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Abstract

In September 2006 a 7-valent conjugate vaccine protective against pneumococcal

carriage and disease was introduced into the national immunisation programme

in the UK. This thesis assists with the assessment of the population impact of

this vaccine and its 13-valent successor. The thesis links the observations in

pneumococcal disease epidemiology to changes in carriage and assists with the

understanding of the ecology of the pneumococcal serotypes.

Statistical models are employed to analyse the changes in post vaccination epi-

demiology in the UK in both carriage and invasive disease and to correct for

possible ascertainment biases. Established mathematical models are analysed for

their ability to reflect the pneumococcal ecology and are employed to describe

the changes in post vaccination invasive disease. An individual based model is

developed to account for the diversity of penumococcal serotypes and to study

the likely mechanisms causing the distinct pneumococcal ecology, i.e. competition

and coexistence.

Conjugate vaccination led to a decline in invasive disease associated with the

targeted types and a consecutive increase of the non vaccine serotypes. Overall

disease incidence declined while carriage rates stayed constant. This implies that

the invasiveness of the replacing serotypes has been the main determinant for the

impact of vaccination and that carriage data is essential to understand vaccine

induced changes in disease.

Only one of the established models which describe competition amongst two pneu-

mococcal serotype groups was found to commonly result in coexistence. This

model could not fit the age patterns of Scottish post vaccination epidemiology,

where serotype replacement amongst isolates of invasive disease was mostly con-

fined to the elderly population. The individual-based model shows that serotype

specific immunity can permit stable coexistence of a range of pneumococcal sero-

types and that increasing the valency of a vaccine does not necessarily improve

public health.
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0 Thesis Outline

Streptococcus pneumoniae is a common bacterium which resides in the human na-

sopharynx and can cause severe disease including invasive pneumonia and menin-

gitis. It is the single most important cause of childhood death in the developing

world and is responsible for a high burden of disease in the developed world as

well. Children are the main source of transmission of Streptococcus pneumoniae

though the elderly population show high rates of invasive disease as well.

Vaccines conjugated to a carrier protein were found immunogenic in children and

to be effective not only against progression to disease but also against acquisi-

tion of pneumoccal carriage. Thus, vaccination introduces indirect vaccine effects

on the unvaccinated population (e.g. herd immunity). However, these conjugate

vaccines offer protection only against a limited amount of the more than 90 dif-

ferent pneumococcal capsular serotypes. The vaccine targets the most prevalent

serotypes amongst isolates of IPD. Hence, vaccination creates an ecological niche

which is filled by the non-vaccine serotypes.

This thesis aims to assist with the analysis of the population impact of the intro-

duction of the seven valent conjugate vaccine into the childhood immunisation

scheme in Britain. The potential impact of the recently introduced PCV13 is also

investigated. The mechanisms causing the observed complex ecological features

pre and post vaccination are investigated. These mechanisms permit the circu-

lation of the vast diversity of pneumococcal serotypes despite their competition

for the same ecological niche. The role of immunity with these mechanisms is

studied in detail.

The thesis is structured into seven chapters. In the first chapter common methods

for the assessment of vaccine effects are presented. The value of dynamic models

for estimates of the population impact of vaccination, which includes indirect

vaccine effects, is discussed. Simple mathematical models, their extensions and

1



the threshold theorem for successful transmission of a pathogen are explained.

Furthermore, the dependence of indirect effects of vaccination on the transmission

potential of a pathogen is discussed alongside estimation techniques for such

transmission potential.

The second chapter provides an overview of the pathogen Streptococcus pneu-

moniae and its structure. The role of its polysaccharide capsule for protec-

tion against the immune response is discussed, and evidence for the induced

immune response following pneumococcal acquisition is reviewed. The chapter

presents pneumococcal detection techniques and the surveillance systems for in-

vasive pneumococcal disease in England & Wales and Scotland and discusses

caveats for their interpretation.

Assessment of the population impact of 7-valent pneumococcal conjugate vacci-

nation is dealt with in chapter three. The possible role of ascertainment in the

increasing number of notifications for invasive pneumococcal disease in England

and Wales prior to vaccine introduction is discussed and implications for impact

analyses are drawn. Scottish data on invasive pneumococcal disease are analysed

and compared to findings from England and Wales and other countries which

have had the vaccine introduced to their national child immunisation schemes.

Changes in pneumococcal carriage are studied by comparing data from a recent

study, in children eligible for vaccination and their household members, to a sim-

ilar study conducted before introduction of the vaccine.

In chapter four the aspects governing the transmission dynamics of the pneumo-

cocci are reviewed. Competition and coexistence of the serotypes are identified

to be two main aspects of pneumococcal ecology which are poorly understood

but likely to have a major effect on the indirect effects of vaccination. Hence,

dynamic modelling approaches which include competition between two pathogens

are first reviewed and then studied for their ability to provide meaningful and sta-

ble coexistence. Caveats of the model design as a result of artificially promoting

coexistence are discussed.

In chapter five the most suitable of these dynamic models is then used to fit the

observed population impact in Scotland following introduction of the 7-valent

vaccine. Markov Chain Monte Carlo techniques are employed to fit the model to

pre and post vaccination data and various data adjustments, which try to capture

possible biases arising from changes in case ascertainment and temporal trends,

were explored. This model was then transformed to an individual-based model

2



and expanded to assist the estimation of the impact of the 13-valent vaccine which

was introduced in the UK in 2010.

In order to study the possible role of both heterologous and homologous immu-

nity in governing competition and coexistence, and to develop a model framework

free from the artificial promotion of coexistence, an individual-based model was

developed in chapter six. A plausible parameter space, for pneumococcal car-

riage prevalence and the transmission potential of the serotypes is established.

Implications for higher valency vaccination were drawn. These were further illus-

trated through studying the impact of competition on the threshold for successful

vaccination in a simplified model.

The final chapter, seven, reviews the work in the thesis and discusses further

research, how it would enhance current knowledge and how this research might

be carried out.

3



1 Introduction

Outline

This chapter introduces some basic concepts about the evaluation of the effects

of vaccination both before and after introduction of a vaccination programme

into a countries’ national immunisation programme. Several approaches for this

are discussed. The value of mathematical modelling for an a priori assessment

of indirect effects arising from a vaccine induced change in ecology is explained

and an introduction to basic deterministic models for both epidemic and endemic

pathogens is given. This includes the threshold theorem with the definition of

a key parameter in modelling: the average number of secondary infections, the

reproduction number. Its application for the estimation of a threshold where

vaccination is sufficient to eradicate pathogen circulation is shown. Further, a

few estimation techniques to derive the reproduction number directly from epi-

demiological data are explained.

1.1 The effects of vaccination

Vaccine effects are understood as the reduction in various disease outcomes as-

sociated with vaccination. Thereby one distinguishes between vaccine efficacy,

effectiveness and impact. No universal definition is agreed on but in the fol-

lowing the most widely used nomenclature will be employed: Vaccine efficacy

specifies the reduction in disease in vaccinated individuals measured by clinical

trials (details follow); vaccine effectiveness characterises the same effect measured

by various study designs in a partly vaccinated population and vaccine impact

describes the effect of vaccination on a population level and therefore includes

4



Table 1.1: Nomenclature for the classification of individuals for the definition of the
Risk Ratio

Disease outcome
Yes No

vaccinated a b
unvaccinated c d

factors such as vaccine coverage and indirect vaccine effects. A more detailed

overview is provided by Halloran et al. [1]. The vaccine effect (efficacy, effective-

ness or impact) ideally is measured by the relative risk (RR) which is the rate of

disease outcome in one group (e.g. vaccinated individuals) compared to another

group (e.g. unvaccinated individuals). Both groups should reflect a random sam-

ple from the targeted population. With the nomenclature given in table 1.1 the

vaccine effect (Υ) is given by

Υ = 1− RR = 1− a/(a+ b)

c/(c+ d)
. (1.1.1)

However, for some study designs the relative risk cannot be computed. This is

the case when study participants are selected on a basis other then exposure,

in particular for subsequently discussed case control study designs participants

are usually selected on the basis of disease outcome [2]. Therefore they do not

represent a typical sample from the population and a relative risk cannot be

computed (since the risk for disease amongst the groups does not reflect the risk

in the population). In this case an odds ratio (OR) can be derived which provides

a good approximation when the rare disease assumption holds (i.e. if the disease

prevalence is low) [3]. Then, with the same nomenclature as before, the vaccine

effect can be approximated through

Υ ≈ 1−OR = 1− a/b

c/d
= 1− p1(1− p2)

(1− p1)p2

, (1.1.2)

where p1 = a
a+b

and p2 = c
c+d

are the probability for disease outcome amongst

individuals from group 1 and 2 respectively. The odds ratio, although widely

used, has a generally less intuitive interpretation than the relative risk and should

therefore be treated with some caution.

One differentiates two major types of vaccines. Those which introduce immunity

only against progression to disease but not against infection and those which

also prevent acquisition of infection in the immunised individuals and therefore
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introduce indirect effects by limiting the transmission of the disease; i.e. herd

immunity (reduced infection rates in unvaccinated individuals through limited

pathogen circulation in the population). Therefore, when estimating the effects

of vaccination one needs to distinguish direct from indirect effects. The following

provides a brief overview of some techniques to estimate the vaccine effects.

1.1.1 Estimation of direct effects

This subsection concerns techniques to measure vaccine induced direct protection

of the vaccinated individual. This includes reduced disease outcome as well as a

reduced propensity for asymptomatic infection.

Randomised controlled trials. Randomised controlled trials are considered to

be the gold standard method for estimation of vaccine efficacy before the

vaccine is licensed and widely deployed. In these, individuals are recruited

randomly into two groups: one group will receive the considered vaccine

and the other group will not (these will usually receive either a placebo or a

vaccine targeting a different pathogen to avoid biases). These groups will be

usually monitored for disease outcome (or sometime correlates for protection

-e.g. antibody titres- are measured). This design allows for estimation of

the vaccine efficacy by calculation of the Relative Risk as explained earlier.

Cohort study. There are generally two types of cohort studies: (i) prospective

and (ii) retrospective designs. (i) Prospective cohort studies are relatively

similar to randomised trials, i.e. they both follow up a cohort of vacci-

nated and unvaccinated individuals and the vaccine effectiveness can be

inferred through the Relative Risk (i.e. the ratio of incidence in the vac-

cinated and unvaccinated cohort). However, in trials individuals are (ran-

domly) assigned to receive the vaccine, while in a cohort study one defines

the cohort members according to their vaccination status. Since the re-

cruitment of individuals and their follow-up is extensive work and usually

very costly other methods to estimate vaccine effects are pursued whenever

possible. (ii) In retrospective cohort studies already collected data (e.g.

from national surveillance when including personally identifiable informa-

tion) is employed. The methods for estimation of vaccine effectiveness are

the same as for prospective studies but no actual study is conducted, as

it is rather a tool for posthoc analysis of existent data. For vaccines with
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average coverage (which ensures that neither of the two groups is too small)

and where disease presentation is rare (the study size would need to be very

big) this is a beneficial option when data are available. For a more thorough

discussion in particular of advantages and disadvantages of the approaches

see e.g. Mann [4].

Case Control Study. When the disease outcome is rare, studies which select par-

ticipants on the grounds of common exposure can be unfeasible. Here case

control studies offer a way to approximate the incidence ratio of vaccinated

and unvaccinated individuals by an odds ratio (compare equation 1.1.2).

These are retrospective studies where besides individuals with the outcome

of interest a disease free control group is chosen. The cases included should

ideally be a random sample of all diseased individuals and while this can

sometimes be challenging the main problem is the appropriate selection of

controls. In the following three possible choices for controls are illustrated.

Test negative method. In the test-negative method, the control group is

defined by those cases which were tested for an infection but found

negative. This ensures a certain level of similarity of the control group

and the group which was found test-positive, because both were symp-

tomatic and presented to medical staff in order to get tested. However,

a major problem for this approach is its dependence on the sensitiv-

ity of the test: with this choice of controls false-negative test results

are considered controls which can introduce a bias if the test sensitiv-

ity is poor [5]. A recent example for the usage of the test negative

method give Pebody et al. [6]; by employing data of the positivity of

swabs taken by sentinel general practitioners from individuals present-

ing with influenza like illness during the pandemic and assuming 100%

sensitivity, the authors found that the seasonal influenza vaccine did

not decrease the risk of pandemic H1N1 2009 influenza.

Indirect cohort method. The indirect cohort method goes back to the

work of Broome et al. in 1980 where the authors tried to estimate the

effectiveness of a vaccine targeting a limited number of the pneumo-

coccal serotypes [7]. This method has been slightly adapted to become

a tool for case-control type analysis. It uses the cases presenting with

disease caused by the same pathogen but subtypes not targeted by the

vaccine as controls. This control group should represent a group of
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individuals very similar to those presenting with vaccine-type disease.

However, the method’s applicability is limited to those few pathogens

with vaccines available protecting against only a limited amount of

subtypes. Further, if vaccination against some subtypes has effects on

the remaining types (e.g. serotype replacement) this method can in-

troduce a bias on the control group. Andrews et al. recently quantified

this bias for the issue of serotype replacement following pneumococcal

conjugate vaccination [8]. They found that the vaccine effectiveness

assuming full replacement of vaccine targeted types with untargeted

types is

Υ = 1−
(

1 +
Υcpu

1− pu

)
(1−Υicm). (1.1.3)

Here, Υc is the vaccine effect against acquisition of infection (carriage),

Υicm = 1−OR is the vaccine effectiveness as estimated for the unad-

justed indirect cohort method, and pu the proportion of infection due

to vaccine types amongst unvaccinated individuals. Note, that if the

vaccine protects exclusively against progression to disease given infec-

tion (Υc = 0), no indirect effects are induced and the indirect cohort

method is not biased by the choice of controls. Also, if the proportion

of carriage of vaccine types is low amongst unvaccinated individuals

the method introduces little bias. This might be the case as a result

of strong herd immunity effects.

Screening method. In 1993 the screening method was introduced as a sim-

ple and rapid way to estimate vaccine effectiveness [9]. In this approach

the whole population is used as a control group. It makes use of the

symmetry of equation 1.1.2; i.e. the rate of disease in vaccinated and

unvaccinated p1,2 can be substituted with the vaccination coverage

amongst the cases and the controls.

Post introduction incidence change. To measure the impact of vaccination the

(disease, carriage, . . .) incidence before vaccination is compared to the in-

cidence after vaccination. Incidence here represents the risk for a defined

disease outcome and in order to estimate the vaccine impact a relative risk

can be computed similar to equation 1.1.1. The groups ”vaccinated” and

”unvaccinated” are hereby replaced by ”individuals who have been eligi-

ble for vaccination in the post vaccination era” and ”individuals in the pre
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vaccination era who would have been eligible for vaccination in the post

vaccination era”. As eluded earlier the impact differs from the other as-

sessments of vaccine effects in that it measures the population effect rather

than the effect on individuals and therefore also includes factors like vaccine

coverage and herd immunity effects; as such the impact is not a measure

of only direct vaccine effects anymore. However, if high vaccine cover-

age is achieved vaccine impact, effectiveness and efficacy should be similar

amongst vaccinated cohorts. Problems for this method include the variabil-

ity of surveillance over time. Especially a relative risk based on a single years

incidence estimate for each pre and post vaccination data might underesti-

mate the temporal variation of both disease and surveillance; therefore pre

vaccination data over a period of several years is essential for an appropriate

analysis of the associated uncertainty.

1.1.2 Estimation of indirect effects

This subsection concerns techniques to measure vaccine induced indirect protec-

tion of the unvaccinated population. Vaccines which protect vaccinated individu-

als against infection can reduce the transmission of a pathogen in the population

and thereby lead to reduced rates of infection in otherwise unprotected people; an

effect usually referred to as herd immunity. However, other unforeseen indirect

effects might arise from the interference with a pathogens ecology which poses

the need for the consideration of indirect effects of vaccination when analysing a

vaccine’s benefit. In some cases indirect effects (positive or negative) might even

outweigh the direct effects of vaccination.

Post introduction incidence change. As discussed above, for the direct effects

of vaccination, estimating vaccine impact in the vaccine eligible population

from post vaccination incidence change includes indirect effects as well.

However, for estimating the indirect effects exclusively the changes in inci-

dence in groups not eligible for vaccination need to be studied. This is done

in a similar fashion to the assessment of the vaccine impact in the vaccine

eligible population.

Cluster randomised trials Through a study design proposed by Halloran et al.

direct, indirect and overall vaccine effects can be estimated [1,10]. Accord-

ing to the anticipated vaccine uptake the study primary population (A) is
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divided in two groups which either do or do not receive the vaccine. To

be able to estimate indirect vaccine effects and the impact of vaccination

from this trial another study population (B) needs to be defined. Ideally

both populations should be separated in every way relevant to transmission

dynamics to prevent indirect effects of vaccination in population A biasing

population B. The indirect vaccine effect can then be estimated through

the calculation of the relative risks for disease outcome amongst the unvac-

cinated individuals in population A and the individuals in population B.

The vaccine impact can be determined through the relative risks of disease

outcome in the whole of population A and population B.

Modelling. To estimate the potential population impact of vaccination before

introduction of a vaccination programme into a country’s immunisation

schedule, and including both direct and indirect effects, the ecology of the

respective pathogen has to be considered. This includes the likely impact

of vaccination on the transmission dynamics in the vaccinated group and

its effects on the unvaccinated individuals. Information including vaccine

efficacy estimates, the likely uptake of the vaccination program and the

targeted age- or risk-groups, the duration of vaccine protection, the pop-

ulation demographics, the routes of transmission and more generally the

vaccine induced effect on the pathogens ecology need to be incorporated

in order to sensibly estimate the population impact of a vaccination pro-

gramme (see e.g. [11]). Mathematical modelling provides a flexible tool to

do such analysis. In the following an introduction to simple modelling and

the key aspects will be given.

1.2 Basic models and the role of the reproduction

number

The theory of modelling for describing infectious disease transmission has a long

standing history. It goes back to the 18th century when Daniel Bernoulli first

defined parameters today known as the force of infection and the case fatality

rate in his work on smallpox [12]. In 1927 the structure which most current

epidemic models are still based on was published; the SIR or Kermack and McK-

endrick model [13]. This basic model defines a set of coupled non-linear differen-

tial equations which describe the epidemic spread of an infectious agent through
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a randomly mixed population in dependence of the availability of susceptible in-

dividuals. Let S, I, R be the number of individuals being susceptible, infective

and resistant for this agent, N = S + I + R the population size, β the probabil-

ity of an infectious contact between two individuals (the probability of contact

of two randomly picked individuals times the probability for transmission given

contact) and w the average rate of loss of infectiousness (this translates to 1/w

being the duration of infectiousness under the assumption that it is exponentially

distributed). Then the model equations are (time dependencies omitted):

S ′ =− βIS

I ′ = + βIS − wI

R′ = + wI.

This is a very simplified representation of transmission dynamics but it repre-

sents the essential bit of theory, the dependence of new infections on the force of

infection (FOI, λ = βI) and the available pool of susceptibles, in a mathemati-

cally accessible way. This approach takes several assumptions including that the

duration of infectiousness is exponentially distributed, that the duration of in-

fectiousness and infection is the same, homogeneity of the population (including

that age differences have no role in the infection process and that each individual

can meet another with the same chance), that the transmission dynamics are

independent of external forcing and that infection induces lifelong immunity.

Assumptions on parameter distribution. While the assumption of generally ex-

ponentially distributed parameters in most cases does not represent reality

there is little differences in model outcomes in most cases under differ-

ent assumptions [14]. However, this assumption can be influential in some

instances e.g. for antiviral treatment of infectious individuals during a in-

fluenza pandemic a short time after they became infectious and show symp-

toms [15]. The exponential distribution for time of infectiousness will cause

the treatment to be efficient in reducing the time of infectiousness only for

few individuals and therefore will introduce a potential bias towards the

underestimation of the population effect of this treatment. This issue can

be overcome e.g. by splitting the compartment I in half (see e.g. [16]). The

duration of infectiousness will then be gamma distributed. If split further

various Erlang distributions can be simulated (see e.g. supplement of [17]).

Infection and infectiousness. Differentiation between the compartments repre-
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senting an infected and an infectious stage can be important in the case

where the timing or duration of infection and infectiousness are different

and one needs to fit to infection prevalence data. Assuming both to be

similar would either alter the model transmission dynamics for which the

duration of infectiousness is essential or bias the fitting process. Fortunately

this differentiation can easily be achieved by adding compartment for peri-

ods where infectiousness and infection do not overlap. Similar things apply

for the distinction of the symptomatic stage which is important for routine

surveillance data.

Age differences. The immune system matures during the lifetime of an individ-

ual and introduces differences in the susceptibility of age groups to acquire

an infection or in the time until the infection is cleared by the immune

system. To incorporate this, the model can be split in multiple SIR models

which represent the considered age groups and can have different durations

of infectiousness. The age groups interact through the force of infection

(FOI, λ); λ =
∑

i βiIi incorporates the age dependent probability of an

infectious contact and the number of infected persons for the respective age

groups.

Random mixing. There are several approaches to avoid the assumption of ran-

dom mixing of the population and reflect the heterogeneity of the population

more adequately. Mixing according to age groups, as just discussed, is one

of them which is often employed,as of data from contact surveys revealed

that there are specific patterns of mixing which are usually focussed on

increased mixing with similar age groups for industrialised countries [18].

Stratification of the population into different geographical areas can be done

similarly to the age structuring. Data on daily commutes, the tracking of

dollar bills or more abstract approaches have been used as proxy to reflect

geographical mixing [19–21]. An additional area of research is the disease

transmission through social networks which is probably the most appropri-

ate reflection but also the one hardest to populate with data.

Immunity duration. In the SIR model by Kermack and McKendrick individials

once infected with the disease become immune and don’t lose their immu-

nity. This leads to a steadily shrinking pool of susceptibles and eventually

transmission ceases assuming no susceptible individuals are introduced by

demographical changes (newborns or immigrants). For many pathogens
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this is not the case; individuals might not establish immunity or are im-

mune only for limited time. To reflect this SIS or SIRS models allow the

waning of acquired immunity so that individuals become fully susceptible

again.

External forcing. Many infectious pathogens follow a strong seasonal trend, such

trends are not always well understood. For some pathogens seasonal varia-

tions are constrained to progression from carriage to disease (e.g. Strepto-

coccus pneumoniae; see section 2.2) for others the seasonality also affects the

transmission dynamics (e.g. influenza). While the loss of immunity could

play a role in the repeated epidemics it is believed that some external sea-

sonal forcing plays a major role (e.g. absolute humidity for influenza [22]).

Mainly weather patterns have been associated with the seasonality of vari-

ous pathogens, however few single factors have been found to significantly

correlate with seasonal differences. Given this lack of understanding of the

underlying mechanisms, seasonal differences are mostly modelled through

sinusoidal waves which force the infection rate to comply with observed

patterns (e.g. [23]).

Most models published to date employ a combination of these extensions to fit

their purpose. However, adapted structures might be necessary i.e. when dealing

with vector borne diseases or multiple pathogens which compete with each other.

From the simple SIR model important implications for the understanding and

eventually the control of transmission dynamics can be derived. The arguably

most important quantity for such models is the reproduction number R0 (the

average number of secondary infections a typical infected person causes during

his period of infectiousness in a completely susceptible population). This is a

dimensionless number which allows the comparison of the transmission potential

of different pathogens and indicates the level of interventions needed for control.

The threshold R0 > 1 for a pathogen to spread effectively is self evident. This

can be seen from the model equation in the change of the number of infectious

individuals: if I ′ > 0 the number of infections in a totally susceptible population

(S = N = 1) increases which corresponds to R0 ≡ β/w > 1.
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1.3 Threshold for successful vaccination

On the basis of the simple SIR model discussed in section 1.2 a simple threshold

for successful vaccination can be derived. In order to stop the effective spread

of the disease the effective reproduction number Re (the average number of sec-

ondary infections a typical infected person causes during his period of infectious-

ness) needs to be below one. During an epidemic this is the case at its peak,

caused by the substantial reduction in the number of susceptible individuals.

The threshold for the reduction in the number of susceptibles achieved by vacci-

nation to prevent the spread of the disease is: Re = χR0 < 1. Here χ represents

the proportion of susceptible individuals amongst the population. Therefore if at

least a proportion 1− χ = 1− 1/R0 of the population is protected by either pre-

existing immunity or vaccination (which itself is a function of vaccine coverage

and vaccine effectiveness) no major outbreak will happen.

This theory also applies to models for endemic pathogens. The simplest model for

such is an SIS model (note that an SIR model can be endemic as well, if an influx of

susceptible people is permitted e.g. by introducing newborns to the population).

With the same naming conventions as before the system of differential equations

reads:

S ′ =− βIS + wI

I ′ = + βIS − wI.

Here, w is the rate of loss of infectiousness (1/w is the duration of infectiousness

which is here assumed to be the same period as immunity to new infection).

Endemic pathogens are considered to have a relatively constant level of infection

amongst a population; in other words Re = 1. In order to effectively vaccinate

against such pathogens the same threshold as for epidemic pathogens Re < 1

needs to hold. But in contrast to the epidemic model here individuals loose their

infection induced immunity as they clear their infection. Therefore a proportion

1− 1/R0 of the population needs to be protected solely by vaccination.

While in the SIS model described earlier failure to meet the vaccination thresh-

old can simply lead to a failure of eradication but still a significant decrease in

infections, this can have much wider implications. The vaccination threshold

generally concerns only the indirect effects of vaccination; however these might

outweigh the direct effects in some cases. If children were protected by a vaccine
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which only provides protection for a limited number of years, and the uptake in

combination with its effectiveness fails to meet the eradication threshold, a shift

in age of infection can be the result. This poses a threat especially if this other

age band is more likely to develop severe disease which is the case for rubella in

pregnant women [24,25].

The vaccine threshold for both SIR and SIS models in reality is a little more com-

plex since e.g. vaccination of individuals with high contribution to the transmis-

sion dynamics has a greater population impact than vaccination of more isolated

individuals. However, in essence the same threshold for the necessary reduction

in transmission applies for more complex models.

1.4 Estimation of the reproduction number from

epidemiological data

As discussed in the previous sections, R0 is a key parameter for modelling a

pathogen. Important information about its transmissibility and its threshold for

vaccination can be derived from R0. The definition of R0 is based on a fully

susceptible population, but in practise only the effective reproductive number

Re = χR0 can be estimated (χ is the probability that a given contact is suscep-

tible - this is equal to the proportion of susceptibles amongst the population in

the simple SIR model). In some instance it can be reasonable to assume that all

individuals are susceptible which means that Re = R0 but for the sake of preci-

sion the following will be about estimation of Re. In order to infer Re directly

from epidemiological data several approaches exist. The methods can be split

into those for epidemics/pandemics and endemics. A good overview is provided

Heffernan et al. [26] which is referred to here unless mentioned otherwise.

1.4.1 Epidemics

Epidemics are characterised by an increasing rate of infections from usually low

levels of prevalence which after a peak decline towards zero or previous levels

again. Data from this early period of increase is often used to provide an early

estimate for a pathogens transmissibility [27] but also other approaches exist.

Some of the most widely employed methods are listed below.
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Exponential growth rate. At the beginning of an epidemic the observed dis-

ease incidence will follow a (stochastic) exponential growth at rate r0, i.e.

I ′ = r0I, implying I(t) = er0t. Given knowledge about the distribution of

infectiousness during the infectious period of an individual one can infer Re.

In the simplest case, when infectivity is constant throughout the infectious

period of length 1/w Re can be estimated through

Re = 1 +
r0

w
. (1.4.1)

Wallinga and Lipsitch [28] provide a good overview of how this estimate

is derived and how different assumptions on the infectiveness affect the

estimate. This includes the calculus for an empirical distribution. Let

a0, a1, . . . , an be the the category bounds of the histogram defining the gen-

eration interval distribution and y0, y1, . . . , yn the corresponding observed

frequencies, then

Re =
r0∑n

i=0 yi(e
−r0ai−1 − e−r0ai)/(ai − ai−1)

. (1.4.2)

As an example, this proved helpful in the early stages of the influenza

pandemic in 2009, when contact tracing provided data to infer an empirical

distribution of the typical generation interval [27]. The major problem of

this approach is the stochasticity of surveillance data and the likely changes

in surveillance sensitivity during the early phase of an epidemic which makes

the estimation of r0 difficult.

Doubling time. A very similar approach concerns the estimation of the doubling

time (D) of disease notifications to infer Re. For the beginning of the

epidemic where exponential growth can be assumed r0 = ln(2)
D

holds (This

can be easily seen from er0t = x and the need of r0 to fulfill er0(t+D) = 2x).

From the equation 1.4.1 when assuming exponential growth with a constant

infectivity it follows that

Re = 1 +
ln(2)

wD
(1.4.3)

with the same constraints as before.

Final size. In contrast to the previous methods the final size method does not

infer the reproduction number from early disease incidence data but gives an

opportunity for post epidemic evaluation if the number of individuals who
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escaped infection is known. Denote the number of susceptible individuals

at the end of the epidemic by S∞ then

R0 =
ln(S∞)

S∞ − 1
. (1.4.4)

This assumes a SIR type model and the complete susceptibility of the pop-

ulation, however more general approaches can be derived. Due to the need

for data on the number of infections, surveillance data is not sufficient and

serosurveys need to be conducted to inform parameterisation using this

approach.

Transmission tree inference. A very elegant method of inferring the effective re-

production number Re from surveillance data employing a likelihood based

approach was first described by Wallinga and Teunis [29]. A refinement

of this method was later published by Cauchemez et al. and introduced a

way how to reduce the bias of censoring towards the end of the considered

period [30]. Hereby the relative likelihood pij that case i has been infected

by case j, given their difference in time of symptom onset ti−tj is expressed

in terms of the probability distribution of the generation interval. Let φ(t)

be the probability of a generation interval of length t. pij is then defined

as the probability that case i has been infected by case j normalised by the

probability that that case i has been infected by any other case:

pij =
φ (ti − tj)∑
k 6=i φ (ti − tk)

(1.4.5)

and pii ≡ 0 (for the case that φ(0) 6= 0). Now a case specific effective repro-

duction number can be derived by taking the sum over all cases weighted

by the relative probability that case i has been infected by case j:

Rj =
∑
i

pij. (1.4.6)

From this the average effective reproduction number for any period of time

can be calculated. A bootstrap approach provides a simple method to

infer uncertainty around these estimates. For this a source case j for each

case i is sampled according to the relative probabilities for infection pij.

For each bootstrap simulation a set of Rj ∈ mathbbN can be calculated

by addition of the sampled number of secondary cases caused by case j.

Amongst others this method was employed during the SARS outbreak and
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the early phase of the 2009 H1N1 pandemic [27]. In an ideal world this

method would identify the most likely transmission tree. In practice this

would need complete data on infections and therefore is mostly applied

differently: Disease notification data only represents a small fraction of the

actual infections. If one assumes this fraction to stay similar over time

the methods still gives sensible estimates. However direct links between

individuals cannot necessarily be drawn. Extensions of the transmission

tree inference method include the aggregation of some cases according to

clusters (like school outbreaks or geographical compartments) or different

groups of individuals [31].

1.4.2 Endemics

Endemics are characterised by a relatively stable number of infections over time.

That is Re ≈ 1. Therefore, inference of Re like for epidemic pathogens is not

helpful and the assumption of a totally susceptible population which would yield

Re ≈ R0 is usually wrong in this case. However, a few methods exist to infer R0:

Susceptibles at equilibrium. As shown in section 1.3 Re = χR0 holds with χ

being the probability that a given contact is susceptible. Since Re ≈ 1 for

endemics one can estimate R0 through

R0 =
1

χ
. (1.4.7)

This is a very simple method which has been used extensively. Assuming

homogeneous mixing of the population, χ can be approximated through

the proportion of susceptibles amongst the population (which is assumed

to be at equilibrium for endemic pathogens). As for the other methods the

precision of this approach hinges on the accuracy of the assumption of a

homogeneous population and mixing patterns.

Average age of infection. This represents a closely related approach. Consider

a pathogen (like varicella zoster) for which individuals are susceptible from

birth and gain lifelong immunity once infected. Let A be the mean age at

which an individual becomes infected and L the average life expectancy. If

one assumes homogeneous mixing the average proportion of susceptibles in

the model can be directly inferred by χ = A
L

. Hence, making use of the
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equation 1.4.7 the reproduction number follows as

R0 =
L

A
. (1.4.8)

If the assumptions for this approach hold it offers a convenient way to

estimate R0 from readily available data.

Summary

In this chapter the basic methodology for the assessment of vaccine effects was

discussed, including the use of relative risk and odds ratios and the terminology of

vaccine efficacy, vaccine effectiveness and vaccine impact. Mathematical models

have been identified to provide a useful tool to estimate indirect effects of vacci-

nation before the countrywide introduction of a vaccine, where indirect effects are

likely to arise as a result of reduced transmission. Simple modelling techniques

to describe epidemic and endemic models are introduced and the key parameter

which determines the transmission of a pathogen - the reproduction number- is

defined. The threshold for successful vaccination is derived and several methods

for estimating R0 from surveillance or serology data are explored.

In the subsequent chapter an overview of background information on Streptococ-

cus pneumoniae is given. Its impact on public health will be discussed along

with its structure and resulting diversity. A summary of licensed vaccines tar-

geting a variety of the pneumococcal serotypes and their induced protection on

various endpoints (i.e. carriage and disease) will be provided. The chapter will

further explain the routine surveillance systems in place to monitor pneumococci

in England and Wales and Scotland along with the associated detection tech-

niques and the caveats they introduce to any analysis. Not much is known about

the influence of immunity induced by naturally acquired infection but evidence

which is later used to evaluate the potential role of immunity in the ecology of

the pneumococci is summarised.
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2 Background

Outline

The last chapter provided a brief introduction to the evaluation of vaccine effects.

Various study designs to assess the direct effect of vaccination were discussed.

Also the value of mathematical models in describing and predicting indirect ef-

fects like herd immunity was explained. The chapter further gave an outline

of basic modelling techniques and assumptions, the threshold theorem including

the definition of the basic reproduction ratio R0 and possible refinements to relax

various assumptions. A vaccination threshold in dependence of R0 is derived for

the basic SIR and SIS models which grants a sufficient level of indirect effects to

cease the transmission in the whole population. Furthermore, various techniques

to estimate the effective reproduction number from epidemiological data were

reviewed.

This chapter provides background information on Streptococcus pneumoniae (S.

pneumoniae or the pneumococcus) in order to better understand the epidemio-

logical and ecological features that come with it. It provides the basis for the

analysis presented in the following chapters. The structure of the pneumococ-

cus and specifically the role of its polysaccharide capsule in evading the immune

system and the progression to disease are discussed along with the variety of

disease outcomes from pneumococcal infection. Further, current knowledge on

naturally acquired and vaccine induced immunity against pneumococcal coloni-

sation and progression to disease is reviewed and suitable correlates of immunity

are explored. Currently there are three different types of vaccine approaches: the

plain polysaccharide, the conjugated and the protein one. The vaccine formula-

tions currently licensed or in development are described. Furthermore, detection

techniques and routine surveillance in the UK are examined and the caveats (e.g.
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the lack of detection of multiple carriage) they introduce to the data for the

pneumococcus are studied.

2.1 The organism

Streptococcus pneumoniae is a gram positive bacteria which is the cause of a high

burden of morbidity and mortality worldwide. In 2000, before respective vaccines

were introduced to any national immunisation schedule, the pneumococcus was

estimated to cause about 14.5 million episodes of serious pneumococcal disease

in children younger than 5 years alone [1]. Furthermore, the pneumococcus was

the likely cause of more than 800,000 annual deaths worldwide in children, aged

1-59 months, which corresponds to 11% of all deaths in this age band [1].

George Sternberg and Louis Pasteur discovered the existence of the pneumococ-

cus simultaneously and independently in 1881 [2] but it took until 1974 until it

was given its current name. The pneumococcus frequently colonises the human

nasopharynx but the majority of these acquisitions do not result in disease. How-

ever, at times the penumococcus spreads locally or even invades the bloodstream

or other sterile sites to cause severe disease.

The pneumococal outer cell surface is covered by a polysaccharide capsule which

is believed to be the most important virulence factor since it protects the pneu-

mococcus from phagocytosis [3]. Epidemiological evidence for the crucial role of

the capsule for virulence was gathered in a study of invasive pneumococcal disease

and nasopharyngeal carriage in children from Oxford [4]. Furthermore, a superior

role of the capsule over the sequence type for association with mortality in Scot-

land was found by Inverarity et al. [5]. Reduced expression of the capsule gives

greater accessibility to antibodies [6] and therefore eases clearance. However, the

explicit associations between virulence and capsule are yet to be identified [7, 8].

There are more than 90 known different capsular serotypes (including types like

6C, 6D and 11E which have been discovered in the recent past) distributed over 46

serogroups [9–11]. However it is likely that the diversity of existing pneumococcal

capsules is higher than currently anticipated. The cell wall is the layer underneath

the pneumococcus’ capsule. It consists of polysaccharides and teichoic acid and

serves as an anchor for cell-wall-associated surface proteins [7]. The cell wall is

believed to be protected by the pneumococcal polysaccharide capsule and causes

the inflammatory reaction during pneumococcal infection [12].
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Transmission of the pneumococcus is mostly assumed to be airborne via droplets

[13–15]. However, it may also be passed on through contaminated surfaces e.g.

hands. Once it has colonised the nasopharynx of the host the pneumococcus

encounters the defensive mechanisms. Depending on both the ability of the hosts

immune system to clear the invading pneumococcus and fight off infection and

the pneumococcus’ protection to clearance and its virulence S. pneumoniae either

gets cleared which may take up to one and a half months [13] or progresses to

disease.

2.2 Carriage and disease outcomes

The pneumococcus is a common resident of the human nasopharynx. In the

absence of vaccination, carriage levels in children exceed 50% in most settings

[16, 17] and are even higher in some native populations and developing world

countries [18, 19]. The propensity to carry pneumococcus increases rapidly in

the first few month of life [20] and then declines with age [21, 22]. Among other

risk factors found to be associated (although not consistently among different

studies) with pneumococcal carriage are the presence of siblings, day care center

attendance, living in a rural area, exposure to passive smoke in the household

and immunosuppression [21, 23]. Also prevalence is generally higher amongst

indigenous populations and in developing countries [7,24] which may result from

an impaired immune system (see section 6.4). Season of the year was generally

not found to influence the risk of pneumococcal colonisation [16,25–27].

Following colonisation of the nasopharyngeal mucosal epithelium S. pneumoniae

usually stays in the nasopharynx without progressing to disease until it is cleared

by the immune system. However, pneumococcal carriage has the potential to

result in various disease endpoints. At times the pneumococcus spreads locally

and causes otitis media or sinusitis, spreads to the lungs and cause pneumonia

or invades the blood stream to causes septicaemia (see figure 2.1) and in some

instances meningitis. The progression from colonisation to disease is believed

to occur within the first few weeks following acquisition of pneumococcal car-

riage [28,29]. Therefore the event of acquisition of pneumococcal carriage rather

then prevalence of carriage is important in relation to the progression to disease.

However, S. pneumoniae is believed to transmit during the whole period of na-

sopharyngeal colonisation and therefore the duration of colonisation and carriage

26



prevalence is a relevant factor for its transmission.

A confirmed case of invasive pneumococcal disease (IPD) is defined as isolation

of S. pneumoniae from a normally sterile body site (e.g., blood, cerebrospinal

fluid, or, less commonly, joint, pleural or pericardial fluid) in a person of any

age [30]. IPD is the most commonly and closely monitored disease endpoint of the

pneumococcus and pools the severest outcomes of pneumococcal disease. As in

carriage incidence (per population) of IPD is high in young children and declines

from the age of one year onwards. However, despite continuously decreasing

pneumococcal carriage prevalence in the elderly, rates of IPD increase and reach

similar levels for 80+ years olds as observed for young children [31]. Despite little

impact of seasonality on pneumococcal carriage, invasive pneumococcal disease

in England and Wales follows strong seasonal patterns with a pronounced peak in

late winter and few cases during summer [31]. However, seasonality differs in other

climate settings [32–37]. Seasonal effects might be due to increased circulation

of viral infections which leave the immune system prone to secondary bacterial

infections. Correlation of the seasonal patterns of influenza and S. pneumoniae

have been reported [36, 38], and influenza likely increases the susceptibility to

progression from carriage to disease rather than enhancing general circulation of

the pneumococcus (see section 2.7).

The pneumococcus is a major cause of morbidity and mortality worldwide. The

highest child mortality rates are reported in central Africa and parts of Asia.

Meningitis is the most severe disease endpoint of a pneumococcal infection with

a global case-fatality rate of about 60% (about 35% in Europe, North America and

Western Pacific and 65% in Southeast Asia and Africa). However, most deaths

are attributable to pneumonia with death rates in Africa being more than 10-fold

higher than in Europe [1]. The introduction of vaccines to national immunisation

schedules across the developed world has further impaired this inequality leading

to the development and distribution of a pneumococcal conjugate vaccine funded

by the Global Alliance for Vaccines and Immunisation (GAVI) [39].

2.3 Pneumococcal vaccines

Before the era of vaccination against pneumococcus protection was provided solely

by the human immune system and treatment relied on antibiotics. Nowadays four

pneumococcal vaccines have been licensed for use by the European Commission
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Figure 2.1: Pathogenic route for S. pneumoniae infection. Organs infected through the
airborne and haematogenic routes are depicted in blue and red, respectively.
From Bogaert et al [7].

and thus are available in the United Kingdom. PNEUMOVAX® 23 is generally

recommend for use in the elderly population and in younger individuals at risk for

pneumococcal disease and provides protection against disease caused by each of

the 23 vaccine serotypes. By conjugation to a carrier protein the more recently li-

censed vaccines PCV7, PCV10 and PCV13 provide additional protection against

colonisation with the vaccine types and are suitable for vaccinating children which

are the main source for carriage and transmission of the pneumococcus. This

induces partial indirect protection of the unvaccinated population through herd

immunity but creates an ecological niche for non vaccine serotypes to exploit [40].

Hence, higher valency vaccines are being developed but the number of serotypes

that can be included in a conjugated vaccine is limited [41]. Other approaches

focus on more conserved antigens with a higher coverage amongst the pneumo-

cocci. Recently, the two highly conserved antigens PcsB and StkP were identified

as suitable vaccine candidates since they were shown to play an important role in

bacterial multiplication and could be found in 99% of all pneumococcal isolates

collected from all over the world [42, 43]. A vaccine combining the conjugate

approach with the protein candidate is currently ondergoing clinical trials [41].
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2.3.1 Pneumococcal polysaccharid vaccine (PPV)

The pneumococcal polysaccharide vaccine PNEUMOVAX® 23 is manufactured

by Merck. It was licensed in the United States of America in 1983 and designed to

protect against disease caused by the capsular serotypes: 1, 2, 3, 4, 5, 6B, 7F, 8,

9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F. The

purified pneumococcal polysaccharides included in the vaccine induce antibody

production which has shown to be effective in preventing pneumococcal disease

[44]. Bacterial capsular polysaccharides induce antibodies primarily by T-cell-

independent mechanisms. Therefore, antibody response to most pneumococcal

capsular types is generally poor or inconsistent in children aged< 2 years - a group

highly affected by pneumococcal carriage and disease - whose immune systems

are immature [45]. Following the immunisation of pregnant women, antibodies

are transferred to the neonate via the placenta as well as the breast milk [46–49].

However, clear evidence for actual protection of the newborns through this process

has not been documented yet.

A meta-analysis from Melegaro and Edmunds [50] assessed the vaccine effective-

ness (VE) of the 23-valent pneumococcal polysaccharide vaccine against pneu-

mococcal pneumonia and invasive pneumococcal disease. For IPD in the general

elderly population 2 studies were included in the analysis and for elderly at high

risk 4 studies; for pneumonia 3 and 4 studies were included respectively. The

authors found some evidence for PPV to offer protection against invasive disease

in the general adult population aged 65 and older (VE = 65% [-49%, 92%]) and

amongst those moderate effects in the high risk subgroup (VErisk = 20% [-188%,

78%]). However, neither of the estimates was significantly different from zero.

Protection against pneumococcal pneumonia was found to be generally weaker

than protection against invasive disease. In the general elderly population the

vaccine effectiveness was estimated to be 16% [-50%, 53%] and amongst those in

a risk group the point estimate was negative (VErisk = -20% [-92%, 25%]).

In 2003 the policy in the United Kingdom on PPV changed from a recommenda-

tion of vaccinating groups at risk (e.g. chronic heart disease, chronic lung disease,

chronic liver disease, Diabetes mellitus, HIV, . . . ) to a general immunisation

policy including all adults aged 65 years and over who have not previously been

immunised. In England this change in policy was spread across three steps: From

August 2003 onwards PPV was offered to all individuals aged 80 years and over,

from April 2004 PPV was offered to all adults aged 75 and over and from April
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2005 the program was extended to all adults aged 65 years and older; in Scotland

from 2003 onwards PPV was offered to all individuals over 65 years of age.

2.3.2 Pneumococcal conjugate vaccines (PCV)

The pneumococcal conjugate vaccines are based on the conjugation of capsular

polysaccharides to a carrier protein. The protein carriers then induce a T-cell

dependent immune response. As with polysaccharide vaccines the conjugate vac-

cines induce protection only against the serotypes included in their formulation,

although cross protection against a small group of serotypes, in particular 6A,

has been reported (see section 3.1.3). In contrast to the polysaccharide vaccines

the conjugate vaccines not only protect against invasive disease (or other disease

outcomes) but also enhance serotype-specific clearance from the nasopharynx.

Therefore conjugate vaccines reduce the circulation of the vaccine serotypes in

the community and induce herd immunity. On the other hand they open an

ecological niche and due to the ease of selective immunological pressure serotype

replacement becomes an issue.

7-valent conjugate vaccine

The 7-valent pneumococcal conjugate vaccine (PCV7) Prevnar® is manufactured

by Wyeth (now part of Pfizer). Its formulation covers the capsular serotypes 4,

6B, 9V, 14, 18C, 19F and 23F. Upon advice from the Advisory Committee on

Immunization Practices (ACIP) the Centers for Disease Control and Prevention

(CDC) recommended the vaccine administration to infants in the US in 2000 with

a 3+1 schedule (recommended administration at 2,4 and 6 month and a booster

dose at 12 month). The European Commission approved the marketing autho-

risation in February 2001 and the United Kingdom and many other European

countries introduced PCV7 to their childhood immunisation schemes with some

variation in schedule and uptake [51]. The UK introduced PCV7 into the national

childhood immunisation programme from September 2006 in a 2+1 schedule with

an additional catch up campaign for children up to two years of age.
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10-valent conjugate vaccine

The 10-valent pneumococcal conjugate vaccine (PCV10) Synflorix® is manufac-

tured by GlaxoSmithKline. In addition to the serotypes included in the 7-valent

vaccine it covers serotypes 1, 5 and 7F. In January 2009 the European Medicines

Agency (EMEA) recommended the granting of the marketing authorisation and

in March 2009 Synflorix received authorisation by the European Commission.

Using the non-typable Haemophilus influenzae (Hib) carriage protein D this vac-

cine is thought to provide additional protection against non-typable Haemophilus

influenzae [52].

13-valent conjugate vaccine

The 13-valent pneumococcal conjugate vaccine (PCV13) Prevnar® 13 is manu-

factured by Wyeth (Pfizer) and is the successor of PCV7. In addition to PCV7

it covers the capsular serotypes 1, 3, 5, 6A, 7F and 19A. As in PCV7 all types

are conjugated to the carrier protein CRM197. In September 2009 the EMEA is-

sued a positive opinion for PCV13 followed by the authorisation of the European

Commission in December 2009. From March 2010 PCV13 has been administered

in the US [53] and from April 2010 in the UK replacing the usage of PCV7.

2.4 Immunity

Great attention was drawn to improving the understanding of the complex mecha-

nisms of immunity against S. pneumoniae in the last decade for the development

of conjugate vaccination and also to assist with understanding the changes in

ecology induced by vaccination. However, much uncertainty remains. Different

aspects of immunity include the stratifications by innate vs. adaptive immunity,

type specific vs. type unspecific immunity, immunity against pneumococcal car-

riage vs. immunity against disease and vaccine induced vs. naturally acquired im-

munity. The following will focus on the adaptive immunity stratified by vaccine

induced and naturally acquired and will investigate evidence for both serotype

specific and non serotype specific immunity.
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2.4.1 Correlates of immunity

It is generally perceived that anticapsular Immunoglobulin G (IgG) antibody

levels measured by an Enzyme Linked Immunosorbent Assay (ELISA) provide

a robust correlate of existing protection (e.g. vaccine immunogenicity) against

invasive pneumococcal disease [54]. A threshold of 0.35 µg/ml is considered to

offer full serotype specific protection [55,56] although this might not be a robust

measure for all capsular serotypes: evidence for ELISA being less sensitive for

serotype 19F was found [57] and a recent study suggested that a threshold of about

0.2 µg/ml might be more appropriate for 6B [58]. Many studies have suffered from

the nonspecificity of the techniques used to measure titers of IgG levels in the early

years [59] but by absorption with cell wall polysaccharide and 22F polysaccharide

these issues could be overcome. These techniques are currently recommended

in this form by the WHO as the gold standard [60–62]. The main protective

mechanism against pneumococci is antibody mediated opsonophargocytosis, and

therefore, not only the amount of antibodies but their functional activity was

found to play an important role as a correlate of protection [63, 64]. Although,

in general, in the investigated age groups good correlation was found between

antibody levels and their functionality [57] this might not hold for the elderly

population [65,66].

The mechanisms for protection against carriage are less well studied. It was first

suggested that increased levels of mucosal antibodies (IgA) are the most impor-

tant corellate for protection against pneumococcal carriage since, as observed with

Haemophilus influenzae type b, IgA levels were found to have increased after ad-

ministration of the pneumococcal conjugate vaccine [67,68]. However other stud-

ies suggested that colonization is prevented, not only by secretory pneumococcal

anticapsular IgA, but by the presence, in saliva, of pneumococcal anticapsular

IgG that either leaks from the serum or is secreted by committed plasma cells

present on mucosal surfaces [69]. Following this hypothesis, Dagan et al. found

serotype-specific IgG concentrations to negatively correlate with new acquisition

events while no effect on the duration of carriage was detected [70]. Results from

experiments in mice suggested that although being a correlate IgG concentration

might not be the effector of protection but immunity against colonisation might

be CD4+ T-cell dependent [71–73]. Evidence for this was found in humans as

well [74]. Further studies suggested this pathway of protection accelerates the

clearance rather then prevents acquisition [75].
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As well as these biological markers, immunity against (type specific) pneumo-

coccal carriage can be measured in the absence of antibody data. Longitudinal

studies of pneumococcal carriage can provide further insights of the reduced like-

lihood of carriage given previous colonisation. As with the medical method this

epidemiologic method suffers from caveats: the lack of detection of pneumococ-

cal colonisation with multiple types (see chapter 2.5.2), and the possibility of the

quickly maturing immune system in the early years of life biasing the interpreta-

tion of two swabs distant in time, are amongst them.

2.4.2 Vaccine induced immunity

The immunity induced by the polysaccharide vaccine (PPV) introduces an anti-

gen response interacting directly with B cells inducing antibody synthesis in the

absence of T-cells [76]. T-cell independent responses are restricted in numerous

ways. Most importantly, they fail to induce significant and sustained amounts

of antibody in young children below the age of 24 months which apart from the

elderly represents the population at highest risk. While PPV is immunogenic in

older children and adults the antibody response is dominated by IgM and IgG2.

These are relatively short lived and hence do not support a booster response.

In contrast to plain polysaccharide vaccines the vaccines conjugated to a carrier

protein induce an antibody response with an absolute requirement for T-cells. In

consequence the response to protein antigens can be elicited in children under the

age of 18 month. Also the immunity is long lived since immunological memory is

generated. The antibody response is dominated by IgG1 and IgG3. The relative

importance of memory versus circulating antibody levels for clinical protection

by conjugate vaccines is unclear but it is interesting to note that even the least

immunogenic of the Hib conjugates, PRP-D, has been shown to be efficacious in

reducing the incidence of invasive Hib infection in Finland [77]. The efficacy of

such formulations may thus be related to the ability of the conjugate vaccines to

prime for memory, even with poor primary immunogenicity.

The protection induced by the vaccines is generally serotype specific by their

design. However, because of the immunologic similarities it was anticipated

that vaccine serotypes 6B and 19F will offer sufficient cross-protection against

serotypes 6A and 19A respectively [78]. While there is good evidence that the

response induced by the seven valent pneumococcal conjugate vaccine offers cross-
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protection against carriage and disease caused by serotype 6A [79–81] protection

against 19A is solely of theoretical nature so far [82,83].

2.4.3 Naturally acquired immunity

Not much is understood about the mechanisms of natural acquired immunity

against pneumococci. It is believed that pneumococcal colonisation induces an

immune response which leads to development of anticapsular antibodies. Studies

have found increased concentrations of IgA [84] and IgG [57] succeeding pneumo-

coccal carriage.

While incidence for IPD generally follows a U-shaped age distribution with peak

incidence occurring at similar levels in children and elderly [31] pneumococcal

carriage is found to be high in young children and constantly declining by age

thereafter [16, 22]. Therefore invasiveness (an inverse correlate for protection

against disease given carriage) is thought to be high in youngster and declining

in older children [85] and to increase again later in life.

In general there seem to be two major mechanisms governing natural immunity

against the pneumococcus: strain-specific immunity and non strain specific im-

munity. These might play an important role for the ecology of the pneumococci

and the potential contribution to it will be analysed in chapter 6. In the following

evidence for both serotype specific immunity and serotype non specific immunity

is presented.

Evidence for non strain specific immunity

Serotype independent immunity is generally believed to have two main sources:

the general maturation of the immune system in the early years of life followed

by its waning in elderly and immunity induced by type non-specific exposure.

As observed by Lipsitch et al. the serotype specific incidence of invasive pneu-

mococcal disease, in the absence of vaccination, declines from about one year of

age in a parallel manner. Given the vastly different circulation of these types,

which results in different exposure, it seems evident that there needs to be an

underlying mechanism of immunity which is not only strain independent but also

increasing with age or rather accumulating with reinfection [86].
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In a follow up study of 99 Bangladeshi children during their first year of life

435 identified episodes of pneumococcal carriage provided the basis for assessing

the epidemiology of immunity in young children [20]. The authors employed a

Cox proportional hazards model to estimate the effect of previous heterologous

carriage on acquisition of the 4 most common serotypes and, adjusting for con-

founding factors, found that the probability for acquisition is significantly reduced

by previous heterologous colonisation [87]. They could not detect any evidence

that previous colonisation reduces homologous acquisition. However, the au-

thors state that the critical age for maturation of the immune responsiveness to

polysaccharide antigens is about 2 years and so the participants might not have

been capable of producing anticapsular antibodies in response to pneumococcal

carriage.

Challenging mice with live pneumococci of serotypes 6B, 7F or 14 was found

to induce similar protection against recolonisation by homologous and heterolo-

gous serotypes [88]. Analogue tests performed in antibody deficient mice showed

similar results suggesting that, in mice, protection against colonisation is an-

tibody independent. They also reported the requirement of CD4+ T-cells for

protection. Further animal studies suggested that antibody concentration cor-

relates with protection against pneumococcal colonisation although not being

functionally associated with it [71]. Also there is evidence that this mechanism

of protection in mice reduces the duration of carriage rather then preventing ac-

quisition [75]. However, how much of the findings in mice can be translated to

humans is a matter of debate.

Evidence for strain specific immunity

At the beginning and the end of a 10 month longitudinal pneumococcal coloni-

sation study conducted amongst 121 households in the UK [16] blood samples

were taken from participants being 18 years or older. Capsular-specific IgG con-

centrations were measured using gold standard techniques. While the absence of

carriage of a particular serotype in a household in the sampling interval lead to

no or only a slight increase in the respective anticapsular IgG antibody concen-

tration in an individual, detection of carriage in either the individual or in the

household coincided with a significant increase in IgG levels for 4 out of the 6

analysed serotypes. Although not significant changes in IgG were estimated to

be higher in previously exposed individuals than in those individuals naive for
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serotype 18C. However, for serotype 6B no difference could be detected.

Between 2000 and 2004 more then 2,500 serum samples were collected in England

and were analysed for the prevalence of age-specific, anticapsular pneumococcal

antibody concentration (IgG) measured by ELISA [66]. The authors found great

variety in IgG concentration by serotype and age. For six amongst eight analysed

serotypes mean concentrations increased steadily with the participants age until

the age of 20 years and stayed at a somewhat constant level thereafter. Profiles for

seroypes 1 and 6b were different: while antibody concentration against serotype 1

was constantly high from 1 years of age, for 6B they increase till the age of 10-20

and decreased thereafter. These findings contradict the assumption of waning

immunity with increasing age but could have been biased by offering PPV to the

population over 65 years during this period and the uncertainty of IgG in being a

sensible correlate of functional antibody avidity in elderly. Additionally, sample

size in the elderly population was low that no fine stratification was possible and

more pronounced age effects could have been hidden.

Epidemiological evidence for serotype specific immunity following pneumococcal

carriage of the homologous type is sparse, primarily because of the lack of suffi-

ciently large longitudinal studies. However, a longitudinal randomised trial was

conducted in Israeli toddlers in day care, where subjects aged 12-35 month were

followed up for 2 years. This provided a high prevalence setting for pneumococcal

carriage with over 2000 samples being collected in a control group of unvaccinated

individuals [70,89]. Blood samples were obtained 0,12 and 24 month after enrol-

ment but the determined serotype specific IgG concentrations suffered from the

non-specificity of the applied ELISA. A generalized estimating equations model

with logistic link was employed to estimate the association between prior carriage

and risk of acquisition while adjusting for confounders like age and colonisation

with other types [90]. The authors found evidence of serotype specific immunity

following carriage of the homologous type for most of the considered serotypes

although only in 3 out of 8 cases this was significant and the level of protection

varied greatly. However no protection of prior heterologous carriage was detected.

2.5 Detection
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2.5.1 Detection in disease isolates

Methods for detection of the pneumococcus from blood or other sterile sites is

important for the clinical diagnoses and the appropriate treatment of patients

with disease probably caused by S. pneumoniae. The available detection meth-

ods can be categorised into four major classes: 1) bacterial culturing techniques;

2)antigen detection; 3) demonstration of genetic material; and 4) serological an-

tibody assays [91]. By far the most commonly used is bacterial culture. For this

the fluid specimens are inoculated on 5% or 10% blood-agar and in 5% serum

broth. The cultures are then incubated overnight and on the next day typical

colonies of pneumococci may be observed. This may be confirmed by tests with

optochin and bile. Details on standard culture media, reagents and the tests are

provided by Lund et al. [92, 93]. A review on further development of culturing

techniques is provided by the thesis of Kari S. Lankinen [91]. However, culturing

pneumococcus suffers from poor sensitivity and only slow progress has been made

in improving this [94].

2.5.2 Detection in carriage

Historically the method for detecting pneumococcal carriage was to inoculate a

mouse with nasopharyngeal secretions and then culture the samples taken from

the mouse for evidence of S. pneumoniae [95]. This was a labour intensive process

which was unsuitable for testing a large amount of samples. Hence in the absence

of a gold standard many other testing methods were employed and this variety

introduced a possible bias into various studies [96]. In 1975, a detection method

was published that showed no statistical difference relative to the isolation of

pneumococcus through inoculation of mice (but found the mouse approach to be

associated with higher sensitivity) [97]. S. pneumoniae was isolated by culturing

nasopharyngeal secretions onto a blood agar plate containing gentamicin (similar

to the method for recovering pneumococcus from sterile sites) which provided a

cost saving and quick way of identification. However it took until 2003 until a

gold standard for sampling and isolating pneumococcus was agreed on at WHO

[24]. This recommendation is to sample pneumococcus from the nasopharynx

using a calcium alginate or Dacron polyester-tipped swab. This sample should be

transported in skim milk-tryptone-glucose-glycerin and cultured on blood (horse,

sheep or goat) agar which contains 2.5 or 5µg gentamicin.
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Although most pneumococcal carriage studies follow these recommendations and

are relatively comparable, the study methods contain a few limitations. The pro-

cedure to sample from the nasopharynx is an unpleasant procedure for the sample

donor and so it sometimes proves difficult to sample a sufficient fraction of the

nasopharynx. Also it is difficult to detect pneumococcus when the nasopharynx

is colonised in a low density which could potentially introduce a bias towards

negative samples. More importantly, the pneumococcus is a diverse pathogen

with over 90 different serotypes and the current gold standard method of growing

cultures is limited in its capability of detection of co-colonisation in a sample.

Recently developed methods show that this could lead to a significant underes-

timation of actual multiple colonisation. Turner and colleagues show that both

the methodologies they tested (sweep method and detection through microar-

ray) find considerably more serotypes in the same samples when compared to the

WHO standard culturing method. While in 89% of 125 samples collected amongst

Burmese/Karen refugee infants the culture method could only detect 1 serotype,

but both other methods found multiple colonisation with 2-3 or occasionally even

more serotypes in 43-48% of the isolates [98].

2.5.3 Typing

Idenfication of the serotype Differences in the degree of encapsulation are

an essential determinant of the susceptibility to killing by neutrophils, and it is

suggested that ultimately this defines the pneumoccus’ success during nasopha-

ryngeal carriage [8]. Furthermore, the capsule seems to be closely related to

the invasive potential [4] and mortality [99] and, probably, carriage duration, re-

sulting from the difference in susceptibility to killing [100]. The serotype of a

pneumococcus is most commonly determined by quellung reaction which is the

gold standard method. Quellung reaction or the Neufeld test is a biochemical re-

action in which anticapsular antibodies bind to the capsule of the streptococcus

together with India ink and cause the capsule to swell so that its contour be-

comes distinguishable with light microscopy [101]. In 2004 a latex agglutination

test was developed, allowing accurate serotyping of some of the most common

pneumococci without expertise in microscopy. Specifically, 10µl of latex suspen-

sion is mixed with 10µl of an overnight bacterial culture and a positive reaction

is indicated by an agglutination appearing shortly after mixing. To minimize the

number of agglutination tests the checkerboard system uses 14 latex pools [102].
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However the quellung reaction has some limitations, including costs and labour,

so both molecular and immunology-based serotyping methods have been pur-

sued. Currently, the most promising assay combines an immunologic assay with

multiplex PCR of serotype-specific genes [103]

Idenfication of the sequence type Although many characteristics of the pneu-

mococcus were found to be mainly associated with its polysaccharide capsule

[4,7,8] identifying genetic differences is valuable for monitoring events like capsu-

lar switching and the transfer of antibiotic resistant genes. Multi Locus Sequence

Typing (MLST) characterises pneumococci by identifying sequence variation at

seven housekeeping genes which encode essential metabolic functions.

2.6 Routine surveillance systems

There are numerous surveillance systems in place in the United Kingdom to

monitor different aspects of pneumococcal disease. The most widely reported

one is invasive pneumococcal disease. In the following the different surveillance

systems for monitoring IPD in a) England and Wales and b) Scotland will be

presented.

2.6.1 England and Wales

In England and Wales data on invasive pneumococcal disease is held in a recon-

ciled dataset at the Health protection Agency (HPA). The reconciliation process

involves two databases:

LabBase Weekly voluntary electronic reports of IPD are sent to the national

database (LabBase) at the Health Protection Agency - Centre for Infections

from hospitals and regional HPA units. About 5000-6000 reports per year of

IPD are held in there. For the reconciliation process episodes are extracted

if the flag for invasive was set to ’Yes’ (i.e. the indicator for bacteraemia or

meningitis was flagged or the Organism Patient Infection Episode (OPIE)

record had the specimen type classified as sterile - i.e. blood). Only reports

for England and Wales are included. Episodes of IPD are defined to be
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distinct when they are more than 30 days apart from each other. De-

duplication including the merging of non-distinct episodes is done.

MOLIS Hospitals and laboratories in England and Wales are asked to send their

IPD isolates to the HPA Respiratory and Systemic Infection Laboratory

(RSIL) for serotyping. This data is entered into a database called Modular

Open Laboratory Information System (MOLIS). During the last decade an

increasing amount of isolates were serotyped leading to approximately 4500-

5000 reports entered into MOLIS in recent years. The same de-duplication

proceedings as in LabBase are run for MOLIS as well.

Using the information on name (soundex), date of birth, hospital number, NHS

number and specimen ID algorithms the MOLIS data are matched against the

LabBase data to obtain a reconciled database.

2.6.2 Scotland

In 1999 an enhanced surveillance scheme to monitor invasive disease was intro-

duced: the Scottish Pneumococcal Invasive Disease Enhanced Reporting (SPI-

DER). Every diagnostic laboratory in Scotland sends its reports on pneumococcal

isolates to Health Protection Scotland (HPS) which collates the data jointly with

the Scottish Meningococcus and Pneumococcus Reference Laboratory (SMPRL).

The surveillance includes information on laboratory confirmation, serotype iden-

tification and antibiotic resistance profiling for blood and CSF isolates. Informa-

tion on serogroup is available for all years whereas information on serotype only

became available from 2003. Also since 2003 for all isolates the sequence type is

determined and stored in SPIDER.

2.7 The pneumococcus and influenza

While the prevalence of pneumococcal colonisation is found to be rather sta-

ble throughout the season invasive pneumococcal disease follows strong seasonal

trends with the main burden presenting during the winter months (see section

2.2). This implies that the transmission and circulation of the pneumococcus is

not affected but the potential to progress to invasive disease is increased dur-

ing winter. The reasons for this remain unknown. Possibly the immune system
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of the host is weakened during that time. The mean weekly temperature and

lack of ultraviolet radiation, and therefore reduced granulocyte and monocyte

function and production of vitamin D in the host, was identified from a set of

environmental variables (relative humidity, wind speed, atmospheric pressure and

precipitation) as being associated with invasive pneumoccocal disease during a

four year period in Philadelphia [34,104]. However, environmental factors, in par-

ticular absolute humidity, have been identified as relating to the seasonality of

respiratory viruses, in particular influenza [105–108]. Respiratory infections (note

that all present analysis is only done on reported incidence which introduces a

strong bias towards the more severe respiratory illness episodes) could challenge

the host’s immune system in a way that provides the pneumococcus (and proba-

bly other pathogens) an opportunistic chance to invade. These associations were

drawn in a number of studies [36, 109].

In the summer of 2009 pandemic A(H1N1) spread around the globe. First iden-

tified in Mexico, and estimated to pose a severe risk to public health [110], the

strain spread to the United Kingdom [111]. Although transmission of the pan-

demic A(H1N1) in the UK was aseasonal, in contrast to many other European

countries [108], and it was less severe than previously anticipated [112]. Similar

aseasonality was reported in the United States and presented a unique oppor-

tunity to further investigate the relationship between influenza and the invasive

pneumococcal disease [38]. The authors found strong spatial and temporal cor-

relations of hospitalisation rates in ILI and IPD. Also the gradual decline in

susceptibility by age which was observed for pandemic A(H1N1) was found to be

mirrored by the relative increase in IPD.

In 2000, the Department of Health change the recommendation for routine vac-

cination of seasonal influenza in the UK [113]. While vaccination was still rec-

ommend for all individuals at increased risk of serious illness from influenza and

for those in long stay residential accommodation, for the first time vaccination of

people aged 65 years and over was advised and reimbursed by the government.

Since then vaccination coverage rates have been relatively stable (see Baguelin et

al. [114]). However, varying success in matching of the vaccine to the circulating

strains might have influenced the effectiveness of the vaccine [115].

The Department of Health is currently reviewing routine vaccination against sea-

sonal influenza. Studying seasonal influenza between the seasons 1995/96 and

2008/09 the impact of present vaccination programs was studied and the poten-
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tial benefit of extension of this program was estimated through the use of dynamic

models [114]. Findings suggest that routine vaccination of children could substan-

tially reduce the burden of disease caused by influenza by reducing circulation in

the age group believed to be the main reservoir for transmission and thereby also

indirectly protecting other groups which are at high risk for severe disease. A

cost-effectiveness study including different influenza associated disease outcomes

confirms the public health benefit of this approach [116,117].

Overall public health efforts to reduce the circulation of influenza haven’t changed

since the year 2000 and are therefore unlikely to have introduced a substantial

effect on IPD incidence (and a bias in assessing the changes in the post vaccination

era). However, if set in place, routine vaccination of children could considerably

reduce circulation of influenza and therefore could complicate analyses of the

impact of the 13-valent pneumococcal conjugate vaccine. These ecologic inter-

dependencies need to be kept in mind.

Summary

S.pneumoniae is a major cause of worldwide morbidity and mortality amongst

all age bands. The pneumococcus is the most common cause of preventable

child-deaths which result from a variety of different diseases including meningitis

and pneumonia. It is a highly diverse pathogen and the specific characteristics

of its more than 90 types are mainly determined by their difference in capsule

expression. Vaccines targeting a limited number of these capsules have been de-

veloped, licensed and introduced to an increasing number of countries. While

the plain polysaccharide vaccine protects mainly elderly individuals from disease,

with it’s true efficacy being unclear, the vaccines conjugated to a carrier protein

have proven immunogetic (using an IgG level of 0.35 µg/ml as a threshold) in

children, and efficacious in preventing colonisation, and therefore introducing the

additional benefit of herd immunity. However, the true mechanism providing vac-

cine induced or naturally acquired immunity against pneumococcal colonisation

remains unclear. From epidemiological studies there is evidence that following

acquisition of pneumococcal carriage the host gains short-term protection against

further acquisition from both homologous and heterologous types. This is an im-

portant feature for the ecology of the pneumococcus and has an impact on its

epidemiology when following vaccination (see chapter 3). The work in chapter 6
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will study the possible impact of immunity on the complex ecology and its impli-

cations. Detection of the pneumococcus in carriage and disease and the process

of determining the corresponding serotypes has only recently been standardised.

The currently used technique for serotyping is likely to considerably underesti-

mate the number of types to be found from isolates. This provides a basis for the

following analysis of the impact of the introduction of PCV7 into the national

immunisation schedule in the United Kingdom (see chapter 3). The caveats intro-

duced by the reporting systems and detection techniques will be discussed there.

The inter-dependencies of influenza and IPD, while apparent, are unlikely to im-

pact on the changes in pneumococcal incidence since 2000 but could introduce

additional complexity if an extended vaccination schedule is implemented.
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3 The impact of conjugate

vaccination in Britain and

elsewhere

Outline

In the previous chapter background information on Streptococcus pneumoniae

was provided including an overview of the British surveillance systems in place

and the methods for detection of IPD and pneumococcal carriage. The pneumo-

coccus frequently colonises the nasopharynx, especially of children, and in some

cases can progress to severe disease; mainly in children and the elderly. It is

a very diverse pathogen with over 90 different serotypes distinguished by their

polysaccharide capsule. A plain polysaccharide vaccine and conjugate vaccines

with different valency do offer protection against some of the serotypes. While

the polysaccharide vaccine is immunogenic only in adults, the conjugate vaccines

stimulate the immune response in children as well, and do not only hinder disease

progression but also prevent acquisition of infection with the serotypes included in

the vaccine formulation. Through reduction in transmission of the vaccine types,

indirect effects (changes in the epidemiology amongst those individuals not di-

rectly protected through vaccination) can be expected, including herd immunity

effects, which is the protection of unvaccinated individuals through reduction in

transmission, as an ideal result.

This chapter analyses the epidemiology of the pneumococcus in Britain and sets

it in a global perspective. The first country to introduce PCV7 into the routine

childhood immunisation scheme was the United States of America in October

2000 [1]. The program led to a substantial reduction of carriage prevalence of

57



the vaccine serotypes in the vaccinated age groups [2] and therefore to almost

complete eradication of vaccine-type associated invasive disease [3]. Due to the

herd immunity effect similar patterns were observed for age groups not eligible

for vaccination. Little increase in non vaccine type (NVT) IPD (serotype replace-

ment) was found following vaccination. Since the beneficial impact of introducing

PCV7 was already observed shortly after introduction [1] many other countries

subsequently introduced PCV7 to their childhood immunisation scheme; amongst

them the United Kingdom where PCV7 was introduced in September 2006 in a

2+1 schedule (at 2,4 and 13 months). An additional one dose catch up program

for children up to two years of age was set up to rapidly increase vaccine coverage.

The effect of this vaccination campaign in Britain and the potential impact of

higher valency vaccines, as well as a comparison of Britain with other countries’

experiences are topics covered in this chapter.

Trends in invasive pneumococcal disease prior to the introduction of PCV7 into

the national immunisation schemes of England & Wales and Scotland have been

reported [4,5]. To appropriately study the post vaccination epidemiology section

3.1.1 investigates whether a general increase in reporting could have induced the

increase in the number of pneumococcal disease isolates prior to vaccination by

comparing to control pathogens in England & Wales which similarly depend on

blood culturing practice and have not been subject to any public health inter-

ventions. Assuming that the resulting conclusions can be transferred to potential

changes in the Scottish IPD surveillance, the impact of PCV7 on invasive dis-

ease in Scotland is analysed in section 3.1.2 ,and a similar analysis for England

& Wales is summarised. As outlined in section 2.2, nasopharyngeal colonisation

precedes disease and only results in IPD occasionally. To detect the underly-

ing changes in pneumococcal carriage, data collected amongst children and their

family members in Hertfordshire is analysed in section 3.1.3. Conclusions about

the likely impact of higher valency vaccines (PCV10 and PCV13) are drawn from

this analysis. Finally the impact of PCV7 is set in a global context by reviewing

the changes in epidemiology which resulted after it was introduced in different

countries.

3.1 Pneumococcus in the UK
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3.1.1 Pre vaccine trends

This research has been published [6].

Introduction To assess the impact of vaccination on the number of reported

cases of IPD a method in widespread use is to compare post vaccination inci-

dence directly with the pre vaccination levels (see section 1.1 and e.g. [3,7]). This

implicitly assumes that disease incidence, in the absence of vaccination, had not

changed, and that a similar level of ascertainment is maintained. Furthermore,

is it assumed that there were no secular trends in individual serotypes (compare

section 1.1: estimation of vaccine impact). A recent meeting hosted by the WHO,

which reviewed the post-PCV7 data in different countries, identified changes in

the sensitivity of the surveillance systems due to alterations in clinical aware-

ness, reporting techniques and blood culturing practice as potential important

confounders when making such comparisons over time and between countries [8].

The benefit of looking at invasive disease as an endpoint is that given its severity

it is reasonable to assume that care seeking behaviour due to invasive pneumo-

coccal disease is constant and at a high level. However identification rates and

reporting might have increased due to increased awareness and advancing tech-

nology. Therefore rich pre vaccination data provides a useful source to determine

trends which may bias estimates of the interventions impact.

Given the severity of IPD and the continuing universal access to the National

Health Service (NHS) it is reasonable to assume that care seeking behaviour of

IPD patients in England and Wales has remained constant in recent years. How-

ever, this might not be the case for laboratory investigation or reporting behaviour

which may have been subject to changes in practice over time. Reporting rates

for IPD in hospitalised cases have been shown to vary with blood culturing rates

which may have changed as clinical practice has evolved [9], while recent technical

developments may have improved reporting of laboratory-confirmed cases [10].

To appropriately interpret changes in the incidence of IPD after introduction of

PCV7 in England and Wales and to infer likely similar implications for Scotland

the potential role of changing reporting sensitivity is assessed by evaluating the

following hypothesis.
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Hypothesis If there was a trend of increasing numbers of notifications of invasive

pneumococcus disease prior to the vaccine introduction date (VID), an analogous

trend should be found in notifications of control pathogens which depend similarly

on blood culturing practice and reporting and which have not been subject to any

interventions. Furthermore, if this was true, by studying the course of incidence

in the control pathogens in the years after VID one could infer the likely role of

reporting biases to the changes in epidemiology of IPD in the same period.

Methods The control pathogens selected for comparison with IPD to test this

hypothesis were those of the most commonly reported bacteraemias that fulfil

the following criteria: (i) they have to be endemic in England & Wales and

are not solely outbreak related, (ii) they should be mainly diagnosed through

blood culture, (iii) they should not have been subject to vaccination or any other

public health intervention during the period of comparison, (iv) and they should

provide statistically robust numbers in each of the considered age bands. The

pathogens identified using these criteria were Escherichia coli and non-pyogenic

streptococci (Streptococcus acidominimus, S. bovis, S. gordonii, S. intermedius,

S. mitis, S. mutans, S. oralis, S. parasanguinis, S. salivarius, and not further

typable: alpha-haemolytic Streptococcus sp., non-haemolytic Streptococcus sp.,

S. anginosus group, S. milleri group, S. mitis group, S. sanguinis group).

Data on disease episodes of these pathogens reported between July 2000 and

June 2010 (until June 2007 for S. pneumoniae - and respectively stratified in

epidemiological years) and identified by blood culture were obtained from the

national routine laboratory surveillance system of England and Wales (LabBase

- see section 2.6.1). To account only for whole disease episodes additional isolates

with similar OPIE (see section 2.6.1) identifier were excluded from the analysis

when reported less than 14 days apart. As part of the enhanced surveillance

episodes of IPD were checked for duplicates using personal identifiers. The periods

pre and post VID where approximated by the epidemiological years until 2006/07

and from 2007/08. Hence, the post VID period includes two month where PCV7

hasn’t yet been introduced.

The data in all age groups for all pathogens was over dispersed relative to a

Poisson distribution (dispersion parameter > 2.5) hence for each of the pathogens

a negative binomial regression model was fitted to the observed number of cases

(λt) per 100,000 population (modelled by a population offset nt). The model

includes a linear trend and a five level factor (γj) to indicate the pre VID years
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(i = 1) and the post VID years: 2006/07, 2007/08, 2008/09, 2009/10 (i = 2 . . . 5).

ln

(
λt
nt

)
= α + βt+

5∑
j=2

γjI(t = tj)

Here t ∈ T = {t1, . . . , t5} is indicating the pre and post VID years as defined above

and I(·) is the indicator function which is 0 if the expression in the brackets is false

and 1 otherwise. The (anti-logged) slope β of this model indicates the pre VID

trend; i.e. the annual percentage change in the rate eβ > 1 indicates a positive

trend and a slope eβ < 1 a negative trend. Each of the post vaccination factors

indicates the age adjusted deviation (relative risk) of the post VID data from the

extrapolated pre 2005/06 trend (compare impact of vaccination in section 1.1).

To test for differences in slopes over pathogens a corresponding model for the

pre-vaccination era was employed:

ln

(
λ∗t
nt

)
= α + βt+

3∑
j=2

ψjI(P = Pj) +
3∑
j=2

φjt : I(P = Pj).

Here λ∗t holds the observed number of cases for Escherichia coli, IPD and non

pyogenic streptococci, and P ∈ {P1, P2, P3} represents the different pathogens.

The ψj estimate the differences in prevalence between the three pathogens and

the φj are included to determine the significance of the interaction between time

and pathogen (i.e. to test for difference in the increase in incidence over time

prior to pneumococcal conjugate vaccination between the pathogens).

For this analysis individuals were stratified into three age groups (<5, 5-64, 65+).

Information on age was missing in 1623/176660 (1%) of all Escherichia coli, in

452/34830 (1%) of all non pyogenic streptococci and 441/43646 (1%) of all IPD

cases. Due to the small numbers this was not modelled as an offset, but the

number of cases in each age group was inflated proportionally to the pathogen

specific age distribution in each year:

λt,a = λ1
t,a + λ2

t ∗
λ1
t,a∑
a λ

1
t,a

Here a represents the age group and λ1
t , λ

2
t the number of cases at time t which

have or have not age information, respectively.

All analysis was performed in R Version 2.11.
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Figure 3.1: Age distribution of the three pathogens over all ages between 2000/01 and
2005/06, inclusive.
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Figure 3.2: Pre 2005/06 trends in invasive pneumococcal disease and control infections
stratified by age group. The incidence is presented standardised to the
pathogen specific pre 2005/06 average number of cases for comparability.

Results In total more then 150,000 disease episodes were considered in the pre

VID era. Those were differently distributed amongst the age bands (see figure

3.1). While IPD and non-pyogenic streptococci showed similar patterns, most

of the Escherichia coli episodes were reported in the elderly population. In the

population under five years of age 27% of disease episodes were due to Escherichia

coli, 49% to IPD and 25% to non-pyogenic streptococci. In the 5 to 64 year-olds

the respective distribution was 50%, 34% and 16%, and for those 65 years and

older it was 70%, 21% and 9%.

In the age bands under 5 years and between 5 and 64 years IPD incidence showed

a positive trend. This trend was most pronounced in the 5 to 64 age group with

an estimated yearly increase of about 11% (p<0.001). In the under five year olds

reports of IPD incidence increased 3% (p= 0.031) per year. In over 65 year old

no significant trend (p=0.91) was detected (see table 3.2).

For Escherichia coli and non pyogenic streptococci significantly positive trends

were estimated for all age bands (all p<0.001). In the 5 to 64 year olds pre VID
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Figure 3.3: Pre- and post-VID trends in control infectiouns stratified by pathogen and
age group. The solid line represents the respective pre-vaccination model
fit and the grey shaded era the prediction interval which is bounded by the
extrapolated pre vaccination trend and the predicted incidence in 2005/06
(upper and lower dotted lines respectively).
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Table 3.2: Estimates for the relative rates of the pre vaccination trend models
IPD Escherichia coli Non pyo Strep

<5 1.030 [1.002,1.058] 1.091 [1.052,1.132] 1.093[1.051,1.138]
5-64 1.106 [1.075,1.138] 1.095 [1.075,1.114] 1.097 [1.061,1.134]
65+ 0.999 [0.972,1.027] 1.074 [1.055,1.193] 1.087 [1.063,1.111]

trends in IPD were not significantly different from these in Escherichia coli and

non pyogenic Streptococcus. Significant differences between pre VID trends in

IPD compared to both Escherichia coli and non pyogenic Streptococcus were

found in the population under five years of age (p<0.05) and 65 years and older

(p<0.001). However differences in the point estimates in the children were smaller

than in the elderly (see table 3.2).

In the youngest age group the reported incidence of non-pyogenic streptococci

closely followed the prediction extrapolated from the trend before the season

2006/07 (figure 3.3). However, the prediction for Escherichia coli significantly

overestimated the actual incidence (see table 3.3 although the reported incidences

were still higher then before the date of PCV7 introduction. In the 5 to 64

year olds the pre-PCV7 trend of non-pyogenic streptococci diminished in the

seasons after introduction of PCV7 and the incidence remained at the level of

the incidence observed in the season 2005/06. Again Escherichia coli differed:

the observed incidences were in between the predictions that assumed the pre-

PCV7 trend to continue and those assuming no trend after introduction of PCV7.

In the oldest age group the reports for both Escherichia coli and non-pyogenic

streptococci were in between these two prediction scenarios.

Discussion The findings suggest that the pre VID trends in the age group 5

to 64 years in invasive pneumococcal disease are similar to those observed in

Escherichia coli and non pyogenic Streptococcus and that these trends continued

in part. While the extrapolated trends were not entirely consistent with the

incidence observed in the control pathogens after introduction of PCV7 this may

nevertheless provide a likely indication of the expected incidence of bacteraemia

reports post-PCV7 compared to those assuming the trend to discontinue after

2005/06.

The reason why there is no positive pre vaccination trend in the 65+ population

in IPD but there is a trend in the other pathogens is unknown. One reason

could be different reporting of these pathogens in elderly. Another possibility

65



Table 3.3: Percentage difference between the incidence of control infections and their
incidence predicted by continuing the pre-vaccination trend (Model A) and
discontinuing it (Model B)

Escherichia coli non pyogenic Strep
Model A Model B Model A Model B

<5 06/07 -15.5% [-27.2,-2.0] -8.1% -16.7% [-27.2,-2.0] -9.2%
07/08 -13.8% [-26.8,1.6] 5.1% -5.2% [-19.6,11.8] 15.9%
08/09 -19.5% [-33,-3.2] 8.7% -8.3% [-23.9,10.4] 24.3%
09/10 -25.5% [-39.4,-8.4] 9.5% -17.3% [-32.9,2.0] 22.3%

5-64 06/07 -7.4% [-14.1,-0.2] 4.4% -10.9% [-22.5to 2.6] 0.7%
07/08 -5.9% [-13.4,2.4] 15.9% -15.8% [-28.0,-1.5] 4.0%
08/09 -12.3% [-20.1,-3.6] 18.0% -23.1% [-35.6,-8.3] 3.9%
09/10 -16.1% [-24.4,-6.8] 23.3% -31.9% [-44.1,-17.1] -0.8%

65+ 06/07 -8.6% [-15.4,-1.3] 2.3% -11.1% [-18.7,-2.8] 0.7%
07/08 -8.3% [-15.9,0.0] 10.8% -7.5% [-16.2,2.1] 14.3%
08/09 -12.2% [-20.3,-3.3] 15.0% -18.0% [-26.7,-8.3] 11.0%
09/10 -11.9% [-20.9,-1.9] 25.2% -25.0% [-33.8,-15.0] 11.5%

could be the effect of the pneumococcal polysaccharide vaccine (PPV) which was

introduced to the population aged 65 years and more subsequently from August

2003.

The employed data sources introduced some limitations to the analysis. While for

Escherichia coli and non-pyogenic streptococci data from the national laboratory-

based surveillance were employed, the data on S. pneumoniae was further en-

hanced and checked for duplicates. This was necessary due to inconsistencies

specific to IPD in the national laboratory-based surveillance dataset in the years

2002 and 2003 when duplicates had been included in error. Such duplicates were

removed from the enhanced IPD dataset (which contains an extra 10−20% of

cases identified solely from referral of isolates for serotyping). This might intro-

duce an ascertainment bias when comparing these notification data from slightly

different sources. A further limitation which may have affected the data was the

migration in mid-2001 of the national surveillance database to a new platform

which could have caused inconsistencies for all pathogens if data deduplication

was compromised. Non-pyogenic streptococci are sometimes associated with con-

tamination. This could artificially increase the reported incidence of bacteraemias

caused by non-pyogenic streptococci. However, this is unlikely to alter the trend

estimates for increasing ascertainment since this would be equally reflected by

the contaminated samples.

Secular trends in S. pneumoniae in the absence of vaccination were reported

[11,12]. These trends are poorly understood, cannot be predicted and, if occurring
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during the period under investigation, are likely to affect the estimates of the

vaccine impact; i.e. the extrapolation of the overall trends in the pre VID period

assumes not only a continuing trend in ascertainment but continuing secular

trends as well. Although this assumption is likely only to be true in the short

term we show that in the younger age groups the other pathogens had similar

positive pre VID trends which suggest that trends caused by common source were

more pronounced in that period than any secular trends since these trends are

unlikely to be similar for the different pathogens.

The positive trends pre VID of pneumococcus and the other pathogens in the

age groups <5 and 5-64 could reveal a common source causing this trend, which

is likely to be a matter of increased ascertainment rather than a parallel change

in disease prevalence. This could be due to numerous reasons including increas-

ing blood culturing practice and an increasing number of laboratories choosing

to report these non-notifiable diseases to the national database [13]. Additional

factors might have contributed to the observed trends, such as increasing au-

tomation of detection techniques or improved survival of people with underlying

conditions, which could have increased the numbers of vulnerable people in the

population.

To assess the probable development of reported cases of IPD in the absence of

vaccination two predictions, continuing pre-PCV7 trend (Model A) and no trend

(Model B) were compared to the actual reports for Escherichia coli and non-

pyogenic streptococci. Although no clear evidence was found that one of the

prediction models was superior, the reported number of cases was in between

both predictions in all age groups. While Model A might provide the better

prediction for the under five year-olds, Model B seemed to provide more reliable

estimates in the age group between five and 64 years.

These findings have important implication for analysing the effect of the intro-

duction of PCV7 to the childhood immunisation scheme: By ignoring the pre

vaccination era trend one would underestimate the reduction in IPD and over-

estimate serotype replacement. However, accounting for these trends one risks

overestimating the effect of PCV7 and underestimating the impact of serotype

replacement. This analysis helps to estimate the uncertainty introduced by chang-

ing ascertainment when analysing the effects of PCV in England and Wales. Sim-

ilar analyses from other countries would be helpful to improve the comparability

of the vaccine effects. In the absence of such data the following analysis of IPD in
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Scotland assumes similar implications arising from the pre vaccination increase

in IPD incidence.

3.1.2 Scotland

This research is in preparation for submission as part of a general assessment of

pneumococcal conjugate vaccination in the UK.

Introduction In September 2006 the 7-valent pneumococcal conjugate vaccine

was introduced into the Scottish Routine Childhood Immunisation Programme

as a 2+1 schedule for infants and a single dose catch-up campaign for children

up to two years of age. Overall 100,226 children in Scotland were involved in the

catch up programme. By the December 31st in 2007 86.1% of all children had

completed the PCV7 vaccination appropriately for their age [14]. All cases of

IPD in Scotland have been routinely monitored by Health Protection Scotland

(see section 2.6.2). Data on specimens tested positive for pneumococcus by blood

culture or from cerebrospinal fluid from week 27 in 2000 to Week 26 in 2010 were

analysed for post-vaccination changes in vaccine type (VT) and non VT (NVT)

disease, as well as in specific serotypes.

This section evaluates the impact of introducing PCV7 to the national childhood

immunisation scheme in Scotland. It addresses potential caveats which might

mask the true impact. Secular trends of some serotypes, including serotypes 1

and 5, have been reported previously [12]. The proportion of serotype 1 among

all IPD in Scotland was found to have significantly increased in the pre-PCV

era [5,15]. Hence, including serotype 1 in the analysis might lead to biases in the

evaluation. Hence, the results will be presented both with and without inclusion

of serotype 1. A possible role for increased reporting of IPD incidence in England

and Wales was found (section 3.1.1) which might introduce a bias in the post

vaccination epidemiology in Scotland in a similar fashion. Thus two approaches,

one adjusting for pre vaccination trends and one not, were applied.

Methods Data from the Scottish national surveillance from 2000/01 to 2009/10

on invasive pneumococcal disease isolates obtained from blood or cerebrospinal

fluid were extracted. 27 (0.4%) cases were omitted from the analysis due to

missing information on their age. For 637 cases (10.1%) no information on the
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Figure 3.4: IPD incidence in VT and NVT disease in children less than 5 years of
age, 5 to 64 year olds and over 64 year olds (top to bottom) including
Serotype 1 (left column) and not including Serotype 1 (right column). The
crosses represent the data on invasive pneumococcal disease, the solid lines
represent the fitted model and the dashed lines show the extrapolated pre
vaccination trend.
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serotype was available. The numbers for the analysis where therefore inflated

proportionally according to the year- and age-specific serotype distribution ob-

served (as done in section 3.1.1). Further, pre 2003 for most of the isolates only

information on serogroup was available. Therefore, for those isolates with only

information on the serogroup the serotype distribution within a serogroup was

assumed to be similar to the one observed in the respective age group between

2003 and the introduction of the vaccine and were distributed accordingly. The

impact of the vaccination program was estimated in two different ways: (method

1) by comparing the average incidence in the year 2004/05 and 2005/06 to the

incidence in 2009/10, parametric bootstrap techniques were applied to estimate

95% confidence intervals and (method 2) by predicting the post-vaccination in-

cidence in the absence of vaccination allowing for a trend in the pre-vaccination

years. For the latter a Poisson regression model was fitted to the observed num-

ber of cases (λt) a similar to that employed in section 3.1.1: an intercept α, a

linear trend (β), a population offset (nt) and a five level factor (γj) to repre-

sent the pre-vaccination period and the post-vaccination years 2006/07, 2007/08,

2008/09, 2009/10.

ln

(
λt
nt

)
= α + βt+

5∑
j=2

γjI(t = tj)

A Poisson model was chosen because the data was not found to be highly over

dispersed. The dispersion parameter was estimated to be 2.6 at most (for NVT

in younger age groups) and was smaller when excluding serotype 1 from the

analysis. The analysis was stratified into three age groups: under 5 years of age,

5-64 years old and over 64 years old. Serotype specific analysis using the same

model was done only for serotypes accounting for at least 1% of IPD incidence:

1, 3, 4, 6A, 6B, 7F, 8, 9N, 9V, 11A, 12F, 14, 18C, 19A, 19F, 20, 22F, 23F, 33F.

This analysis was corrected for multiple testing by the Bonferroni correction [16]

(n=7 for PCV7 types and n=12 for non-PCV7 types) and not stratified by age

groups due to small numbers.

To test whether the pre-vaccination slopes of VT (i = 1) and NVT (i = 2) were

similar a model including and interaction term similar to the one in chapter 3.1.1

was employed:

ln

(
λt
nt

)
= α + βt+ ψ2I(P = P2) + φ2t : I(P = P2)
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where Pj ∈ {V T,NV T}.
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Figure 3.5: Changes in non-vaccine serotype IPD incidence distribution for all age
groups in the epidemiological years 2004/05 to 2009/10

Results 7219 episodes of invasive pneumococcal disease were included in the

analysis. The overall IPD incidence increased steadily until 2005/06 and gradually

decreased thereafter.

After the introduction of PCV7, by 2009/10, the incidence of IPD caused by

serotypes included in the vaccine had declined by 97.0% with method 1 and 97.4%

with method 2 in children less than 5 years of age (table 3.4). In the age groups 5
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Figure 3.6: Changes in non-vaccine serotype IPD incidence distribution excluding
serotype 1 for all age groups in the epidemiological years 2004/05 to 2009/10
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to 64 years and over 64 years a significant reduction of vaccine type IPD of 80.0%

and 85.2% with method 1 and 86.3% and 80.4% with methods 2,respectively, was

observed. In the age groups <5 years and 5-64 years there was no significant

increase in NVT notifications in 2008/09 compared to the predicted incidence by

either method. Only in individuals aged 65 years and older a significant increase

in NVT disease, 50.8% (method 1) and 46.5% (method 2), was observed. This

led to no significant change in all-type incidence in this age group.

When excluding serotype 1 from the analysis serotype replacement became more

apparent. Serotype one disease has been mostly affecting the age group 5-64

years. While in the over 64 year old population there was little change compared

to the analysis including serotype 1, a 45% increase in NVT amongst the 5-64 year

olds was estimated using method 1 although not significant in the under 5 year

olds (see table 3.5), where there was a 48% increase. However, when accounting

for pre- vaccination trends (method 2), no evidence for serotype replacement was

detected.

The contribution of individual serotypes to the change in overall incidence can

be seen in figures 3.5 and 3.6. The incidence of all serotypes included in the

formulation of PCV7 decreased significantly post vaccination with most reduc-

tions being well over 70% independently of the method employed (see table 3.6

and figure 3.7). Serotypes 7F, 19A and 22F show a substantial increase following

vaccination, however only the increase in the types 7F and 22F was significant

when adjusting for pre vaccination trends. NVT 1 and 20 incidence substantially

decreased after vaccine implementation but only the decrease in ST 1 was found

significant.

The slopes of the models for VT against both the slopes for NVT including ST1

and excluding ST1 were compared. No statistical significant difference was found

between NVT and VT slopes prior 2005/06 in each age group irrespective of the

inclusion of serotype 1. In all age groups slopes in NVT disease were estimated to

be greater then in VT disease, however excluding ST1 from the analysis caused

the point estimates of VT and NVT slopes to become less distinct (see figure

3.8). This effect was most pronounced in the age group 5-64 years where most of

the ST1 IPD was observed.

Discussion This analysis provides evidence that the introduction of PCV7 is

associated with a substantial reduction in vaccine type IPD incidence in the
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Figure 3.7: Changes in serotype-specific overall IPD incidence. The solid line indicates
the model and the dashed line indicates the predicted incidence in the ab-
sence of vaccination (model 2). The serotypes included in PCV7 are marked
in red and additional serotypes included in PCV13 are marked in green
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Table 3.6: Changes in incidence of the different serotypes

Change 2 years pre Change 2009/10
Serotype PCV7 to 2009/10 predicted to observed

(method 1) (method 2)
PCV7 types

4 -67.9% [-82.5, -49.1] -79.3% [-89.0, -60.5]
6B -84.9% [-96.9 , -68.7] -80.5% [-93.8 , -49.0]
9V -91.2% [-98.1 , -80.6] -91.7% [-97.6 , -78.0]
14 -96.3% [-99.1 , -92.0] -95.9% [-98.8 , -90.0]

18C -82.9% [-96.4 , -60.8] -85.5% [-96.1 , -57.0]
19F -71.5% [-88.8 , -47.5] -72.7% [-89.1 , -36.0]
23F -87.7% [-97.5 , -74.8] -85.0% [-95.1 , -62.0]

+PCV13 types
1 -57.7% [-70.7, -42.6] -92.3% [-95.4, -87.3]
3 10.8% [-23.4, 55.9] -3.84% [-46.0, 73.4]

6A -31.8% [-65.0, 16.6] -25.5 [-69.9, 76.0]
7F 189.2% [108.8 , 310.1] 166.31% [41.1 , 412.0]

19A 198.4% [108.3 , 342.7] 139.9% [17.1 , 402.0]
other types

8 -16.6% [-47.3 , 25.2] -29.1% [-61.5 , 30.0]
9N -20% [-64.9 , 57.0] -25.5% [-72.5 , 98.8]

11A 14.4% [-45.1 , 120.6] -0.1% [-65.5 , 194.0]
12F 11.6% [-34.6 , 80.5] -42.7% [-74.0 , 26.0]

20 -72.0% [-94.4 , -34.6] -70.3% [-92.8 , 3.0]
22F 248.1% [126.9 , 463.0] 258.4% [70.2 , 675.0]
33F 59.6% [-28.6 , 243.7] 42.9% [-55.3 , 372.1]
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Figure 3.8: Estimated pre vaccination model slopes with confidence intervals for the
VT and NTV models including and excluding ST1.

targeted age group. These effects were also experienced in older, unvaccinated

population groups presumably due to induced changes in pneumococcal carriage

and their consequent transmission (herd immunity). Contradicting many other

studies clear evidence for serotype replacement was only found in the elderly

population.

Increasing incidence in pathogens similarly depending on blood culturing as the

pneumococcus were found in England and Wales amongst the under 65 year old

population which might have continued after the introduction of PCV7 (see sec-

tion 3.1.1). Similar trends have been observed in Scotland prior to introduction

of PCV7 and, if continued, could have influenced the post vaccination analysis.

Therefore, not only pre/post vaccination incidence comparison was used to assess

the impact of vaccination but also a second method assuming the pre vaccination

trend to continue was employed for comparison. In the absence of further infor-

mation neither of the two models can be favoured and the different approaches

rather represent additional uncertainty introduced by pre vaccination trends in

the data. While with both models there were only small discrepancies found in

the impact of vaccination on reducing VT disease, estimated NVT replacements
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effects were distinct. Counter-intuitively with method 2 NVT IPD was found

to have decreased post vaccination in both younger age groups. However this

was found to be less pronounced when ST1 was excluded from the analysis due

to its secular trends. This is, because ST1 is highly prevalent especially in the

5 to 64 year olds and decreased in prevalence after introduction of PCV7 while

increasing beforehand. However, even when excluding ST1 no clear evidence for

serotype replacement was found in NVT IPD post vaccination in the under 5 year

olds (method 1: 50.4% [-6.6, 142.3] and method 2: -12.1% [-79.5, 296.8]) However,

evidence for replacement was found in the older age groups, particularly in the in-

dividuals over 65 years of age. This is noteworthy because the replacement effects

observed in the elderly population are believed to be the result of replacement

occurring in the directly protected children. The apparent lack of replacement of

IPD in children and adults and the strong replacement in the elderly population

could be the result of age-specific differences in the invasiveness of the replacing

serotypes in pneumococcal carriage. Unfortunately no pneumococcal colonisation

data exists for Scotland.

Correcting for underlying trends is assuming a continuing trend of what likely is

increasing ascertainment. If the pre vaccination increase in IPD is due to such,

stratifying by VT and NVT should reveal similar trends. No significant difference

in age-stratified pre-vaccination slopes between VT and NVT was found which

suggests that these trends might have a similar source for both groups. However,

when analysing type-specific changes in pneumococcal incidence an alternative

approach would have been to adjust for the increase found in overall incidence

rather then for the type-specific increase in order to limit the stochastic effects

resulting from the low sample sizes.

No analysis on pre 2005/06 trends in pneumococcal-like bacteraemias for Scotland

exists but data from England and Wales analysed in chapter 3.1.1 suggested that

pre vaccination ascertainment trends in regions with a similar healthcare system

to the Scottish continued in between both scenarios. The analysis was done on

blood cultures only whereas this analysis consists of isolates from both blood and

CSF but isolates from CSF only accounted for about 2% of all isolates included.

In the population aged 65 years and older no corresponding trends were found

in the control pathogens. However, in this age group there was only little pre

vaccination trends in Scottish IPD notifications and extrapolating them did not

change the interpretation.
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In conclusion the findings provide consistent evidence that PCV7 substantially

reduced the incidence of invasive pneumococcal disease associated with the tar-

geted serotypes both directly in vaccinated individuals and indirectly through

herd immunity. Further, in the 65+ population, the emergence of NVT disease

almost compensated the benefits of herd immunity. In the younger age groups

no significant emergence of NVTs could be detected. The sustained decrease of

serotype 1 in these age groups post vaccination outbalanced the increase of the

other non-vaccine serotypes, with its main drivers 7F, 19A and 22F. This reveals

a general caveat in interpreting data on vaccine effects in pneumococcal disease:

long-term trends in specific serotypes have been observed in the last decades [11]

with the underlying driving factors being unknown.

3.1.3 England and Wales

Invasive disease

The population impact of the introduction of PCV7 to the childhood immu-

nisation scheme on the incidence of IPD in England and Wales was recently

reported [17]. Similar methods to the ones presented in section 3.1.2 were em-

ployed and trend adjusted as well as trend unadjusted estimates of the changes

from pre- to post-vaccination incidence were reported on the grounds of the find-

ings in section 3.1.1. This section will briefly summarise the main findings.

National surveillance data on invasive pneumococcal disease from July 2000 to

June 2010 in England & Wales (see section 2.6) were used to calculate incidence

risk ratios to calculate the impact of vaccination (see section 1.1.1). In 2009/10

following the introduction of PCV7 vaccine-type IPD was reduced by more than

90% in the under 2 year olds, over 85% in the 2-4 year olds and more than 50% in

all other age groups when not accounting for underlying trends (which represents

the more pessimistic scenario). Evidence for serotype replacement was found in

both the very young and the older age groups; however, accounting for underlying

trends (lower estimate for NVT replacement) changes in non-vaccine-type IPD

were found not significant in the 5-64 year old population. The overall reduction

of IPD amongst all age groups was 34% (22% when not accounting for trends).

Significant reductions of all serotypes included in the vaccine formulation reported

in all age groups. The major replacing serotypes were 7F, 19A and 22F (as
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found in the analysis for Scotland in the previous section). The authors also

detected a pronounced long term trend of serotype 1 (upwards in 2000 - 2005 and

downwards in 2006-2010) which is most likely not attributable to vaccination

and could have masked parts of the serotype replacement in the 5-65 year old

population; in meningitis where prevalence of ST1 is typically low the authors

detected significantly increasing level of NVT disease in the 5-64 year olds.

Overall the findings are similar to those from Scotland presented in section 3.1.2.

The main replacing serotypes are the same in both settings and the effect of

PCV7 in reducing VT disease in both vaccinated and unvaccinated individuals

was substantial. However, the apparent absence of serotype replacement amongst

Scottish children remains unparalleled and the reasons for it unknown.

Carriage

This research has been published [18].

Introduction The majority of carriage episodes of the pneumococcus do not

result in either local or systemic disease. It is believed that the propensity to

cause disease in healthy individuals, termed invasiveness, is largely determined

by the characteristics of the pneumococcus polysaccharide capsule although the

explicit underlying mechanisms are yet to be identified [19,20].

Since PCV7 is protective against invasive pneumococcal disease (IPD) [21] and

carriage [22,23], the assumption of protection of unvaccinated individuals against

vaccine type (VT) IPD through herd immunity played a major role in evaluating

the likely impact and cost-effectiveness of vaccination [24]. Prevention of VT

carriage, however, creates a potential ecological niche in the nasopharynx for

previously less prevalent serotypes to emerge (replacement). The extent to which

the benefits of herd immunity will be offset by serotype replacement is hard to

predict [25] and may vary by country depending on local factors such as differences

in serotype distribution before vaccination and the population demography. Most

surveillance systems focus on IPD and have shown large reductions in the numbers

of VT cases in the targeted age groups, irrespective of vaccine schedule (see

[3, 7, 26] and section 3.1.2). However differences were observed in the degree

of induced herd immunity as well as in the level of non vaccine-type (NVT)

replacement, the reasons for which remain unclear.
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Monitoring disease outcomes provides little insight into the underlying mecha-

nisms that determine herd immunity and serotype replacement. For a better

insight on pneumococcal transmission dynamics, carriage data are essential. Car-

riage studies in children from Massachusetts and Norway suggest full replacement

of pneumococcus in carriage after PCV7 introduction though neither study as-

sessed the indirect effect on carriage of VT and NVT organisms in older unvacci-

nated age groups, nor related the changes in serotype-specific carriage prevalence

to changes in IPD in the same population [2,27]. Improving the understanding of

this relationship, largely determined by the invasiveness potential of the replac-

ing NVT organisms, is essential to understanding the effect of PCV7 in different

epidemiological settings.

Information on carriage in England prior to PCV7 introduction is available from

a longitudinal study conducted in 2001/02 in index children and their household

members [28]. Over a 10 month period pre-school children and their families were

recruited by study nurses in Hertfordshire, UK, between October 2001 and July

2002. 121 families constituting 489 individuals (including 138 index children) were

tested on a monthly basis for nasopharyngeal colonisation. Here the results of a

cross-sectional carriage study conducted in a demographically similar population

in 2008/09 are reported. The post-PCV7 findings from this chapter are compared

with the pre-PCV7 baseline both for carriage and IPD to help understand the

serotype-specific effects of PCV7 on carriage and thereby on IPD and predict

the potential impact of higher valency conjugate vaccines on herd immunity and

replacement disease.

Methods Study population: Children born since 4th September 2004 and thus

eligible for routine or catch-up PCV were recruited along with family members

from general practices in Hertfordshire and Gloucestershire. Exclusion crite-

ria for the recruitment of index children were: moderate to severe disability,

cerebral palsy, neurological disorders affecting swallowing, ear, nose and throat

disorders affecting the anatomy of the ear, or immunosuppression. Local and

national ethics committees approved the study protocol which was registered un-

der NCT01040143. Written informed consent was obtained from adult study

participants and from a parent/guardian of study children prior to enrolment.

Information was collected on participants age, gender, household size, number of

smokers in household, recent antibiotic treatment, hours in day-care and PCV7

vaccination history.
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To compare to pre-vaccination carriage in England results from a longitudinal

study carried out in 2001/02 in families attending the same general practices in

Hertfordshire in which swabs were taken each month over a 10 month period [28]

were used. At that time of the first study, serotype 6C could not be distinguished

from 6A. In 2009 19 of the 122 serotype 6As from the earlier study were randomly

retested, 6 of which were found to be 6C. This proportion (32%) was assumed to

hold for the rest of the 6A carriage isolates from the 2001/02 study.

Specimen testing: The nasopharyngeal swabs (calcium- alginate) were taken by

trained nurses and placed directly in STGG broth. Samples collected at Hert-

fordshire were sent by same day courier to the Respiratory and Systemic Infection

Laboratory at the Centre for Infections (RSIL). They were stored overnight at

2-8◦C and frozen the next morning at -80◦C. Samples collected at Gloucester-

shire were stored locally at the Gloucester Vaccine Evaluation Unit at -80◦C and

transferred to RSIL in batches on dry ice. On receipt the batches were stored at

-80◦C. The sample then was thawed, vortexed and 50ul STGG broth was placed

onto each of Columbia blood agar plate (HPA media services) with optochin disc

(MAST) and streptococcus selective Columbia blood agar plate (HPA media ser-

vices) and streaked out. The plates were incubated overnight at 35◦C with 5%

CO2. Any colonies resembling pneumococcus were subjected to normal identifi-

cation methods and serotyped using the standard laboratory protocol (compare

section 2.5.3).

Statistical Analysis: Descriptive data analysis was performed in R 2.11.0 and

Generalized Estimating Equations (GEE) models were analysed with STATA

10.1. Exact binomial 95% confidence intervals (CIs) were obtained for carriage

rates in 2008/09 by age group (<5, 5-20,>20). To account for the longitudinal

design in the 2001/02 study these carriage rates were computed using a GEE

model with exchangeable correlation structure accounting for repeated sampling

of individuals:

ln

(
pi,t

1− pi,t

)
= α0 + γi + εij.

Here pi,t is the probability of VT carriage (NVT and any carriage respectively)

of individual i at time of test t, α0 is the intercept, γi is the random intercept

and εij the error term. When comparing overall carriage as well as vaccine and

non vaccine type carriage between periods this comparison took account of the

longitudinal design of the 2001/02 along with other covariates by using a GEE

model with exchangeable correlation structure and factors for study period, age,
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gender, whether the household has a smoker and the number of children and

adults in the household (compare risk factors for pneumococcal carriage in section

2.2):

ln

(
pi,t,tp

1− pi,t

)
= α0 +

4∑
k=1

(αkEk) + ψI(tp = T2) + γi + εij.

With the notation as above here αkEk estimates the contribution of the risk

factors and T2 marks the post vaccination study period. Hence ψ estimates the

change in carriage in both studies. For this analysis the data were stratified into

two age groups (<5 and ≥5). To determine the significance of changes in carriage

for individual serotypes between 2001/02 and 2008/09 Fishers exact test was used

because of small numbers and statistical significance was determined accounting

for multiple testing [16].

For calculating the case:carrier ratio (CCR) the invasive disease incidence of each

serotype was extracted from the national surveillance database for England and

Wales [4] for the epidemiological years 2001/02 and 2008/09 and related to data

from the carriage studies conducted in the corresponding years. CCRs were

calculated using serotype-specific carriage prevalence as numerator. Ages younger

than 60 years were combined in both the IPD and carriage data sets to derive

CCRs. 95% confidence intervals were calculated as described in Trotter et al [4].

For serotypes with estimates in both datasets Spearmans rank test was used to

estimate the correlation of the estimated CCR’s and those from by Sleeman et al.

from a paediatric pre-PCV7 carriage data set in one region of England corrected

for duration of carriage [29]. Since the obtained estimates for the CCRs also

included adults the serotype-specific case:carrier ratio (CCR) was scaled by the

average CCR from the respective study for visual comparison. For each set of

estimates a serotype with a relative CCR >1 one corresponds to being more

invasive than the study specific average.

To infer a rough estimate of the expected number of IPD cases after introduc-

tion of a new conjugate vaccine with increased valency a methodology following

Weinberger et al. was employed [30]. For this the IPD cases in the under 60s

in 2008/09, excluding the vaccine types, were inferred from the proportion of

vaccine serotypes in carriage. This assumes that the vaccine types will be fully

eliminated in carriage, and therefore do not cause any more disease, and full

serotype replacement will happen in carriage. This approach further assumes

that the ranked serotype distribution will stay the same. This assumption did

not hold for the implementation of PCV7, as many new types emerged, however
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Table 3.7: Overview of numbers of participants recruited, their demographic features
and household (HH) structures in the 2001/02 and 2008/09 carriage studies.

2001/02 2008/09
# Participants 489 382
# Swabs taken 3868 382

# Participants < 5 years 180 192
# Participants 5-20 years 71 57
# Participants 20+ years 237 133

# Proportion female 53.0% 56.4%
# HH 121 146

Median HH size (range) 4 (2-7) 4 (3-7)
Median # adults in HH (range) 2 (1-5) 2 (1-5)

Median # children in HH (range) 1 (1-3) 2 (1-4)
Proportion of smoke free HH 66.9% 81.0%

the ranking of serotypes might be pre-defined to some extend by the capsular

expression [20]. PCV10 and PCV13 will cause less perturbation to carriage so

this assumption might be reasonable.

Simpsons index for diversity was calculated to assess the potential change in di-

versity in the bacterial population due to vaccination [31]. The ranked serotype

distribution was compared to the pre-vaccination distribution and confidence in-

tervals were obtained using the methods described by Hanage et al. [32]. To

ensure that only a single isolate per carriage episode was included consecutive

swabs with the same serotype in the 2001/02 study were excluded on the as-

sumption that it was carriage persisting from the previous month.

Results 400 individuals were enrolled between 24/04/2008 and 09/11/2009.

One participant withdrew before being swabbed and in 17 individuals swabbing

had to be aborted early; these 18 were excluded from further analyses. The de-

mographic features of the remaining 382 were similar to the participants in the

2001/2 study apart from the proportion of households with at least one smoker

which was lower in the more recent study (Table 3.7). Of 180 children eligible for

catch-up or infant vaccination only 4 were unvaccinated. The serotype specific

carriage rates in comparison with the 2001/02 study are shown in table 3.8.

A pneumococcus was grown from 127 of the 382 (33.2%) swabs and a serotype

determined in 123 (97%). The most prevalent serotypes were 19A (10), 23B (9),

11C (8), 15B (8), 21 (8), and 6C (8). Compared to pre-vaccination levels, there

was a significant reduction (p<0.007) in carriage of VTs 6B, 14, 19F and 23F

(odds: 0.13 [0, 0.36], 0 [0, 0.32], 0.23 [0, 0.62], 0.08 [0, 0.4] respectively). Also
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Table 3.8: Number of isolates found in carriage in 2001/2002 and 2008/2009. *6A and
6C were not distinguished in 2001/2002.

2008/09 2001/02
<5y 5-20y ≥20y All <5y 5-20y ≥20y All

10A 2 1 1 4 1 0 1 2
11A 4 0 0 4 27 8 3 38
11B 3 0 1 4 0 0 0 0
11C 6 1 1 8 0 0 0 0

14 0 0 0 0 64 24 5 93
15B 6 0 2 8 5 0 0 5
15C 4 0 1 5 14 0 0 14
16A 0 1 0 1 0 0 0 0
16F 0 0 0 0 3 1 9 13
17A 1 0 0 1 0 0 0 0
17F 0 0 0 0 0 0 2 2
18B 0 0 0 0 2 0 0 2
18C 2 1 0 3 13 3 9 25
19A 10 0 0 10 18 3 2 23
19D 0 0 0 0 1 0 0 1
19F 3 0 0 3 100 24 3 127

20 0 0 0 0 0 1 1 2
21 5 2 1 8 6 0 4 10

22A 1 0 0 1 0 0 0 0
22F 3 1 0 4 14 7 2 23
23A 4 1 0 5 9 5 0 14
23B 6 0 3 9 0 0 0 0
23F 1 0 0 1 97 10 13 120
24F 2 0 0 2 0 0 0 0

27 0 0 0 0 1 3 3 7
28F 1 0 0 1 0 0 0 0

29 1 0 0 1 0 0 0 0
3 5 0 1 6 3 7 0 10

31 2 0 0 2 1 1 0 2
33A 2 0 0 2 0 0 0 0
33F 4 0 0 4 1 0 0 1

34 0 1 1 2 0 0 1 1
35A 0 0 0 0 0 0 1 1
35B 0 0 0 0 4 2 1 7
35C 0 0 0 0 0 0 1 1
35F 1 0 0 1 16 0 0 16

37 1 0 0 1 0 0 5 5
38 0 0 1 1 1 0 0 1
4 0 0 0 0 0 0 3 3

6A* 2 0 0 2 94 21 7 122
6B 2 2 0 4 193 11 10 214

6C* 8 0 0 8 0 0 0 0
7F 2 2 2 6 2 0 0 2

8 0 0 0 0 0 2 0 2
9N 0 0 0 0 5 2 0 7
9V 1 0 0 1 12 7 4 23

NTR 3 0 1 4 20 5 8 33
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a non significant (p=0.014) reduction of carriage of the vaccine associated type

6A was found (odds: 0.24 [0, 0.78]). For the remaining PCV7 types no carriage

episodes of serotypes 4 and 9V were found post-vaccination, but pre-vaccination

levels were too low to detect any significant change (odds: 0 [0, 17.38], 0 [0, 1.41]).

VT 18C was identified in three out of 382 (0.79%) swabs in 2008/2009 and in 25

out of 3,868 (0.64%) in the 2001/2002 study (odds: 1.22 [0, 3.48]). NVTs 33F,

7F, 10A, 15B, 21 and 19A significantly increased (p<0.0012) in carriage with

odds of 40.9 [5.3, Inf], 30.8 [6.8, Inf], 20.4 [3.8, Inf], 16.5 [5.6, Inf], 8.2 [3.3, Inf]

and 4.5 [2.1, Inf] respectively. A significant increase was also found in serotypes

23B, 11C and 11B which were only detected in the post-vaccination study.

The proportion of swabs with VT and NVT serotypes according to age-group

in both studies is shown in table 3.9. The factors smoking and the number

of children or adults in the household were not significant in most models for

assessing the change in carriage post vaccination and therefore excluded from

the analysis. The odds ratio of overall VT carriage post-vaccination compared

to pre-vaccination using the GEE with binary outcome was estimated to be 0.10

95%CI (0.05-0.20). For NVT carriage the estimate is 3.93 95%CI (2.97-5.22)

and no significant effect on overall carriage was detected: 1.18 95%CI (0.91-1.54)

(Table 3.10). When applying the same models to individuals younger than five

years only or individuals more than 5 years of age similar patterns were found.

Inferring the change in IPD from 2008/09 by predicting changes in pneumococcal

carriage after introduction of the conjugate vaccines is was estimated that contin-

uing with PCV7 will eventually reduce the burden of IPD a further 7%. PCV10

will reduce IPD in the under 60 years olds by 39% and PCV13 by 49%. For

comparison: the vaccine coverage among the 2008/09 isolates of IPD for PCV7,

10, 13 was 15.2%, 57.8%, 77.6% respectively.

Simpsons index of diversity for the 2001/02 samples was 0.908 95%CI: (0.899,

0.917) and increased significantly in the 2008/09 samples to: 0.961 95%CI: (0.953,

0.969). Furthermore, the ranked frequency distribution of the serotypes changed

to become more distinct from the distribution found pre vaccination (Figure 3.10)

which was similar to the one observed by Hanage et al. in the pre-vaccination

period [32].

Prior to its introduction PCV7 included types responsible for similar proportions

of carriage episodes (62.2%) and disease (55.9%). In 2008/9 the additional types

covered by higher valency vaccines were more prevalent in IPD than carriage,
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Table 3.10: Odds ratios for comparing 2001/02 to 2008/09 carriage using GEE to ac-
count for multiple testing in the earlier study. Fixed effects were the study
period (outcome measure) and antibiotic treatment.

<5 >5 ALL
VT 0.09 (0.04-0.20) 0.26 (0.08-0.83) 0.10 (0.05-0.20)

NVT 4.52 (3.11-6.60) 2.94 (1.79-4.85) 3.93 (2.97-5.22)
ALL 1.22 (0.870-1.74) 1.41 (0.90-2.21) 1.18 (0.91-1.54)

particularly the additional three in PCV10 which comprised 32.6% of IPD but

only 4.7% of carried isolates (Table 3.11).

The ranking of carried serotypes by frequency of detection in the post-PCV7

dataset and their associated CCRs as estimated from 2008/9 carriage prevalence

data are shown in Figure 3.9. The data are provided in table 3.12. The CCR

estimates of Sleeman et al. estimated from carriage incidence data [29] are also

presented in Figure 3.9. CCR estimates from these two methods were highly

correlated (p<0.001, ρ=0.72) and the rankings still distinguished the more from

the less invasive serotypes. From the 15 most prevalent serotypes in carriage in

2008/09 19A, 3, 7F and 22F stand out with a generally higher CCR. Despite

their high incidence in invasive disease serotypes 1, 8, 12F, 4 and 14 (1.14, 0.58,

0.25, 0.22, 0.14 cases per 100,000 population respectively in under 60 year olds)

were not detected in carriage. On the other hand despite being found in 2008/09

carriage serotypes 11C, 16A, 17A, 28F and 33A were not found in 2008/09 IPD

at all and only caused 0, 1, 0, 1 and 0 cases respectively of invasive disease out

of over 13,000 isolates serotyped between July 2006 and June 2009.

Discussion This study documents the changes in carried pneumococci following

the introduction of PCV7 in England and relates these to concomitant changes in

disease in order to assess the invasive potential of the serotypes now predominat-

ing carriage. This knowledge is essential for understanding replacement disease

and provides insight into the likely population impact of higher valency vaccines.

As reported elsewhere [2, 27], a major reduction in VT carriage in vaccinated

children under 5 years was found, but no overall change in carriage prevalence

due to replacement with NVTs. In contrast, there was an overall reduction in IPD

in this age group (see section 3.1.2 and 3.1.3), illustrating that the outcome of the

PCV programme as expressed in IPD is determined by the invasiveness potential

of the individual NVTs emerging in carriage. Overall carriage prevalence in older
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Table 3.12: Estimated CCR for all serotypes found in carriage in 2008/2009 with the
corresponding number of isolates found in carriage and in IPD in the under
60y-old population. Some serotypes were found in IPD but not in carriage:
sertoype 1 (387 isolates), 8 (196), 12F (83), 4 (74), 9V (58), 14 (48), 5 (23),
20 (21), 15A (12), 17F (10), 16F (10), 35B (6), 27 (6), 13 (4), 28A (3), 12B
(3), and one each of 9L, 7C, 7B, 7A, 7, 6, 35A, 28, 18A, 10F. *A total of
81 isolates of 6A/6C were found in IPD of which one-third was assumed to
be 6C and the rest 6A.

Carriage 2008/09 IPD 2008/09 Cases per 100,000 carriers
19A 10 170 18.6 ( 10.3 - 33.7 )
23B 9 11 1.3 ( 0.7 - 2.5 )
11C 8 0 0 ( 0 - 0 )
15B 8 24 3.3 ( 1.7 - 6.4 )

21 8 7 1 ( 0.5 - 1.9 )
6C* 8 3.7 ( 1.9 - 7.2 )

3 6 134 24.4 ( 11.5 - 52.5 )
7F 6 326 59.3 ( 27.9 - 127.6 )

15C 5 29 6.3 ( 2.8 - 14.6 )
23A 5 14 3.1 ( 1.3 - 7.1 )
10A 4 27 7.4 ( 2.9 - 18.7 )
11A 4 30 8.2 ( 3.3 - 20.7 )
11B 4 1 0.3 ( 0.1 - 0.7 )
22F 4 157 42.9 ( 17.1 - 108.5 )
33F 4 49 13.4 ( 5.3 - 33.9 )
6B 4 38 10.4 ( 4.1 - 26.3 )

18C 3 38 13.8 ( 4.8 - 40 )
19F 3 45 16.4 ( 5.7 - 47.4 )
24F 2 6 3.3 ( 0.9 - 11.7 )

31 2 14 7.6 ( 2.2 - 27.4 )
33A 2 0 0 ( 0 - NaN )

34 2 4 2.2 ( 0.6 - 7.8 )
6A* 2 29.5 ( 8.3 - 105.5 )
16A 1 0 0 ( 0 - NaN )
17A 1 0 0 ( 0 - NaN )
22A 1 2 2.2 ( 0.4 - 12.1 )
23F 1 42 45.9 ( 8.4 - 254 )
28F 1 0 0 ( 0 - NaN )

29 1 1 1.1 ( 0.2 - 6 )
35F 1 10 10.9 ( 2 - 60.5 )

37 1 2 2.2 ( 0.4 - 12.1 )
38 1 9 9.8 ( 1.8 - 54.4 )
9N 1 32 34.9 ( 6.4 - 193.6 )

Not typed 4 546
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Figure 3.9: Serotype distribution in carriage in 2008/09 (below) and scaled CCR by
Sleeman et al. and from the 2008/09 data (above). *6A and 6C not distin-
guished in Sleemann et al. Where no serotype data from Sleemann et al.
was available only the estimate obtained from E&W data is shown.
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Figure 3.10: Changes in ranked serotype distribution from 2001/02 to 2008/09 with
95% confidence bounds on the rank (top) and from the pre-vaccination
distribution by Hanage et al. to the findings from 2001/02 (bottom). For
comparison with the findings with Hanage et al. 6A and 6C was aggregated
to 6A/C and 15B and 15C to 15B/C in the bottom graph.
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unvaccinated siblings and parents was somewhat higher post-PCV7 due to a large

increase in NVT and a smaller non-significant reduction in VT carriage. However,

IPD in these older age groups has not shown an overall increase in the UK [17],

indicative of the lower overall invasiveness of the replacing NVTs.

This study shows that PCV7 provided protection against serotypes that were

highly prevalent in both disease and carriage in the UK. The additional serotypes

covered by PCV10 and PCV13 are now responsible for a large proportion of in-

vasive disease, but were found relatively rarely in carriage (Table 3.11). While

further replacement in pneumococcal carriage is likely to occur after introduction

of these higher valency vaccines, the findings suggest that since most of the po-

tential replacement types identified have lower CCRs they will cause less invasive

disease. However, serotypes like 22F and especially the ones not found in carriage

but present in IPD (e.g. serotype 8 and 12F) could reduce the overall benefits

of higher valency vaccines. Interestingly, the three additional serotypes covered

by PCV10 had a very low carriage prevalence accounting for <5% of the carried

serotypes in 2008/9 but >30% of IPD cases whereas the further three in PCV13

are more similar to the PCV7 types, being similarly prevalent in carriage and

disease. While changing to PCV10 has therefore less potential to prevent IPD

than PCV13 it may cause fewer perturbations in the nasopharyngeal pneumo-

coccal population. Comparative carriage studies in countries using PCV10 with

those using PCV13, or with different PCV coverage of prevalent serotypes before

introduction, would be informative to help understanding the carriage dynamics

underlying serotype replacement.

The diversity of the population of pneumococcal serotypes amongst carriage iso-

lates in the absence of any external pressure is thought to be relatively stable [32].

If this population is challenged by vaccination with a reduction in the dominance

of a few highly prevalent types the diversity increases and the population takes

time to return to the previous level of diversity. Hanage et al. suggested methods

of assessing these changes: Simpsons Index of diversity and the concept of a typ-

ical distribution for the ranked frequency of the serotypes. Applying these to pre

and post-vaccination carriage data, a significant increase in diversity from 0.908

in 2001/02 to 0.961 in 2008/09 was found, consistent with the PCV7-induced

changes in the bacterial population still evolving at that time. Evidence for this

can also be found in the ongoing changes in non-PCV7 IPD in 2009/10, prior

to introduction of PCV13. These show a continuing increase in the 6 additional

serotypes covered by PCV13 but a decrease in non-PCV13 serotypes in children
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under 2 years compared with 2008/9 [33]. With the introduction of PCV13 in

the UK in March 2010 [34] the longer term impact of PCV7 on carriage and IPD

will not be evaluable though its effect may still be operative and not all future

changes necessarily attributable to PCV13.

Recently developed molecular serotyping methods found up to nine times higher

proportions of multiple carriage than detectable with standard WHO culturing

methods [35]. Using the WHO method 1 (0.26%) multiple carriage episode in

2008/2009 and 4 (0.10%) in 2001/02 were identified. Undetected episodes of

multiple carriage would result in over estimation of CCRs. However, direct com-

parison of molecular with conventional serotyping methods has so far only been

performed on specimens from developing countries where carriage prevalence is

very high [36,37]. In such settings the molecular method might reveal more multi-

ple carriage episodes than in countries such as England where carriage prevalence

is lower. Furthermore, detecting multiple serotype carriage is likely to primarily

uncover carriage episodes of serotypes previously found to be less prevalent [38].

Therefore the potential bias introduced by the WHO standard culturing methods

is believed to have little impact on the inferences from the CCR since the focus

is on the types more common in carriage.

This study has some limitations. First, the earlier study had a longitudinal design

while the recent study was cross-sectional. However, the estimates accounted for

multiple sampling of individuals in the earlier study as well as differences in age

distribution within the age groups, gender, exposure to smoke, and household

size by using a GEE, which is designed to fit the parameters of a generalised

linear model in the presence of unknown correlation. Second, owing to the lack

of power of serotype-specific carriage data in adults, data of children and adults

were pooled to derive the CCR, despite different age distributions in the samples

for IPD and carriage. Previously reported CCR estimates for children and adults

in England and Wales [4] using the carriage data from the earlier study are

highly correlated (see figure 3.11), supporting the use of pooled carriage data

from children and adults in the later study. Third, secular changes in serotype

distribution in IPD can occur in the absence of vaccination [12], which may be

due to alterations in carriage prevalence. With the cross-sectional design of the

2008/ 2009 study, this could not be accounted for. However, in England the

only major secular change in the serotypes causing IPD observed over the last

decade has been in serotype 1 [17], which was not detected in either the pre- or

post-PCV7 carriage studies. Fourth, invasion is thought to follow shortly after
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Figure 3.11: Estimated CCR in children and adults from Trotter and colleagues [4].
The grey lines represent the confidence bounds. Spearman’s rank test for
correlation: p=0.01, ρ =0.62.
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acquisition of carriage rather than being a constant risk throughout the duration

of carriage [39]. Thus, a further potential limitation of this study is that CCRs

were estimated using carriage prevalence rather than the incidence of new carriage

episodes, the latter being derived using prevalence and carriage duration.

Few data on serotype-specific duration of carriage are published, and for the

serotypes newly emerging after introduction of PCV7, no information is available.

Therefore, carriage prevalence was used to get an estimate of the CCRs. Where

information on CCRs estimated using carriage incidence was available [29], a

high correlation with the estimates derived here was found. Furthermore, the

estimates for the CCRs in this study were consistent with those derived from

2001/2002 carriage and IPD (see figure 3.12), showing that this measure is stable

over time. Hence, the current estimates of the CCR in this thesis should be

sufficient to distinguish serotypes with lower invasiveness from those with higher

invasiveness.

Figure 3.12: Serotype-specific CCR estimated from carriage in disease in 2001/02
(crosses) and 2008/09 (dots).

In conclusion, this study illustrates the value of generating carriage data in paral-

lel with IPD surveillance data to help understand the serotype-specific changes in

IPD observed in different epidemiological settings and predict the effect of higher

valency vaccines. Evidence is provided that the incremental benefit on IPD of the

recent switch from PCV7 to PCV13 in the UK is likely to be substantial but may

be offset by further increases in serotypes 8, 12F and 22F. Such emerging serotypes

with high CCRs are potential candidates for inclusion in future conjugate vac-

cines. More research to elucidate the serotype-specific capsular properties [20,40]

or other factors associated with carriage and invasiveness is needed in order to

understand better the likely impact of future conjugate vaccines.
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3.2 The pneumococcus outside the UK

3.2.1 The United States of America

In the United States PCV7 was introduced into the national childhood immuni-

sation scheme in a in a four dose (3+1 booster) shedule in the second half of 2000

including a catch up campaign for children at risk aged 2-4 years. By August 2001,

a shortage of vaccine supply was reported [41] which is likely to have introduced

a temporary decrease in vaccine uptake. However vaccine uptake increased from

89% (≤ 1 dose PCV7) and 68% (≤ 3 doses PCV7) among children born in 2001

to 95% and 84% respectively among children born in 2005 [42] and is assumed

to be stable since then. The use of PCV13 was recommended by the Advisory

Committee on Immunization Practices in March 2010 to replace PCV7 for all

children and a supplemental dose for those between 14 and 59 month was advo-

cated. The transition was was fast (after two month 50% of doses administered

were PCV13 instead of PCV7) and uptake levels remained high [43].

In the US, data on pneumococcal carriage, prior to the introduction of PCV7 to

the national immunisation scheme, was only available in children under two years

of age presenting with acute otitis media [44]. Therefore a study conducted in

2001, just after introduction of the vaccine is often used as a proxy for colonisation

before introduction of PCV7 [45]. From specimens obtained in children younger

than 7 years of age, presenting for well-child or sick visits to their primary care

practice in Massachusetts, Huang et al. found a decrease in VT colonisation from

36% to 14% from 2001 to 2004. This was fully balanced by a concomitant increase

in NVT carriage so that overall colonisation rates stayed the same. In a follow up

the authors reported a further decrease in VT and increase of NVT carriage [2].

By studying the change in diversity of the bacterial population after vaccination,

Hanage et al. suggested that serotype replacement following the introduction

of PCV7 in the US (at least in Massachusetts) was complete in 2009 [32]. No

information on changes to nasopharyngeal colonisation rates introduced by the

transition to PCV13 are available yet.

The Active Bacterial Core surveillance (ABCs) is an active population- and

laboratory-based system which provides data on invasive pneumococcal disease

for eight states in the US. There is some variation in the number of reporting sites

over time. Evaluating this data, even during the period of shortage in vaccine
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supplies, a high impact on invasive disease among all age groups was reported [1]

and found to continue further [3, 46]. Vaccine types did practically vanish by

2007 when comparing IPD incidence to the pre vaccination average from 1998-99

showing a marked reduction of 94%. At the same time NVT invasive disease

(excluding serotype 19A) increased by 30% with an outstanding increase of IPD

attributable to serotype 19A of more then 300%. However, overall IPD was found

to have declined by 45% which was significant for all age groups [3].

Marked reductions were also reported in meningitis and non invasive pneumococ-

cal associated disease endpoints. Hsu et al. [47] found a 30% decline in overall

pneumococcal meningitis. Steenhoff et al. [48] suggested that the overall inci-

dence of pneumococcal bacteraemia declined by 57% until 2005. Eskola et al.

reported a 34% decrease in pneumococcal associated otitis media [49]. Grijalva

et al. found evidence for a 35% decline in all-cause pneumonia hospitalisation

in children up to two years of age [50] and Tsai et al. [51] for a 66% decline in

hospitalisations for pneumococcal meningitis in the same age group.

In general a consistent significant reduction in pneumococcal disease reports

among all age groups was reported. Also some evidence for NVT replacement

was found and serotype 19A in particular emerged.

3.2.2 The rest of the world

The early findings from the US already suggested that the introduction of PCV7

not only reduced the burden of disease but also was highly cost effective [24]. So

subsequently most of Europe [52], Canada, Mexico, Australia and New Zealand as

well as some developing countries introduced a conjugate pneumococcal vaccine

(mostly PCV7) to their national childhood immunisation scheme. The Global

Alliance for Vaccines and Immunisation (GAVI) has helped with the funding for

a wider distribution of the pneumococcal conjugate vaccines amongst developing

countries [53]. Surveillance systems, mostly focussing on invasive disease, have

generally shown large reductions in VT incidence in the targeted age groups

[3, 7, 26, 54]. However differences were reported regarding the degree of induced

herd immunity as well as the level of NVT replacement. The potential reasons

for this could be manifold. They include:

Schedule PCV7 was licensed in a 3+1 schedule (3 doses and additional booster

dose). Some variations have been studied and implemented. However, the

98



2+1 schedule implemented e.g. in the UK these was found to induce similar

immunogenic response [55] and was found similarly effective to the complete

schedule [56]. A 3+0 schedule was implemented in Australia and efficiently

reduced VT disease [57].

Serotype distribution Pre vaccination serotype distribution varies to a great ex-

tend worldwide [58, 59]. The impact of introducing PCV is likely to be a

function the proportion of VT carriage pre vaccination which might have

lead to difference in the observed post-vaccination epidemiology.

Vaccine coverage / catch up The coverage of the vaccine amongst the children

eligible for vaccination can be affected by things like the general attitude

of a population towards vaccination. Reimbursement strategies, which vary

across different countries, are likely to play a major role for the compliance

of the population. In some countries a catch up was set in place to rapidly

increase the vaccine coverage whereas in others the coverage was reduced

through a shortage in vaccine supplies (for an overview see table 3.13).

Timing When comparing the vaccine effects of different countries one should also

consider the time since implementation of the program. The full effect of the

vaccine program is likely to only become apparent after a couple of years.

Hanage et al. proposed, that in the US, the indirect effects of vaccination in

children stabilised seven years after introduction of PCV7, yet were ongoing

after four years [32]. Section 3.1.3 showed that the epidemiology in England

and Wales is still likely to change more than two years after introduction

of PCV7 even though a catch-up campaign initiated high uptake and no

supply shortage was reported [18].

Population structure Population demographics induce differences in the trans-

mission dynamics of the pneumococcus. Even though differences between

industrialised countries are probably negligible, analysis of developing coun-

tries should take into account the major difference in age distribution and

mixing patterns as well as a rapidly changing age distribution through in-

creasing life expectancy.

Trends As outlined in section 3.1.1 pre vaccination trends could indicate changes

in ascertainment due to numerous reasons including increasing blood cul-

turing practice and an increasing number of laboratories choosing to report.

Also increasing automation of detection techniques or improved survival of
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people with underlying conditions, which could have increased the numbers

of vulnerable people in the population, could have contributed. Addition-

ally secular trends as reported by Harboe et al. [12] and also found for

the UK (see Miller et al. [17] and sections 3.1.2 and 3.1.3) could alter the

interpretation of the data.

Reporting Differences in incidence levels do not necessarily reflect different dis-

ease presence. Reporting behaviour including the catchment area of the

surveillance system, identification rates and the level of voluntary reporting

of non-notifiable disease outcomes could be dissimilar. However, if these

were relatively stable over time reporting behaviour should not influence

the assessment of change in incidence post vaccination.

3.2.3 Post PCV7 changes in comparison

An overview of the differences in timing, schedule and catch up for the introduc-

tion of PCV7 for many countries which introduced PCV7 is provided in table

3.13. To address further differences in reporting and timing between countries

with sufficient post vaccination IPD data the following paragraphs will discuss

similarities and differences in the experience of the US, Australia and the UK.

This discussion follows a presentation held by Elizabeth Miller at the 7th Interna-

tional Symposium on Pneumococci and Pneumococcal Diseases (ISPPD-7) [60].

Since the observed direct impacts were rather similar this comparison focussed on

the replacement effects induced by vaccination and is split into separate analysis

for the groups with the highest burden of pneumococcal disease: children and

elderly. Data on IPD in England and Wales was extracted from the enhanced

national surveillance (see section 2.6.1). Published data on IPD incidence for

the US [3] was also included and so was unpublished data from the Australian

routine surveillance for IPD [60]. In all countries a different vaccination schedule

was implemented (3+1 in the US, 2+1 in the UK and 3+0 in Australia). Vac-

cine coverage in all three settings was reported to reach high levels soon after

initialisation of the program. In all three settings a substantial reduction in VT

disease was found but here the focus is on differences observed in NVT replace-

ment disease. A more in depth review has been initiated by an World Health

Organisation (WHO) expert meeting in July 2010. First results became available

at the WHO Strategic Advisory Group of Experts (SAGE) in 2011 [8, 61].
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Children In children younger than the age of 5 living in England or Wales NVT

incidence per 100,000 population rose from 7.8 in the pre PCV7 era (2004/05 &

2005/06 average) to 14.5 in 2008/09 representing a 86% increase (less if corrected

for pre vaccination trends). Similar levels were reported from the Australian

program which was implemented earlier: in the pre vaccination era between 2002

and 2004 the average incidence per 100,000 population was 7.2 and rose to 15.3

in 2007/08 reflecting a 113% increase [60]. In the US, even though PCV7 was

introduced much earlier, much less replacement was reported. From pre PCV7

levels of 16.8 cases per 100,000 population on average between 1998 and 1999

notification of NVT IPD increased to 22.1 (32% increase). However, cases of

IPD in England and Wales as well as in Australia represent severe and therefore

hospitalised cases whereas in the US many outpatients are included as well which

might account for the higher incidence (pre-vaccination) reported compared with

England and Wales and Australia. Data on hospitalised cases of NVT IPD in

the US were more in line with what was observed in England and Wales and

Australia: pre vaccination levels of 6.1 in 1998/99 increased by 102% to 12.3 cases

per 100,000 population in 2006/07. These findings are similar to the ones from

Canada [62] and the Netherlands [7], however, other studies reported different

findings [56,63].

Elderly Pre vaccine trends due to increased ascertainment found no support in

the elderly as analysed in section 3.1.1. In individuals older than 65 years of

age NVT incidence per 100,000 population increased from a pre vaccine average

between 2004/05 and 2005/06 of 16.5 by 48% to 24.4 in 2008/09. In Australia

the average NVT incidence in 2002-2004 of 8.4 increased by 75% to 14.6 in 2008.

As observed in children, reported levels in the US were generally higher than in

the other two countries. In the elderly adjusting these by taking into account

only hospitalised cases did not have much impact: even though further ahead in

schedule pre vaccination NVT hospitalised IPD in the US only increased from 24.8

cases per 100,000 population to 33.7, a 36% increase. The percentage change in

VT (decreasing) and NVT (increasing) adjusted for the time since implementation

of the vaccine programme are illustrated in figure 3.13. While there were only

slight differences in pre vaccination VT/NVT distribution (56% VT in the US,

68% in Australia and 49% in the UK) and VT reduction was fairly similar the

replacement with NVT disease shows a striking difference between the US and

the other two countries: For unknown reasons the US did not experience as much

serotype replacement.
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Figure 3.13: Comparison of post-PCV7 experience in the 65+ population. All IPD in-
cidence was standardised to the two year pre vaccination average and the
time line was adjusted to represent years since implementation of intro-
duction of PCV7 to the national childhood immunisation program.

Summary

In this chapter the impact of introducing PCV7 into the national immunisa-

tion schedule in the United Kingdom is analysed and set in a global perspective.

Where pre-vaccination data yield strong trends the interpretation of post vaccina-

tion epidemiology is complicated. The analysis presented here shows a possible,

however inconclusive, role of potential gradual changes of the sensitivity of pneu-

mococcal surveillance in England and Wales by comparing its pre vaccination

epidemiology with these of two control pathogens. Inference from their post

vaccination epidemiology shows, that those trends haven’t necessarily continued

but that making the (implicit) assumption of no trends after the introduction of

PCV7 would introduce a bias to a similar extent. This work helped the authors

of Miller et al. [17] with their analysis on the impact of PCV7 on IPD.

In Scotland similar trends in the pre-vaccination era were observed. Based on the

assumption that this introduces similar caveats to those in England and Wales

the analysis of the impact of PCV7 on Scottish IPD is presented stratified into

two methodologies: adjusting for trends and assuming unchanged reporting in

the post vaccination era. Further, due to previous reports on the volatility of

serotype 1 and its major contribution to IPD especially in the adults the analysis

was presented both with and without inclusion of serotype 1. One can’t really

tell which of these ways to analyse the data is most likely to be correct and they

should therefore be seen as an estimate of uncertainty introduced by the lack of
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understanding of the pneumococal ecology and epidemiology before introduction

of the vaccine.

For both England & Wales and Scotland and in fact, everywhere where it has

been introduced, PCV7 has led to a substantial reduction in IPD due to the

targeted serotypes in individuals who have been eligible for vaccination. However,

discrepancies are reported in the size of the indirect effects (herd immunity and

serotype replacement). Section 3.1.2 shows, that independently of the method

employed for analysing the data, there is little evidence in Scotland for the,

otherwise widely reported, serotype replacement. That is except for the elderly

population where serotype replacement balances out the benefits from the indirect

protection against VT IPD. This finding in itself is surprising since it is commonly

assumed that serotype replacement is driven by the vacation of an ecological niche

in the population most responsible for transmission (children) and is passed on

from there. However, stochastic effects arising from a small number of cases in

Scotland could have contributed to that finding.

Furthermore, the findings about IPD in England and Wales were related to car-

riage prevalence from pre- and post-vaccination studies conducted in similar pop-

ulations in England. The analysis showed that, since serotype replacement in

carriage was complete, the observed reduction in IPD must have been due to

differences in serotype specific invasiveness. The strain-specific estimates for

invasiveness were calculated and used to infer that the higher valent vaccines

(PCV10/13) include mainly serotypes with high case:carrier ratios which sug-

gests that even in the event of full serotype replacement PCV10/13 are likely to

further reduce the burden of invasive pneumococcal disease.

The interpretation of vaccine effects is complicated by the lack of understanding of

pre-vaccination epidemiology, which itself is driven by the lack of understanding

of the ecology of the pneumococcus. Specifically the mechanisms of competition

and coexistence are poorly understood. The subsequent chapters analyse the

underlying dynamics of transmission of the pneumococcus by creating and evalu-

ating different modelling approaches and concepts. In particular the next chapter

analyses existing model structures and evaluates their feasibility in appropriately

reflecting the transmission dynamics of the pneumococcus.
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4 Transmission patterns of the

pneumococcus

Outline

In the previous chapter the epidemiology of S. pneumoniae in Britain was studied.

Increasing trends in disease incidence prior to the introduction of the 7-valent con-

jugate vaccine into the routine childhood immunisation scheme, and the volatility

of serotype 1 contributed uncertainty to the assessment of the vaccine induced

changes in the epidemiology of IPD. However, there is good evidence that PCV7

did substantially reduce the burden of VT IPD in vaccinated individuals and

through herd immunity in the unvaccinated population as well. Furthermore, the

analysis of nasopharyngeal colonisation data pre and post vaccination in Eng-

land and Wales yielded full serotype replacement in carriage. This highlights the

importance of type specific invasiveness and provides evidence that both PCV10

and PCV13 are likely to have further beneficial impact on reducing the burden

of invasive pneumococcal disease; even in the event of complete serotype replace-

ment. The analysis showed the need for a better understanding of the ecology of

the pneumococcus in order to appropriately predict the impact of higher valent

vaccine formulations on the precursor of disease; namely pneumococcal carriage.

In order to build a model of the spread of the pneumococcus, and its prevention

through vaccination or other means, the essential mechanisms of transmission

and persistence of the pneumococcus in the population need to be identified and

parameterised. In this section information on the transmission patterns of the

pneumococcus is reviewed both for parameter values and, more importantly, on

a structural level. The scientific literature is reviewed for information on the

events of serotype- and age-specific acquisition and clearance. The focus here is
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the antagonism of competition of the different serotypes and the coexistence of

them. Existing models incorporating the mechanisms of competition are iden-

tified, reviewed and investigated for steady states of stable coexistence and the

explicit and implicit assumptions which grant them.

4.1 Acquisition and clearance

Information on pneumococcal transmission patterns is sparse since epidemiolog-

ical estimates require longitudinal studies of carriage usually done by nasopha-

ryngeal swabbing which is an unpleasant procedure for the study participant.

However an increasing number of these studies have been carried out and provide

valuable information on the patterns of acquisition and clearance of Streptococcus

pneumoniae.

The clearance of the pneumococcus is found to be both age and type specific.

Independent of the capsular serotype the duration of carriage (the reciprocal

of the clearance rate) is highest in children under one year of age and declines

gradually thereafter [1, 2]. The average duration of carriage in a UK setting

was found to be 72 days for 0-1 year olds and 28, 18, 17 days for 2-4, 5-17,

18+ year olds respectively [3]. However, there is substantial variation amongst

the serotypes. In a study of more than 300 children under two years of age in

Oxfordshire serotype specific duration of carriage varied between about 5 weeks

for serotypes 7F and 12F and more than 15 weeks for serotypes 6B and 23F which

is in line with further studies in England and Wales [4]. Also some serotypes,

e.g. 1 and 5, are hardly found in any carriage study conducted in a developed

country (compare section 3.1.3) which could indicate an even lower duration of

carriage for those. The reasons for differences in clearance rates, and therefore

likely differences in carriage prevalence, are various and could include differences

in the degree of encapsulation. This provides an advantage in the susceptibility

against killing by neutrophils and therefore is correlated with the prevalence of

colonisation [5].

Similar to clearance, acquisition of carriage of the pneumococcus is age and

serotype specific. Children were found to be about 3-4 times more likely to

acquire pneumococcal infections compared to adults [1] and acquisition rates

(carriage incidence) differ greatly depending on the capsule structure [4, 6].
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Vaccination with the seven valent conjugate vaccine was proven effective in reduc-

ing the prevalence of pneumococcal colonisation of vaccine-types which confers

additional benefits through herd immunity. This could be achieved in at least

two different ways, either through reducing acquisition rates or through increasing

clearance rates. However, it has been shown that vaccination only has a signifi-

cant effect on reducing pneumococcal acquisition [7, 8]. Since invasive disease is

believed to follow shortly after acquisition [9] an increased clearance rate would

have been unlikely to protect directly against invasive disease, however, it could

still have conferred indirect protection through reducing transmission.

While for invasive pneumococcal disease there is a pronounced peak every year

around winter time, which is thought to be partly the results of viral infections

(see section 2.7) increasing the susceptibility of the immune system against in-

vasion of the pneumococcus [10], mixed evidence on the seasonality of pneumo-

coccal acquisition exists. No seasonality in carriage prevalence in regions with

pronounced winter peaks in IPD was detected is most studies [11–13], however

Lakshman and colleagues [14] reported around 40% increased carriage prevalence

in winter and Gray and colleagues [11] reported significant seasonal patterns in

the acquisition of the pneumococcus which were outbalanced by seasonally af-

fected clearance rates and therefore did not lead to seasonally varying carriage

rates. Under the assumption that clearance rates do not significantly affect pro-

gression to disease the seasonality in IPD could still come from seasonality in

acquisition rates even though they are balanced out by seasonal clearance rates

in carriage prevalence.

4.2 Replacement and competition

The introduction of the 7-valent pneumococcal conjugate vaccine has led to a

great reduction in invasive disease caused by the serotypes included in the vac-

cine formulation in vaccinated individuals and even in unvaccinated age groups

through herd immunity effects. However this benefit has been partly offset by

increasing incidence of NVT IPD. As discussed in section 3.2, the extent of the

replacement varies over different settings. The issue of replacement is even more

definite in pneumococcal carriage. In various settings almost complete replace-

ment of VT with NVT carriage was reported after introduction of PCV7 to the

childhood immunisation scheme [15–18]. Assessment biases which could alter the
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observed level of serotype replacement include: changes in reporting behaviour,

demographic changes, natural fluctuations of the prevalence of certain serotypes,

insufficient detection methods and antibiotic susceptibility. These are discussed

in a review by Weinberger and colleagues [19] who conclude, that they might in-

troduce a bias but are unlikely to be sufficient to dismiss the causal relationship

between vaccine introduction and increase in NVT carriage and disease.

The observation of vaccine induced replacement in the pneumococcal population

indicates competition amongst pneumococcal serotypes. By vaccinating against

the most prevalent serotypes in pneumococcal carriage the NVTs face less compe-

tition and therefore invade the vacated niche. Yet, the mechanisms of competition

are not fully understood. Auranen and colleagues explored whether competition

reduces the acquisition of new serotypes or increases the clearances of the existing

ones in a longitudinal study in day-care children [20]. They found evidence for the

most common serotypes, that colonised children have about a 90% reduced rate

of acquisition compared to non carrying children. The rate of clearance however,

was not significantly different.

Different approaches exist to model competition amongst serotypes of the pneu-

mococcus and infer changes due to future vaccine formulations. A rather elemen-

tary method infers the changes in IPD by assuming that replacement in carriage

is complete, that the NVT prevalence increases proportionately to pre vaccina-

tion levels and that invasiveness remains constant [21]. This approach was also

used in section 3.1.3. In the following approaches using dynamic models to infer

the impact of vaccination in the presence of competition will be evaluated.

4.3 Modelling approaches

It was established in chapter 3 that key aspects of pneumococcal ecology follow-

ing conjugate vaccination are herd immunity and serotype replacement which is

believed to arise from the loss of competition, induced by the targeted serotypes,

on the other types. However, the actual mechanisms leading to competition be-

tween strains remain unknown. Different approaches approaches have studied

the general interaction of multiple pathogens and how their ecology could im-

pact on vaccination [22–24] . To reflect in particular the indirect effects observed

after conjugate vaccination against S. pneumonia various approaches in non dy-

namic models exist. Some just disregard them [1,25] others assume that indirect
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effects following introduction of PCV13 are similar to those observed following

PCV7 [26]. However, non-dynamic approaches cannot explicitly model the dy-

namics leading to indirect effects and, as a consequence cannot capture likely

differences of observed and unobserved dynamics, those arising from differences

in carriage prevalence as lower prevalence of vaccine serotypes is likely to cause

less serotype replacement. Therefore, non-dynamic modelling approaches as well

as approaches considering the pneumococcus as a whole (no competing groups

of serotypes or resistant strains; e.g. [27,28]) are disregarded in the remainder of

this chapter. Dynamic modelling approaches, which include competition of two

pneumococcal serotype groups, can be largely reduced to three approaches. The

corresponding model diagrams, equations and stability analysis are provided in

the respective sections 4.3.2, 4.3.3 and 4.3.4.

Triangle model without strain interaction. This model is an SIS model con-

sisting of three different compartments: the infected (and infectious) with

either one of the serotypes and the susceptible compartment. It represents

the simplest form of competition: competitive exclusion, that is two strains

compete for colonisation of a host where for the time of the infection the

host becomes fully resistant against infection with the other type (heterol-

ogous protection) and against re-infection with the same type (homologous

protection). Amongst others this model type was mostly used to study the

behaviour of antibiotic susceptibility of the pneumococcus [29–35]. With

improving detection techniques (see section 2.5.2) a commonly observed

feature of pneumococci is the co-colonisation of the host which provides

evidence for imperfect protection against additional colonisation through

colonisation and which cannot be reflected in this model structure.

Triangle model with strain interaction. The inclusion of strain interaction ex-

tends the previous triangle model by adding the possibility to go directly

from the state of infection with one strain to infection with the other (with

a reduced probability of infection). This event can be interpreted as the

serotypes outcompeting each other for space in the nasopharynx with only

one strain being able to grow at a time. As with the model above this model

ignores multiple colonisation as a relevant factor for the transmission dy-

namics. However, the assumption that a new colonisation with serotype two

given infection with serotype one results in a reduced chance for strain one

to invade and, more importantly, to be transmitted makes the inclusion of

a compartment for dual colonisation unnecessary. This model was used to
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estimate serotype-specific transmission parameters, such as duration of car-

riage and acquisition rates, from a longitudinal carriage study in the UK [4]

and to model multi type transmission of pneumococci in families [36].

Diamond-type model. The diamond-type model introduces the possibility of

being colonised with two strains at a time. The competition between strains

is reflected by a reduced chance of additional colonisation while colonised

with the heterologous strain and by denying additional colonisation with

the homologous strain. Its theory was introduced in 1997 [37] and since

then used for models of penicillin resistance [38], predictions of vaccination

impacts [3, 39, 40] and estimation of competition between serotypes from

longitudinal carriage studies [20]. However, concerns have been raised about

the implicit assumptions that lead to coexistence in this framework [41] and

models have been proposed which, for example, allowed the co-colonisation

with a homologous type.

In the following these models will be analysed to see their specific effects of com-

petition on steady state solutions of stable coexistence. But first the theoretical

concept of a neutral model will be introduced.

4.3.1 Neutral models

There are more than 90 different serotypes of pneumococcus identified. A huge

variety of them are circulating in a population at the same time; most studies of

nasopharyngeal colonisation report more than 30 different serotypes isolated in

the study population [15, 16, 18]. Even though the prevalence of pneumococcal

serotypes is remarkably different (which probably infers different levels of fitness)

they coexist. When employing a model that allows for competition of strains

and inferring coexistence the mechanisms granting coexistence should be explicit

rather than a hidden dynamic which is promoting coexistence arbitrarily. Lipsitch

and colleagues therefore defined the framework of a neutral model [41]. When

applied to indistinguishable strains a neutral null model should fulfil two criteria:

ecological neutrality The dynamics of the ecological variables, the number of un-

infected hosts (N0) and the number of people infected with 1,2,. . . strains

(N1, N2, . . .), should depend on the ecological state variables but, given

these, should be independent of the identity of the particular strains in-

volved. Note that the ecological variables sum up to the total population
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size (i.e. N =
∑

iNi)

population genetic neutrality There should not be a stable equilibrium frequen-

cy of the strains in the model; rather, it should be possible to choose initial

conditions to guarantee an arbitrary frequency of strains that remains con-

stant for all time t ≥ 0.

4.3.2 Triangle model without strain interaction

S

β2I2

��

β1I1

��

I1

w1

BB

I2

w2

\\

Consider a basic triangle model with susceptible (S), infected with strain 1 (I1)

and infected with strain 2 (I2) and the overall population size 1 = N = S+I1 +I2

(setting N = 1 can be interpreted as transforming the number of susceptibles and

infective to proportions respective to the total population size):

S ′ = −β1SI1 − β2SI2 + w1I1 + w2I2

I ′1 = +β1SI1 − w1I1

I ′2 = +β2SI2 − w2I2

(4.3.1)

with β1 and β2 representing the population contact/transmission patterns and

w1 and w2 the strain specific rates of waning infectiousness and protection against

new acquisition. As with most biological models only parameters exceeding zero

are feasible here. The strain specific reproduction number is R0i = βi
wi
, i ∈ {1, 2}

(see section 1.2). For indistinguishable strains (β = β1 = β2, w = w1 = w2) this

model fulfils the first criteria of a neutral model (ecological neutrality) following

Lipsitch et al. [41]:

N ′0 = −βN0N1 + wN1

N ′1 = +βN0N1 − wN1
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with N0 = S and N1 = I1 + I2. The steady states (where the system is at

equilibrium: S ′ = I ′1 = I ′2 = 0) result from:

0 = −β1SI1 − β2SI2 + w1I1 + w2I2

0 = +β1SI1 − w1I1

0 = +β2SI2 − w2I2

Considering the equation for I1:

0 = (β1S − w1)I1

⇒0 = I1 or 0 = (β1S − w1)

The analogue holds for I2 leading to:

I1 = 0, I2 = 0 ⇒ S = 1

I1 = 0, S = w2/β2 ⇒ I2 = 1− w2/β2

S = w1/β1, I2 = 0 ⇒ I1 = 1− w1/β1

S = w1/β1, S = w2/β2 ,only holds when:
w1

β1

=
w2

β2

So the rates of susceptibles and infected with either strains at steady state are:

(Ss, Is1 , I
s
2) ∈

{
(1, 0, 0),

(
1

R02

, 0, 1− 1

R02

)
,

(
1

R01

, 1− 1

R01

, 0

)}
.

Note that since this is a population model which is only feasible for S, I1, I2 ≥ 0

the non disease free equilibria only exist if the respective reproduction number

is bigger than 1. An additional steady state exists if β1
w1

= β2
w2

(the reproduction

number is the same for both strains):

(Ss, Is1 , I
s
2) =

(
1

R01

, Is1 , 1− Is1 −
1

R01

)
,∀Is1 : 0 < Is1 < 1− 1

R01

.

Hence only in case R01 = R02 there exists a set of steady states allowing different

levels of prevalence of both strains for the equilibrium. Therefore the second

criterion of a neutral model (the population genetic neutrality) is fulfilled and

the model is neutral. This shows that stable coexistence of two strains in this

model is limited to the case where R01 = R02 but with Is1 not necessarily equal

to Is2 . In the rest of the parameter space there is no equilibrium with coexistence

of both types. Further the necessity of Ss, Is1 , I
s
2 ≥ 0 reveals the need for R01 > 1
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or R02 > 1 (compare the threshold theorem in section 1.2) for the existence of a

single strain steady state and R01 = R02 > 1 for coexistence of both strains.

Stability analysis

Local stability (Lyapunov stability) of a steady state is ensured if the Jacobian

matrix of the differential equations at steady state has only eigenvalues with non

positive real parts. This ensures that if the solution of the system of differential

equations is in a neighbourhood around an equilibrium point it won’t diverge

from it. Further, asymptotic stability is granted by negative real parts of the

eigenvalues and ensures convergence of the system to the equilibrium point once

it is close enough. The Jacobian matrix corresponding to equation 4.3.1 is: −β1I1 − β2I2 −β1S + w1 −β2S + w2

β1I1 β1S − w1 0

β2I2 0 β2S − w2

 .

Disease free equilibrium: For the steady state B1 = (1, 0, 0) the Jacobian ma-

trix is:  0 −β1 + w1 −β2 + w2

0 β1 − w1 0

0 0 β2 − w2

 .

The eigenvalues can be read off the diagonal: EV1 = 0, EV2 = β1 − w1, EV3 =

β2 − w2. For local stability in B1 therefore R01 ≤ 1 & R02 ≤ 1 have to hold and

ensure that the disease free equilibrium will not give way to invasion by either

strain.

Dominance of strain 1: For the steady state B2 =
(

1
R01

, 1− 1
R01

, 0
)

the Jaco-

bian matrix is:  −β1 + w1 0 −β2
w1

β1
+ w2

β1 − w1 0 0

0 0 β2
w1

β1
− w2

 .

Making use of the Laplace extension the eigenvalues can be read of the diagonal:

EV1 = 0, EV2 = −β1 + w1, EV3 = β2
w1

β1
− w1. This shows the need for R01 ≥ 1

and R02 ≤ R01 for B2 to be locally stable; in other words: if the reproduction
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number of the first strain is not smaller than one and the reproduction number

of the second strain is smaller than that, stable existence of the first strain in the

population is ensured and invasion of the second strain is inhibited.

Dominance of strain 2: Stability of B3 =
(

1
R02

, 0, 1− 1
R02

)
can be inferred

easily because the model 4.3.1 is symmetric: B3 is locally stable in case R02 ≥ 1

and R01 ≤ R02.

Coexistence: If B4 does not arise from B2 and B3 through transcritical bifurca-

tion, one can infer the domain for stability of the steady state of coexistence [42].

Assuming that this is the case, B4 exists and is stable on the domain, where the

steady states of a single type’s survival become unstable (or at least no longer

asymptotically stable) through invasion by the other type. This suggests the

existence and stability of a steady state of coexistence if R01 = R02 ≥ 1, which

complies with what was calculated earlier (B4 =
(

1
R01

, Is1 , 1− Is1 − 1
R01

)
,if R01 =

R02) but further suggests stability.

4.3.3 Triangle model with strain interaction

S

β2I2

��

β1I1

��

I1

w1

BB

c2β2I2

00 I2

w2

\\

c1β1I1
pp

Consider an extended version of the basic triangle model now where an infected

individual can clear his infection by acquiring the other strain (for another inter-

pretation see the beginning of the section 4.3):

S ′ = −β1SI1 − β2SI2 + w1I1 + w2I2 (4.3.2)

I ′1 = +β1SI1 − w1I1 − c2β2I1I2 + c1β1I2I1 (4.3.3)

I ′2 = +β2SI2 − w2I2 + c2β2I1I2 − c1β1I2I1 (4.3.4)

with the same parameters as before and c1,2 ∈ [0, 1] being the competition pa-

rameter. Note that for competitive exclusion c1 = c2 = 0 this model is the same
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as the previous one. Like for the simple triangle model the strain specific repro-

duction number is R0i = βi
wi
, i ∈ {1, 2}. For indistinguishable strains this model

fulfils the first criteria of a neutral model (ecological neutrality) following Lipsitch

et al. [41]:

N ′0 = −βN0N1 + wN1

N ′1 = +βN0N1 − wN1 + 0

For I1 ∨ I2 ≡ 0 the model reduces to the triangle model discussed in the first

paragraph of section 4.3.2 so the steady states are derived analogously:

I1 = 0, I2 = 0 ⇒ S = 1

I1 = 0, I2 6= 0 ⇒ S = w2/β2, I2 = 1− w2/β2

I1 6= 0, I2 = 0 ⇒ S = w1/β1, I1 = 1− w1/β1

Only the case I1 ∧ I2 6= 0 needs some further investigation: In the case when

c1β1 − c2β2 is zero this model limits to the model investigated previously so a

steady state with coexistence is only found for R01 = R02 > 1. In particular, this

is the case for indistinguishable strains; therefore the triangle model with strain

interaction also fulfils the criteria of population genetic neutrality and is neutral.

However, for a complete steady state assessment the case when c1β1 − c2β2 6= 0

needs investigation. Substitute ψ = c1β1 − c2β2. Then

4.3.3⇒ 0 = β1SI1 − w1I1 + ψI2I1

I1 6=0
= β1S − w1 + ψI2

⇒ I2 = −β1S − w1

ψ
= −(R01S − 1)w1

ψ
(4.3.5)

4.3.4⇒ 0 = β2SI2 − w2I2 − ψI1I2

I2 6=0
= β2S − w2 − ψI1

⇒ I1 =
β2S − w2

ψ
=

(R02S − 1)w2

ψ
. (4.3.6)
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With 1 = N = S + I1 + I2 the equilibrium completes to:

S =1− I1 − I2

=1− −β1S + w1 + β2S − w2

ψ

(ψ − β1 + β2)S =ψ − w1 + w2

S =
ψ − w1 + w2

ψ − β1 + β2

=
ψ − w1 + w2

ψ −R01w1 +R02w2

(4.3.7)

So the steady states for ψ 6= 0 are:

(Ss, Is1 , I
s
2) ∈

{
(1, 0, 0) ,

(
1

R02

, 0, 1− 1

R02

)
,

(
1

R01

, 1− 1

R01

, 0

)
,(

ψ − w1 + w2

ψ −R01w1 +R02w2

,
(R02S − 1)w2

ψ
,−(R01S − 1)w1

ψ

)}
As before the single type survival is limited to R01,02 > 1 to fulfil the need for

positivity of the solutions. The conditions for the state of coexistence are less

obvious. They include c1β1 − c2β2 6= 0 and c1β1 − c2β2 − β1 + β2 6= 0. As

mentioned before the case c1β1 − c2β2 = 0 reduces the model to the normal

triangle one discussed in detail in the section 4.3.2 and therefore needs no further

investigation. The restriction c1β1 − c2β2 − β1 + β2 6= 0 can be transformed to

c1β1 − c2β2 − β1 + β2 = (−1 + c1)β1 + (1− c2)β2 6= 0

⇒ (1− c1)β1 6= (1− c2)β2.

Violation of this criteria again includes indistinguishable strains but also denies

coexistence to a wider set of parameter choices.

Stability analysis

The Jacobian matrix is: −β1I1 − β2I2 −β1S + w1 −β2S + w2

β1I1 β1S − w1 − c2β2I2 + c1β1I2 −c2β2I1 + c1β1I1

β2I2 c2β2I2 − c1β1I2 β2S − w2 + c2β2I1 − c1β1I1

 .

123



Disease free equilibrium: In B1 = (1, 0, 0) the Jacobian matrix is: 0 −β1 + w1 −β2 + w2

0 β1 − w1 0

0 0 β2 − w2

 .

Therefore the eigenvalues are EV1 = 0, EV2 = β1−w1, EV3 = β2−w2 and impose

local stability for B1 in case R01 ≤ 1 and R02 ≤ 1.

Dominance of strain 1: In B2 =
(

1
R01

, 1− 1
R01

, 0
)

the Jacobian matrix is:

 −β1 + w1 0 −β2
w1

β1
+ w2

β1 − w1 0 c2β2 + c2β2
w1

β1
+ c1β1 − c1w1

0 0 β2
w1

β1
− w2 + c2β2 − c2β2

w1

β1
− c1β1 + c1w1

 .

Bearing in mind the Laplace expansion one can read off the eigenvalues again:

EV1 = 0, EV2 = −β1 + w1, EV3 = β2
w1

β1
− w2 + c2β2 − c2β2

w1

β1
− c1β1 + c1w1.

Therefore B2 is locally stable in case

R01 ≥ 1, and (4.3.8)

R02 ≤ R01
w2 + c1w1(R01 − 1)

w2 + c2w2(R01 − 1))
. (4.3.9)

Similar to section 4.3.2 here the restriction in equation 4.3.8 ensures the persis-

tence of strain one in the population and the restriction in equation 4.3.9 pre-

vents the invasion of the other strain. Note that if one allows for variable levels

of competition instead of assuming competitive exclusion as in section 4.3.2 the

restriction for stability of the steady state preventing invasion of the second strain

becomes no longer dependent only on the other types reproduction number but

includes the degree of competition as well.

Dominance of strain 2: Similar to what was shown before one finds that

R02 ≥ 1, and

R01 ≤ R02
w1 + c2w2(R02 − 1)

w1 + c1w1(R02 − 1))
.

need to hold to ensure local stability of B3 =
(

1
R02

, 0, 1− 1
R02

)
.
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Coexistence: As in section 4.3.2 it is assumed that in the set where B2 and B3

are not stable and prone to invasion of the respective other strain the steady state

of coexistence exists and is stable (again, this assumption may not be true for

some cases, see Zhang et al. [43]). Hence, this model provides stable coexistence

of both strains in B4 on the domain C described by:

R01 ≥ 1

R01 ≥ R02
w1 + c2w2(R02 − 1)

w1 + c1w1(R02 − 1))

R02 ≥ 1

R02 ≥ R01
w2 + c1w1(R01 − 1)

w2 + c2w2(R01 − 1))

This includes the special case c1w1 = c2w2 (and the obvious case of no competition

c1,2 = 0) which reduces the constraint to R01 = R02 for which the existence of a

steady state was shown earlier.

To test the existence of steady states of coexistence numerically the triangle model

with strain interaction was implemented and numerically solved using the explicit

Euler method with a time-step of 1. For a fixed set of parameters 1000 model

simulations were run. Each simulation sampled R1 and R2 from a uniform dis-

tribution between 0 and 5 and was run until the sum of the Euclidean differences

of S, I1, I2 at times t and t− 1 fell under an error threshold of 1 ∗ 10−7; the model

was then considered to be in a steady state. A strain was considered extinct if

at steady state less than 5�of the population were infected (other thresholds

yielded similar results). The simulations confirmed the hypothesis of the derived

domain granting a stable steady state of coexisting strains for all tested param-

eter sets (see Figure 4.1). Furthermore, by its design the implemented model

suggests global stability of the triangle model on C as well. Although analyt-

ically laborious it is easy to show numerically that the conditions derived for

stable coexistence on C correspond to the requirement of positivity of the steady

state granting coexistence. The parameter space of coexistence is generally nar-

row. Only c1,2 � w1,2 together with a substantial difference in the competition

induced by either strains increases the parameter space for stable coexistence.
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Figure 4.1: Numerical model results for the test of stable coexistence. The dashed
line marks the domain C. Model simulations which resulted in coexistence
of both strains are represented by green circles and the extinction of at
least one strain by red crosses. The figure consists of 1000 simulations
with uniformly distributed R01 and R02, the other parameter values are:
w1 = 1/60, w2 = 1/60, c1 = 0.8, c2 = 0.1 (left), w1 = 1/6, w2 = 1/6, c1 =
0.3, c2 = 0.6 (right) and the initial values: (S, I1, I2) = (0.2, 0.4, 0.4).

4.3.4 Diamond-type model
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Now consider a diamond type model incorporating a state of co-colonisation as

proposed by Lipsitch [37]. Denote the susceptible by S, the infected with strain

1 by I1, the infected with strain 2 by I2 and carriers of both strains with by I12.
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The equations are:

S ′ = −(λ1 + λ2)S + w1I1 + w2I2 + µ− µS

I ′1 = λ1S − w1I1 − c2λ2I1 + w2I12 − µI1

I ′2 = λ2S − w2I2 − c1λ1I2 + w1I12 − µI2

I ′12 = c2λ2I1 + c1λ1I2 − (w1 + w2)I12 − µI12

(4.3.10)

with λ1 = β1(I1 + qI12) and λ2 = β2(I2 + qI12) using the same name conventions

for parameters as before. Here the parameter q ∈ [0, 1] scales the infectivity of

the dually colonised; q = 1
2

corresponds to the dual infected being as infective

(in total) as the individuals infected with a single strain. This is assuming that

a person dually colonised has equal chances of transmitting either of the strains

which otherwise could be overcome by splitting into q1 and q2 in λ1 and λ2 but

is not considered for now. To include simple demographic patterns a parameter

µ representing a simple birth and death process is added here. For the sake of

simplicity we assume that the overall population stays constant i.e. #births =

#deaths. The overall population size is N = 1 = S + I1 + I2 + I12. To make

this model comparable to the ones analysed before one can study the behaviour

of the model for µ → 0. This model’s ecological dynamics for indistinguishable

strains are:

N ′0 = −β(N1 + 2qN2)N0 + wN1 + µ− µN0

N ′1 = +β(N1 + 2qN2)N0 − wN1 − cβ(2I1I2 + qN2N1) + 2wN2 − µN1

N ′2 = −2wN2 + cβ(2I1I2 + qN2N1)− µN2,

where N0 = S,N1 = I1 + I2, N2 = I12 Since there is no way to express these

using ecological variables only, the model is not neutral. Anyway, now the stable

equilibria will be assessed, in particular these with coexistence of two types. The

disease free one again is obvious:

B1 = (1, 0, 0, 0), (4.3.11)

and the extinction of either one of the strains (which includes Is12 = 0) leads to
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steady states similar to those in the previously investigated models:

B2,3 = {( 1

R01

, 1− 1

R01

, 0, 0), (
1

R02

, 0, 1− 1

R02

, 0)} (4.3.12)

with the strain specific reproduction number being R0i = βi
µ+wi

, i ∈ {1, 2}. The

steady state with coexistence of both types could be determined by successive

elimination and substitution as done in the previous two paragraphs. This could

be done by the introduction of auxiliary variables which represent all carriers

of either serotype, as done by Lipsitch [37] and reviewed in detail by Weir [44].

Here, for convenience, the existence of this steady state will be inferred from the

stability analysis of the disease free steady state and the steady states where only

one type is present.

Stability analysis

The Jacobian matrix of the diamond-type model 4.3.10 is:


−(λ1 + λ2)− µ −β1S + w1 −β2S + w2 −qS(β1 + β2)

λ1 β1S − c2λ2 − w1 − µ −c2β2I1 w2 + qβ1S − c2qβ2I1
λ2 −c1β1I2 β2S − w2 − µ− c1λ1 w1 + qβ2S − c1qβ1I2
0 c2λ2 + c1β1I2 c1λ1 + c2β2I1 −µ− (w1 + w2) + c2β2qI1 + c1β1qI2


(4.3.13)

Disease free equilibrium:

The Jacobian matrix in B1 is:

J1 =


−µ −β1 + w1 −β2 + w2 q(β1 + β2)

0 β1 − w1 − µ 0 w2 + qβ1

0 0 β2 − w2 − µ w1 + qβ2

0 0 0 −µ− (w1 + w2)

 . (4.3.14)

Since the matrix 4.3.14 is an upper triangular matrix one can read off the Eigen-

values from the diagonal:

s1 = −µ, s2 = β1 − w1 − µ, s3 = β2 − w2 − µ, s4 = −µ− (w1 + w2).

The Eigenvalues s1 and s4 are negative for the considered parameter space (i.e.
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µ,w1,2 > 0) and to ensure that s2,3 ≤ 0

β1

µ+ w1

= R01 ≤ 1 and
β2

µ+ w2

= R02 ≤ 1

need to hold. So in case the reproduction numbers of both types are less then one

or equal to one the disease free steady state is stable. Note that for asymptotic

stability and therefore the convergence to B1 the constraint R0i < 1, i = 1, 2 is

required.

Dominance of strain 1:

To derive the stability for B2 an approach will be followed originally taken by

Yidi Zhang [42] who splits the analysis into the equations for strain 1 and 2

and then makes use of the Perron-Frobenius theorem to derive the constrains on

R01 and R02. However, the model here is slightly different and the results cannot

be inferred directly from Zhang’s work (not considering strain specific loss of

infectiousness rates in the SIS formulation of the model). The Jacobian matrix

in B2 is: J2 =


−
(
1 − 1

R01

)
β1 − µ −β1 1

R01
+ w1 −β2 1

R01
+ w2 −q 1

R01
(β1 + β2)

β1

(
1 − 1

R01

)
β1

1
R01

− w1 − µ −c2β2
(
1 − 1

R01

)
w2 + qβ1

1
R01

− c2qβ2

(
1 − 1

R01

)
0 0 β2

1
R01

− w2 − µ− c1β1

(
1 − 1

R01

)
w1 + qβ2

1
R01

0 0 c1β1

(
1 − 1

R01

)
+ c2β2

(
1 − 1

R01

)
−µ− (w1 + w2) + c2β2q

(
1 − 1

R01

)


(4.3.15)

Since the matrix 4.3.15 is an upper triangular block matrix Det(J2 − sE4) =

Det(J1
2 − sE2) ∗Det(J1

2 − sE2) with En being the n-dimensional identity matrix,

J1
2 =

 −(1− 1
R01

)
β1 − µ −µ

β1

(
1− 1

R01

)
0


and

J2
2 =

 β2
1
R01
− w2 − µ− c1β1

(
1− 1

R01

)
w1 + qβ2

1
R01

(c1β1 + c2β2)
(

1− 1
R01

)
−µ− (w1 + w2) + c2β2q

(
1− 1

R01

) 
Note that J1

2 has been reduced by making use of β1
1
R01

= µ+w1. The eigenvalues

of J2 are the same as these from J1
2 and J2

2 combined and the analysis can be

split in two parts. J1
2 here corresponds to the part of J2 where the transmission

dynamics of strain 1 are described. Since J1
2 is two dimensional both eigenvalues

are non-positive if the trace of J1
2 is non-positive and the determinant is non-
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negative.

Det(J1
2 ) =µβ1

(
1− 1

R01

)
≥ 0 (4.3.16)

Trace(J1
2 ) =−

(
1− 1

R01

)
β1 − µ ≤ 0 (4.3.17)

From equation 4.3.16 follows the need for

R01 ≥ 1 (4.3.18)

which is then sufficient to fulfil equation 4.3.17 in the considered parameter space

as well. For the second part of the stability analysis for B2, J2
2 can be split into

J2,1
2 =

 −w2 − µ− c1β1

(
1− 1

R01

)
w1

c1β1

(
1− 1

R01

)
−µ− (w1 + w2)


and

J2,2
2 = 1

R01

(
1 q

c2(R01 − 1) c2q(R01 − 1)

)

with J2
2 = J2,1

2 + β2J
2,2
2 . Since, given R01 ≥ 1, J2,1

2 is a quasi-positive matrix and

J2,2
2 a positive matrix the Perron-Frobenius theorem [45] is applicable. Hence,

the spectral bound s(J2
2 ) (the largest real part of all eigenvalues of J2

2 ) is itself an

eigenvalue of J2
2 . Using the determinant and the trace as before one can easily

show, that J2,1
2 (J2

2 (β2 = 0)) has two negative eigenvalues (i.e. s(J2
2 (β2 = 0)) < 0).

Since the spectral bound is monotonously increasing for increasing β2, β2 ≤ β∗2

with Det(J2
2 (β2 = β∗2)) = 0 ensures negative eigenvalues for J2

2 :

β∗2

[
1

R01

(−µ− w1 − w2) +

(
−µ− w2 − c1β1

(
1− 1

R01

))
c2q

(
1− 1

R01

)
−
(
c1β1q

1

R01

+ c2w2

)(
1− 1

R01

)]
= (w2 + µ+ c1(w1 + µ)(R01 − 1)) (−µ− w2) + w1(µ+ w2)
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therefore the constraint on R02 is:

R02 ≤
β∗2

w2 + µ
(4.3.19)

= R01

1 + w1

w2+µ
+ (R01 − 1)w1+µ

w2+µ
c1

1 + w1

w2+µ
+ (R01 − 1)

(
w1+µ
w2+µ

c1q(c2(R01 − 1) + 1) + c2(q + w1

w2+µ
)
) .

(4.3.20)

Note that for R01 ≥ 1 the right hand side is positive and therefore allows a

meaningful constraint.

Dominance of strain 2:

Since the Model is symmetric the stability for B3 can be derived exactly as for

B2. The constraints corresponding to 4.3.18 and 4.3.20 are:

R02 ≥ 1 (4.3.21)

and

R01 ≤ R02

1 + w2

w1+µ
+ (R02 − 1)w2+µ

w1+µ
c2

1 + w2

w1+µ
+ (R02 − 1)

(
w2+µ
w1+µ

c2q(c1(R02 − 1) + 1) + c1(q + w2

w1+µ
)
) .

(4.3.22)

Inferring the domain for coexistence of both strains
The previous analysis has determined the domain for R01 and R02 where the
steady states B1, B2 and B3 are insensitive to small perturbations. In particular
the results show that a steady state where one strain becomes extinct is only
stable if this strain has a reproduction number bigger or equal to one and the
second strain’s reproduction number is less and sufficiently small so as not to
invade the population. This means that in case the latter does not hold the
second strain does (at least temporarily) increase in prevalence. Therefore it
is likely (see sections 4.3.2 and 4.3.3), that the diamond-type model has stable
coexistence of both strains in the domain of R01,02 where B1,2,3 are not stable.
This domain is C = C1 ∩ C2 ∩ C3 with

C1 =

(R01, R02)

∣∣∣∣∣R01 ≥
R02

(
1 + w2

w1+µ
+ (R02 − 1)w2+µ

w1+µ
c2

)
1 + w2

w1+µ
+ (R02 − 1)

(
w2+µ
w1+µ

c2q(c1(R02 − 1) + 1) + c1(q + w2

w2+µ
)
)


(4.3.23)
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C2 =

(R01, R02)

∣∣∣∣∣R02 ≥
R01

(
1 + w1

w2+µ
+ (R01 − 1)w1+µ

w2+µ
c1

)
1 + w1

w2+µ
+ (R01 − 1)

(
w1+µ
w2+µ

c1q(c2(R01 − 1) + 1) + c2(q + w1

w1+µ
)
)


(4.3.24)

and

C3 = {(R01, R02)|R01, R02 ≥ 1} (4.3.25)

To test the existence of steady states of coexistence in C numerically the diamond-

type model was implemented and numerically solved using the explicit Euler

method with a time-step of 1. For a fixed set of parameters w1,2, µ, c1,2 and q and

initial values S, I1, I2 > 0 and 0 ≤ I12 = 1−S−I1−I2 1000 model simulation were

run. Each simulation sampled R1 and R2 from a uniform distribution between

0 and 5 and was run until the sum of the Euclidean differences of S, I1, I2 and

I12 at times t and t − 1 fell under an error threshold of 1 ∗ 10−7 (the model

was then considered to be in a steady state). A strain was considered extinct

if at steady state less then 5�(other thresholds yielded similar results) of the

population were infected. The simulations confirmed the hypothesis of C being

the domain which grants a stable steady state of coexisting strains (see Figure

4.2). Furthermore, by its design the implemented model suggests global stability

of the diamond type model on C as well.

While the size of C is relatively robust against different assumptions of the loss of

infectiousness (wi) and mortality (µ) it is mainly dependent on the competition

parameters c1, c2 as well as q (See Figure 4.3). One also observes that the higher

the competition between the strains (recall that high competition in this model

is reflected by low values of c1,2) the smaller the parameter space which allows

for coexistence (in particular in case c1 = c2 = 0 coexistence is restricted to

R01 = R02 - see equations 4.3.23 and 4.3.24 as well).

4.3.5 The issue of coexistence

While the diamond-type model provides a reasonable framework to describe co-

existence of two strains (for example vaccine-types and non vaccine-types) and

ensures stable coexistence for a broad range of parameter values it lacks neu-

trality [41]. This makes it unsuitable for exploring the underlying mechanism of

coexistence since it promotes them artificially. In particular the explored stabil-

ity of the diamond-type model is in disagreement with the necessity of equally fit
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Figure 4.2: Numerical model results for the test of stable coexistence. The dashed
line marks the domain given by the intersection of 4.3.23, 4.3.24 and
4.3.25. Model simulations which resulted in coexistence of both strains
are represented by green circles and the extinction of at least one strain
by red crosses. The figure consists of 1000 simulations with uniformly dis-
tributed R01 and R02, the other parameter values are: w1 = 1/60, w2 =
1/60, µ = 1/1000, c1 = 0.9, c2 = 0.9, q = 1/2 (left), w1 = 1/6, w2 =
1/6, µ = 1/10000, c1 = 0.8, c2 = 0.1, q = 1 (right) and the initial values:
(S, I1, I2, I12) = (0.3, 0.3, 0.3, 0.1).

Figure 4.3: Domains for R01 and R02 which corresponds to the domain of stability of
the steady states B1. . .B4. Parameter values are: w1 = w2 = 1/60, µ =
1/1000, c1 = c2, q = 1(left), q = 0.5(right) for three scenarios: low (c1 =
0.9), medium (c1 = 0.4) and high (c1 = 0.1) competition between the
strains.
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strains being able to coexist at different prevalence levels. Hence forecasts relying

on model predictions of a steady state should be treated with great care, however,

in the absence of feasible alternatives they still can provide a helpful best guess.

Assessing the mechanisms which promote coexistence in neutral models Colijn

et al. [46] were able to identify a few essential factors. In essence they explored

variants of the diamond-type model including extra compartments for individuals

infected twice with the same strain. The basic model is described as
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where k represents the probability for ”knocking off” one strain when exposed to

another. When intra-specific competition exhibits inter-specific competition in a

classic Lotka-Voltera model coexistence is promoted. The authors transferred this

to their models and found the same mechanism to strongly support coexistence.

In particular this means, that if a person infected with strain 1 has a reduced

chance to get infected with strain 1 opposed to strain 2 and vice versa, coexistence

is promoted. Serotype specific immunity does present a mechanism which has

been observed in longitudinal carriage studies (see section 2.4.3 ) and could be a

biological ground for intra-specific competition. This will become important in

chapter 6 of this thesis.

Summary

The transmission dynamics of the pneumococcus were discussed in this chap-

ter with a focus on the role of competition for the spread, and especially, for

coexistence of the different serotypes. The means of acquisition, clearance, re-

placement and competition were discussed and the concept of a neutral model was

discussed. Three groups of deterministic models including different approaches

for incorporating coexistence were analysed for their steady state behaviour in

the light of model neutrality. The two neutral model formulations did allow co-
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existence of two types only for a limited parameter space (e.g. if the types are

similarly fit: R01 ≈ R02) which is likely to prove too restrictive to use it for

model fitting in the case of S. pneumoniae. Further neither models incorporated

a compartment which allows colonisation with both serotypes at once as was ob-

served for the pneumococcus. The non neutral model has this extra compartment

and further benefits from a large parameter space where coexistence is possible.

However, through the model structure, this approach suffers from the caveat of

artificially increasing coexistence in absence of any biologically plausible mech-

anism underpinning these dynamics. This issue could lead to biased estimates

of pneumococcal carriage if used for extrapolation and needs to be kept in mind

when employing such model structures to gain insights as to the likely impact of

vaccination.

The subsequent chapter will review a modelling approach for predicting the long

term impact of introducing PCV7 into the childhood immunisation scheme of

England and Wales and its evaluation when applied to the observed changes in

disease. The feasibility of this model to mirror the epidemiology observed in

Scotland will be studied in the perspective of extending the model to predict the

impact of higher valency vaccine formulations. The deterministic model will be

converted into a corresponding individual based model in order to cope with the

complex vaccination uptake following the introduction of PCV13 in England and

Wales. The caveats for this transfer will be discussed and insight gained will be

used when evaluating the possible role of immunity in the transmission dynamics

for inducing competition and coexistence.

135



Bibliography

[1] Melegaro A, Gay NJ, Medley GF (2004) Estimating the transmission pa-

rameters of pneumococcal carriage in households. Epidemiol Infect 132:

433–441.

[2] Hoegberg L, Geli P, Ringberg H, Melander E, Lipsitch M, et al. (2007) Age-

and serogroup-related differences in observed durations of nasopharyngeal

carriage of penicillin-resistant pneumococci. Journal of Clinical Microbiology

45: 948–952.

[3] Melegaro A, Choi YH, George R, Edmunds WJ, Miller E, et al. (2010) Dy-

namic models of pneumococcal carriage and the impact of the Heptavalent

Pneumococcal Conjugate Vaccine on invasive pneumococcal disease. BMC

infectious diseases 10: 90.

[4] Melegaro A, Choi Y, Pebody R, Gay N (2007) Pneumococcal carriage in

United Kingdom families: estimating serotype-specific transmission param-

eters from longitudinal data. American journal of epidemiology 166: 228–35.

[5] Weinberger DM, Trzccinski K, Lu YJ, Bogaert D, Brandes A, et al. (2009)

Pneumococcal capsular polysaccharide structure predicts serotype preva-

lence. PLoS Pathogens 5: e1000476.

[6] Sleeman KL, Griffiths D, Shackley F, Diggle L, Gupta S, et al. (2006) Cap-

sular serotype-specific attack rates and duration of carriage of Streptococcus

pneumoniae in a population of children. Journal of Infectious Diseases 194:

682–688.

[7] Dagan R, Givon-Lavi N, Zamir O, Sikuler-Cohen M, Guy L, et al. (2002)

Reduction of nasopharyngeal carriage of Streptococcus pneumoniae after ad-

136



ministration of a 9-valent pneumococcal conjugate vaccine to toddlers at-

tending day care centers. Journal of Infectious Diseases 185: 927–936.

[8] O’Brien KL, Millar EV, Zell ER, Bronsdon M, Weatherholtz R, et al. (2007)

Effect of pneumococcal conjugate vaccine on nasopharyngeal colonization

among immunized and unimmunized children in a community-randomized

trial. The Journal of infectious diseases 196: 1211–20.

[9] Gray BM, Converse GM, Dillon HC (1980) Epidemiologic studies of Strep-

tococcus pneumoniae in infants: acquisition, carriage, and infection during

the first 24 months of life. Journal of Infectious Diseases 142: 923–33.

[10] Kuster SP, Tuite AR, Kwong JC, McGeer A, Fisman DN (2011) Evaluation

of Coseasonality of Influenza and Invasive Pneumococcal Disease: Results

from Prospective Surveillance. PLoS medicine 8: e1001042.

[11] Gray BM, Turner ME, Dillon HC (1982) Epidemiologic studies of Streptococ-

cus pneumoniae in infants. The effects of season and age on pneumococcal

acquisition and carriage in the first 24 months of life. In: American Journal

of Epidemiology. volume 116, pp. 692–703.

[12] Syrjänen RK, Kilpi TM, Kaijalainen TH, Herva EE, Takala AK (2001)

Nasopharyngeal carriage of Streptococcus pneumoniae in Finnish children

younger than 2 years old. The Journal of infectious diseases 184: 451–9.

[13] Hussain M, Melegaro A, Pebody RG, George R, Edmunds WJ, et al. (2005) A

longitudinal household study of Streptococcus pneumoniae nasopharyngeal

carriage in a UK setting. Epidemiol Infect 133: 891–898.

[14] Lakshman R, Murdoch C, Race G, Burkinshaw R, Shaw L, et al. (2003)

Pneumococcal nasopharyngeal carriage in children following heptavalent

pneumococcal conjugate vaccination in infancy. Archives of Disease in Child-

hood 88: 211–214.

[15] Flasche S, van Hoek AJ, Sheasby E, Waight P, Andrews N, et al. (2011) Effect

of Pneumococcal Conjugate Vaccination on Serotype-Specific Carriage and

Invasive Disease in England: A Cross-Sectional Study. PLoS Medicine 8:

e1001017.

[16] Huang SS, Hinrichsen VL, Stevenson AE, Rifas-Shiman SL, Kleinman K,

et al. (2009) Continued impact of pneumococcal conjugate vaccine on car-

137



riage in young children. Pediatrics 124: e1–11.

[17] Vestrheim DF, Hø iby EA, Aaberge IS, Caugant DA (2010) Impact of a

pneumococcal conjugate vaccination program on carriage among children in

Norway. Clinical and Vaccine Immunology 17: 325–334.

[18] Spijkerman J, van Gils EJM, Veenhoven RH, Hak E, Yzerman EPF, et al.

(2011) Carriage of Streptococcus pneumoniae 3 Years after Start of Vaccina-

tion Program, the Netherlands. Emerging infectious diseases 17: 584–591.

[19] Weinberger DM, Malley R, Lipsitch M (2011) Serotype replacement in dis-

ease after pneumococcal vaccination. Lancet 6736: 1–12.

[20] Auranen K, Mehtala J, Tanskanen A, Kaltoft MS (2010) Between-strain com-

petition in acquisition and clearance of pneumococcal carriage–epidemiologic

evidence from a longitudinal study of day-care children. American journal

of epidemiology 171: 169–176.

[21] Weinberger DM, Harboe ZB, Flasche S, Scott JA, Lipsitch M (2011) Predic-

tion of Serotypes Causing Invasive Pneumococcal Disease in Unvaccinated

and Vaccinated Populations. Epidemiology 22: 199–207.

[22] Gupta S, Maiden MC, Feavers IM, Nee S, May RM, et al. (1996) The main-

tenance of strain structure in populations of recombining infectious agents.

Nature medicine 2: 437–42.

[23] Gupta S, Swinton J, Anderson RM (1994) Theoretical studies of the effects

of heterogeneity in the parasite population on the transmission dynamics of

malaria. Proceedings Biological sciences / The Royal Society 256: 231–8.

[24] White LJ, Cox MJ, Medley GF (1998) Cross immunity and vaccination

against multiple microparasite strains. IMA journal of mathematics applied

in medicine and biology 15: 211–33.

[25] Rozenbaum MH, Sanders EAM, van Hoek AJ, Jansen AGSC, van der Ende

A, et al. (2010) Cost effectiveness of pneumococcal vaccination among Dutch

infants: economic analysis of the seven valent pneumococcal conjugated vac-

cine and forecast for the 10 valent and 13 valent vaccines. BMJ 340: c2509.

[26] Smith KJ, Wateska AR, Nowalk MP, Raymund M, Nuorti JP, et al. (2012)

Cost-effectiveness of adult vaccination strategies using pneumococcal conju-

138



gate vaccine compared with pneumococcal polysaccharide vaccine. JAMA :

the journal of the American Medical Association 307: 804–12.

[27] Andersson M, Ekdahl K, Mölstad S, Persson K, Hansson HB, et al. (2005)

Modelling the spread of penicillin-resistant Streptococcus pneumoniae in day-

care and evaluation of intervention. Statistics in medicine 24: 3593–607.

[28] Sutton KL, Banks HT, Castillo-Chavez C (2008) Estimation of invasive pneu-

mococcal disease dynamics parameters and the impact of conjugate vacci-

nation in Australia. Mathematical biosciences and engineering : MBE 5:

175–204.

[29] Lipsitch M (2001) Measuring and interpreting associations between antibi-

otic use and penicillin resistance in Streptococcus pneumoniae. Clinical in-

fectious diseases 32: 1044.

[30] McCormick AW, Whitney CG, Farley MM, Lynfield R, Harrison LH, et al.

(2003) Geographic diversity and temporal trends of antimicrobial resistance

in Streptococcus pneumoniae in the United States. Nature medicine 9: 424–

30.
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5 A model to predict the impact of

vaccination

Outline

The complex epidemiology of S. pneumoniae, both before and in response to the

introduction of the 7-valent vaccine in the UK and elsewhere, has been described

in chapter 3. The substantial decrease in vaccine type IPD in both unvaccinated

and vaccinated individuals, through a combination of a protective effect against

pneumococcal disease and direct and indirect prevention of pneumococcal coloni-

sation by the vaccine, was subsequently followed by a marked increase in NVT

IPD caused by serotype replacement. In chapter 4 possible model structures to

describe the basic transmission dynamics of the pneumococcus were studied. The

”diamond type model” which provides the most promising approach to mirror co-

existence of multiple types has the caveat of providing coexistence through the

model structure itself rather than a biologically plausible mechanism.

Following the success of PCV7 in the United States dynamic modelling was used

to infer possible changes in IPD in the England and Wales [1,2] and to assist the

decision on implementing a similar program. This approach employed a diamond

type model similar to the one discussed in section 4.3.4. In this chapter these

manuscripts will be reviewed and the techniques used will be applied to data

on vaccine uptake and invasive pneumococcal disease in Scotland. PCV13 has

already been introduced in Scotland; therefore studying the possible impact of

PCV7 might seem uncalled for. However, this could provide an estimate of the

long term impact of PCV7 as introduction of PCV13 made such an assessment by

other means impossible. Estimation of the long term impact of PCV7 is necessary

if one ought to appropriately study the incremental benefit of the introduction of
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PCV13. Furthermore knowledge of the impact of PCV7 offers a basis to study the

possible long term impact of PCV13 in Scotland. Finally, the model is transferred

into a corresponding individual based framework which is more flexible and in

particular allows inclusion of a more complex structure of protection following

vaccination after the switch in policy from PCV7 to PCV13.

5.1 Predicting the impact of PCV7 in E&W

A model structurally similar to the one analysed in chapter 4.3.4 was set up by

Melegaro and colleagues [1] to predict the possible impact of the introduction of

PCV7 into the UK childhood immunisation scheme following the huge impact

reported from the US [3]. In this model serotypes included in the vaccine formu-

lation were treated as one type which was competing with another type which

represents all non-vaccine serotypes. To allow for imperfect vaccination protec-

tion the authors employed two parallel diamond type models where individuals

can switch between those according to vaccination rates and waning vaccine pro-

tection. The model was run until it reached a steady state and age-stratified

values for the FOI and the invasiveness of VTs and NVTs were estimated from

pre-vaccination carriage and disease data. The key model parameters were es-

timated from the dynamics of IPD in the US in the post-vaccination era by

minimising the Poisson deviance. Finally the model was re-parametrized with

the UK population estimates and pre-vaccination IPD data to forecast the effect

in the UK.

Vaccine-type IPD in England and Wales was estimated to decline quickly and

to vanish about 10 years after the introduction of PCV7 due to its direct and

indirect (herd) protection. The protection against non-vaccine serotype acquisi-

tion through vaccine type colonisation was estimated to be only about 15%. This

determines the amount of competition between VT and NVT and is therefore

crucial for the prediction of the magnitude of NVT replacement of which there

was not much evidence in the US at that time (which was partly down to an

increasing number of outpatients included in the US IPD data, see section 3.2

and [4]). In total the model predicted a 63% reduction of IPD cases in children

less then 5 years of age and a 35% reduction in the rest of the population.

Shortly after introduction of PCV in the UK in September 2006 it became in-

creasingly clear that, even though the decline of VT IPD in the UK somewhat
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mirrored the observations from the US and indeed the model predictions, the

increase in NVT disease was much more pronounced than expected (compare

chapter 3.2). Only some of the discrepancies disappeared when accounting for

pre-vaccination trends in the data from E&W and at the same time reducing the

bias from changing case ascertainment in the post-vaccination era in the US by

including only hospitalised cases.

This showed the need for re-parameterisation of the model to UK post-vaccination

data so that the long term effects of PCV7 can be predicted more accurately. Choi

et al. adapted the model to incorporate the observed vaccine uptake in E&W in

which another copy of the diamond model was introduced into the framework to

incorporate the state of partial protection of individuals who received only one

dose of the vaccine until completion of their first year of life [2]. A model diagram

is presented in figure 5.1. Also the implementation of the mixing patterns was

changed to correspond to those observed in a contact survey conducted in the

UK and other European countries in 2006 [5]. As previously the model was

fitted to pre-vaccination carriage prevalence obtained from a longitudinal study

in Hertfordshire (see [6,7] and 3.1.3) and the invasiveness of VTs and NVTs was

determined from observed pre-vaccination IPD levels.

Assuming that the invasiveness of the grouped serotypes in VT and NVT did

not change the model was then fitted to post-vaccination IPD of E&W until

the epidemiological year 2008/09. The IPD data was adjusted for increased as-

certainment (see section 3.1.1) and excluded serotype 1 because of its volatility.

The assumption of constant invasiveness could be flawed if within the group of

NVT strains only a few serotypes with outstanding invasiveness were responsible

for most of the replacement. However, if the rank order of carriage prevalence

is determined by pathogen specific characteristics (for which there is some evi-

dence [8,9]) the assumption will hold true in the long term, although it might be

prone to some stochastic variation.

The best fitting model estimated that individuals colonised with VT are 96%

[82%-100%] less likely to acquire a NVT compared to uncolonised individuals.

This finding is similar to the one estimated directly from a longitudinal dataset

for pneumococcal carriage in three Danish day-care centres [10]. Auranen et al.

found that the rate of acquisition of infection by a pneumococcal serotype in

uninfected children (pooled over all serotypes) was reduced by 91%[85%-95%]

when they were infected. Through this high amount of competition in the model
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Figure 5.1: Flow diagram of the transmission dynamics employed in the model. Sus:
susceptibles, VT: PCV7 type carriers, NVT: non-PCV7 type carriers, Both:
both carrying VT and NVT. A) Pre-PCV7 or Unprotected group, B) Par-
tially Protected, C) Fully Protected, and D) Movements between three
groups (A, B and C) through vaccination and waning. The parame-
ters ri, i ∈ {Ni, V i} are age-dependent recovery rates for NVT and VT,
λi, i ∈ {Ni, V i} are forces of infection, and cNi and cV i are competition
parameters. The vaccine protection amongst the population is defined by
the vaccine coverage rates covi, i ∈ {1, 2, 3}. The vaccine efficacy against
carriage for partially and fully protected groups are denoted as dP and dF
respectively [2].
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the long term prediction showed almost complete replacement of VT carriage

with NVTs and so the impact of PCV7 on overall IPD was lower; elimination of

VT was predicted to occur within 10 years after implementation of the program

and NVT IPD to increase by 90%[63%-111%] which in the long term results

in an overall reduction of IPD cases of only 9%[2%-22%] and therefore to be

considerably less beneficial than estimated from US data.

5.2 Predicting the impact of PCV7 in Scotland

Following the assessment of the impact of PCV7 in Scotland (see section 3.1.2)

this section aims to evaluate the feasibility of the model from Choi et al. [2] for

describing the Scottish IPD data and predicting the likely long term population

effect of PCV7. This would give an opportunity to unravel the effects of PCV7 and

PCV13 after the introduction of PCV13 in 2010. Also this offers the perspective

of further adapting the model to estimate the potential impact of higher valency

vaccine formulations.
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Figure 5.2: Vaccine (PCV7) uptake in 2-24 month old Scottish children in the post
PCV7 introduction era.
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5.2.1 Methods

Data & parameterisation Data on invasive pneumococcal disease obtained

from blood or cerebrospinal fluid from the Scottish national surveillance from

2000/01 to 2009/10 were extracted from the SPIDER database (see chapter 3.1.2).

The range of the age groups were chosen achieve equally distributed numbers of

cases amongst the age group providing about 100 cases per year in each group

in order to minimise differences in stochastic effects. The age groups were: 0-

4y, 5-39y, 40-49y, 50-59y, 60-69y, 70-79y, 80+y. For estimates on pneumococcal

colonisation data from a pre-vaccination study in Hertfordshire, England, were

employed [6], because no data in nasopharyngeal colonisation from Scotland is

available for the pre vaccination era. Data on vaccine uptake in Scotland after in-

troduction of PCV7 was obtained from the Scottish Immunization Record System

(SIRS). Mixing patterns where implemented according to a survey by Mossong

et al. interviewing people about their day to day two-way conversational contact

behaviour which is assumed to reflect events mainly responsible for transmission

of various pathogens including the pneumococcus [5]. Age-dependent duration of

carriage was assumed to be similar to these employed in Melegaro et al. [1] and

the remaining parameters including duration of vaccine protection and vaccine

effectiveness against invasive disease given colonisation were obtained from Choi

et al. [2].

Model The program code for the model was obtained from the authors of Choi

et al. [2] which is an extension of the diamond-type model described in section

4.3.4 to include full and partial vaccine protection (see figure 5.1). A fully detailed

description of the model can be found in Choi et al. [2]. In brief: in the model

people change respective compartments according to their age dependent proba-

bility of being vaccinated. This is determined by vaccine uptake data. Individuals

are considered fully protected from either two or more doses or by receiving one

dose above the age of 1 (catch up campaign). Everyone else who received one

dose is considered partially protected and is therefore assumed to be only half as

protected against acquisition of infection as a fully protected person.

Data analysis As presented in section 3.1.2 the interpretation of post vacci-

nation IPD in Scotland was hindered by increasing incidence prior to the intro-

duction of PCV7. Hence, the analysis here is presented in three scenarios. For
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scenarios 1 and 3 data on invasive disease was adjusted for what is assumed to be

an effect of increasing ascertainment; the Poisson regression model from section

3.1.2 was employed to estimate the yearly increase in overall IPD in the absence

of vaccination. The IPD data in the epidemiological year 2009/10 was hereby

assumed to represent the year when ascertainment was complete and the number

of cases (k) in the years t = 1, . . . , 8 (corresponding to the epidemiological years

2000/01, . . ., 2008/09) where inflated:

kinflatedt = kt · s9−t

Here s represents the pre-vaccination slope estimated by the regression model.

Further, in scenario 1 serotype 1 disease was excluded for reasons discussed earlier

(see chapter 2.6.2). Overall scenario 1 represents the analysis fitting to fully ad-

justed data, scenario 2 to unadjusted data (including serotype 1) and in scenario

3 the IPD data was adjusted for trends but included serotype 1 IPD.

In contrast to Choi et al. model fitting was done through Markov Chain Monte

Carlo methods and the program code was adapted accordingly. A burn-in period

of 10,000 simulations was allowed for and a total chain length of 100,000 was

considered sufficient. No formal assessment of convergence was employed. The

Poisson log-likelihood of the model estimates (λc for carriage and λI for IPD),

given one year of pre vaccination carriage data (j) and 4 years of post vaccination

IPD (k) data, is:

LL(λI , λc, k, j) =
7∑

a=1

5∑
y=2

[
−λIa,y + ka,y log(λIa,y)− log(ka,y!)

]
+

10∑
b=1

[
−λcb,1 + jb,1 log(λcb,1)− log(jb,1!)

]
.

The model estimates are assumed to be the mean of a Poisson distributed vari-

able. The variables a and b represent the 7 and 10 age groups employed for

invasive disease and nasopharyngeal carriage respectively and y ∈ {1, . . . , 5} the

pre vaccination (y = 1) and the 4 post vaccination years. The log-likelihood

was maximised through a Metropolis Hastings algorithm. For computational ef-

ficiency log(k!) was omitted since there was no interest in the likelihood itself but

rather in the likelihood ratio to calculate the acceptance rate. The fitting param-

eters (competition (cN = cV ), the vaccine induced degree of protection against

carriage (ξ) and the age-dependent probability of colonisation given a potentially
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infective contact stratified by VT and NVT and three age groups: 0-1y, 2-4y and

5+ (q1 . . . q6)) where estimated through a random walk with a normal proposal

distribution. The standard deviation of the respective proposal distributions were

adjusted to achieve a common acceptance rate of about 23.4% (between 15% and

50%) to achieve optimal mixing properties of the chain [11]. All parameters we

bounded to be between 0 and 1 which was achieved by penalising the likelihood

if any parameter exceeds these bounds. As Choi et al found, the model is insen-

sitive to the competition parameter representing the acquisition of a VT given

NVT carriage and therefore both competition parameters where assumed to be

the same. Uninformative priors where employed. The model was programmed in

Matlab and data analysis was performed R.

5.2.2 Results

After introduction in September 2006 PCV7 coverage in Scotland quickly reached

levels exceeding 95% in the 2-24 month olds (see figure 5.2). Less than 10% of

eligible individuals received less then 3 doses by the age of 18 months.

The Markov Chains for all three scenarios converged (figures 5.3, 5.7 and 5.11)

to unimodal posterior distributions (see the diagonals of figures 5.4, 5.8 and

5.12). Both convergence and posterior distributions were found to be insensi-

tive to the choice of starting points. There was some correlation between the

parameters representing the age-dependent risk of an infectious contact as well

as between vaccine effectiveness against carriage and the competition (see figures

5.4, 5.8 and 5.12). This was consistent amongst all scenarios and suggests that

re-parameterisation of the model could lead to quicker convergence and more ef-

ficient mixing of the Markov chain. However the brute force approach taken here

worked fine for this rather well behaved and low dimensional problem.

Accounting for increasing ascertainment in the pre-vaccination era and neglecting

ST1 disease (scenario 1) the model did fit the pre vaccination carriage prevalence

well (see figure 5.5). Parameter estimates are presented in table 5.1.Individuals

colonised with a VT were estimated to be about half as likely to acquire a NVT

than uncolonised individuals; the reduction in acquisition given colonisation (1-

competition) was estimated to be 44%, 95% credible interval: [35, 55]. The risk

of an infectious contact was estimated to be highest in the very young population

and to be slightly bigger for infection with VT than for infection with NVT.
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Figure 5.3: Scenario 1 (trend-adjusted; exclusion of ST1): Markov Chains for fitting
the parameters competition, degree and the six q-values.

The risks for an infectious contact with VT in 0-1y, 2-4y and 5+ (q1, q2, q3) were

0.243 [0.214, 0.275], 0.090 [0.076, 0.104] and 0.083 [0.077, 0.089]. The risks for

an infectious contact with NVT (q4, q5, q6) were 0.182 [0.147, 0.213], 0.076 [0.063,

0.092] and 0.089 [0.084, 0.095] respectively. As in Choi et al. vaccine effectiveness

against disease was assumed to be 100%. Vaccine effectiveness against carriage

was estimated to be 72.3% [62.6, 82.7]. Obtained case:carrier ratios were highest

in children younger than 5 years of age and in the elderly (70+). While in children

the invasiveness of VT was much higher than the invasiveness of NVT, adults were

estimated to be slightly more susceptible to disease from NVT.

The model fits the data on overall IPD in Scotland well (figure 5.6), however

stratified by age one finds a lack of agreement especially in the age groups 5-39y

and 80+. The Scottish IPD data in the 5-39y old population suggests less VT

replacement than estimated from the model while the data in people aged 80

years or older suggests much more serotype replacement then predicted by the

model.

Including serotype 1 in the analysis and not adjusting for trends in the pre-

vaccination era (scenario 2) yielded slightly different parameter estimates (see

figure 5.8 and table 5.1). The carriage data is again fitted well (see figure 5.9).
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Figure 5.4: Scenario 1: Correlation of the model parameters. Histograms of the poste-
rior distributions are shown on the diagonal. The lower panel holds scatter
plots of the two respective variables and the upper panel holds pearsons
correlation coefficient. Data is taken after a burn-in period of 10,000.
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Figure 5.5: Scenario 1: Comparison of observed pre-vaccination VT and NVT carriage
prevalence from an English study [6] (blue and red crosses) and the model fit
represented by the respectively coloured line and the 95% credible intervals.
Age groups are: 0y, 1y, 2y, 3y, 4y, 5-9y, 10-19y, 20-29y, 30-39y and 40+.

Table 5.1: Point estimates and 95% credible interval for the reduction in acquisition
due to VT carriage, the age dependent risk of an infectious contact with
either VT and NVT and the Vaccine effectiveness against carriage for the
three scenarios of interpretation of post vaccination IPD.

Scenario 1 Scenario 2 Scenario 3
(trend adjusted) (not trend adjusted) (trend adjusted)
(type 1 excluded) (type 1 included) (type 1 included)

1-c 44% [35,55] 26% [16,36] 0.6% [0.0, 3.9]
q1 0.243 [0.214, 0.275] 0.231 [0.207, 0.261] 0.224 [0.193, 0.252]
q2 0.090 [0.076, 0.104] 0.089 [0.077, 0.103] 0.166 [0.144, 0.198]
q3 0.083 [0.077, 0.089] 0.081 [0.076, 0.086] 0.082 [0.071, 0.093]
q4 0.182 [0.147, 0.213] 0.174 [0.149, 0.201] 0.073 [0.060, 0.086]
q5 0.076 [0.063, 0.092] 0.075 [0.062, 0.089] 0.080 [0.074, 0.086]
q6 0.089 [0.084, 0.095] 0.087 [0.081, 0.093] 0.084 [0.077, 0.089]

VEc 72.3% [62.6, 82.7] 67.9% [59.7, 76.0] 75.8% [66.4, 87.5]
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Figure 5.6: Scenario 1: Comparison of observed number of VT and NVT IPD cases
(blue and red crosses) and the model fit represented by the respectively
coloured line including 95% credible intervals.
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Figure 5.7: Scenario 2 (not adjusted for trends; inclusion of ST1): Markov Chains for
fitting the parameters competition, degree and the six q-values.

The reduction of acquisition given colonisation was estimated to be lower than

in the scenario 1: 26%, 95% credible interval: [16, 36]. The risk of an infectious

contact was rather similar. The model fit in scenario 2 suffered from similar

problems as the ones described in scenario 1. However, in scenario 2 the difference

between the model and the data is worse in the 5-39 year old and also the increase

in NVT IPD in the 0-4 year olds seems not to be captured (see figure 5.10).

Including serotype 1 in the analysis and adjusting for trends in the pre-vaccination

era (scenario 3) led to slightly different parameter estimates (see figures 5.11

and 5.12). The carriage data is fitted well (see figure 5.13). Since the data

if interpreted this way don’t show any evidence of serotype replacement, the

reduction of acquisition given colonisation was estimated to be practically zero

(with a bi-modal distribution) : 0.6%, 95% credible interval: [0.0, 3.9]. The risks

of an infectious contact were again similar to the other scenarios. The risks for

an infectious contact with VT in 0-1y, 2-4y and 5+ were 0.224 [0.193, 0.252],

0.166 [0.144, 0.198] and 0.082 [0.071, 0.093]. The risks for an infectious contact

with NVT were 0.073 [0.060, 0.086], 0.080 [0.074, 0.086] and 0.084 [0.077, 0.089]

respectively. The estimate for the protective effect of PCV7 against carriage was:

75.8% [66.4, 87.5]. The model fit in scenario 3 suffered from a marked decrease

in the number of NVT cases after 2005/06 especially in the age group 5-39 which
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Figure 5.8: Scenario 2: Correlation of the model parameters. Histograms are shown
on the diagonal. The lower panel holds scatter plots of the two respective
variables and the upper panel holds pearsons correlation coefficient. Data
is taken after a burn-in period of 10,000.
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Figure 5.9: Scenario 2: Comparison of observed pre-vaccination VT and NVT carriage
prevalence from an English study [6] (blue and red crosses) and the model fit
represented by the respectively coloured line and the 95% credible intervals.
Age groups are: 0y, 1y, 2y, 3y, 4y, 5-9y, 10-19y, 20-29y, 30-39y and 40+.

is mainly due to the epidemiology of serotype 1 (see figure 5.14).

5.2.3 Discussion

Here an adaptation of the work of Choi et al. [2] to Scottish data on invasive dis-

ease in the four years following the introduction of PCV7 is presented. The fitting

procedure is changed into a Markov Process offering the opportunity to obtain

credible intervals in addition to point estimates for all model parameters. Since

the post vaccination epidemiology in Scotland is difficult to interpret this was

done by incorporating three scenarios of possible post vaccination epidemiology

(compare section 3.1.2). The model fitted well to the post vaccination epidemi-

ology observed in VT disease but failed to mirror the differences in NVT disease

replacement observed amongst the age groups.

Convergence of the Markov chains was found to be independent of the starting

values. Some of the estimated parameters were found to be correlated, however

while a re-parameterisation of the model might yield better mixing or faster

convergence of the Markov chain this should not affect the parameter estimates
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Figure 5.10: Scenario 2: Comparison of observed number of VT and NVT IPD cases
(blue and red crosses) and the model fit represented by the respectively
coloured line including 95% credible intervals.
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Figure 5.11: Scenario 3 (trend-adjusted; inclusion of ST1): Markov Chains for fitting
the parameters competition, degree and the six q-values.

themselves. Not much effort was put into fine tuning of the Markov Chains

here to enable faster mixing and convergence, however, the limited complexity

of the fitting problem enabled a brute force approach. 100,000 Markov Chain

simulations took an average of 3-4 days on one core of a Xeon 5190 (3GHz).

The data on invasive pneumococcal disease in Scotland which is used here for

model calibration is not straight forward to interpret; trends prior to vaccine

introduction as well as cyclic behaviour of serotype 1 could have influenced the

post-PCV7 IPD data and therefore introduce uncertainty in the vaccine induced

effects (compare chapter 3.1.2). Presented here are three scenarios, one adjusting

for trends and excluding ST1, one including ST1 and not adjusting for trends

and one adjusting for trends and including ST1. Competition in these scenarios

was estimated to descend by scenario number; in scenario 3 essentially no compe-

tition was found, whereas in scenario 1 where an approximate 50% reduction in

acquisition of additional colonisation while infected was estimated. However even

this is low when compared to other estimates [2, 12]. Compared to the analysis

on unadjusted data in scenario 2, scenario 3 shows less competition induced by

less replacement when adjusting for pre vaccination trends (see section 3.1.1).

Compared to scenario 3, scenario 1 finds increased replacement through the ex-

clusion of ST1 IPD which decreased during the post vaccination era and masked
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Figure 5.12: Scenario 3: Correlation of the model parameters. Histograms are shown
on the diagonal. The lower panel holds scatter plots of the two respective
variables and the upper panel holds pearsons correlation coefficient. Data
is taken after a burn-in period of 10,000.
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Figure 5.13: Scenario 3: Comparison of observed pre-vaccination VT and NVT carriage
prevalence from an English study [6] (blue and red crosses) and the model
fit represented by the respectively coloured line and the 95% credible in-
tervals. Age groups are: 0y, 1y, 2y, 3y, 4y, 5-9y, 10-19y, 20-29y, 30-39y and
40+.

any other NVT increase. No formal comparison of the goodness of fit of the

model to the three scenarios was undertaken because none of them has captured

an important feature of the post PCV7 IPD epidemiology in Scotland, the strong

replacement effect in the elderly population with little evidence for replacement

amongst other age groups.

Although generally in good agreement with the data for the overall population in

all three scenarios, the model showed poor fitting in some age groups. The model

is set up with age non-specific competition parameters and assumes that the in-

vasiveness of the NVT group is the same pre and post vaccination. Therefore

any replacement in the model is driven by a decrease of VT carriage in vacci-

nated children and a concurrent increase of NVT carriage which then spreads

to the rest of the population. However, in the Scottish data there is evidence

for only moderate replacement in children and even less in the 5-39 year olds

with almost full replacement observed in the elderly population. This behaviour

could possibly be captured with a model by introducing age dependent compe-

tition parameters, which in return would allow for age differences in magnitude

of replacement effects. However, there is no evidence supporting that protection
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Figure 5.14: Scenario 3: Comparison of observed number of VT and NVT IPD cases
(blue and red crosses) and the model fit represented by the respectively
coloured line including 95% credible intervals.
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against acquisition induced by vaccine type carriage is age dependent. Whether

the failure of the model to fit the age-specific IPD data is a result of an in-

sufficiently flexible model parameterisation, an inapplicable mode structure or

a deficient understanding of the underlying changes in nasopharyngeal colonisa-

tion which led to these observations in IPD (the composition of the NVT groups

in some age groups and therefore its invasiveness could have changed following

vaccination - compare section 3.1.2) is to be determined.

The model fitted to post PCV7 IPD data from the US was shown to fit the age

stratified IPD data closely [1]. No such age stratification was published for its

adaptation to fit post PCV7 IPD data from England and Wales [2]. However,

the analysis on the impact of the 7-valent conjugate vaccine in E&W showed that

replacement effects were highest in children and slightly lower in all other age

groups [13]. Therefore the model is likely to be able to capture age stratified post

vaccination epidemiology amongst IPD for E&W.

In this work a model previously employed for prediction of the long-term popu-

lation impact of PCV7 in England and Wales [2] was adapted to Scottish data

on invasive pneumococcal disease and a different fitting procedure was employed.

The lack of ability of the model to fit the age-specific patterns of NVT replace-

ment in IPD in Scotland highlights the need for a more thorough understanding

of the mechanisms driving these observations and yields that for a parameterisa-

tion to Scottish IPD data this model is unsuitable in its current form to predict

the long-term impact of PCV7. The model used reflects the current knowledge of

pneumococcal transmission and disease development although in a simplified ver-

sion. Its failure to reproduce the observations could come from multiple sources

including the failure of the model to capture an essential part of the transmis-

sion of the pneumococcus or from an insufficient understanding of the underlying

changes is pneumococcal carriage which induced the observed changes in IPD.

Other than stochastic effect arising from small numbers, one of the possible rea-

sons to explain the rather unanticipated post vaccination IPD epidemiology of

replacement affecting predominantly the elderly population could be a changing

NVT serotype distribution, and hence an altered overall invasiveness, in the post-

PCV introduction era amongst some age groups. In chapter 3.1.2 it is shown,

that there are particular serotypes which are responsible for the majority of re-

placement and therefore became increasingly prevalent within the group of NVT.

In the model it was assumed, that the invasiveness of the NVT group did not

change which might be wrong if the major replacing serotypes were more or less
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invasive than an average NVT in the pre-vaccination era. Further studies, in

particular information on nasopharyngeal carriage could prove useful, and are

needed to further evaluate the reasons for this discrepancy.

5.3 Transformation to an individual-based model

PCV13 replaced PCV7 in the UK in April 2010. Prior to its introduction Choi

and colleagues expanded the previously implemented model (see figure 5.1) to

provide information about the differential benefits of introducing PCV13 over

discontinuing pneumococcal conjugate vaccination [14]. Amongst many other

changes, including the structure of the model to incorporate the compartments

NVT, VT1 (serotypes in PCV7), VT2( serotypes in PCV13 and not in PCV7),

the project faced the challenge of representing the vaccine uptake for a mixed

schedule of PCV7 and PCV13 given to children at the start of the switch to

PCV13. That is that children could have received e.g. a first dose of PCV7 and a

continued schedule with PCV13 which would provide them with part protection

against the additional serotypes included in PCV13 and full protection against

PCV7 serotypes. This would vastly increase the complexity of compartments

needed for the deterministic model. However, since the model is only fitted to

data from the pre-vaccination era a hybrid approach was taken.

A deterministic model was set up and fitted to the available data then the es-

timated parameters were fed into an individual based framework for the same

model to estimate the long-term effects after PCV13 vaccination with a detailed

reflection of vaccine uptake. This approach allowed for both efficient fitting with

a deterministic model and easy representation of various levels of protection from

mixed schedules in the post-PCV13 era through an individual based model. As

part of this PhD study the transformation from the deterministic model, ex-

plained in detail in sections 5.1 and 5.2, to its individual based equivalent, and

its later adaptation to a more complex structure, was undertaken and is sum-

marised in the following.

The following sections discuss the adequate reflection of chance when transform-

ing transition rates into transmission probabilities, the role of assumptions on age

distribution in a stochastic transmission model and the computationally efficient

implementation of a simple birth and death process. Furthermore, the relation of

the usual expression of the force of infection in a stochastic model and its deter-
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ministic version is explored. Finally the results of the analysis of Choi et al. [14]

are summarised.

5.3.1 Random numbers

In an individual based model a change of state is determined probabilistically

(via random numbers) rather than by fixed rates as in deterministic models. This

raises the question about how chance is appropriately reflected in this context.

In day-to-day life observations with underlying mechanisms too complex to un-

derstand or predict are considered to happen randomly, although in fact they do

not. For example given the initial conditions the outcome of a coin flip could the-

oretically be predicted by the rotation speed and the distance travelled. However,

this can be complicated by what in chaos theory is referred to as the butterfly

effect - the sensitive dependence of the outcome on small changes in the initial

conditions. The Oxford Dictionary defines (statistical) randomness as ”governed

by or involving equal chances for each item” where chance is defined by ”the

occurrence of events in the absence of any obvious intention or cause” [15]. Since

any computer program does nothing but progressing signals (”cause”) by def-

inition nothing like a truly random number exists in the digital world. The

way around this are so called pseudo random number generators. Given a seed

(usually set by the current system time) these algorithms generate a sequence

of numbers that approximates the characteristics of random numbers. Different

generators have been established varying hugely by their approximation quality,

sequence length and computational costs. Common classes of these algorithms

include linear congruential generators, Lagged Fibonacci generators and linear

feedback shift registers. When employing the built-in ’rand()’ function in C++

to draw the random numbers needed for the transition probabilities it turned

out that this function is insufficiently random and therefore led to results de-

viating from those of the deterministic model. For this work long sequences of

random numbers for millions of individuals are needed to be drawn. Hence, the

recently developed Linear Feedbacked Shift Register generator ”SIMD-orientated

Fast Marsenne Twister” (SFMT) (e.g. available from the RandomLib C++ inter-

face or the GNU Scientific Library) was chosen because it provided a good trade

off between computational speed and pseudo-randomness [16].
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5.3.2 Population model

In essence there are two commonly employed approaches for constructing the po-

pulation demographics and the induced transmission dynamics for a deterministic

infectious disease model:

� a flat population structure in which each age cohort consists of the same

number of individuals and where the proportion infected is weighted by the

actual population for the calculation of the force of infection (this is used

for the model discussed in sections 5.1 and 5.2), or

� a birth and death process determining a population in steady state which

has a population structure more similar to the real one.

Most deterministic modelling approaches use either of them. The problem with

the second approach is that with the inclusion of a simple demographic process

the real population structure can only be approximated to a certain extent which

might lead to misjudgement of the importance of some age groups for the trans-

mission dynamics. However, if uncertainty is intended to be considered, as is the

case for an individual based model, the latter approach has the advantage of more

properly reflecting differences in uncertainty amongst differently large age groups.

That is, that uncertainty in the elderly population (80+ years) is increased by

their small population size relatively to other age bands, which would not be

adequately reflected if employing a flat population structure. Therefore, a mix-

ture of both approaches is pursued here. The model employs a simple birth and

death process to approximate the relative size of the population in different age

bands and to infer uncertainty estimates from it and also weights the proportion

infected for the calculation of the force of infection by the actual population age

distribution in 2007 for England and Wales as obtained by the Office for National

Statistics (ONS).

The overall size of the population, N , in the individual based model is determined

by the number of newborns and the survival rates. The newborns enter the model

as naive individuals being 0 weeks old and fully susceptible. Each individual of

age a has a yearly probability of survival sa = (1−ma), where ma are the yearly

mortality rates in E&W in 2007 from the ONS. The maximal age in the model

was restricted to one hundred years (s100 = 0). The weekly probability of an
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individual of age a to survive then calculates as:

P [xa ≤ s
1
h
a ],

where x is a uniform distributed random number and h = 48 is the number of

weeks per year (h = 48 was chosen to comply with the deterministic model which

uses this approximation in order to more easily convert between parameter values

measured in weeks and data which is stratified by months).

5.3.3 Population steady state

Before the disease is introduced to the system the population needs to be in a

steady state in order to make sure that measured alterations in disease outcome

are not induced by changes in the population. A classical approach to reach a

population steady state is to just run the model of the birth and death process

until time t∗ where the overall population N(t) fluctuates around a constant value.

This usually introduces a high burden of computational cost to the model before

any simulation of infectious disease spread is even introduced. To reduce these

costs the population steady state could be computed, but based on a smaller

population size, and then used for initialisation of the full population model.

Since the variance of the steady state employing the smaller population size will

significantly exceed the variance of the full population, while the mean is the

same, an average over a sufficient period should be taken for initialisation. The

model considered here has a simple population structure; namely a birth and

death process with a constant birth rate. Therefore the population steady state

can be derived by hand. Let w ∈ {1, . . . , 48 ∗ 100} be the age of an individual

in weeks. The expected number of individuals at age w∗ of a birth-death process

with b weekly births and a chance of surviving week wi given by swi is calculated

as

Nw∗ = b
w∗∏
i=1

si.

Since usually Nw∗ 6∈ N assignment of individuals to their age groups in an in-

dividual based model according to a calculated population steady state is not

straight forward. To overcome this issue Nw∗ was rounded up or down according

to a draw from uniformly distributed random numbers in [0, 1] being smaller than

the decimals of Nw∗ .
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5.3.4 Transmission process

The transmission process in a model for the spread of infectious diseases is de-

termined by each individuals’ probability of becoming infected in a certain time

step - the force of infection (FOI, λ). Following the rationale proposed by Reed

and Frost [17] this is equivalent to 1 minus the probability to evade all infectious

contacts. The probability to evade all infectious contact then can be interpreted

as the probability to evade an infectious contact with each of the infected individ-

uals. Let I be the current number of infectious individuals and β the probability

to get infected if you get in contact with one infectious individual. Assuming the

probability of getting infected differs neither by the infector nor the infectee the

FOI is:

λ(β, I) = 1− (1− β)I .

Here β ∈ R and I ∈ N. For convenience it is assumed in the following that I ∈ R.

The underlying small world assumption (compare ”random mixing” in section 1.2)

is assumed to hold in order to comply with the deterministic modelling approach.

Now λ : (R,R) → R is infinitely differentiable so we can consider Taylor’s multi

dimensional second order approximation of the Reed Frost equation:

λ(β, I) =λ(β0, I0)

+ λβ(β0, I0)(β − β0) + λI(β0, I0)(I − I0)

+ λββ(β0, I0)(β − β0)2 + λβI(β0, I0)(β − β0)(I − I0)

+ λII(β0, I0)(I − I0)2 + e(β, I)

with λx and λxx being the first and second order derivative of λ in x and e(β, I)

a third order error term. The corresponding derivatives calculate as:

λβ(β, I) =I(1− β)I−1

λI(β, I) =ln(1− β)(1− β)I

λββ(β, I) =I(I − 1)(1− β)I−2

λβI(β, I) =1(1− β)I−1 + I ln(1− β)(1− β)I−1

λII(β, I) =ln(1− β)ln(1− β)(1− β)I .
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At (β0, I0) = (0, 0) all first and second order derivatives except λβI(β0, I0) = 1

are zero, so

λ(β, I) ≈ 0 + 0 + 0 + 0 + 1(β − 0)(I − 0) + 0

= βI.

This gives a reasonably good and more importantly computationally less costly

and numerically more stable approximation of the force of infection for a neigh-

bourhood around (0, 0). In fact this approximation is the way the force of in-

fection is represented in deterministic models (compare section 1.2). It then

interprets as the proportion of susceptibles becoming infected.

Both approaches can be refined for different transmission patterns for several

subgroups. Consider the population to be divided into n subgroups (in this case

these are age groups from the Polymod mixing patterns). In the deterministic

(Kermack & McKendric) approach the subgroup specific FOI calculates as:

λi =
n∑
j=1

βj,iIj , i ∈ {1, . . . , n},

where βj,i denotes the probability of an effective contact of an individual of sub-

group j to one of group i and Ij denotes the number of infective people in group

j. In the Reed Frost approach this translates to :

λi = 1−
n∏
j=1

(1− βj,i)Ij , i ∈ {1, . . . , n}.

As the aim of this individual based modelling approach was to reproduce the

results of a given deterministic model anyway, the second order approximation of

the FOI about (0, 0) was used to determine whether each individual was infected.

However, validation against the actual Reed Frost approach could not detect any

differences between these approaches for the model in question.

5.3.5 Assessing the potential impact of PCV13 in E&W

In all remaining aspects, the individual based model was built to follow exactly

the deterministic approach. When parametrised according to the deterministic

model for PCV7 the individual based model did give consistent results with only
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minor impact of stochastic effects provided that the model population exceeded a

threshold of approximately 100,000 individuals. The following paragraphs provide

a short summary of the methods and findings of the work of Choi et al. [14] where

this individuals based model was partly used for.

Figure 5.15: Flow diagram showing the extended number of infection states over the
models discussed in sections 5.1 and 5.2 to incorporate vaccination with
PCV13 replacing PCV7. VT1VT2, VT1NVT and VT2NVT are the states
of dual colonisation and ”All” refers to infection with VT1, VT2 and NVT
at the same time. Parameter naming conventions follow these from figure
5.1 (from Choi et al. [14]).

The individual based model was adapted to comply with the expanded deter-

ministic model representing the transmission dynamics of the group of serotypes

included in PCV7 (VT1), the additional types targeted by PCV13 (VT2) and

the remaining types (NVT) [14]. Figure 5.15 (compare to Figure 5.1) provides an

overview of the different carrier states considered (being infected with no, one,

two or three serotypes of the different groups at a time), their interaction and

the naming conventions for the forces of infection λ1, λ2, λ3 and the competition

parameters C1, . . . , C9. Data on vaccination uptake was employed as before and
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following introduction of PCV13 was assumed to stay at levels similar to those

observed 3 years after introduction of PCV7. Individuals can be unprotected,

partially protected or fully protected against the PCV7 serotype group in the

deterministic model and unprotected, partially protected or fully protected in-

dependently against the VT1 and VT2 groups in the individual based model.

Individuals receiving a single dose above the age of 1 year as a catch up were

considered fully protected. In the regular schedule children receiving their first

dose under the age of 1 year were considered partially protected, any additional

dosage then had them fully protected. In individuals on a mixed schedule of

PCV7 and PCV13 similar things applied; the first dose grants partial protection

and each additional dose full protection against the respective serotype groups.

E.g. an individual who has received a single dose of PCV7 around April 2010

and a dose of PCV13 2 months later was considered fully protected against VT1

but only partial protected against VT2. Protection was considered to be subject

to general waning at a rate reflecting duration of full vaccine protection of 10

years. Vaccine effectiveness against carriage of either of the two vaccine serotype

groups was assumed to be 52% for fully protected individuals and 26% for partial

protected individuals. Protection against progression to disease was assumed to

be 100%. The complexity of the different vaccination histories made this hybrid

approach useful, since it would have introduced many additional compartments

to the deterministic model and could easily be reflected in the individual based

model.

The deterministic model was run for parameter estimation as presented in Choi

et al. [14] in a very similar fashion to the earlier model [2]. In brief: The Poisson

deviance of the pre-vaccination model to pneumococcal carriage data from Eng-

land [6] was calculated. Case:carrier ratios for the three serotype groups and 16

age groups were derived from the modelled carriage incidence and data on IPD in

2005/06. Poisson deviances of the number of predicted model cases and IPD data

from the three years following implementation of PCV7 were calculated. A set

of optimal parameters were derived by minimising the overall Poisson deviance

through a simplex algorithm. The parameter estimates were then transferred to

the corresponding individual based model. Starting at the date of PCV13 vacci-

nation (April 2010) the individual based model was used to simulate 25 years of

post PCV13 carriage and used the estimated case:carrier ratios to infer IPD.

Two aspects of uncertainty were included for model predictions, (i) the adjust-

ment for pre vaccination trends and (ii) the amount of competition introduced
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Figure 5.16: Model projections of the long-term effects of either stopping pneumococcal
conjugate vaccination or replacing PCV7 with PCV13 on April 2010 on
the number of IPD cases caused by VT1, VT2, and NVT serotype groups
in England and Wales over 35 years since the introduction of PCV7. C3
(representing the protective effect of carrying VT2 serotypes against infec-
tion with NVT) takes the values 0, 0.5, and 1 in different scenarios. Filled
circles show results with C3=0.5 and the error bars represent results with
C3=0 or 1. Scenarios are presented in terms of IPD data being adjusted
by high, low and medium estimates for the secular trend in IPD prior to
PCV7 introduction (from Choi et al. [14]).
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Figure 5.17: Proportional changes in the number of overall IPD cases following either
stopping pneumococcal conjugate vaccination or replacing PCV7 with
PCV13 on April 2010. PCV7 is replaced with PCV13 six years after
PCV7 introduction. C3 (representing the protective effect of carrying
PCV13-PCV7 against infection with NVT) takes the values 0, 0.5, and
1 in different scenarios. Filled circles show results with C3=0.5 and the
error bars represent results with C3=0 or 1 (from Choi et al. [14]).
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on acquisition with NVT by carriage with VT2.

(i) Similarly to the trend adjustment on Scottish IPD data in section 5.2.1

data on IPD in England and Wales were adjusted for pre vaccination trends.

The point estimates and the boundary values of the 95% confidence interval

on the estimated trend provided three scenarios for IPD data adjustment,

referred to as ”lower”, ”point” and ”upper”. The ”lower” scenario hereby

corresponds closely to no data adjustment.

(ii) One key aspect determining the overall impact of PCV13 vaccination is the

amount of replacement likely to occur as a result of reduced competition

induced by carriage from the six additional serotypes in PCV13. In the

absence of reliable information about multiple carriage episodes this has

been estimated by the inclusion of some years of post vaccination data for

PCV7 [1,2]. At the time of the analysis no data about post PCV13 replace-

ment was available which resulted in the insensitivity of the goodness of fit

to C3 (the competition on NVT induced by the serotype group VT2; see

figure 5.15). Therefore the parameter space of C3 (C3 ∈ [0, 1]) was explored

in three scenarios, C3 = 0, 0.5, 1 even though most previous estimations for

serotype group competition were found to be closer to competitive exclusion

(C ∈ [0, 0.5]).

In figure 5.16 the estimated number of cases of VT1, VT2 and NVT IPD following

either vaccination with PCV13 or no vaccination after 2010 are presented. Stop-

ping conjugate vaccination altogether is predicted to lead to the same levels of in-

vasive disease as before the start of conjugate vaccination. Replacing PCV7 with

PCV13 is predicted to lead to further decreasing incidence of the types included

in PCV7 and to reduce the number of IPD cases associated with the additional

six serotypes in PCV13 to essentially zero within eight years after introduction

of PCV13. However, non-vaccine serotype IPD is likely to increase following vac-

cination with PCV13. The extent of this increase is largely dependent on the

amount of competition induced by VT2 carriage on NVT carriage acquisition.

Despite the uncertainty about the magnitude of serotype replacement the intro-

duction of PCV13 is predicted to further decrease the overall burden of invasive

disease in all scenarios, while stopping conjugate vaccination is likely to increase

this burden (see figure 5.17). The fact that, even in the scenario of full serotype

replacement in carriage (very high competition C3 = 1), the overall burden of

IPD is predicted to be reduced for all scenarios implies that the invasiveness of
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the replacing serotypes is estimated to be lower than that of the VT2. Figure

5.18 shows that this is the case particularly in the elderly population where most

of the disease burden is. This adds to the findings from section 3.1.3, where a

lower invasiveness of the non PCV13 serotypes was estimated in the population

younger than 60 years.

Figure 5.18: Propensity for individuals carrying pneumococcal serotypes in three
serogroups (VT1, VT2 and NVT) among 16 age groups to develop disease.
The ratios obtained from the scenario using the competition parameter,
C3, assumed to b2 0.5 and the IPD cases adjusted using the point estimate
of the increasing trend (shaded areas show the ratios estimated using the
lower and upper boundaries of its 95% CIs) (from Choi et al. [14]).

Summary

In this section the predicted impact of inclusion of PCV7 into the national im-

munisation schedule in England and Wales was reviewed. Early estimates based

on post vaccination data from the US yielded much less serotype replacement

than observed shortly after introduction of PCV7. Using post vaccination IPD

data from England and Wales the long term impact was thought to be lower
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then estimated previously but still to be beneficial in reducing the burden of

IPD. This model was transferred to enable fitting to data on vaccine uptake

and invasive pneumococcal disease in Scotland and embedded in a Bayesian pa-

rameter estimation framework to allow the assessment of associated uncertainty.

Three scenarios were considered: fitting to Scottish IPD data (i) adjusted for pre

vaccination trend and excluding disease caused by the volatile serotype 1, (ii)

unadjusted and (iii) adjusted for pre vaccination trend but including serotype 1

disease. The fitting process behaves well and reasonable fits to colonisation data

and overall IPD are achieved in all scenarios. However, discrepancies between

model estimates and age stratified IPD data could not be overcome because of

the nature of the model: NVT replacement is thought to happen in the age group

which is most important for the transmission dynamics (school age children) and

from there spread to other age groups and is reflected as such in the model. This is

contradictory to the observation in Scotland of most replacement being observed

in the elderly population. The reason for this is unknown (see chapter 3.1.2) but

could include differences in the contribution of replacing serotypes to invasive

disease by age or stochastic effects in the data. The model was further trans-

ferred into an individual based model and caveats in this process were discussed.

This model then allowed the flexibility to incorporate a detailed representation

of vaccine protection following the switch from PCV7 to PCV13 in April 2010.

These results further highlight the need of a proper understanding for the under-

lying ecology in order to describe the dynamics of replacement on the biologically

plausible basis and make sure that the model in use is an adequate reflection of

these. Also the pooling of serotypes into VT and NVT groups introduces lim-

itations to these models. With the pronounced emergence of some NVTs the

serotype distribution and hence the invasiveness of the NVT group in some age

groups may have changed. This could have lead to the distinct post vaccination

epidemiology in Scotland, where serotype replacement in IPD has been mainly

confined to the elderly population, and cannot be captured by models pooling all

NVTs. Hence, in the following section a model is built which aims to reflect the

diversity of pneumococcal serotypes and tries to investigate a possible link be-

tween the ecological patterns of competition and coexistence and pneumococcal

immunity.
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6 An individual-based model to

investigate the role of immunity

in the coexistence of the

pneumococcal serotypes

Outline

The ecology of S. pneumoniae with its distinct features of competition and co-

existence is poorly understood. Following the introduction of the 7-valent pneu-

mococcal conjugate vaccine this has become a problem for public health through

the observed serotype replacement of NVTs which was initiated by a reduction

in competition to these non vaccine serotypes by the VTs (see chapter 3 and [1]).

Modelling approaches have been mostly confined to study the inter-dependencies

of two (VT/NVT) serotype groups employing models similar to the diamond type

model discussed in section 4.3.4. Consequently these include the essential aspect

of the transmission dynamics of the pneumococcus -competition- as a rather ar-

bitrary factor which is not motivated by any biological knowledge and introduces

caveats to the model predictions (see section 4.3.1).

In section 2.4.3 the immunology of the pneumococcus was studied. Evidence for

both serotype specific and serotype non-specific immunity induced by carriage

was found. This section studies the potential role of temporarily reduced homol-

ogous and heterologous acquisition rates following acquisition of a pneumococcal

serotype. To incorporate the complexity of the pneumococcus and to explore

the coexistence conditions of multiple serotypes an individual-based model is im-

plemented consisting of up to 20 serotypes. The relationship of this model to
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previously assessed deterministic models is investigated and the parameter space

for stable coexistence is explored. Finally, the potential implications regarding

vaccination in this complex ecology are studied. This research has been submitted

for publication.

6.1 Introduction

The emergence of the previously less prevalent serotypes in the absence of the

previously dominating vaccine serotypes is likely due to competition between the

serotypes [1]. Vaccination against some serotypes is thought to vacate an ecolog-

ical niche which is filled by serotypes which previously have been outcompeted.

The exact source of the competition is not well understood but is believed to

arise from protection against additional carriage of other serotypes induced by

acquisition of infection [2].

Understanding the transmission dynamics of the pneumococci including the im-

pact and the mechanism of competition between serotypes is essential for pre-

dicting the potential impact of future vaccine formulations and therefore is of

major importance for public health. However there have been few approaches

to describe competition in pneumococcal transmission models and in particular

none that did not introduce competition between serotypes as an artificial factor

reducing susceptibility against one serotype while carrying another type [3–5].

These approaches to modelling competition were found to artificially increase co-

existence [6] and models proposed to incorporate competition in a structurally

more meaningful way suffer from a very small parameter space (essentially both

serotype groups need to have the same fitness, i.e. R01 = R02) where coexistence

of as few as two serotypes is possible (see chapter 4 and [7]).

The existence of competition raises a more general question about the coexis-

tence of the various pneumococci: In the light of basic evolution dynamics [8]

and vast differences in carriage duration of the serotypes (and therefore survival

advantages) [9] what is the mechanism ensuring persistence of the variety of

pneumococcal serotypes? Apart from possible outbalancing survival advantages

like higher transmissibility of the serotypes which are carried for a shorter dura-

tion, for which there is no evidence, a decreased likelihood of further colonisation

following acquisition of a serotype (serotype-specific immunity) could support co-

existence. Data on naturally acquired immunity against pneumococcal carriage
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which could possibly support this hypothesis is sparse and the use of biologi-

cal markers as correlates of protection is not fully understood yet (see section

2.4.3). However, evidence from longitudinal carriage studies was found for both

serotype specific and serotype non-specific immunity following acquisition (see

section 2.4.3 and [10,11]).

A structurally simple individual-based model framework to investigate the poten-

tial role of both serotype specific immunity and serotype non-specific immunity

in the transmission dynamics of S. pneumoniae is presented here. The model

specifically analyses the likely contribution of immunity to serotype competition

and coexistence.

6.2 Methods

6.2.1 Model description

An individual-based model is set up describing the dynamics of up to twenty

arbitrary serotypes. Twenty types were chosen as a trade-off between necessary

model complexity, computational speed and memory restrictions. At each time

step each individual has the attributes: age, immunity duration remaining for

each serotype and carriage duration remaining for each serotype. A remaining

duration of carriage bigger than zero corresponds to being infected and infectious

with the respective serotype. A remaining duration of immunity bigger than zero

corresponds to being immune against acquisition of the respective serotype while

immunity duration of zero translates to being susceptible to infection with that

serotype.

The population demographics are determined by a simple birth and death process:

at each time-step a fixed number of susceptible newborns enter the population,

population survival rates are applied and the remaining individuals age accord-

ingly. A calendar year in the model was assumed to consist of 12 months and

each month of 4 weeks. The population is initialised to its calculated demographic

steady state and 1% prevalence of each serotype is allocated amongst the popu-

lation independently of age. This was found to be a sufficiently large proportion

to ensure persistence of sufficiently fit serotypes after initialisation.

Population based mixing patterns were employed. Mixing rates between different
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age groups were obtained from a contact survey conducted in the UK [12] and

the risk of transmission per contact were used to calculate the age- and serotype-

specific force of infection (time dependencies were omitted for clarity):

λa,s,∆ =
∑
â

Iâ,s
PUK
â

PM
â

qâ,∆βa,â

where â is the contact’s age group, Iâ,s is the number of individuals in age group

â infected with serotype s, βa,â the contact rate of individuals in age groups

a and â and qâ,∆ = q̂âσ∆ the age dependent risk of transmission per contact

for scenario S (q̂â is the age dependent risk of transmission per contact and

σ∆ ∈ 1, 2, 4 representing the low, mid and high FOI scenario).
PUKâ
PMâ

(UK and

model population in age group â respectively) weights the model population by

the real population and ensures transmission according to the age distribution in

the UK (compare to section 5.3.2).

At a certain time-step an individual of age a has the probability to be infected

with strain s of: λ∗a,s = λa,s1Rs , where 1Rs is 0 if this individual is currently

immune to acquisition of serotype s and 1 otherwise. For an individual of age a

let the interval [0, 1] be split up into

[0, 1] = [0, λ∗a,1[ ∪ [λ∗a,1,
2∑
i=1

λ∗a,i[ ∪ [
2∑
i=1

λ∗a,i,
3∑
i=1

λ∗a,i[ ∪ . . . ∪ [
20∑
i=1

λ∗a,i, 1].

Whether an individual becomes infected or not is determined by the draw of

a uniformly distributed random number x ∈ U(0, 1) and the interval it is in-

cluded in. That is x ∈ [
∑j−1

i=1 λ
∗
a,i,
∑j

i=1 λ
∗
a,i[ means infection with serotype j and

x ∈ [
∑20

i=1 λ
∗
a,i, 1] corresponds to no acquisition of carriage. Note that for this∑20

i=1 λ
∗
a,i ≤ 1 is required which is checked throughout all simulations. This for-

mulation only allows for the acquisition of a maximum of one serotype at each

time time-step, which implicitly assumes instant protection following acquisition

of carriage.

Following acquisition an individual is assigned a duration of carriage, length of

immunity duration against repeated acquisition with the same serotype (specific

immunity) and length of immunity against acquisition of any other serotype (non-

specific immunity). Specific and non-specific immunity are assumed to offer full

protection against acquisition of infection of the same and of all types respectively.
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Therefore if the sampled duration of non-specific immunity exceeded the specific

one (the case that specific immunity offers no additional protection) protection

against acquisition of colonisation by this specific serotype was assumed to last

for the duration of the non-specific immunity. If the duration of carriage exceeds

serotype non specific (specific) immunity additional heterologous (homologous)

acquisition of carriage is possible. Additional homologous acquisition is modelled

through an accordingly increasing duration of carriage. Similarly, if an individual

has remaining specific immunity against one type, and then acquires additional

heterologous carriage, the duration of immunity against the resident serotype is

extended by non-specific immunity.

For each serotype each individual is in any of the following states: not colonised

& susceptible, not colonised & immune, colonised & susceptible, colonised &

immune (so more than 420 ≈ 1012 possible states per individual overall). The

limiting factor, which prevents many of these states, is that existing immunity

prevents further acquisition. The immunity considered in this model is only

short-term immunity offering protection directly after acquisition of colonisation.

However, maturation of the immune system and increasing serotype non-specific

immunity from repeated exposure is accounted for through decreasing risk of

transmission per contact and carriage duration by age.

The model simulating the pneumococcal ecology before the introduction of any

vaccination was run to simulate 30 years. Although after 5 years a stable equi-

librium was reached for most simulations, for some parameterisations at the ex-

tremes of the considered parameter space this took significantly longer, and a

burn in period of 20 years was allowed for. Hence, the results presented in the

following are based on 10 years of simulation at steady state. For comparability

amongst different serotypes carriage prevalence was standardised by the respec-

tive mean (standardised prevalence) when studying serotype volatility.

To simulate a conjugate vaccine offering protection against a limited amount

of serotypes and a seemingly ideal vaccine offering the same level of protection

against all serotypes, two different vaccine scenarios were considered: a) a vaccine

providing immunity against the two most prevalent types (bi-valent vaccine) and

b) a vaccine providing immunity against all serotypes (universal vaccine). In

both cases the underlying parameters were the same. The model was allowed a

burn-in period of 20 years. After 30 years either of the vaccines were introduced:

all children at the age of 2 months received one dose which offered a 65% chance
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for a ten year protection against the acquisition of the serotypes included in the

respective vaccine formulation [13]. The period between year 20 and 30 is used

as a pre-vaccination baseline and the period between year 50 and 60 is used as

the post vaccination period where vaccine effects have stabilised.

Further the impact of extending an existing bi-valent vaccination program to a

universal vaccine was investigated. Generally, no importation of infection was

considered as no migration is assumed in the model, i.e. when there were no

infections with a serotype at any point then it is extinct for the remaining course

of the simulation. However, for this particular impact investigation each of the

twenty serotypes were allowed to re-enter the population each month. Therefore

one additional infectious individual per type was introduced which allowed for

re-emergence of previously extinct serotypes.

6.2.2 Parameter assumptions

An overview of model parameters is provided in table 6.1. The model was run

in two, four or eight time steps per week for the low, mid and high FOI scenario

respectively to ensure
∑20

i=1 λ
∗
a,i ≤ 1 at all times. A total of 64 newborns enter the

population each week to achieve an average population size of 243,792 individuals.

Age depended mortality rates up to 80 years of age were available from the Office

for National Statistics in 2007 and transformed to survival rates sa. For the age

cohort of individuals aged between 80 and 100 years old an exponentially decaying

survival rate was assumed with an assumed maximum possible age of 100 years

(s100 = 0). The corresponding survival rates per time-step of an individual at age

a (years) follow as s
1
hT
a , with h being the number of time-steps per week and T

the number of weeks per year.

The assumption was made that while a person is infected with the pneumococ-

cus he is infectious and that infectiousness does not vary over the course of the

infection. Carriage duration was assumed to be the number of weeks where the

infection could not be cleared by the immune system and therefore to follow a

negative binomial distribution. In the absence of further knowledge no overdis-

persion was assumed and so the variance was assumed to be equal to the mean.

The mean duration of carriage in children younger than 2 years of age was set

gradually decreasing from 8 weeks for serotype 1 to 3.25 weeks for serotype 20 rep-

resenting differences in fitness. 2-4 year old children were assumed to be infected
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,â

co
n
ta

ct
ra

te
of

20
-3

9
ye

ar
ol

d
s

w
it

h
o
th

er
a
g
e

g
ro

u
p

s
(1

2.
8,

1
8.

3,
1
3
.9
,8
.8

2
,1

3
.7
,6
.9

)1
0
−
8
/d

ay
M

o
ss

o
n

g
et

a
l.

[1
2
]

β
6
,â
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only for half and individuals >5 years for quarter of that duration [5, 9].

Carriage duration is the only determinant for differences in fitness of the pneu-

mococcal serotypes in the model. Carriage duration being a major component

determining fitness, and therefore prevalence of the pneumococci, is supported by

Weinberger et al. [16]. These authors found that the capsule size of the pneumo-

coccal serotypes is correlated with both avoidance of neutrophil-mediated killing

and prevalence. However other factors, such as possible differences in transmissi-

bility, could also influence a serotype’s fitness but are disregarded in the model.

Durations of non-specific and specific short-term immunity were assumed to follow

Negative Binomial distributions for the same reason as with the duration of car-

riage and their potential mean values were explored on a grid [0, 40] weeks×[0, 52]

weeks. Non-specific immunity is assumed to allow instant protection against all

pneumococci. Allowing for a slight delay until activation would result in an in-

creased time span for possible multiple acquisition and reduced competition. A

delay in the protection offered by specific immunity was not included, because

any delay in specific protection was assumed to be compensated for by the non-

specific immune response.

Data on two-way conversational contact patterns from a contact survey including

the UK were used to calculate normalised age-specific contact rates for the age

groups 0-1, 2-4, 5-9, 10-19, 20-39, 40+ [12]. The risk of transmission per contact

was chosen to decrease by age in order to mirror the decrease in prevalence with

age [9] and to cause the reproduction number R0 to be in the range of 1.1 to 2.7

for the different serotypes (low FOI scenario), 2.2 to 5.4 (mid FOI scenario) or 4.4

to 10.8 (high FOI scenario). Carriers of multiple pneumococci are assumed to be

as transmissive with each type as a single carrier is. This may overestimate the

FOI but the effect of multiple colonisation on transmission is yet to be studied

and the effect should be small if less than 10% of infected individuals are colonised

with another type, as is found in most studies to date. However this might be

altered with the emergence of new detection techniques (see section 2.5.2).

6.2.3 Assessment of cyclic behaviour

The robustness of the parameter space against cyclical behaviour of the pneu-

mococcus was determined. Suppose that the time course of prevalence of a

serotype can be described by a stationary autoregression model of order 2, Xt =
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φ0 + φ1Xt−1 + φ2Xt−2 + εt. If the solutions of its characteristic polynomial are

complex numbers the autocorrelation function of Xt would be a combination of

sine and cosine waves and the prevalence would show cyclic behaviour [17]. This

is the case if φ2
1 + 4φ2 < 0. Therefore the prevalence of a serotype was defined to

be cyclic/unstable if after the model reached the steady state the above condition

is met and the coefficient of variation exceeded 0.15. This value is arbitrary, but

probably reflects a reasonable threshold from which similar patterns might have

been detected in longitudinal carriage studies.

6.2.4 Comparison to deterministic modelling approaches

To visualise various parameterisations of the simulation model a comparison to

some simple deterministic approaches is carried out. This shows how carriage

duration and specific and non-specific immunity duration influence the structure

of the respectively parameterised simulation model. Five deterministic 2-strain

models were defined which could easily be extended to incorporate a simple birth

and death process and an age structure to reflect the approach taken in the IBM.

These models range from a simple separable model to a diamond type model:

Model 0:

S1

β1I1

��

S2

β2I2



I1

w1

QQ

I2

w2

MM

S ′1 = −β1S1I1 + w1I1

I ′1 = +β1S1I1 − w1I1

S ′2 = −β2S2I2 + w2I2

I ′2 = +β2S2I2 − w2I2
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Model 1:

S

β2I2

��

β1I1

��

I1

w1

BB

I2

w2

\\

S ′ = −β1SI1 − β2SI2 + w1I1 + w2I2

I ′1 = +β1SI1 − w1I1

I ′2 = +β2SI2 − w2I2

Model 2:

S

β2I2

��

β1I1

��

I1

w1

��

I2

w2



R1

γ1

NN

R2

γ2

PP

S ′ = −β1SI1 − β2SI2 + γ1R1 + γ2R2

I ′1 = +β1SI1 − w1I1

I ′2 = +β2SI2 − w2I2

R′1 = +w1I1 − γ1R1

R′2 = +w2I2 − γ2R2

Model 3:

S
λ1

��

λ2

��

I1

w1

BB

c1λ1

��

c2λ2

��

I2

w2

\\

c1λ1

��

c2λ2

��

I11

2w1

BB

I12

w2

\\

w1

BB

I22

2w2

\\
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S ′ = −(λ1 + λ2)S + w1I1 + w2I2

I ′1 = +λ1S − w1I1 − c2λ2I1 + w2I12 − c1λ1I1 + 2w1I11

I ′2 = +λ2S − w2I2 − c1λ1I2 + w1I12 − c2λ2I2 + 2w2I22

I ′11 = +c1λ1I1 − w1I11

I ′12 = +c2λ2I1 + c1λ1I2 − (w1 + w2)I12

I ′22 = +c2λ2I2 − w2I22

with λ1 = β1(I1 + I12 + 2I11) and λ2 = β2(I2 + I12 + 2I22)

Model 4:

S

λ2

��

λ1

��

I1

w1

AA

c2λ2

""

I2

w2

]]

c1λ1

||
I12

w2

<<

w1

bb

S ′ = −(λ1 + λ2)S + w1I1 + w2I2

I ′1 = +λ1S − w1I1 − c2λ2I1 + w2I12

I ′2 = +λ2S − w2I2 − c1λ1I2 + w1I12

I ′12 = +c2λ2I1 + c1λ1I2 − (w1 + w2)I12

with λ1 = β1(I1 + I12) and λ2 = β2(I2 + I12)

Similar to the naming conventions employed earlier (see chapters 0 and 4) S, S1, S2

represent the part of the population who are not carrying both strains or either

one strain, I1, I2 the part who are carrying either one of the strains and I11, I22, I12

the part who are carrying two copies of either strain or both strains. β1,2 are the

type-specific contact rates, w1,2 the clearance rates, γ1,2 the rates of immunity loss

after clearance of colonisation, λ1,2 the forces of infection and c1,2 the competition

parameters. If the individual-based model presented here is set to only consist

of two strains (i.e. set to initial prevalence for the remaining 18 strains to 0) the

transmission dynamics incorporated for specific parameter choices are similar to
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the deterministic models presented.

0. If the duration of serotype specific immunity is fixed to be equal to the

duration of carriage and if the duration of non-specific immunity is set

to zero the individual-based model corresponds to model 0. Individuals

are immune against re-acquisition of the colonising serotype exactly for

their duration of carriage and the absence of non-specific immunity induces

completely independent transmission of both serotypes.

1. When the duration of carriage is equal to the duration of non-specific im-

munity and specific immunity offers no additional protection (that is if it is

shorter or equal to the duration of non-specific immunity) both serotypes

have to compete for the same pool of susceptibles and can only be colonised

by one serotype at a time. This model corresponds to model 1 (the model

discussed in section 4.3.2) and it can be easily shown that coexistence of

both serotypes in this model is only possible for the case that both serotypes

share the same reproduction number.

2. The IBM corresponds to model 2 if the duration of non-specific immunity is

longer than the duration of carriage in the absence of additional protection

from serotype specific immunity. This yields a new possible state where an

individual can be no longer infectious but still immune against acquisition

of any pneumococci.

3. Still in the absence of additional protection from specific immunity and in

the case that the duration of non-specific immunity is shorter than the du-

ration of carriage an individual can be co-infected by an additional strain.

This includes co-infection with the same strain (co-infection with the same

strain in the IBM is realised through adding up the duration of carriage

and immunity). Hereby the competition factors (c1, c2) in the determinis-

tic model (model 3) work similarly to the IBM where competition arises

through a reduced period where acquisition is possible while carrying. The

shorter that period the stronger the competition.

4. When the duration of non-specific immunity is shorter than the duration

of carriage which itself is shorter than the duration of serotype specific

immunity then the transmission dynamics in the IBM are similar to model

4 (also see section 4.3.4). The long duration of strain specific immunity

prohibits co-colonisation with the same serotype while a short duration of
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non-specific immunity permits co-colonisation with other serotypes.

In the individual-based model the durations of non-specific immunity, specific

immunity and carriage were sampled independently from a Negative Binomial

distribution for each newly acquired infection. Therefore the infection process of

the IBM is a mixture of all these deterministic models but the choice of the mean

values for the distributions determines the proximity to the various deterministic

models.

6.2.5 Justification for the use of carriage duration as the main

determinant for differences in fitness of the

pneumococci

One of the model assumptions is that differences in the duration of carriage

(or rather the susceptibility to clearance) is the main determinant for carriage

prevalence and therefore acts like a representative of a serotype’s fitness. This is

supported by Weinberger et al. [16] who found that heavily encapsulated pneu-

mococci are more resistant to neutrophil-mediated killing, which increases their

duration of carriage. Further, these authors establish a relation between encap-

sulation and carriage prevalence and conclude that while highly prevalent types

tend to be heavily encapsulated less prevalent types are not necessarily less en-

capsulated. That is types with a thin capsule are generally not prevalent amongst

pneumococcal carriage, but for types with a thick capsule one can’t really predict

their contribution to carriage.

There are two ways how the length of carriage duration can influence carriage

prevalence: (i) longer duration of carriage makes types more likely to be picked

up in cross sectional studies and (ii) the extended duration of carriage allows for a

longer period where transmission could take place (increase in acquisition events).

Since the first one is obvious only the second one needs further investigation,

and hence data presented in Sleeman et al. [18] are analysed. These consist of

nasopharyngeal carriage episodes amongst children under the age of 2 years and

reports the duration of carriage and carriage incidence (acquisition of infection).

By adjusting carriage prevalence for the duration of carriage the correlation of

duration of carriage and acquisition events can be estimated. If carriage duration

was the only determinant of carriage prevalence (for example if transmission of

the pneumococcus could only occur shortly after acquisition - as is the case for
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Figure 6.1: Serotype specific carriage duration (weeks) over carriage incidence (number
of pneumococcal acquisitions per 100,000 child years). Data with confidence
bounds (CI) on carriage duration as from Sleeman et al. [18] are presented
together with a regression line. Serotypes are restricted by their incidence
being bigger than 5,4,3,2,1,0 respectively. The ranking of the length of the
confidence intervals is represented by the colour saturation, where dark grey
corresponds to a narrow CI and light grey wide CI.
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progression to invasive disease) then no correlation between carriage duration and

carriage incidence should exist.
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Figure 6.2: Serotype specific carriage duration (weeks) over carriage incidence (pneumo-
coccal acquisition). Data with confidence bounds (CI) on carriage duration
as from Sleeman et al. [18] are presented together with a the model fit of
a weighted linear regression. The ranking of the length of the confidence
intervals is represented by the colour, where dark grey corresponds to a
narrow CI and light grey wide CI.

A simple linear regression and Spearman’s rank correlation test were computed

to investigate whether there is correlation between carriage duration and acqui-

sition of infection. Employing the point estimates for both carriage duration

and incidence for all serotypes no significant correlation can be detected (see

figure 6.1). However, when restricting the analysis to those types who are suffi-

ciently present (incidence higher then 4 acquisitions per 100,000 child years and

therefore less variance in the point estimate of incidence) a significant positive

correlation becomes evident. This is also apparent when carrying out a weighted

linear regression instead, where the inverse standard errors of the estimates on

the duration of carriage are employed as weights (see figure 6.2).

Overall, evidence supporting carriage duration as the main determinant for fit-

ness and hence dominance in carriage prevalence is weak but may possibly be a

reasonable assumption in the absence of knowledge of other contributors. On the

basis of data on carriage incidence this section further suggests a possible implicit

191



role for the duration of carriage in transmission of the pneumococcus.

6.3 Results

6.3.1 Competition and multiple carriage

The modelled serotypes compete with each other through infection-induced im-

munity against acquisition of all serotypes (non-specific immunity), which leads

to a reduced pool of susceptibles to be infected by other serotypes; so with in-

creasing duration of non-specific immunity fewer serotypes can coexist due to

increasing competition (figures 6.3 and 6.4). The difference in duration of car-

riage and the duration of non-specific immunity (in combination with the force

of infection) thereby determines the rate of multiple carriage in the population;

a relatively short duration of non-specific immunity does allow for additional in-

fection(s) whereas the case of non-specific immunity being longer lasting than

carriage denies other serotypes the ability to infect the host at the same time, see

figures 6.3 and 6.4.

6.3.2 Coexistence

Exploring the parameter space of specific and non-specific immunity yields a

strong dependence of coexistence on specific immunity (see figures 6.3 and 6.4).

If serotypes limit their own spread in the same way as they limit the spread

of competing serotypes serotype coexistence is hardly possible; in fact if non-

specific immunity duration is smaller than or equal to specific immunity duration

one serotype only will dominate the others and lead to their extinction. This

can be seen in the upper panel of figure 6.3 where each line representing the

number of coexisting serotypes for a specific duration of non specific immunity

only raises above one once the duration of specific immunity exceeds the duration

of non specific immunity. In the model the immunity durations are drawn from a

Negative Binomial distribution, therefore only the relationship ”mean non-specific

immunity duration ≤ mean specific immunity duration” holds which allows for

a few serotypes to coexist in the scenarios of medium and high force of infection

(Figure 6.5). However, with increasing duration of serotype specific immunity,

the numbers of serotypes coexisting stably increases and especially for the mid-
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Figure 6.3: The impact of specific immunity on coexistence, for non-specific immunity
and carriage duration on coexistence and multiple carriage for the low FOI
scenario. This presents the results after 30 years of simulation for one sim-
ulation at each combination of specific and non specific immunity. Only
durations shorter than 20 weeks are presented since for longer durations
coexistence is influenced by cyclic behaviour (compare section 6.3.5). A)
Positive correlation of the number of coexisting serotypes and the mean
duration of specific immunity for scenarios of a fixed mean duration of
non-specific immunity. B) Negative correlation of the number of coexist-
ing serotypes and the mean duration of non-specific immunity for scenarios
of a fixed mean duration of specific immunity. C) Declining proportion of
multiple colonisation amongst the <5 year olds with increasing duration of
non-specific immunity (specific immunity fixed to 15 weeks) set in compar-
ison with the average duration of carriage. The two overlapping grey areas
indicate the assumed duration of carriage in relation to the mean specific
immunity duration.
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Figure 6.4: The impact of specific immunity on coexistence, for non-specific immunity
and carriage duration on coexistence and multiple carriage. Corresponding
to figure 6.3 this shows the results for the mid (left) and high (right) FOI
scenario.
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and high- FOI scenarios there is a broad parameter space where more than 90%

of all serotypes coexist (Figure 6.5).

6.3.3 Variance of low prevalence serotypes

The variance of the standardised carriage prevalence was found to increase with

decreasing prevalence level as expected. This means that the serotypes at the

verge of extinction show high variance. The corresponding peaks can stretch over

multiple years (Figure 6.6). If low prevalence types are highly invasive, then this

would result in apparent epidemics of invasive disease.

6.3.4 Carriage prevalence and the force of infection

Carriage prevalence generally increases for endemic pathogens with increasing

FOI (compare section 1.4.2 on inferring R0 from the proportion susceptible at

equilibrium). However, in contrast to single pathogen models, in this multi

serotype model the higher the FOI the higher the competition introduced by

other serotypes which leads to only moderate changes in prevalence. Figure 6.7

shows that despite a four fold increase in FOI from the low to the high scenario

the effects on overall carriage in <5y olds are only moderate (about 10% increase).

The main determinant for carriage prevalence is rather the duration of specific

and non-specific immunity.

6.3.5 Parameter space for coexistence

The aim of this section is to explore the influence of the human immune defence

system on the versatility of the pneumococcus. The resulting model estimates

should not be understood as real world estimates but rather in relation to this

model, as comparative estimates for comparing simulation runs. However, some

structural conclusions on the likely parameter space which yield coexistence of

multiple serotypes in the population could be drawn (see Figure 6.5).

As identified from deterministic modelling approaches [7] it was found that in

the absence of additional serotype specific protection through serotype specific

immunity (specific immunity is of equal or shorter duration than non-specific
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Figure 6.5: Exploration of the parameter space. A) Division of the parameter space of
non-specific and specific immunity duration according to proximity to the
deterministic models 0 to 4 depending on the duration of carriage θ = 1

w
(blue dashed lines). The red line indicates the the same duration of specific
and non-specific immunity. The space labelled 5 represents a mixture of
model 3 and 4 where individuals benefit from additional serotype specific
protection which vanishes before clearance and therefore, even though less
likely than heterologous carriage, additional acquisition of homologous car-
riage is a frequent outcome. The parameter space labelled 6 represents a
mixture of model 2 and 4 where individuals benefit from additional serotype
specific protection but multiple acquisition is an infrequent event. B-D) The
number of stably coexisting serotypes in the population in dependence of
the FOI (low B, mid C, high D) and duration of non-specific and specific im-
munity. The parameter space of high fractions of the population colonised
with more than one serotype at a time is indicated by white solid lines.
The dashed line marks the space where at least 5% (at least 1 serotype,
typically the most prevalent one) of all serotypes shows cyclic behaviour in-
duced by long duration of immunity. In all three scenarios this happens in
the parameter space where the duration of specific or non specific immunity
is long.
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Figure 6.6: A typical example of the variance of the serotypes standardised prevalence
after the burn-in period (here, mid FOI scenario; mean specific immunity
duration: 18 weeks, mean non-specific immunity duration: 10 weeks, 11
serotypes were found to stably coexist in this scenario). Serotypes at the
verge of extinction show relatively high deviation from their mean preva-
lence and peaks and troughs may stretch over several years.

immunity) no coexistence is possible and the competitive pressure induced by

the fittest type leads to extinction of all others. Note again, that for the model

simulations immunity durations for both non-specific and specific immunity are

drawn from a Negative Binomial distribution, therefore when exploring the pa-

rameter space only the mean specific immunity duration is smaller or equal to the

mean non-specific immunity duration. This allows for a few serotypes to coexist

in this parameter space in the scenarios of medium and high force of infection

(see figures 6.4 and 6.5).

As shown earlier in figure 6.3 a negative correlation between the number of co-

existing serotypes and non-specific immunity duration generally holds. However,

there are limitations to this.

� The difference in duration of non-specific immunity and carriage determines

the length of time for which an individual is susceptible for additional acqui-

sition of infection. Hence it determines the amount of multiple carriage in

the population (see figures 6.3 and 6.4 and figure 6.5). Therefore relatively

short non-specific protection would yield high levels of multiple carriage

which have not been observed in data for E&W, even with newly developed
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Figure 6.7: Comparison of the effects of immunity duration (in weeks) and force of
infection on carriage prevalence in children less than 5 years of age. Low,
mid and high FOI scenarios are shown from top to bottom. Note that where
duration of specific immunity does not exceed the duration of non specific
immunity it doesn’t have much of an effect and hence carriage prevalence
is similar. When it exceeds non specific immunity the specific immunity
limits overall prevalence. While a four-fold change in FOI has only minor
impact, the prevalence levels depend hugely on the duration of specific and
in particular non-specific immunity.
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detection methods rates of multiple carriage in infants in a high prevalence

setting were below 50% [19].

� Long duration of non-serotype specific immunity in the extreme will lead to

a Susceptible-Infective-Immune - type model behaviour with one single epi-

demic occurring which eventually leads to a depletion of susceptibles and no

infected persons in the population. In less extreme cases frequently occur-

ring cyclic patterns in carriage prevalence can be the result (see figure 6.8)

which have not been observed in pneumococcal nasopharyngeal carriage.

Also positive correlation between the number of coexisting serotypes and serotype

specific immunity was found. Similar restrictions to the ones in non-specific

immunity apply here and impose restrictions to the feasible parameter space:

� The lack of additional type-specific protection means that coexistence of

multiple types becomes virtually impossible.

� Long serotype specific protection can cause extinction of serotypes when it

induces a long-term lack of susceptibles to become re-infected.

The cyclic behaviour induced by long duration of immunity is most pronounced in

the most prevalent types. In figure 6.5 its potential restriction on the parameter

space to be considered reasonable for the model is shown.

6.3.6 Model neutrality

As discussed in section 4.3.1 a model is termed a ”neutral null-model” if it meets

two criteria: 1) ”ecological neutrality” - if the strains are indistinguishable the

dynamics of the ecological variables (the number of individuals infected with

0,1,2,. . . serotypes) should only depend on the ecological variables, in particular be

independent of specific strains and 2) ”population genetic neutrality” - no stable

equilibrium should exist i.e. the strain prevalence should be dependent on the

initial conditions and it should be possible to initialise indistinguishable strains

to different prevalence without having them converge to the same equilibrium

(see [6] and section 4.3.1).

The simulation model does not formally meet the ecological neutrality criterion

because homologous reinfection is not included as additional carriage of another

copy of this serotype. Hence, heterologous reinfection is treated differently to ho-
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Figure 6.8: Proportion of serotype specific carriage prevalence in the simulation model.
The simulation starts with 1% prevalence per type and the burn in period
is considered to be 20 years (grey dashed line). Serotypes are coloured ac-
cording to fitness where dark red corresponds to the longest duration of
carriage. The upper panel shows a simulation where specific and non spe-
cific immunity duration are 8 and 19 weeks and the lower panel a simulation
with 8 and 35 weeks respectively. While the scenario with longer protec-
tion from serotype specific carriage shows a greater amount of coexisting
serotypes serotypes follow strong cyclic patterns which considerably exceed
the stochastic fluctuations in the scenario with shorter duration of type
specific immunity.
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mologous reinfection and therefore hinders the representation of the dynamics of

the ecological variables in dependence of only the ecological variables. However,

in order to simulate similar dynamics it was assumed that homologous acquisi-

tion of carriage results in an extension of the duration of carriage by another full

duration of carriage for this serotype in the respective age group. So, while an

individual is not twice as infectious with a serotype following homologous acqui-

sition, and hence the ecological criterion is not met, the individual is infectious

for twice the time, on average.

Serotype specific immunity induces a period of protection against a single type

whilst the individual is already susceptible against acquisition of infection by

other types. Hence the probability of acquiring carriage for this individual is

specifically dependent on the identity of this particular type which violates the

criterion for ecological neutrality. However, this is conditional on the existence of

serotype specific immunity and no such violations arise from serotype non specific

immunity.

Population genetic neutrality was assessed for the individual-based model para-

meterised to simulate the deterministic models 3 and 4 discussed earlier. The

simulations are initialised with five serotypes at 1%, 2% 3%,4% and 10% preva-

lence, respectively. If the prevalence of all serotypes after 30 simulated years

converged to the same equilibrium despite their different prevalence at initiali-

sation the population genetic neutrality criterion was considered to be violated.

The low FOI scenario was employed using a mean duration of carriage in children

younger than 2 years of 8 weeks for all types to make them indistinguishable in

fitness. To reflect model 3 the duration of serotype non-specific immunity was set

to be 2 weeks less than duration of carriage and no extra protection from serotype

specific immunity was assumed. To reflect model 4 the duration of serotype non-

specific immunity was set to be 2 weeks less than duration of carriage and serotype

specific immunity was set to last two weeks longer than carriage. The popula-

tion genetic neutrality was found to hold for the IBM parameterised to describe

model 3 and to be violated for the representation of model 4 (see figure 6.9).

These results mirror the analytic results for the respective deterministic models.
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Figure 6.9: The serotype specific number of carriers after initialisation. The intensity
of colours represent the rank order of prevalence at initialisation of the oth-
erwise identically parameterised types. The upper panel shows parametri-
sation reflecting model 3 and the lower panel model 4. The convergence
of all serotypes towards the same prevalence illustrates the violation of the
population genetic neutrality for model 4.
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6.3.7 Vaccination

Introducing infant vaccination against the two most prevalent serotypes leads to

extinction of these types and replacement with non-vaccine types in both the

vaccinated and - through herd immunity - in unvaccinated individuals (Figure

6.10). Paradoxically, vaccination against all serotypes - at the same efficacy and

coverage does not cause extinction of all types and results in only minor indirect

effects. Indeed, under the high force of infection scenario the bivalent vaccine

is more effective at reducing adult carriage than the universal vaccine. If this

vaccine succeeds the bi-valent one it can cause re-emergence of the previously

controlled types. This arises because the vaccine types are controlled by a combi-

nation of vaccination effect at reducing their reproduction number (by removing

susceptibles) and competition from the other types. When the competition is

lessened, through the use of a universal vaccine, these high prevalence (high R0)

types can re-emerge (see figure 6.11).

6.4 Discussion

The analysis of an individual-based and yet structurally simple simulation model

including acquisition induced short-term immunity against S. Pneumoniae is pre-

sented here. Non-specific and specific short-term immunity were found to be ca-

pable of governing the patterns of competition and coexistence. Stochastic effects

in low prevalent serotypes may result in apparent epidemics, if these serotypes are

highly invasive (as has been observed in several countries with serotype 1, for in-

stance). The model suggests that high carriage prevalence observed in developing

country settings [20] and in native populations [21] might arise from a less effec-

tive immune response (due to malnutrition, genetic differences or other factors)

rather than mixing patterns alone (see section 6.3.4). Moreover, the model was

utilised to assess the impact of vaccination, and contrast a vaccine targeted at the

most prevalent serotypes (approximating PCV7) with a broad-based vaccine (e.g.

a protein-based one), with the same level of efficacy and coverage. Paradoxically,

the low-valency vaccine can lead to greater indirect effects (herd immunity), if

the high prevalence (most fit) serotypes are eliminated by a combination of vac-

cine protection and competition. This benefit over the universal vaccine would

be amplified in invasive disease if the types included in the low-valency vaccine

are of high invasiveness (as is the case for PCV7). Releasing the competition,
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Figure 6.10: Equilibrium mean prevalence of different serotypes by age group ( <10
years of age = children, others = adults) under different vaccination pro-
grammes: a bi-valent vaccine targeting the 2 most prevalent types (VT1),
and an universal vaccine (VT2) with the same efficacy per type. The dura-
tion of non-specific and specific immunity was 9 and 18 weeks respectively.
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Figure 6.11: Re-emergence of previously controlled serotypes. Bi-valent vaccination
was introduced at year 8 after initialisation and the universal vaccine was
introduced 20 years after initialisation. The prevalence of all serotypes
except two is not displayed for the purpose of clarity. The fittest serotype
(in red) is included in the bi-valent vaccine and is controlled shortly after
vaccination. With introduction of the universal vaccine below the vacci-
nation threshold the prevalence of all other serotypes declines slowly (the
most fit of the serotypes not included in the bi-valent vaccine is shown in
black) and as a results reduces the amount of competition which allows
the previously controlled type to re-emerge. For this graph the duration
of specific and non specific were 18 and 9 weeks respectively in the low
FOI scenario.
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by using a broad valency vaccine below the vaccination threshold for elimination

of carriage, can further lead to a rebound in the previously controlled types, if

reintroduced.

The biological basis of protection against colonisation and clearance of carriage

of S. pneumoniae is poorly understood. From the patterns of pneumococcal ac-

quisition, clearance and re-infection found in longitudinal carriage studies, the

existence of short term serotype-specific and non-specific protection can be in-

ferred [10, 11]. With these two mechanisms in the model the specific ecological

and epidemiological patterns of the pneumococcus could be generated. Short-

term specific and non-specific protection might arise from a combination of both

the innate and the adaptive immune response. While an activated innate re-

sponse, which is associated with increased macrophage or other myelomonocytic

cellular activity, might limit initial growth of the pneumococcus in the mucosa,

the innate response is short lived and unlikely to be the main effector for clearance

of pneumococcal colonisation which may persist for prolonged periods (up to 5

months) before clearance [18]. However, the innate response probably has the role

of activating an adaptive immune response that develops to both the serotype-

specific capsule and the conserved surface proteins that produce cross-reactive

antibodies. These responses could be mediated by locally produced antibody

from mucosal B-cells which persist after the pneumococcus has been cleared and

prevent initial growth, or enhance clearance in the event of a subsequent heterol-

ogous exposure (via non specific antibody) or homologous exposure (both non

specific and serotype specific antibody). Although essential in murine models,

the role of T-cells in clearance in humans is, as yet, unclear [22, 23].

No mechanism was included in the model to track colonisation events over an

individual’s lifetime to infer long-term immunity which could be mediated by

both capsule specific and non-specific antigens. It was decided to only include its

observed effects, a serotype non-specific decline in both carriage duration and the

probability of transmission given contact by age. Including long-term immunity

and a general maturation of the immune system would complicate parameteri-

sation but is unlikely to affect the mechanism of competition and coexistence.

However, it does have an effect of the predicted outcome of vaccination. If vac-

cination limits colonisation in the vaccinated children the lack of exposure in

those early years will leave the the older population more vulnerable. Hence

not accounting for exposure driven protection reflects a best case assumption for

vaccination effects.
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Most scenarios in this chapter are presented setting the duration of non-specific

immunity to 9 weeks. This was chosen on the basis of multiple carriage being

found to be very low using current standard detection methods [14,24–27]. How-

ever recently developed and yet to be established methods yield higher rates of

multiple carriage [28]. If one accounts for that one would need to decrease the

duration of non-specific immunity in the simulations which then would lead to

an even greater ease for serotype coexistence.

In the absence of further knowledge assumptions had to be made on several

aspects of the model:

� Newborns were not protected from colonisation by maternal antibodies.

However, this is thought to have little impact on the general transmission

dynamics studied here, because very young children are considered to not

contribute significantly to the overall transmission dynamics.

� Multiple carriers have the same probability of transmitting each strain as a

single carrier has. While this is likely to overestimate the FOI the parameter

space which is assumed to be of main interest only allows for few multiple

carriers and therefore its impact is believed to be rather minor.

� Non-specific immunity is modelled to allow instant protection since activa-

tion of the innate immune response is thought to be rather quick. However,

allowing for a slight delay until activation would result in an increased time

span for multiple acquisition and reduced competition.

� Different fitness of the pneumococcal serotypes in the model is determined

solely by their duration of carriage. Weinberger et al. found that the capsule

size of the pneumococcal serotypes is correlated with both avoidance of

neutrophil-mediated killing and prevalence [16] but the existence of other

factors influencing a serotype’s fitness cannot be excluded.

� The non-specific and specific immunity in the model are thought to reflect

short term immunity after acquisition. Longer term immunity from multiple

infections over an individual’s lifetime is hard to distinguish from general

maturation of the immune system and is therefore introduced in the model

through an age dependent declining duration of carriage and a declining

probability of infection given an infectious contact.

Other models have studied competition between serotypes typically employing

207



competition as a factor limiting the FOI for additional acquisition once infected

in a deterministic two strain model [2,3,5]. The model developed here was shown

to be flexible and correspond closely to many of the published models when

parameterised accordingly (see section 6.2.4). While providing a useful tool to

estimate the degree of competition and therefore inferring the possible effects of

vaccination on the dynamics of vaccine versus non-vaccine types [4] questions

about model validity in the absence of an explicit underlying mechanism have

been raised for published deterministic 2-type models [6,7]. It is shown here that

the most reasonable parameterisations for the IBM, where the duration of specific

immunity exceeds the duration of non specific immunity, provide a close match to

the deterministic approach most frequently used for modelling competition of two

types and that serotype specific immunity may be the main factor violating the

concept of model neutrality. Zhang et al. identified direct competition through

physical presence or activated innate immune response as the more likely source

of competition over cross-reacting antibodies [29]. In the simulations a similar

mechanism could be identified; while the non-specific immunity is the determinant

for competition longer lasting specific immunity allows for coexistence of multiple

serotypes.

Specific immunity in the simulation is reflected through an increased duration of

immunity against acquisition of infection with a previously carried serotype. A

different approach towards modelling serotype specific immunity would be that

knock-off effects for the homologous serotype are reduced as done in Colijn et

al. [7]. With this approach the inclusion of serotype specific immunity would not

result in a violation of ecological neutrality. However, the mechanisms of specific

and non-specific immunity in the model presented here are biologically plausible

and therefore reflect an existing biological mechanism rather than an intrinsic

modelling artefact in the context of competing pneumococcal serotypes. There-

fore the deterministic model of serotype competition (model 4) as introduced by

Lipsitch et al. [3], which is implicitly assuming full serotype specific protection for

the course of carriage, should be appropriate for describing the serotype dynamics

in the simplified case of only two different pneumococcal serotypes although it

formally violates model neutrality.

Cobey and Lipsitch recently proposed a slightly different model to address the

means of serotype specific and serotype non specific immunity for the contribu-

tion to serotype competition and coexistence [30]. Differences include the repre-

sentation of both specific and unspecific immunity and homologous co-infection.
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Serotype specific immunity is assumed to follow the first clearance and to be im-

perfect but lifelong. The protective effect from serotype non specific immunity is

assumed to both reduce acquisition rates during carriage and reduce carriage du-

ration of all serotypes based on previous exposure. With increasing exposure the

duration of carriage becomes increasingly similar for the various serotypes which

further act to support coexistence. Homologous acquisition is possible while be-

ing infected and the acquired serotype is treated as a separate copy. There is

insufficient knowledge of the transmission dynamics and immunity against na-

sopharyngeal carriage to support either their modelling approach over the one

developed in this chapter another, or vice versa. However, the structural findings

are similar. Cobey and Lipsitch find that serotype specific immunity reduces

the fitness advantages and act to stabilise competition. Acquired serotype non

specific immunity further reduces fitness differences. Together specific and non

specific immunity patterns can reproduce coexistence of multiple pneumococci

despite their competition and differences in fitness.

Sixty-four newborns were chosen to enter the population each week which deter-

mines the population size to be 243,792 on average. A higher population size in

the model reduces the variance in prevalence and so, in a scenario without impor-

tation of cases, this slightly reduces the chance for serotypes to become extinct.

Population size further affects the variance of the standardised prevalence. While

the qualitative behaviour does not change (long term volatility of low prevalence

serotypes) the variance is generally smaller. However, even with a simulated

population of 4 million individuals, peaks with a preceding 2-3 times increase in

prevalence were common. Spatial diversity and a network structure of infectious

contacts would further increase variability and have not been considered in the

model.

Long-term temporal trends have been observed in infrequently carried serotypes,

in particular serotype 1 [31–33], and made interpretation of the epidemiology

of the pneumococcus challenging (see section 3.1.1 and [4]). In the simulation

model two potential mechanisms for this occurrence were observed: long dura-

tion of serotype specific immunity cause an outbreak-like behaviour. However,

the peaks are found to be relatively frequent and the effect is more pronounced

in more frequently carried types, which stands in contrast to observed data. An-

other potential cause of this epidemiologic occurrence was identified: infrequently

carried serotypes are most prone to high variance of the standardised prevalence

due to stochastic effects of the pathogen population where the apparent peaks
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can spread over several years. If a serotype has high invasive potential this effect

would be amplified in surveillance systems which monitor invasive pneumococcal

disease. This possibly should be kept in mind when trying to interpret these

temporal changes.

Vaccination in the model framework with a vaccine formulation consisting of the

two most prevalent serotypes (10% of all types) and an efficacy of 65% led to

extinction of the targeted types in all scenarios tested. Yet the effect on over-

all carriage was marginal due to serotype replacement by the untargeted types.

No significant overall decline has been observed in most nasopharyngeal carriage

studies assessing the impact of vaccination with the 7-valent pneumococcal conju-

gate vaccine [24,26] except one in the Netherlands [25]. This apparent difference

to the model could be due to various reasons including the lack of power; e.g.

to be 90% certain to detect a significant decline from 42% to 39% prevalence as

observed in the under 5 year olds in the presented scenario one would need to test

5625 children in each of the two cross-sectional studies. Such large samples are

rarely used. It was also shown that vaccines that rely on the benefit of compe-

tition induced by the untargeted types in order to control the targeted ones can

pose epidemiological challenges when their valency is extended and competition

is substantially reduced, like a slow decline in prevalence of the targeted types or

re-emergence of vaccine serotypes.

Little is known about the reproduction number of the pneumococcus. Hence,

multiple scenarios were studied assuming at least a theoretical chance for each

serotype to persist (R0 > 1). Standard methods for the inference of R0, as

discussed in section 1.4.2, are not applicable here. For example the assumption

of lifelong immunity which is needed to estimate R0 from the average age of

infection is violated for the pneumococcus. Also it was shown in section 6.3.4

that R0 cannot necessarily be inferred by the prevalence of the pneumococci and

that this is rather dependent on the duration on immunity patterns. However,

longitudinal carriage studies could present one way to create insight into the

transmissibility of the pneumococci. In the absence of further knowledge on such

the resulting strength of competition and hence the threshold for successfully

eliminating transmission by vaccination is uncertain.

The concept of pathogens competing for the same ecological niche and the im-

plications for vaccine programmes might be applicable to other settings too.

Meningococcal serogroup B vaccines that appear to elicit a robust immune re-
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sponse against a broad range of meningococal strains are in development [34,35].

Whether these vaccines will affect the prevalence of either the other MenB strains

or other meningococcal serogroups remains to be seen. Inter-species competition

has also been reported. Besides the apparent supporting role of influenza for

pneumococcal disease as discussed in section 2.7 reduced carriage of Staphylo-

coccus aureus in individuals colonised with the pneumococcus has been detected

suggesting that there may be an increase of S. aureus after introduction of the

pneumococcal conjugate vaccine [36–38].

A structurally simple simulation model which includes serotype specific and non-

specific immunity in order to investigate their potential contribution to the epi-

demiology of the pneumococcus is presented here. This basic mechanism which

is likely to be a combination of the innate and the adaptive immune response is

sufficient to grant the key epidemiological features of the pneumococcus: coexis-

tence, competition and multiple carriage. This should be subject to evaluation

by studies on immunological markers in the context of longitudinal carriage stud-

ies. If proven valid this has further implications for vaccination in a competitive

environment, and optimal vaccination strategies which effectively reduce the bur-

den of disease without leading to adverse public health consequences need to be

evaluated.

6.5 The impact of competition on vaccination

effects

A result of the simulation model which may be potentially important for the

consideration of higher valency vaccines stands out. At a similar effectiveness as

observed for PCV7 a bi-valent vaccine in the simulation model eliminated trans-

mission of the two targeted serotypes in the population and lead to replacement

by the other types. However, a vaccine offering the same effectiveness of protec-

tion against all serotypes fails to eliminate transmission and could therefore have

less population impact. The reasons for this will be investigated with the help of

a deterministic two-strain model in this section.

In section 1.3 the threshold theorem for successful eradication of an endemic

pathogen in a simple context (SI model) was introduced. In brief: transmission
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needs to be reduced by a proportion of at least

1− 1/R0

in order to control that pathogen. For a model similar to the diamond model

discussed in section 4.3.4, i.e. when two pathogens are in competition, Lipsitch

showed that this threshold is altered depending on the amount of competition

between the two pathogens. The amount of competition (and the fitness) induced

by the pathogen which is not included in the vaccine determines the reduced

threshold for successful vaccination. Assuming that the vaccine is 100% effective

at preventing an individual from transmitting infection with pathogen 1 (e.g. by

immunising against infection) the coverage fc needed to be

fc = 1− R02

R01 [1 + c1(R02 − 1)]

Figure 6.12: Effect of competition and fitness of a second pathogen on the vaccination
threshold. The reproduction number for the vaccine type was assumed to
be 2.

Here, c1 is the competition induced on acquisition with type one by carriage with

the second type (remember, that c1 = 1 corresponds to no competition and c1 = 0

to competitive exclusion). Figure 6.12 illustrates the effect of competition on the

vaccination threshold. If the competing type has a reproduction number smaller

or equal to one the type cannot coexist and therefore the vaccination threshold is
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not affected (compare sections 1.2 and 4.3.4 for the epidemic threshold theorem).

Also when there is no competition induced by the second type, the threshold

remains unchanged. However, for competing types with R01, R02 > 1 the vac-

cination threshold can be significantly altered in this model and corresponds to

the findings of the more complex individual-based modelling approach in this

chapter. Figure 6.12 also shows the results on coexistence from section 4.3.4: no

vaccination is needed to control type 1 in scenarios where R01 < R02 and the

competition between them is high.

These findings can be interpreted in different ways:

(i) If types are in competition with one another then selective vaccination

(preferably against those which are most invasive) can be achieved at a

lower coverage or with a less efficient vaccine compared to vaccines target-

ing all (many) types.

(ii) A combination of vaccine efficacy and coverage found sufficient for a selec-

tive vaccine (e.g. PCV7) does not necessarily meet the vaccination threshold

for a higher valency vaccine with similar type-specific efficacy and uptake. If

implemented re-emergence of some types (as found for the individual-based

model) could be the result and the average age of infection would increase

(compare section 1.3).

Estimates for the competition (employing the diamond type model framework)

between vaccine and non-vaccine serotypes of the pneumococcus following the

introduction of the 7 valent vaccine in E& W vary between competitive exclu-

sion and a 53% reduced chance for acquisition while carrying the heterologous

serotype depending mainly on the assumption of pre-vaccination trends in IPD

to continue [4]. Employing the same techniques based on replacement in IPD ob-

served in the US Melegaro and colleagues found only a 15% reduced probability

for acquisition while carrying the heterologous serotype [5]; but this might be un-

derestimating competition because of a change in inpatient blood-testing during

the post vaccination era in the US (see section 3.2 and [1]). Estimates obtained

from Scottish post vaccination data in section 5.2 data yielded a plausible range

from no competition to a possible 55% reduction in acquisition rates. One needs

to keep in mind here that all these estimates quantify the competition introduced

by the vaccine serotypes rather than the one for the non-vaccine serotypes, which

would be important to measure the vaccination threshold. However, these esti-

mates are very susceptible to variations in post vaccination surveillance which
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could be the main reason for this wide range of parameter estimates. The ar-

guably best estimates come from a study of longitudinal carriage in Danish chil-

dren. Auranen et al. found that rates of acquisition were reduced by more than

90% in carriers when compared to non-carriers [2]. However, for the estimation

of competition from pneumococcal carriage data the lack of detection of multiple

serotypes (compare section 2.5.3) could have introduced an unmasking bias (this

is not the case for IPD since invasive disease is believed to result from a single

serotype).

No estimate of the reproduction number R0 for the pneumococci has been re-

ported in the literature to date, so R01 = R02 = 2 is assumed here as an example.

That would mean that a perfectly efficient vaccine with a population coverage in

order to reduce the transmission by

fc = 1− 1

R01

= 1− 1

R02

= 50%

would be needed to control both types (e.g. types included and not included in

PCV7) at the same time. Assuming that acquisition rates of carriers are reduced

by 90% (c1 = c2 = 0.1), the control of either one type would only require a

reduction in transmission of

fc = 1− R02

R01 [1 + c1(R02 − 1)]
= 1− R01

R02 [1 + c2(R01 − 1)]
= 9.1%!

and even c = 0.5 would only yield the need for a 33.3% reduction in transmission.

This emphasizes the findings from the individual-based model, that selective vac-

cination strategies could be more effective than approaches targeting as many

types as possible.

Summary

In this chapter the dynamics governing the ecology of S. pneumoniae, i.e. com-

petition and coexistence, are explored. Based on evidence from longitudinal car-

riage studies, the means of both short-term specific and non-specific immunity

were employed in a parsimonious individual-based model. For a maximum of

20 serotypes the transmission dynamics based solely on acquisition of infection

from infected individuals and the thereby induced immunity were studied. It

turned out that short-term non-specific immunity acts to reduce the available
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pool of susceptibles and hence introduces a competitive interaction of the types.

Short-term type-specific immunity on the other hand limits a single types spread

and thereby can regulate the coexistence of multiple serotypes. This does pro-

vide a biologically plausible mechanism for the observed inter-dependencies of the

pneumococci.

Introduction of vaccination against a limited amount of serotypes in this frame-

work yielded similar indirect effects as observed after introduction of PCV7, i.e.

herd immunity and serotype replacement. Further, the effects of selective vacci-

nation were compared to those of vaccines with high valency both by simulation

of the individual-based model and analytically in the deterministic diamond type

model from section 4.3.4. The competition induced by types not targeted by vac-

cination was found to significantly help with controlling of the vaccine types. If

a vaccine is targeting all types, the benefit of competition is lost and the vaccine

has to be more efficient or applied at a higher coverage to make up for this.

This marks the end of original research of the thesis. In the next chapter an

overview of the main findings will be given and the perspective for future re-

search in this area in order to improve the public health impact of pneumococcal

vaccination will be set.
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7 Conclusions

7.1 Summary and main findings

The introduction of pneumococcal conjugate vaccines into childhood vaccination

programmes has substantially reduced the burden of pneumococcal disease in

England & Wales, Scotland and elsewhere. Due to herd immunity effects vacci-

nation has not only provided protection for vaccinated individuals but for unvac-

cinated individuals as well. However, currently available vaccines only provide

protection against a very limited amount of the more than 90 different capsular

serotypes. These serotypes vary greatly in their resistance to clearance by the

immune defence mechanisms and their ability to invade the bloodstream once

they have colonised the nasopharynx. Furthermore, the serotypes, despite their

stable coexistence, compete for the same ecological niche. This generates an

important feature of pneumococcal ecology: serotype replacement following se-

lective conjugate vaccination. The extent of the serotype replacement and the

pathogenicity of the replacing serotypes greatly impacts on the overall population

effects of vaccination. This thesis had the aim of analysing the effects of pneumo-

coccal conjugate vaccination on both disease and carriage and studying modelling

concepts regarding their suitability for an adequate description of pneumococcal

ecology patterns and vaccine induced changes to it.

When estimating the impact of vaccination an assumption on the baseline, the

number of cases if the vaccine had not been introduced, has to be made. Most

studies assume this baseline to be similar to the number of cases one or two years

before the start of vaccination. Upward trends in IPD incidence data in England

& Wales prior to vaccination were found [1]. Hence, the assumption of an un-

changed baseline several years after the introduction of PCV7 was questionable

and a comparison to control pathogens, which are similarly dependent on blood
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culturing practice but have not been subject to vaccination, was undertaken (sec-

tion 3.1.1 and [2]). Generally increasing incidence amongst these pathogens prior

to introduction of PCV7 was found, perhaps indicating increasing ascertainment.

However, the size of the increase wasn’t consistent amongst the pathogens for all

age groups and the trends did not continue after introduction of the pneumococ-

cal vaccine in all cases. However, the assumption of either a constant baseline

after vaccination or a continuous pre vaccination trend in the post vaccination

era provided lower and upper bounds for the observed incidence of the control

pathogens and hence could be understood as a range of likely baselines. These

results highlight the general value of good pre vaccination data to detect ongoing

changes which might bias the analyses of the impact of vaccination. In particular,

an estimate for additional uncertainty in the baseline arising from pre vaccination

data was obtained, which assisted with the analysis of the impact of PCV7 on

IPD in England and Wales [3] and similar studies can help with the analysis of

vaccine impact in various settings.

No analysis of post PCV7 epidemiology in Scotland has been available. Increas-

ing incidence of IPD prior to the introduction of conjugate vaccination was found

similarly to England and Wales. Hence, both methods, assuming no post vaccina-

tion trend in ascertainment and assuming the pre vaccination trend to continue,

were employed for the analysis (section 3.1.2). Disregarding the different method-

ologies PCV7 vaccination was shown to have significantly reduced the invasive

disease burden associated with the targeted serotypes in both vaccinated and un-

vaccinated individuals in Scotland. While there was little evidence for serotype

replacement in the age groups up to 64 years, an increase in non vaccine serotype

IPD balanced out the decrease amongst vaccine types in the elderly. These find-

ings contribute to a better understanding of the impact of pneumococcal vaccina-

tion in Scotland. The analysis shows the general success of the 7-valent conjugate

vaccine in reducing the overall burden of IPD in the Scottish population, partic-

ularly in children. Also it highlights the need for a better understanding of the

underlying changes in pneumococcal carriage in Scotland in order to better un-

derstand the reasons for the differences in serotype replacement amongst the age

groups, i.e. whether serotype replacement in nasopharyngeal carriage was largely

confined to the elderly as observed in IPD or whether the different, probably

more pathogenic, serotypes were associated with serotype replacement amongst

the elderly population.

Vaccine induced changes in the predecessor of IPD, nasopharyngeal carriage, are
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key to the understanding of the ecological basis for any changes in pneumococ-

cal disease. These changes were assessed from studies conducted both before and

after introduction of PCV7 in healthy children and their family members in Hert-

fordshire, England (see section 3.1.3 and [4, 5]). Rates of vaccine type carriage

declined amongst all age groups while non-vaccine type carriage increased. In

contrast to invasive disease, where an overall decrease was found amongst all age

groups [3], serotype replacement was complete in carriage. This suggests that the

pathogenicity of the replacing non-vaccine types is lower than that of the vaccine

types. Similarly, the additional serotypes in the 10 and 13 valent vaccines were

estimated to be highly pathogenic As a result vaccination with either of them is

likely to result in a further reduction of IPD even if serotype replacement in na-

sopharyngeal carriage is assumed to be complete. This provides a simple method

how the combination of invasive disease data and data on pneumococcal carriage

can determine the likely impact of future conjugate vaccination formulations and

can help informing vaccine policy making. Furthermore, the observation of full

serotype replacement in pneumococcal carriage attests strong competition be-

tween the serotypes for the same ecological niche and the general importance for

pneumococcal ecology in the impact of conjugate vaccination.

An important aspect about pneumococcal ecology is the coexistence of pneumo-

coccal serotypes despite their competition and an apparent fitness advantage of

those types which were found to resist clearance from the nasopharynx for longer.

The reasons for this feature of pneumococcal ecology are unknown. In chapter

4 basic dynamic deterministic modelling approaches for two competing serotype

groups are reviewed and examined for their ability to permit serotype coexis-

tence. The model structure of which stable coexistence is a common outcome

is not neutral [6], i.e. coexistence is artificially promoted by the model structure

rather then induced by explicit assumptions on the transmission dynamics. How-

ever, the model structure does implicitly assume immunity against homologous

reinfection for the duration of carriage while it allows heterologous reinfection at

a reduced rate. This serotype specific immunity could limit the spread of one

type, thereby promoting the spread of the other and thus support coexistence.

Following an approach of Choi et al. [7] a model which permits serotype coex-

istence as a common outcome was employed (see section 5.2). A Markov Chain

Monte Carlo approach was taken to evaluate its fit to Scottish IPD data. The

model provided a good fit to overall vaccine type and non-vaccine type IPD in-

cidence in Scotland. However, when stratified into age groups the model showed
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inconsistencies with the dynamics in some of the age groups. That is, the model

could not replicate little serotype replacement in children and extensive replace-

ment in the elderly population at the same time. While PCV7 successfully re-

duced the burden of disease in Scotland this shows that the underlying dynam-

ics are not understood well enough to re-model the observed vaccine effects on

invasive disease. Hence further studies are needed in order to make the out-

come of future pneumococcal vaccination more predictable. With the existence

of pneumococcal carriage data one could study whether the discrepancy between

the model and the data arises from differences in pathogenicity of the replac-

ing serotypes in the elderly population and other age groups or indicates a lack

of understanding of pneumococcal transmission dynamics, and hence an invalid

model structure, or more likely arises from higher stochasticity of the data than

anticipated.

In order to investigate the possible role of short-term homologous immunity

against reinfection in the coexistence of pathogens, in particular the pneumo-

cocci, a parsimonious individual-based model was developed. It comprises 20

types which differ in their resistance to clearance and hence duration of carriage.

Types compete through infection induced immunity against heterologous acqui-

sition. It is found that the number of serotypes which stably coexist is associated

with the duration of homologous immunity, i.e. without type specific immunity

coexistence of multiple types is impossible. The model further shows a strong de-

pendence of carriage prevalence on the duration of immunity which suggests that

high pneumococcal carriage rates amongst native populations and some devel-

oping countries could be mainly due to an inferior host defence mechanism (e.g.

an impaired immune response possibly because of malnutrition) rather than in-

creased transmission due to extensive population mixing. The model also served

to illustrate a general feature about vaccination in a competitive environment:

selective vaccination benefits from the competition induced by the non-vaccine

types and hence reduces the vaccination threshold for interrupting transmission

of those types. These findings have important implications for the consideration

of higher valency vaccines. Higher valent or universal vaccines have a higher vac-

cination threshold. In other words, while the effectiveness and uptake of PCV7

were sufficient to suppress transmission of vaccine serotype in the population this

might not necessarily be the case for vaccines of significantly higher valency which

could lead to failure to provide herd immunity to unvaccinated groups at high

risk for disease.
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7.2 Future work

The 13 valent pneumococcal conjugate vaccine has now replaced PCV7 in the

UK’s national immunisation program. First results suggest a further reduction

in IPD cases in England & Wales [8]. Vaccines of higher valency are in de-

velopment. This thesis has given rise to a number of questions which can be

critical for an evaluation of the likely impact of higher valency pneumococcal

vaccines. Pneumococcal conjugate vaccines are being rolled out across the de-

veloping world, where rates of carriage and disease are considerably higher than

in the developed world. Understanding the impact that these vaccines may have

and the best strategy to mitigate future risks of replacement effects is critical for

public health.

Cross sectional pneumococcal carriage studies carried out in Scotland in chil-

dren and the elderly population would be helpful to determine the source of the

pronounced replacement amongst IPD in the elderly population despite little evi-

dence for replacement in other age groups. One could determine the replacement

effects amongst pneumococcal carriage in children and the elderly population. If

contrary to the observation in IPD the amount of serotype replacement in na-

sopharyngeal carriage was similar across the age groups one could investigate

the differences between the specific replacement serotypes to look for potential

differences in invasiveness. The elderly population has been observed to have

the highest rates of invasive pneumococcal disease incidence, hence determining

the source for pronounced serotype replacement in this age group could help ad-

justing future vaccination strategies to achieve higher population benefits from

pneumococcal vaccination in Scotland. However, after the introduction of PCV13

in Scotland cross sectional carriage studies for neither the prevaccination baseline

nor the changes after introduction of PCV7 can be carried out anymore. Based

on the assumption that the invasiveness of a serotype is similar in England &

Wales and in Scotland and similar for all age groups one could infer approximate

carriage rates in Scottish children and elderly from the combination of IPD data

in Scotland and case:carrier rates from E& W.

With the introduction of PCV13 only a few years after the introduction of PCV7

changes in pneumococcal ecology associated with PCV7 are likely to be still on-

going (see chapter 3.1.3). Hence, the incremental impact of vaccination with the

extended valency will be impossible to determine directly from the data directly

via relative risks. The diamond-type model discussed in sections 4.3.4 and 5.2
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and its expansion to include vaccination with PCV13 (section 5.3.5) could be

fitted to emerging data from the post PCV13 era in England & Wales. Also the

results of the post PCV7 carriage study and those of an upcoming post PCV13

carriage study could be included in the fitting process for a better determination

of replacement in pneumococcal carriage and the calculation of the case:carrier

ratios. The results could give both an evaluation of the incremental impact of

PCV13 and a prediction of its long term effects to help better predicting the

public health benefits of pneumococcal conjugate vaccination in E& W. Further

this work would provide a baseline for the prediction of the impact of vaccination

with higher valency vaccines.

A major caveat of all analyses determining aspects of the transmission dynamics

of the pneumococci is the lack of detection of multiple carriage (see section 2.5.2).

With newly developed laboratory methods it becomes clear that the current gold

standard method for detection of the pneumococcus from carriage isolates signif-

icantly underestimates the amount of multiple carriage [9]. However, the relative

abundance of serotypes is usually skewed towards the dominance of one serotype.

It is yet unclear to what extend multiple carriage affects the transmission of the

pneumococcus from a host which is infected by multiple types. Information on

this would be critical to distinguish the validity of different model structures and

their assumptions on pneumococcal transmission. Nasopharyngeal colonisation

data collected trough a longitudinal study design in households could provide in-

sight on how multiple carriage affects the transmission dynamics and the role of

abundance of a serotype. Transmission events between household members could

be analysed for the abundance of colonisation of the transmitted type in the

source case. This work would be essential for the understanding of the transmis-

sion dynamics of S. pneumoniae and would provide a basis for future predictions

of the population impact of pneumococcal conjugate vaccination.

In longitudinal studies pneumococcal carriage was found to reduce both homol-

ogous and heterologous acquisition rates. The analysis in chapter 6 shows that

this heterologous immunity might induce the competition between the serotypes

while an extended span of homologous immunity permits serotype coexistence

despite the fitness advantages of some types. A similar study by Cobey and Lip-

sitch [10] finds that serotype specific immunity, which is imperfect but lifelong,

can also permit coexistence. There is insufficient evidence on natural immunity

against pneumococcal colonisation to favour either of the two approaches. Corre-

lates for natural immunity against pneumococcal carriage are poorly understood
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which makes a measure of the extent and duration of serotype specific immunity

challenging. Highly powered longitudinal carriage studies which monitor the ef-

fects of previous homologous carriage on acquisition rates for multiple months

could be one way to achieve this. These studies could provide further insight if

and how protection against homologous acquisition influences the ecology of the

pneumococcus. With that knowledge the accuracy of the prediction of the impact

of future pneumococcal vaccines could be vastly improved.

The individual based model developed in chapter 6 was built to gain general

insight about the possible role of short-term immunity against acquisition of car-

riage in pneumococcal ecology. The model can be extended to fit other purposes.

A household and spatial structure and can be added to the population to study if

these less random mixing patterns are likely to further contribute to serotype co-

existence in the population. Also the number of serotypes reflected by the model

can be increased in order to parameterise the model according to the the spe-

cific serotypes of the pneumococcus and the layer of invasiveness can be added

to infer changes in pneumococcal disease from predicted carriage rates in the

model. The parameterisation could be assisted with the fitting to longitudinal

carriage data which would allow estimation of the force of infection and hence

the competitive pressure which drives serotype replacement and determines the

vaccination threshold. Pneumococal conjugate vaccines with increasing valency

are being developed. Furthermore, vaccines targeting common proteins might

even prove effective against most of the pneumococci. While serotype specific

effectiveness estimates yield important information about the direct effects of the

new vaccines, mathematical models will be needed in order to determine if the

new vaccines are likely to sufficiently limit the spread of the pneumococci to pro-

vide herd immunity. With good serotype specific data it should also be possible

to parameterise the individual based model accordingly to determine an optimal

vaccine design which makes use of the competitiveness of the pneumococci, that is

to work with the natural ecology of the organism for the benefit of public health.

In order to study the effects of childhood vaccination in adults one may also need

to include an exposure dependent acquisition of serotype non specific immunity.

This could lead to increased carriage rates in the adult population if vaccination

fails to eliminate transmission of the targeted serotypes.

The research presented in this thesis is focussed on Streptococcus pneumoniae

but could help with the analysis of other pathogens as well. Nesseria meningtis

has a similar polysaccharide capsule and when conjugated to a protein becomes
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a powerful immunogen. Carriage rates of serogroup Y are high and the recently

licensed quadrivalent A,C,Y,W135 vaccine might cause replacement with other,

more virulent, meningococal serogrups [11]. Although structurally different to

S. pneumoniae vaccine introduction against a limited amount of strains of ro-

tavirus and human papillomavirus (HPV) poses the potential risk for introducing

ecological changes which may lead to unanticipated indirect effects.

227



Bibliography

[1] Trotter CL, Waight P, Andrews NJ, Slack M, Efstratiou A, et al. (2010)

Epidemiology of invasive pneumococcal disease in the pre-conjugate vaccine

era: England and Wales, 1996-2006. Journal of Infection 60: 200–208.

[2] Flasche S, Slack M, Miller E (2011) Long term trends introduce a potential

bias when evaluating the impact of the pneumococcal conjugate vaccination

programme in England and Wales. Eurosurveillance 16: 1–6.

[3] Miller E, Andrews NJ, Waight PA, Slack MP, George RC (2011) Herd im-

munity and serotype replacement 4 years after seven-valent pneumococcal

conjugate vaccination in England and Wales: an observational cohort study.

The Lancet Infectious Diseases 11: 760–768.

[4] Hussain M, Melegaro A, Pebody RG, George R, Edmunds WJ, et al. (2005) A

longitudinal household study of Streptococcus pneumoniae nasopharyngeal

carriage in a UK setting. Epidemiol Infect 133: 891–898.

[5] Flasche S, van Hoek AJ, Sheasby E, Waight P, Andrews N, et al. (2011) Effect

of Pneumococcal Conjugate Vaccination on Serotype-Specific Carriage and

Invasive Disease in England: A Cross-Sectional Study. PLoS Medicine 8:

e1001017.

[6] Lipsitch M, Colijn C, Cohen T, Hanage W, Fraser C (2009) No coexistence

for free: neutral null models for multistrain pathogens. Epidemics 1: 2.

[7] Choi YH, Jit M, Gay N, Andrews N, Waight P, et al. (2011) 7-Valent Pneu-

mococcal Conjugate Vaccination in England and Wales: Is It Still Beneficial

Despite High Levels of Serotype Replacement? PLoS ONE 6: e26190.

[8] Health Protection Agency (2010). Pneumococcal disease. URL

228



http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/

Pneumococcal/.

[9] Turner P, Hinds J, Turner C, Jankhot A, Gould K, et al. (2011) Im-

proved detection of nasopharyngeal co-colonization by multiple pneumococ-

cal serotypes using latex agglutination or molecular serotyping by microarray.

Journal of clinical microbiology .

[10] Cobey S, Lipsitch M (2012) Niche and Neutral Effects of Acquired Immunity

Permit Coexistence of Pneumococcal Serotypes. Science 335(6074): 1376–80.

[11] Trotter CL, Greenwood BM (2007) Meningococcal carriage in the African

meningitis belt. The Lancet infectious diseases 7: 797–803.

229

http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/Pneumococcal/
http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/Pneumococcal/

	Thesis Outline
	Introduction
	The effects of vaccination
	Estimation of direct effects
	Estimation of indirect effects

	Basic models and the role of the reproduction number
	Threshold for successful vaccination
	Estimation of the reproduction number from epidemiological data
	Epidemics
	Endemics


	Background
	The organism
	Carriage and disease outcomes
	Pneumococcal vaccines
	Pneumococcal polysaccharid vaccine (PPV)
	Pneumococcal conjugate vaccines (PCV)

	Immunity
	Correlates of immunity
	Vaccine induced immunity
	Naturally acquired immunity

	Detection
	Detection in disease isolates
	Detection in carriage
	Typing

	Routine surveillance systems
	England and Wales
	Scotland

	The pneumococcus and influenza

	The impact of conjugate vaccination in Britain and elsewhere
	Pneumococcus in the UK
	Pre vaccine trends
	Scotland
	England and Wales

	The pneumococcus outside the UK
	The United States of America
	The rest of the world
	Post PCV7 changes in comparison


	Transmission patterns of the pneumococcus
	Acquisition and clearance
	Replacement and competition
	Modelling approaches
	Neutral models
	Triangle model without strain interaction
	Triangle model with strain interaction
	Diamond-type model
	The issue of coexistence


	A model to predict the impact of vaccination
	Predicting the impact of PCV7 in E&W
	Predicting the impact of PCV7 in Scotland
	Methods
	Results
	Discussion

	Transformation to an individual-based model
	Random numbers
	Population model
	Population steady state
	Transmission process
	Assessing the potential impact of PCV13 in E&W


	An individual-based model to investigate the role of immunity in the coexistence of the pneumococcal serotypes
	Introduction
	Methods
	Model description
	Parameter assumptions
	Assessment of cyclic behaviour
	Comparison to deterministic modelling approaches
	Carriage duration and prevalence

	Results
	Competition and multiple carriage
	Coexistence
	Variance of low prevalence serotypes
	Carriage prevalence and the force of infection
	Parameter space for coexistence
	Model neutrality
	Vaccination

	Discussion
	The impact of competition on vaccination effects

	Conclusions
	Summary and main findings
	Future work


