotic resistance is a global threat to human health,
rendering otherwise treatable diseases potentially life-threatening. An estimated
25000 lives were lost as a result of infections caused by one of the five main antibiotic
resistant bacteria in the European Union in 2007, with a total extra health care
cost and productivity loss of 1.5 billion Euro each year (ECDC & EMEA, 2009).
This trend is accentuated by the fact that no new antibiotics are being developed,
making the outlook for the future even worse. This emergency prompted the World
Health Organisation (WHO) to declare antibiotic resistance as one of the three
major threats to human health (Nordberg et al, 2013).

Antibiotic resistance forms a threat to the population of hospitalised patients
in particular, who rely on antibiotics to prevent and treat possible infections
they become susceptible to due to the treatment they receive. The frequent
use of antibiotics among these patients gives the resistant bacteria a selective
advantage, making resistant bacteria more prevalent in hospitals compared to
the general population. Although not strictly bound to health care institutions,
resistance among opportunistic bacterial pathogens is more frequently associated
with hospitals and health care. The extra effort to prevent and control the spread
of resistant as well as other pathogens of nosocomial importance (in the following
called hospital-associated pathogens), such as bacteria which are more virulent,
transmissible or tenacious, rests on the shoulders of hospitals who are competing
in an increasingly deregulated market. In this market, the incidence of infections
with typical antibiotic resistant bacteria is often used as a hospital performance
indicator (Sax & Pittet, 2002; Fabbri & Robone, 2010; Mascia et al, 2012).

However, the use of incidence as a performance indicator implicitly assumes
that hospitals are independently in control of the occurrence of the pathogen. This
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Introduction

ignores potential differences in the number of cases imported through admitted
patients. Many patients are admitted to more than one hospital during their health
care career, often because they are referred for advanced treatment elsewhere
(Ludke, 1982; Huang et al, 2010). These patients can then carry hospital-associated
pathogens, from one hospital to the next. Hospitals thus become epidemiologically
connected by the patients who are shared between them, resulting in nation-wide
network of hospitals when all patient referrals are considered.

This thesis focuses on these hospital networks and specifically on the impact of
these networks on the dispersal of hospital-associated pathogens. For the largest
part of this thesis, we use methicillin-resistant Staphylococcus aureus (MRSA) as
a model organism. This is done for three reasons. First, MRSA has over the last
two decades become the currency with which performance in hospital hygiene is
measured. Second, the dispersal of MRSA is in Europe largely restricted to health
care institutions, with limited spread in the general population, making it a typical
hospital-associated pathogen. And finally, MRSA evolves rather clonally which
allows determining the geographic spread of certain clonal linages over time and
space. However, apart from MRSA, our results and conclusions should be widely
applicable to any health care-associated pathogen.

1.2 Antibiotic resistance

Resistant bacteria often arise shortly after the introduction of a novel antibiotic into
clinical use (Abraham & Chain, 1940; Mazel & Davies, 1999). This is explained by
the selective advantage some pre-existing resistant mutants enjoy in an environment
where antibiotic use is high. This trait enables them to successfully compete with
the bacterial wild type population. As the emergent resistance spreads and the
proportion of resistant bacteria increases, future effective treatment quickly rests on
the development of another new antibiotic. In this way, many new antibiotics have
been developed and introduced to replace the older treatment, until the 1980 after
which the pharmaceutical industry followed different directions of investments.

A repetitive process of “new antibiotic - emerging resistance - new antibiotic”
can be discerned. This can be seen as an analogy of the “Red Queen effect” (Named
after the Red Queen in Through the looking glass (Carrol, 1871), who said to Alice:
“Now, here, you see, it takes all the running you can do, to keep in the same place”
(Van Valen, 1973)). This is a process of organisms having to keep evolving to
keep up with the evolution of opposing organisms. Examples can be seen in the
evolutionary interaction between predators and prey (Vermeij, 1994), where the
prey has to outrun the predator to stay alive, while the predator needs to keep up
with the prey to ensure its own persistence. The same dynamics apply to antibiotic
resistance: The bacteria evolve new resistance mechanism in response to newly
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available antibiotics, while new antibiotics have to be developed in response to
newly emerged resistance.

The interaction between new antibiotics and new resistance prompts a logical
solution: If new antibiotics are used sparely, the resistance to the new drug will
emerge later. This prudent use of antibiotics, and in particular novel antibiotics,
is advocated and forms part of the antibiotic steward ship initiatives supported
in many countries (World Health Organization, 2000). However, this policy has
a downside that almost completely counteracts the wanted effect: because the
new antibiotic will be left on the shelves, the financial incentive to develop new
antibiotics is very low. This resulting lack of antibiotic development is reminiscent
of yet another dilemma described as the second tragedy (Foster & Grundmann,
2006).

Resistance does not exclusively spread through the expansion of successful clones,
but also through the dispersal of resistance mechanisms between bacteria of different
clonal lineages, by horizontal transfer of mobile genetic elements carrying resistance
genes. Because the de novo development of complex resistance mechanisms is rare,
most of the resistance present in bacterial population is the result of dispersal of
already existing resistance mechanisms, introduced into a population at some point
in time. To understand the dispersal of resistance mechanisms, we thus need to
understand how bacteria carrying resistance mechanisms are introduced into new
populations. These introductions will primarily be triggered by contacts of hosts
carrying different bacterial populations. The dispersal of resistance mechanisms
will therefore largely be dictated by the movement of the colonised hosts, as they
follow comparable trajectories. By determining the contact patterns of the human
hosts, we can thus determine the likely spread of resistant bacteria and their related
resistance mechanisms.

The classical mathematical models that describe the spread of infectious diseases
through populations (Kermack & McKendrick, 1927; Diekmann & Heesterbeek,
2000) assume that all individual have an equal chance of encountering one another.
The susceptible and infected individuals are thus always homogeneously mixing
and there is no spatial structure. This invokes the classical “mass action principal”
which describes the behaviour of ions in a dynamic equilibrium while dissolved
in water. However, people don’t mix in the very same manner, because human
contact is highly assortative depending on choices and social norms. These are
bound to violate predictions about the dynamic of infections when simple models
are used. In order to adjust the standard model for its oversimplification of the
contact structure, social mixing and contact patterns need to be ascertained.
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1.3 Social networks

Social network analysis is recently gaining a foothold in the theoretical discourse
on infectious disease transmission. This approach allows for the introduction of
novel metrics based on individual and group behaviour that could previously not
be quantified. For instance, contact networks can be structured into groups or
communities, whereby certain individuals who form links between these groups
attain a high so-called betweenness-centrality. These properties only become visible
when social networks are reconstructed from contact patterns using graph theory.

For infections, the social contact networks are an obvious part of their dynamics.
As the most obvious example, sexually transmitted diseases spread most rapidly
through the most heavily connected subpopulations at the core of a large sexual
networks (Kretzschmar & Morris, 1996; Kretzschmar et al, 1996). Members of this
core group are at higher risk of acquiring and spreading the disease, and many of
the infections outside this group can be viewed as spill-over from the core group.
Any behavioural change in the core group has therefore a higher impact on the
disease dynamics than changes in the non-core group.

Other infections spread through social contact networks too, although the
concept of ‘contact’ may not be as literal as in the sexual network. In order to
get an idea of the impact of social networks on the spread of a respiratory disease,
Mossong et al (2008) asked people to keep track of their daily casual contacts, and
the age of each contact. Children and young adults had the highest number of
contacts on a daily basis, many among their own age group. They are therefore at
higher risk, and the ideal candidates for population based intervention, for instance
through a vaccination campaign (Wallinga et al, 2010).

The impact of the structure of social networks on the spread of infectious
diseases can be put to use for surveillance. For instance, (Christakis & Fowler,
2010) proposed that diseases can be detected early in an outbreak by monitoring a
specific group of people, named as friends by individuals in a randomly selected
group. These nominated friends are no longer part of a random group: Through
the inherent asymmetry of social networks, the friends of a random person have
on average more friends than the average person (see Feld (1991) for detailed
explanation). The nominated groups should therefore be at higher risk of acquiring
a disease like influenza because of their larger number of contacts. During the
outbreak of Mexican flu (H1N1) in September 2009 it could be demonstrated
that indeed the nominated group at Harvard College was infected earlier than the
random group (Christakis & Fowler, 2010).
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1.3.1 Social networks and health care

The contact patterns and network structures seen in the general population also
apply to hospitalised patients and thus influence the dispersal of hospital-associated
pathogens. In this case, it is assumed that individuals only meet in hospitals,
and that sharing the same room is often taken as an approximation of contact.
Otherwise, the social networks can be analysed in the same way.

Many studies assessing patient contact pattern look at the dynamics within
single hospitals or single wards (Isella et al, 2011; McBryde et al, 2007; Raboud
et al, 2005). This is a logical starting point, as it is the main environment
where the dispersal of hospital-associated infections takes place. On this level,
interventions like the Dutch Search and Destroy policy can be evaluated (Bootsma
et al, 2006), giving credit to their effectiveness. A number of studies also consider
the readmissions of patients who had already been in hospital, an essential step in
the development of an inter-hospital view of the dynamics of hospital-associated
infections (Smith et al, 2004).

1.3.2 Inter-hospital spread

The inter-hospital studies rely on the assumption that patients carry hospital-
associated pathogens longer than the time they spend outside hospital between
admissions, which applies to many of the antibiotic resistant bacteria (Scanvic et al,
2001). Following this reasoning, Cooper et al (2004) showed that these readmitted
patients, who are still colonised with bacteria acquired during a previous admission,
can have a large effect on the course of an outbreak in a hospital: If the proportion
of colonised patients admitted from the catchment population is low, a hospital
may be able to isolate all incoming patients, however, if this proportion is higher
some patients may not be isolated. These patients can transmit the infection
during their hospital stay, causing more patients to be colonised upon discharge
and readmission. As a consequence of these readmitted colonised patients, the
number of non-isolated patients will increase even further. Through this process,
the number of colonised patients can differ dramatically, despite equal intervention
and hygiene standards.

The notion that readmissions have an effect on the dispersal of hospital-associ-
ated pathogens initiated a process in which hospitals are not viewed as completely
independent units. Smith et al (2004) showed that antibiotic resistance is a problem
of all health care institutions that share a common catchment population, because
the colonised patients may be readmitted to a different hospital. A following study
Smith et al (2005) described that the prevalence of a hospital-associated pathogen
in a given hospital can be affected by hygiene measure in other hospitals. In the
used model, five hospitals share a common catchment population and can invest in
hygiene measures. As long as the other hospitals keep investing, the hospital of
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interest can cut back on hygiene measures, because the others keep the prevalence
in the catchment population in check. In a way, hospitals are able free-ride on the
investments on others, because they are connected through a common catchment
population.

1.3.3 Patient flow

The models that view hospitals as connected through a common catchment pop-
ulation neglect the structure of the patient flow to, from, and between hospitals.
In order to get a thorough understanding of these patient movements, datasets
containing all hospital admissions in a given region need to be analysed. Only a
few studies analysed these patient admission records to identify patient movements
prior to 2010. Based on admission data from the University Hospitals of Leicester,
Robotham et al (2007) tracked the number of returning patients, to the same or
different hospitals, to calculate the probability that a patient is readmitted while
still colonised, based on the time between admissions. However, they only view
these contacts from a single hospital and do not describe actual contact network
between them.

The first study to describe the structure of a regional patient-based social
network, tracked all patients admitted to hospitals in the Stockholm area (Liljeros
et al, 2007). This regional patient network showed high degree of assortative mixing;
patients generally have contact with other patients with the same health care use.
This assortative mixing, together with a high degree of clustering, lowers the
epidemic threshold, because pathogens spread easier through the closely connected
core group. Any attempt to intervene in the spread should take this structure
into account. Although the study includes data from multiple hospitals, it only
considers the social contact network of patients and overlooks the structure of the
network between hospitals. The effect of the complete patient referral network
on the dispersal of antibiotic resistance between hospital populations therefore
remains elusive.

1.3.4 National patient referral networks

In order to understand the spread of antibiotic resistance between hospitals, all
patient referrals need to be mapped, while treating each hospital as an individual
subpopulation. The patient referrals between these hospitals will have an effect
on the introduction of resistant bacteria from one subpopulation to the other. All
previous studies have failed to appreciate this effect between hospital populations
and the ramifications this has on the national control of antibiotic resistance and
hospital-associated pathogens.

In this thesis, we will show that mapping patient referrals between hospitals on
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a national level delivers critical insights in the spread, and the control, of hospital-
associated pathogens and antibiotic resistant bacteria. We start in chapter 2 by
exploring the structure of the patient referral network in the Netherlands, tracking
the admissions of all hospitalised patients, and assessing the effect of the network
structure on the dispersal of hospital-associated pathogens. We determine which
hospitals in the national patient referral network can be expected to suffer the
highest rates of hospital-associated pathogens. In Chapter 3, these expectations
are compared to observed rates, by overlaying data from the NHS mandatory
MRSA bacteraemia reporting with the English referral network. To assess regional
differences, we group the hospitals according to health care collectives that naturally
form in the referral network.

We describe in chapter 4 how this regional structure can be utilised to mitigate
the spread of hospital-associated infections by changing the direction of patient
flows. We show how the structure of the patient referral network can help minimise
the number of patients that need to be redirected. A further utilisation of the
patient referral network structure is described in chapter 5, with assignment of
specific hospitals to a sentinel surveillance system for the early detection new
resistance mechanisms or hospital-associated pathogens.

In chapter 6, we put the national patient referral network to the test, by utilising
a novel cluster algorithm to detect clusters of related isolates in MRSA data from
a national reference laboratory. With these results, we can assess differences in
transmissibility between clonal lineages and explore potential undetected reservoirs.

The insight delivered in these chapters taken together, will enable us to propose
a number of feasible action points that will aid the control of the dispersal of
hospital-associated pathogens and antibiotic resistant bacteria in the conclusion of
this thesis (Chapter 7). We are the first able to identify these critical steps in the
mitigation of dispersal, because they are based on the net effect of the structure of
the entire national patient referral network.
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