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GENERAL INTRODUCTION

This thesis is concerned with the epidemiology of vaccine preventable diseases,
quantifying their burden, and estimating the cost-effectiveness of alternative
strategies to control them. This subject brings together three fields of research:
health economics, vaccinology, and infectious disease epidemiology. Health
economics is a branch of economics which focusses on the scarcity in the allocation
of health and health care [1]. Within the field of health economics the framework
of cost-effectiveness analysis was developed. The cost-effectiveness framewark is
focussed on analysing the costs of a new drug or health care intervention related to
the (projected] health improvement. The outcome of the cost-effectiveness analysis
enables a direct comparison between mutually exclusive products or interventions.
Other research in the field of health economics is focussed on the development of
tools to measure health states or quality of life, investigates methodological issues
as time preferences and the application of sensitivity analysis [1]. The second field
of research is the field of vaccinaology, this is a science focussed on the development
and application of vaccines [2]. The field is linked to other areas as immunology and
bio-chemistry and has as goal to develop sustained immunity against pathogens
by priming the immune system with a compound. Questions in vaccinology are for
example the use of adjuvants, conjugation of antigens and optimisation of the prime-
boosting schedule. The third field of research is infectious disease epidemiology.
Infectious disease epidemiology tries to understand disease transmission and
transmission control. In this thesis infectious disease epidemiclogy is applied hy
the use of infectious disease transmission models, risk factor analysis and the
understanding of transmission patterns.

In this thesis there is a focus on three different pathogens; varicella zoster,
influenza A/HIN1 2009 and Streptococcus pneumaoniae, and for clarity the thesis is
structured by these pathogens.

The main aim of the research described in this thesis was to support sound
decision making in the application of vaccines. The research in this thesis did/
will support five decisions in the use of vaccines in England and Wales and the
Netherlands: introduction of Herpes Zoster vaccination among elderly [70+;
England and Wales] [3], withhalding of an introduction of childhood Varicella
vaccination (England and Wales] [4], to focus the introduction of the pandemic
H1N1/09 influenza vaccine an risk groups (England and Wales] [5] the introduction
of a successor of the 7-valent pneumococcal conjugate vaccine [the Netherlands]
and the decision whether or not to vaccinate pneumococcal risk groups with a
pneumococcal conjugate vaccine (England and Wales].

In this general introduction the three pathogens and the individual chapters
are introduced, and for each chapter the main aim and major issues or discussion
points are described.
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PART |

Varicella Zoster vaccination

Varicella Zoster virus [VZV], is a DNA virus from the Herpes family [6,7]. Members
of this family are able to integrate their viral DNA into the nuclei of host cells, and
in doing so the virus remains dormant within the human baody. The first exposure
to VZV causes varicella (chickenpox], a disease which in temperate climates mostly
occurs in childhood [B,7]. After initial infection the virus remains dormant in the
dorsal root ganglia [8]. Later in life the virus can reactivate, most likely due to a
waning of cell mediated immunity, and causes Herpes Zoster (HZ; shingles]. HZ
can cause post herpetic neuralgia (PHN], a painful and long lasting complication
[7]. Cell mediated specific immunity can be boosted by exogenous exposure to VZV
[9]. Due to this relation of exposure and the activity of the cell mediated specific
immunity there is a link between getting exposed to VZV via a varicella and/or HZ
patients, and a reduced risk of reactivation of the dormant virus and subsequently
HZ disease [10,11]. In this section of the thesis the impact of the introduction of a
live attenuated VZV vaccine is investigated. There are two versions of the vaccine;
a high concentrated version aimed at older adults, to boost immunity and prevent
reactivation of the virus causing HZ, and a version to be used as a childhood vaccine
against the initial infection. In this part of the thesis we investigate the impact of
an introduction of HZ vaccination [chapter 2 and 3] and a comhined use of the
childhood and adult vaccine (chapter 4 and 5].

CHAPTER 2

Aim

Describe the cost effectiveness of Herpes Zaster vaccination for the 60 plus in
England and Wales.

In 2005 the results of a large randomized, double-hlind, placebo controlled clinical
trial was published. The trial was performed in a cohort of 38,546 individuals aged
60 years and over and assessed the efficacy of a HZ vaccine at reducing the burden
of HZ associated disease. The results showed that HZ vaccination reduced the
incidence by 51.3% [12] in vaccinees compared to the placebo recipients. Following
these results the vaccine was licensed by the Food and Drug Autharity (FDA] in the
US [13] and the European Medicines Agency (EMA] in the European Union [14]. The
licensure of an effective vaccine against HZ necessitates a decision whether or not
to introduce this vaccine in England and Wales.

To support this decision we investigated the cost-effectiveness of introducing
HZ vaccination in older adults. The proposed schedule by the manufacturer was one
dose at the age of 60, but also other ages of introduction were investigated. The
greatest challenge in the analysis was incorporating various age effects; as there is

ONE

11




ONE

12

GENERAL INTRODUCTION

an increasing incidence of disease by age as well as an increasing severity, and the
results of the clinical trial suggest that the vaccine is less efficacious among older
recipients. Within the cost-effectiveness analysis the disease burden needs to be
expressed in quality adjusted life years [QALYs] lost. QALYs comhine the severity of
disease with the duration of symptoms. The severity of disease is expressed as a
QALY weight, a measure between 0 and 1. Unfortunately not many data was available
measuring the QALY weight of HZ at different ages and at different intervals after
disease onset, however what was availahle was the measurement of pain levels.
Therefore we modelled pain levels by age and time after onset and subsequently
translated those estimated pain levels and duration into QALY losses.

To use a realistic vaccine efficacy within the model we estimated the waning
of immunity by comparing the incidence of disease in both arms [i.e. vaccine vs
placebo] over the duration of the follow-up.

CHAPTER 3

Aim

Describe the cost effectiveness of Herpes Zaoster vaccination for the 60 plus in the
Netherlands.

The question of whether to introduce the vaccine was also raised in the Netherlands.
In this chapter we describe the disease burden and implications of Herpes Zoster
vaccination in the Netherlands using the checklist developed by the Dutch
institute of Public Health and the Environment [RIVM] [15]. Doing so required re-
parameterisation of the model developed in chapter 2 to the epidemiological setting
of the Netherlands, as well as an adaptation of the cost-effectiveness maodel. The
latter because there are different rules to perform cost-effectiveness maodelling
in the Netherlands compared to England. Firstly in the Netherlands a different
perspective is applied, a societal perspective instead of a health care payer’s
perspective [16]. This means that in Netherlands interventions are evaluated
based on a wider impact for society, including indirect costs such as work loss
due to disease. In England only the direct effects on health outcomes and health
care utilization are included in the base case [17]. Secondly in the Netherlands
differential discounting is in place, this means that costs and health effects are
discounted separately with each a different discount rate [16], this is different
from England and Wales where the same discount rate is used for both costs and
outcomes [17]. Thirdly there is a different threshold for which an intervention is
considered to be cost effective. In England and Wales this threshold is between
£20,000 and £30,000 in the Netherlands this was lower with €20,000 [£20,000
pounds was ~ €25,000 euro on 16 June 2012].

Given the differences in the applied criteria in the cost-effectiveness analyses
the model outcome can be different despite the use of the same disease model.
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CHAPTER 4

Aim

Describe the epidemiological effects of an introduction of a universal childhood
vaccine against VZV.

After the focus on HZ and HZ vaccination in chapter 2 and 3 the next two chapters
describe the impact of childhood vaccination against VZV on varicella and HZ.

It took around 200 years between the first description of varicella by William
Heberden in 1767 to the isolation of the virus by Weller and Stoddard in 1952 [18].

Immediately after the isolation of the virus, researchers started to develop a
vaccine. The vaccination was introduced in Japan [1987] and South Korea (1988])
and in the United States in 1995 [19,20]. However until today this vaccine has not
beenintroduced in England and Wales or the Netherlands, and most other countries.
This is because of two reasons. The first is a possible increase in the average age of
infection in case of a poor uptake of the vaccine. An indirect impact of vaccinating
children is a reduced transmission of the virus, due to this reduced transmission it
takes longer to infect a susceptible person. In practice this means that the patient,
who was born susceptible, will be older when experiencing disease, compared to
a situation without vaccination. In the case of VZV this possible increase in the
average age of infection is important because varicella is mare likely to be severe
if acquired later in life, especially during pregnancy. Varicella during pregnancy can
cause pneumonia and encephalitis in the mother, leading to severe complications,
and foetal varicella syndromein the unborninfant [6]. Due to these severe outcomes
pregnant woman who are exposed to VZV are currently passively immunised with
VZV-immunoglobulin; a costly intervention to prevent disease.

The second reason not to introduce the vaccine is because of the relation
between waning cell mediated specific immunity against VZV and the reactivation
of the virus as HZ. In normal life the reactivation of VZV is actively suppressed by the
immune system, which is boosted on re-exposure to the wild type virus. Therefare
when the transmission of wild virus declines due to vaccination there will be a decline
in boosting events, and hence an increase of reactivation and HZ cases [10,11].

However, HZ vaccine might be able to mimic the re-exposures, possibly counter-
balancing the decline of natural boosting.

In this chapter we build on the work of Marc Brisson, who previously developed a
varicella transmission model [21,22]. Firstly we expand this model by incorporating
vaccination against HZ. Secondly, since the contact between children and adults
(driving the boosting] was based on assumptions we replaced those assumptions by
real data. This contact data was collected as part of the European project Polymod,
which documented epidemiologically relevant social contact patterns in 8 different
countries [23]. To include this contact data in the model we had to solve some
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methodological issues such as how to incorporate uncertainty, the transmission
probability per contact and how to utilize information of the most likely contact
structure given the disease pattern by age.

The final results of this chapter shows the incidence of varicella zoster and
Herpes Zoster in England and Wales and the projected impact of several vaccination
schedules (i.e. both with childhood and adult vaccination] on the disease incidence.

CHAPTER 5

Aim

Describe the cost-effectiveness of a varicella vaccination programme that includes
bath childhood vaccination against varicella and the vaccination of the elderly
against HZ.

In this chapter we translated the epidemiological predictions from Chapter 4 into
costs and QALY loss over time and undertake an economic analysis of the alternative
policy options.

In the context of varicella zoster vaccination the time preference of the decision
maker is very important. As explored in the previous chapter, exposure to VZV
appears to act as a booster against HZ, therefore, when this booster falls away
there is an estimated increase of HZ in the short and medium-term (up to 30-40
years] following introduction of the vaccine. This increase is reduced when the
elderly receive HZ vaccine but it will not be prevented. However in the long run (80
years and over] there is a predicted decline in HZ. This decline is due to the fact that
varicella vaccinated children are assumed to have a lower probability of developing
HZ. So there is a negative effect in the medium-term and a positive effect in the long
term, therefore time preferences of time become important in the interpretation of
the results in the context of decisions making.

In cost-effectiveness modelling there are two ways to handle time preferences,
this is by discounting and the time horizon. Discounting is to give less weight to
cost and benefits in the future and the time horizon is the numbers of future years
included in the analysis. In this chapter we extensively explore the effect of different
assumptions regarding those two parameters, exploring different discount rates in
combination with different time harizans, including an infinite one.

The overall conclusion regarding the cost-effectiveness of a combined
vaccination schedule depends on the time preferences of the decision maker.

PART Il

Vaccination against pandemic influenza A/H1N1 2009 influenza

In April 2009 a new strain of the influenza virus was recognised in Mexico and
Califarnia (USA] which quickly spread around the world [24]. The World Health
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Organisation declared a pandemic on the 11th June 2009 [25]. Influenza is a
respiratory RNA virus which is transmitted among birds and mammals such as
humans, swines and horses. The 2009 influenza strain was a A/H1N1 strain that
circulated among swines but which adapted to human-to-human transmission
[26]. This part of the thesis is about the severity of disease caused by pandemic
influenza A/HIN1 and the cost-effectiveness of the use of pandemic A/HIN1
influenza vaccine. That is we attempted to measure the health “costs” of this novel
strain of influenza in comparahble units, and estimate the cost-effectiveness of
vaccination in the same way that other vaccines are routinely evaluated in the UK.

The decision to purchase a vaccine was made quickly after the emergence of
the new virus. The production of the vaccine is however a time consuming process
which took around 5 to 6 months (the virus has to be identified, a vaccine strain has
to be prepared, the vaccine strain has to be verified, reagents to test the vaccine
has to be prepared, the growth conditions of the virus has to be optimized, the
vaccine has to be manufactured in bulk, the quality of the produced vaccine has to
be contralled, vaccine has to be filled in syringes and the vaccine has to be tested in
clinical trials [27]]). The vaccine became available in the UK on the 21st of October
2009 [28], and our analysis was performed therefore to inform decisions on vaccine
implementation at around that date.

CHAPTER 6

Aim

Obtain the disease burden of pandemic influenza A/HIN1 2009 by estimating the
loss of quality of life.

One of the key questions raised when a new disease emerges concerns that of the
clinical severity of the disease caused by the new pathogen. Indicators of severity
are hospitalisation and case fatality rates. Apart from these indicators in cost-
effectiveness analysis the impact on the quality of life is considered, expressed as
the QALYs lost. To calculate this it is necessary to estimate the QALY weight, this is
the quality of life given the health status, and the duration of that health status.
When you know both the total amount of QALY can be calculated by multiplying the
QALY weight by the duration. Subsequently the QALY loss is the difference between
the QALY in perfect health and the QALY given the disease health status.

To measure the QALY weight several methods have been developed within the
discipline of health economics. These methods describe the quality of life with a
value between 1 and O, where 1 is perfect health and O death. The methods are
the visual-analogue scale [VAS], the time trade-off (TTO] and the standard gamble
(SG) [1]. In the visual-analogue scale the patient is asked to value their current
health state between 0 and 100 [0 being the worst imaginable health state]. In
the time-trade off method respondents are asked how much life-expectancy they
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would be willing to trade off to remove themselves from a certain health stage. In
the standard-gamble method individuals are provided with a gamble that would
either return them to full health (or some other state] or result in immediate death.
They are then asked what the maximum probability of death they would accept.

The VAS is comparatively easy to administer, but has been criticised on empirical
and theoretical grounds. The TTO and SG are very difficult to implement in practice.
Hence, other methods have been developed that are comparatively easy to apply
and yet have the ahility to provide a preference-based measure of health related
quality of life, that has the correct properties. One such method is EuroQoL (EQ-5D].
The EQ-5D method assesses health related quality of life in 5 dimensions (mobility,
self-care, usual activities, pain/discomfort, anxiety/depression]. Each of those
dimensions can be: not affected, a little affected or a lot affected, resulting in 125
possible combinations (573]. From a large number of these comhinations a QALY
weight was obtained based on the time-trade off method by asking the general
public. This makes it possible to calculate QALY losses for patients if you know their
score for those 5 dimensions. In this chapter we describe a survey among laboratory
confirmed cases of HIN1 and H1N1 negative controls and estimate the impact on
the quality of life by the use of the EQ-5D.

Issues related to the measurement of the quality of life, such as the problems in
estimating the duration of disease are discussed. The outcomes are compared to
previous estimates of the impact on the quality of life for influenza.

CHAPTER 7

Aim

Estimation of the cost-effectiveness of the A/HIN1 2009 pandemic influenza
vaccine for different target groups taking into account the availability of the vaccine
in respect to the on-going pandemic.

This chapter describes the analysis we performed to investigate the best use of the
A/HIN1 2009 pandemic vaccine at the time of availahility in October 20089. In this
analysis we take into account the disease transmission, the disease outcome and
the availahility of vaccine over time.

During a pandemic it is difficult to make evidence based decisions, as there is
not much time, and the numbers of options are limited as there are constraints
on vaccine supply or lack of time to mount large programmes. There are broadly
two vaccination options: to protect a certain group in the population or to contraol
the spread of the disease in the whole population. For influenza this question can
be very important. The main transmission of influenza is among children; however
the main burden of disease tends to fall on the elderly. Therefore you can protect
the elderly by vaccinating them directly, or you can try to control the spread by
vaccinating the children and protect the elderly indirectly.
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To be able to inform policy making on time we used a real-time modelling approach.
A real time model is a contemparary exploration of the pandemic, making use of data
which is collected while the pandemic is on-going. The model estimates are improved
when there is more data available. There are numerous problems which had to be
overcome to make a valid assessment of the situation and which are addressed in this
chapter. The first problem is the estimation of the proportion of the population which is
immune to the new disease; the base line immunity. The base line immunity is important
because the total size of the pandemic is directly related to the total number of available
susceptibles. An estimation of the people who are immune is therefore key. We used
seroprevelance data as collected from residual laboratory samples to parameterize this
variable. The second problem is the estimation of the cumulative number of infections;
the total number of those susceptibles who have become immune. The estimation of
this number based on health care consultations is problematic due to potential changes
in health care seeking behaviour. The third problem is the change in contact patterns
during the pandemic. Changes in the contact patterns can hugely affect the speed of
the epidemic. These behavioural changes can be for example due to different time in
the calendar such as holidays [29]. Using the original data from the Polymod study [23]
it was possible to generate contact matrices for the haoliday and non-holiday period.
The fourth problem was the estimation of the relative risk of clinical disease and the
hospitalisation and case fatality rate by age and risk group. Important parameters in the
evaluation of a targeted vaccination approach.

In this chapter the fitting procedure is described, bringing together the
information an the hase line immunity, the epidemic curve (based on the estimated
number of influenza cases in the health care system] and the observed growth rate
after the school haolidays. The fitted model allowed for an estimation of the timing
of the peak and the expected number of remaining infections. Combining the model
results with the disease outcomes (by risk group] and the estimation of the QALY
loss (chapter 6] allowed for the estimation of the cost-effectiveness of a targeted
vaccination approach compared to strategies aimed at controlling the transmission.
The study is the first, and only, real-time transmission and cost-effectiveness
analysis evaluating different vaccination strategies during an on-going pandemic.

PART Il1I

Streptococcus pneumoniae
The third part of the thesis is focussed on Streptococcus pneumoniae and the
epidemiology and cost-effectiveness of a 7-valent conjugated vaccine [PCV-7]. This
vaccine which was introduced in April 2006 in the Netherlands [30] and September
2006 in England and Wales [31].

S. pneumoniae is a capsulated gram-positive bacteria which colonizes
the nasopharynx. The bacteria behaves in the majority of carriage events as a
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commensal bacteria, where carriage is not accompanied by symptoms or disease.
However occasionally the bacteria does cause disease. Pneumoccocal disease can
be non-invasive, with outcomes including pneumonia and otitis media or invasive
with the most severe outcomes including death, meningitis and empyema. The
incidence by age is U shaped, with a high incidence among children and elderly.

There are over 90 known serotypes of the bacterium, where each type differs based
on the expressed polysaccharide in the capsule. These polysaccharides form the bases
of the conjugated vaccine, for PCV-7 the polysaccharides expressed are of serotypes
4, 6B, 9V, 14, 18C, 19F and 23F. The conjugate pneumococcal vaccine is a conjugated
vaccine, the first developed conjugated vaccine was a vaccine against Hemaophilus
influenzae type b. The conjugated vaccines are a great achievement in vaccinology as
they are the first example of rational vaccine design based on a deep understanding
of immunology [32]. The rationale is as follows; one of the characteristics of
polysaccharides is that they are poorly presented on the major histocompability
complex (MHC), a molecule on antigen presenting cells which activate T-cells, a
major component of the adaptive immune system. Conjugation of the polysaccharide
with a highly immunogenic protein, such as the tetanus toxoid or CRM-157, enables
presentationonthe MHC and therefore a T-cell dependent response, leading to relatively
long-lasting immunity [33,34], a marked improvement on the plain polysaccharide
vaccine. The generated immune response does not only protect against disease but
also against carriage of the bacteria [35]. Due to the prevention of carriage the chain of
transmission is interrupted leading to herd protection, which is the protection of those
who are not vaccinated. The ability to protect the unvaccinated population by only
vaccinating children has been an enormous driver in the introduction of the vaccine. A
cost-effectiveness analysis suggested that if this additional protection occurred, and
was not cancelled by serotype replacement then vaccine introduction would likely be
cost-effective, despite the high price of the vaccine [36].

This part of the thesis focuses on the post-introduction evaluation, both in terms
of epidemiology and cost-effectiveness. The effect of vaccinating different target
groups is evaluated, as are alternative vaccination schedules and the expansion of
the vaccine coverage from 7 serotypes to a 10 valent vaccine [PCV-10, including
also serotype 1, 5 and 7F) or a 13 valent vaccine (PCV-13; including PCV-10 + the
serotypes 3, 6A and 19A).

CHAPTER 8

Aim
Establish the cost-effectiveness of a pragramme with mare replacement than expected.

The cost-effectiveness of a vaccination programmes is dependent on its ability
to reduce overall disease burden. There are several factors which can lead to a
lower reduction in the disease burden; a first example is a situation in which the
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people who you vaccinate do not reflect the people in the clinical trial. For example
when anly healthy elderly are included and the vaccinated cohort consists for 40%
of immune-compromised people, in such circumstances there might be a lower
reduction in overall disease burden. A second example is a situation where you
base the vaccine efficacy on a correlate of protection, an indirect measure of the
effectiveness, which does not hold in real life. For example the vaccine efficacy has
been shown to increase the level of antibodies against a certain antigen above a
certain threshold, however in real life this antigen is poorly presented or the antibody
response, although reaching a certain threshold, is not strong enough to induce
protection. A third example might be a situation in which there is an unpredicted
lower uptake of the vaccine leading to less herd protection, on its turn leading to a
lower reduction in the overall disease burden.

A fourth example, and the example focussed on in this chapter, is replacement
disease. Due to the reduction of vaccine related disease it is possible to get an
increase in non-vaccine related disease. Bacteria grow in ecological niches where
they compete among each other for nutrients and space, or indirectly via the
host immune response. Prevention of the growth of one type might lead to others
occupying the vacated niche. If the replacing types are disease-causing, then the
overall reduction in incidence will be reduced by non-vaccine related pathogens.

In the case of Strep. pneumomiae there are 90 known serotypes, and only 7
of them are included in the ariginal conjugate vaccine, the rest of the serotypes
can therefore be considered non-vaccine related. Given that a great number of
serotypes are found in carriage it is likely that there is competition between the
serotypes, possibly leading to replacement in the case of vaccination. Initially this
replacement effect was thought to be minor, because in the United States, where
PCV-7 was introduced first, low levels of replacement were cbserved. However the
post-vaccination experience in England and The Netherlands was different, with
much higher level of replacement. In this chapter we investigate the impact of the
greater than anticipated replacement effect on the cost-effectiveness of PCV7 in
the Netherlands. The analyses also focus on the impact of herd protection, reducing
the number of doses, and introduction of PCV-10 or PCV-13.

CHAPTER 9

Aim

Describe the post-vaccination carriage of Strep. pneumaniae after introduction of
PCV-7 in England and Wales.

To understand the observed replacement trends in IPD we conducted a carriage
study in two regions in England (Hertfordshire and Gloucestershire]. In a carriage
study samples are taken from the mucosal flora in the nasopharynx, the normal
environment of the streptococcus pneumoniae, by along flexible swab. Subsequently

ONE

19




ONE

20

GENERAL INTRODUCTION

material on the swab is transferred into a medium, which is cultured on a plate to
investigate the existence of strep. pneumoniae. The positive samples are serotyped.
In our study we included children and adults and the samples were taken in 2009,
3 years after the introduction of the vaccine. Results were compared to the pre-
vaccination carriage prevalence in 2001-2002 [37,38], when a longitudinal carriage
study was conducted in the same regions.

As the conjugated vaccine is effective against carriage there is an expected
decline in the prevalence of vaccine related serotypes. Some interesting questions
in this study are: firstly, the overall reduction in carriage, as this will highlight if there
is a (vaccine induced] reduction in the transmission of streptococcus pneumaniae.
Secondly, the increase in carriage of serotypes not included in the vaccine, which
will show the level of serotype replacement and thirdly, the carriage prevalence in
relation to the observed serotypes in hospitalised disease. This latter will learn us
if the replacing serotypes are more likely to cause disease given a carriage episode
(more invasive] compared to the disappearing vaccine serotypes. The invasiveness
of serotypes will determine the overall reduction of disease in case the overall
carriage of strep. pneumaniae is not altered due to the introduction of the vaccine.
When the replacing serotypes are less invasive you will observe a decrease in
disease, even when the transmission is not reduced.

In this chapter the outcomes of the carriage study are presented and are placed in
the context of the ranked prevalence distribution hefore and after introduction of PCV-7.

CHAPTER 10

Aim

Obtain the relative risk of developing pneumococcal disease amaong different risk
groups in England.

Similar to the VZV vaccine (chapter 2 to 4] PCV can be used among older age or
risk groups. Since 1992 clinical risk groups have been recommended to get the
23-valent pneumococcal polysaccharide (PPV-23] vaccine [39], and since 2003 this
recommendation has been extended to all people aged 65 and over [39]. The current
identified clinical risk groups are: asplenics, those with chronic respiratory disease,
chraonic heart disease, chronic kidney disease, chronic liver disease, diabetes,
the immunosuppressed, individuals with cochlear implants and individuals with
cerebrospinal fluid leaks [40]. PPV-23 is a non-conjugated vaccine and is therefore
less effective in inducing lasting immunity in children. As the overall efficacy of the
PPV-23 vaccine is questionahle in risk groups [41], the question can be raised if it
is better to inoculate these with the conjugated vaccine, given the observed high
efficacy against vaccine-types among children [31]. However the benefits of a
possible higher vaccine efficacy are possibly offset by the lower serotype coverage
(13 serotypes vs 23 serotypes] and a higher price of per dose of PVC-13. To support
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this decision our aim was to estimate the extent to which the various clinical risk
groups had a higher disease incidence compared to the non-risk population. This
necessitated knowledge of the size of the risk groups in the general population and
the proportion of IPD in the various risk-groups. To obtain the risk group status of
the IPD patients we linked laboratory test results (including serotype information)
to hospital diagnostic data. This linkage allowed us to explore the diagnostic codes
for each admission, and assign the patient to a risk group if risk group specific
codes were present. The absolute size of the different clinical risk-groups in the
population was obtained from a large dataset extract from GP databases, including
60% of the English population. Patients were assigned to a risk group on the bases
of their health care seeking behaviour in the year the data was extracted.

Quantification of the increased risk of IPD for people in risk groups will inform
decision making, and the absolute estimates of the odds will enable us to obtain the
cost-effectiveness ratio of a targeted vaccination approach.

This chapter is an example of performing epidemiological analyses using data
linkage methods utilizing large electronic databases of routinely collected data, an
asset which has become available over the last decade or so.

CHAPTER 11
Aim
Describe the cost-effectiveness of the vaccination of people in risk groups

In chapter 10 the absolute risk of developing disease in clinical risk-groups was
estimated, in this chapter we translate this disease risk into disease incidences and
predict the cost-effectiveness of a targeted vaccination policy with the 13-valent
conjugated vaccine. PCV-13 had replaced PCV-7 in the childhood vaccination
programme in England since April 2010. One of the main reasons to introduce
the conjugated vaccine among children was its ability to reduce transmission of
vaccine types, creating a reduction of disease even in those who are not vaccinated
themselves. In this chapter we investigate the impact of this reduction of vaccine-
type related disease in (non-vaccinated] clinical-risk groups and the subsequent
reduction of the cost-effectiveness of a targeted vaccination paolicy.

The vaccine efficacy of PCV-13 in clinical risk groups is not known; therefore
a part of the study was a formal consultation of an expert panel. Another issue
which had to be resolved to obtain sound estimates of the cost-effectiveness was
an evidence based estimation of the reduced life expectancy amaong patient in
clinical-risk groups. To do so data from the Royal College of General Practitioners
(RCGP) was investigated, obtaining a mortality rate by age for different risk-group
and subsequent the shorter life expectancy.

Apart from the abaove, also an extensive sensitivity analysis on the passible
impact of vaccination on non-invasive disease was included. However, although
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the cost-effectiveness is very dependent on the projected impact on non-invasive
disease the reduced transmission of vaccine-types will also apply. Therefore the
overall conclusion of a reduced cost-effectiveness due to herd protection will hold
regardless of the level of impact against non-invasive disease endpoints.

CHAPTER 12

Aim
To investigate seratype-specific differences in the clinical presentation and quality
of life of IPD in the context of the newly available PCV vaccines [PCV-10 & PCV-13].

Introduction of serotype specific vaccines necessitates serotype specific
surveillance and knowledge. To increase the knowledge of disease presentation for
the different serotypes we expanded the analysis described of the linked dataset of
hospital admission data and laboratory data described in chapter 10. In this chapter
we utilize this dataset to document the serotype specific disease presentation,
case fatality ratio and subsequently the serotype specific QALY loss. The quality of
life combines disease severity and mortality, including the [population based] life
expectancy at the moment of death, in one composite number and should therefore
document the total health impact of the individual serotypes more accurately.

Knowledge of serotype specific disease outcomes is essential to predict or
understand the post-vaccination disease burden. This is because replacing serotypes
can result in less [or more] severe disease outcomes, changing the overall impact
of the vaccine; for example even with a similar number of hospital admissions the
number of death can decline due to a lower case fatality in the replacing serotypes.

In the presented waork the different disease outcomes of the various serotypes
was put into context of the ohserved serotype distribution in England in the period
July 2009- June 2010 to show the different predicted impact of PCV-10 and PCV-13
on the burden of meningitis, the mortality and the QALY loss. This chapter is one of
the most extensive and detailed descriptions of clinical outcomes differentiated hy
individual serotypes available in the literature.

CHAPTER 13

Aim

To obtain the cost-effectiveness of the introduction of PCV-13 in April 2010, 4 years
after the introduction of PCV-7.

There are three parameters driving the overall disease burden caused by the
individual serotypes of Strep. pneumaniae, this is; the transmission/fitness of the
serotype (studied in chapter 9], the invasiveness (studied in chapter 9], and the
disease severity and associated mortality rates [studied in chapter 12], where
each serotype has its own score for each of the three parameters. Types with high
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transmission & high invasiveness potential will cause most disease, types with a
high transmission & low invasive potential or types with a low transmission & high
invasive potential will cause a significant disease burden but less so than the first
group, serotypes with a low transmission & low invasiveness will be rare in IPD.
Depending on the clinical presentation and case fatality rate invading serotypes can
become important in the overall QALY loss.

These three serotype specific parameters came together in the estimation of the
cost-effectiveness of the introduction of PCV-13 four years after the introduction
of PCV-7. The analysis consisted of a dynamic transmission model (developed and
published by Y. Choi and S. Flasche at the Health Protection Agency [42]] which
was fitted to the pre-PCV7 carriage data and the pre-and post-PCV7 IPD data,
differentiated by PCV-7 type disease, PCV-13 type disease and non-vaccine type
disease. Based on the predicted number of IPD cases by the transmission model,
the number of vaccine doses and the vaccine type specific disease presentations
(by age] the cost-effectiveness was estimated.

The dynamic transmission model focussed only on disease trends in invasive
disease [pneumonia/bacteraemia/meningitis] and did not investigate the
disease trends in non-invasive disease (otitis media/pneumania). The burden of
non-invasive disease caused by Strep. pneumoniae is hard to estimate, as it is
unknown which proportion of the recorded disease is caused by the bacteria and
subsequently what the contribution was of vaccine types. In this chapter we explore
the impact of PCV-7 on non-invasive disease endpoints based on a regression using
the post-PCV7 IPD disease trends for vaccine types and non-vaccine types. The
inclusion of these non-invasive endpoint in the cost-effectiveness analysis does
affect the overall conclusion however the problems with quantifying this possible
impact merits caution in the interpretation of the results.
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ABSTRACT

A live-attenuated vaccine against herpes zoster [HZ] has been approved for use,
on the basis of a large-scale clinical trial that suggests that the vaccine is safe and
efficacious. This study uses a Markav cohort model to estimate whether routine
vaccination of the elderly (60+] would be cost-effective, when compared with ather
uses of health care resources. Vaccine efficacy parameters are estimated by fitting
a model to clinical trial data. Estimates of QALY losses due to acute HZ and post-
herpetic neuralgia were derived by fitting models to data on the duration of pain
by severity and the QoL detriment associated with different severity categories,
as reported in a number of different studies. Other parameters (such as cost and
incidence estimates) were based on the literature, or UK data sources. The results
suggest that vaccination of 65 year olds is likely to be cost-effective (base-case
ICER = £20,400 per QALY gained]. If the vaccine does offer additional protection
against either the severity of disease or the likelihood of developing PHN [as
suggested by the clinical trial], then vaccination of all elderly age groups is highly
likely to be deemed cost-effective. Vaccination at either 65 or 70 years [depending
on assumptions of the vaccine action] is maost cost-effective. Including a booster
dose at a later age is unlikely to be cost-effective.

INTRODUCTION

Herpes Zoster (shingles, HZ] is a disease with high incidence amang the elderly,
causing pain and reduced quality of life. Herpes Zoster is a reactivation of the
varicella zoster virus [VZV] which causes chickenpox usually during childhood. HZ
occurs in all age groups but the highest incidence is in the elderly. The life time
risk of HZ is around 25-35 percent [1, 2]. Immunosuppression increases the risk of
zoster however the majority of the cases occur in the immunocompetent population.

Herpes Zoster usually starts with local prodomal pain, which lasts for 2-3 days
before rash onset. The rash is typically localised and lasts for 3-4 weeks. The most
common complication of HZ is post-herpetic neuralgia (PHN], which is persistent
pain following acute zoster. Various definitions of PHN occur in the literature, though
the most common is pain independent of the rash that persists for 3 months or
more after onset [3-8], but 1 month [9], 4 months [10] and 6 months definitions
[11, 12] have also been used. The severity of disease varies among patients but
HZ and PHN can have a substantial impact on daily living [13-15] due to poorer
physical functioning and increased emotional distress. Other complications that
can occur as a consequence of HZ are encephalitis, zoster opthalmicus and retinitis.
Complications are more commaon in immunocompromised patients [16].

In 2006 marketing approval was given to Zostavax [Merck&Co in the USA, Sanofi
Pasteur MSD in Europe] by the European Medicines Agency (EMEA 2006]. Zostavax
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is a vaccine consisting of a live attenuated [OKA strain] varicella zaster virus (VZV].
The vaccine is a higher dosage of Varivax, the vaccine used to prevent chickenpox
in children. Vaccination is thought to boost the immune system by increasing VZV
specific T-cells [17, 18]. A large-scale double-hlind placebo controlled clinical trial
suggested that the vaccine prevents 51% of cases in people aged over 60 years and
reduces the severity of disease in those that are affected [5, 19]. However vaccine
efficacy appears to decline with age: from an overall efficacy against HZ of 64%
when vaccinating at 60-69 years to 38% among those over 70 years of age [5, 19].

Although the clinical trial suggests that the vaccine is safe and effective, it is not
clear what the long-term impact of vaccination in the general population will be.
Furthermore, vaccination against HZ needs to be compared with other possible uses
of health care resources. This paper uses a decision analytical model to assess the
effectiveness and cost-effectiveness of routine vaccination of the elderly against
HZ in England and Wales.

METHODS

Data sources

GP consultations
Age-specific incidence rates were taken from a number of different GP-based
sources: the Royal College of General Practitioners ([RCGP) Weekly Returns Service
[20], the fourth Morbidity Survey in General Practice (MSGP-4] [21], which included
many of the same practices as in the RCGP datahase, and the General Practice
Research Database [22]. See appendix 1 for a more in-depth description. Rates
were adjusted for misdiagnoses, which is in the range of 5-13% [6, 7, 23-26]. In the
base case the amount of false paositive is set at 10% (7.9% - 12.4%, appendix 1].
As the vaccine was licensed for an immuno competent population, the
proportion of immuno competent HZ patients was obtained from the MSGP-4,
a survey conducted in 1991-1992 and covering a 1% sample of England and
Wales [27]. Patients reporting any of the following conditions were considered
immunocompromised and thus not eligible for vaccination: cancer (ICD9: 1400-
2399], human immunodeficiency virus [HIV] [ICD9: 0420-0449), tuberculosis [ICD9:
011-018] and transplantations [ICD9: 9960-9968] (Merck 2006].

Hospitalisations

Hospitalisation data for England were extracted from the Hospital Episode Statistics
(HES] database for the years 2002-2005. For each hospital admission the age, date
of admission, date of discharge and the diagnosis at discharge were extracted.
Although fourteen diagnostic fields are available in the database, hospitalisations
were considered zoster related only if a clinical registration code for HZ and/or
PHN (ICD-10: BO2 and G053]) was present in any of the first three diagnostic fields.
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In line with the selection made on GP consultations, patients with an underlying
immunosuppressive condition were excluded from the analysis; cancer [ICD10:
C0-CS and DO-D4]), human immunodeficiency virus [HIV] [ICD10: B20-B24),
tuberculosis (ICD10: A15-A19]) and transplantations (ICD10:Y83] [28].

Average annual age-specific hospitalisation rates were derived dividing the
number of hospitalisations by the average population for England for the same years.
As hospitalisation rates have to represent those cases that are preventable with the
vaccine, only admissions that reported HZ as the first diagnosis were considered in
the base case. Of these 25.5% reported PHN as a co-diagnosis (HES year 2004-5)
and 18.5% had ophthalmic complications [ICD10: HO-HS, HES year 2004-5]. In
the sensitivity analysis hospitalisation rates were calculated using admissions
that reported HZ in any of the first three diagnostic fields. Patients with HZ as the
second or third diagnosis report pneumonia and urinary tract infection as the most
common main diagnoses. Those conditions are associated with a compromised
immune system which may justify the focus on the first diagnostic field.

Deaths

Mortality data were extracted from the Office of National Statistics (2001-2005]
database [ONS 2005]. Mortality due to herpes zoster is low until the age of 85 (0-0.5
deaths per 100,000 per years], and then it increases to 4.3 per 100,000 per year
(average 2001-2005] (Tahle 1]. This corresponds to a case fatality rate of 0.36% in
the oldest age group. However due to the pathology of HZ it is probable that many
of these deaths are not caused directly by HZ, and they may not be preventahle by
vaccination. Therefore a scenario without mortality was also considered.

Pain, incidence of PHN and quality-adjusted life-year [QALY] loss

Pain is the most important outcome of HZ, and there is believed to be a direct
relation between QALY loss and severity of pain [29]. Severity is often categorised
into, no pain, and mild, moderate and severe pain. The last two groups are often

Table 1. Estimated annual age-specific incidence, hospitalisation rate, length of inpatient
stay, proportion developing PHN, and case-fatality ratio associated with Herpes Zoster.

Incidence per Proportion hospitalised Mean number of % CRP
100,000 per first diagnosis (first days in hospital after 90

Age group  year [general] three diagnoses) (median] days CFR

60-64 706 0.8% (1.3%) 9 (4) 9% 0.00%
65-69 791 1.0% (1.7%) 8 (5) 11% 0.00%
70-74 876 1.5% (2.4% 11(5) 15% 0.01%
75-79 961 2.2% (3.8%) 14(7) 20% 0.02%
80-84 1046 3.0% (5.2%]) 17 (9) 27% 0.06%
85+ 12186 4.4% (8.1%) 22 (13) 52% 0.36%
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considered clinically relevant pain (CRP] [5, 7, 8, 29-31]. In keeping with the clinical
trial [S] CRP is defined here as a pain score of 3 or more on an 11 point pain scale,
from 0 = no pain, to 10 = worst pain imaginable. The duration of pain is related to
the severity and age of the patient [6]. To estimate the duration of pain by severity
and age, and subsequently the QALY loss, a model was fitted to the proportion of
patients in any pain or CRP after 90 days of onset. Details of this model are given in
appendix 2. The model provides an estimate of the overall QALY loss associated with
zoster [by age) when combined with data on the health-related quality of life (QoL)
weights associated with mild, moderate and severe pain. The QoL weights used in
the analysis are based on studies that report EQ-5D values as recommended by
the National Institute for Clinical Excellence (NICE]; see appendix 3 for details. It is
possible that the QoL detriment associated with a particular pain severity improves
over time, as individuals cope with their disease. Alternatively, they may become
increasingly affected by it (perhaps becoming more depressed or anxious]. To allow
for these paossihilities, in the sensitivity analysis we assumed that the QoL detriment
changes by = 10 or 20% per year for patients in long-term pain.

Ophthalmic zoster

In 10-20% [1, 4] of cases there is an ophthalmic localisation of the zoster rash.
A proportion (~4% of total [32]] of these cases result in long term sequelae. The
ophthalmic localisation also leads to an increased chance of long term pain [4]. The
additional costs of ophthalmic zoster are incorporated in the GP and hospitalisation
costsasfoundinthe GPRD and HES databases. The increased painis already covered
in our pain model, as a proportion of the patients in the original studies would have
had ophthalmic zoster (only in [8] were they excluded). Hence, costs and QALYs lost
from ophthalmic zoster are included in this analysis, but not identified separately.

Vaccine parameters

The proportion of vaccinees who respond [vaccine take] and the decline in vaccine
efficacy with time since vaccination (waning] was estimated by fitting a model to
the clinical trial data. The estimated take and waning rates are positively correlated
with each other [the higher the take the higher the estimated waning rate], and
it is difficult to identify these parameters independently. Hence, in the sensitivity
analysis 15 different take and waning scenarios were assumed for each age group
(60-64, 65-69, 70-74, 75+). Waning rates were obtained from overall incidence in
the first four years after vaccination. Vaccine take was estimated from age-specific
data. See appendix 4 for more details. Vaccine coverage was assumed to be 73.5%,
based on the average influenza vaccine coverage in 2007/2008 [33].

The results of the clinical trial suggested that the efficacy against the burden
of illness (BOI] (defined as the area under a curve of the pain severity (worst pain in
last 24 hours marked on an 11-point scale] through time over 182 days after rash
onset] and PHN was greater than the efficacy against episodes of herpes zoster,
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suggesting that the vaccine reduced the morbidity associated with herpes zoster
episodes in vaccinees [19]. This could have been due to a reduction in the pain
severity, or the duration of pain, or a comhination of both. In addition, it is not clear
whether the reduction in BOIl was due to a reduction in PHN, and the estimate of
vaccine efficacy against BOlI may be inflated due to the counting procedure [34].
Further analysis of the data on PHN [35], suggest that there were more cases of
PHN in the placebo group in the first year of the trial than in the subsequent years,
and that this may have biased the efficacy results for PHN (and therefore alsg,
perhaps BOI). Adjusting for this excess of PHN cases in the first year, then additional
efficacy against PHN only reached statistical significance in the 70+ age group [36].
To capture the overall effect of burden of iliness [including the effect on reduced
incidence of zoster], the QALY loss in the first six months of the modelled vaccinated
cohort was adjusted (downwards] to give the overall age-specific efficacy against
BOI reported in the clinical trial [see appendix 4). This required adjusting the QALY
loss to a greater extent in the older age groups, as the reported efficacy against HZ
declined with age, but the reported efficacy against BOI remained relatively high.
We also applied a scenario without any additional efficacy (i.e. vaccine only protects
against developing in a proportion of vaccinees, but does not reduce the severity
of HZ or the likelihood of developing PHN if HZ occurs]. Finally, we also modelled
a scenario in which there was an additional efficacy against PHN of approximately
40%, as estimated by Brisson and caolleagues [36], after adjusting for paossible
“excess” cases in the placebo group in the first year. These additional effects
were only applied in the 70+ age group in our scenario analysis, as they were not
significant in other age groups [36].

The clinical trial showed an injection site reaction in ~30% of the cases [28], which
was significantly higher than in the placebo group. Because of the short nature of
those complaints and the unknown QALY loss that might be related to this side effect,
this reaction is neglected in the base case scenario. Its impact is however explored in
the sensitivity analysis, where we assumed adverse reactions occur in 30% of cases
lasting for two days with a reduction in health-related quality of life of 0.05.

Cost data

Following UK guidance [37] the cost-effectiveness analysis was performed from
the health care provider perspective, and thus costs to the patient and wider society
were not considered. The exclusion of productivity costs (as recommended by NICE]
would not, however, be expected to have a major impact on the cost-effectiveness
due to the low participation in the active workforce in the target group. All cost are
presented in £2006. Unit costs from previous years were inflated using the Hospital
and Community Health Services Pay and Prices Index [38].

The average costs of HZ cases in primary care was based on a study conducted
among 25,000 enlisted patients with HZ [22] in the GPRD database. This study
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estimated the cost of HZ to be £75.63 [74.68-76.58] per episode. More than 50% of
the costs originated from prescribed medications. The average total cost of a PHN case,
based on a three month definition, was estimated to be £340.04 (319.23-360,85],
which included GP and outpatient visits as well as prescribed medications. Note that
this study used data up to March 2006. Recently two further medications have become
widely available (lidocaine patch and pregabalin]. As these treatments are relatively
expensive, we may have underestimated the cost of HZ here. Although an episode of
HZ may be a trigger for admission into care homes in elderly and frail patients it is not
possible to say in what proportion of patients this may occur, or how long they would
have been able to continue with their previous arrangements if the episode did not
occur. Hence, we have not attempted to estimate these potential costs.

To estimate the cost of hospitalised cases, daily inpatient costs for minor skin
infections [Reference costs 2006; HRG J42 and HRG J41) were used and multiplied
by the average age-specific number of days spent in hospital [Table 1]. Infection
contral measures such as isolation, staff exclusion and administration of Varicella
Zoster Immuno globulin may be necessary to preventinfection of vulnerable patients
in the hospital setting. Wreghitt and colleagues [39] has estimated these costs at
£1010 cost per hospitalisation. However, much of these costs are associated with
staff exclusion, and since their study was performed routine vaccination of health
care workers against varicella has been recommended. Hence, in the base-case we
ignore these costs, but include them in the scenario analysis.

Although the private sector price of the vaccine is $162 (£82; single dose] the
CDC price is $108 [£55; 10-pack]. A price per dose of £55 was therefore used in the
base case analysis, as this s likely to reflect the price for bulk purchase by a publicly
funded programme. Administration costs were set to £10 based on the cost of a GP
nurse consultation [38].

Cost-effectiveness maodel

Quality adjusted life years gained were the primary outcome of interest and were
compared to net costs in the form of incremental cost-effectiveness ratios [ICER].
The comparator programme in each case was the no-vaccination option. A scenario
with a booster dose was also of interest, the two dose schedule was compared with
a one dose strategy. Future costs and health effects were discounted at 3.5% per
annum as recommended by NICE [37].

A Markov-cohart-model was set up in Excel (Microsoft, USA]. In case of Herpes
Zoster a cohort model is sufficient because the indirect effect of vaccination on
the force of infection of varicella and cases of zoster is very small. OMultivariate
(probabhilistic] sensitivity analyses were performed using @Risk [Palisade, USA],
in which parameter sets were randomly drawn from input parameter distributions,
assuming that all parameters are independent. As the vaccine efficacy parameters
are not independent 15 scenarios (comhinations of take and waning]) were
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Table 2. Vaccine parameters. Estimated vaccine take (%) by age group, for different average
durations of vaccine induced immunity (average duration = 1/waning rate].

TWO Age Scenarios based on the duration of protection

group 3.6 41 45 48 52 55 61 75 95 114 13.5 16.1 20.7 32.7 100.0

60-64 95% 91% 88% 87% 85% 84% 82% 78% 75% 73% 72% 71% 70% 68% 66%
65-69 92% 87% 85% 83% 82% 81% 79% 75% 73% 71% 69% 68% 67% 65% 63%
70-74 64% 61% 59% 58% 57% 56% 55% 53% 51% 49% 48% 48% H7% US5% 4d4%
75+ 45% 43% 42% 41% 40% 40% 39% 37% 36% 35% 34% 34% 33% 32% 31%
60-69 93% 89% 87% 85% 83% 82% 80% 77% 74% 72% 71% 69% 68% 66% 64%
70+ 55% 52% 51% 50% 48% 4d48% d47% H4S5% 43% 42% H1% 4H41% 40% 39% 38%

simulated for each age group (Table 2]. Univariate sensitivity analysis was also
performed in which individual parameters were varied across the range or 95% Cl
of their distribution, while all other parameters were held at their base-case level.

Background mortality rates for the general population were used. However, to
take account of increasing life expectancy, a projected martality schedule for 2028
was used in the sensitivity analysis. When assuming a zoster-related mortality,
age-specific background quality of life weights, as derived by Kind and colleagues
[40], were used to weight the life-years lost.

Table 3. Unit costs of care and treatment parameters.

Description Costs Source

GP visit, secondary care and prescribed medication

HZ case £75.63 Gauthier et.al. 2008
PHN case £340.04 Gauthier et.al. 2008
Hospitalisation

Hospitalisation day, <70 yrs £187 Reference costs
(Minor skin infections <70 - HRG J42]

Hospitalisation day, >69 yrs £215 Reference costs

(Minor skin infections >69 - HRG J41]
Cost per vaccine dose

Vaccine cost (per dose] £55 See text
Administration costs £10 Curtis & Netten 2006
Number of doses 1
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RESULTS

Current burden of disease

The estimated annual number of HZ cases in England and Wales in the
immunocompetent population of 60 years and older is 88,650 [95% Credibility
Intervals 65,000-113,000], of which 18,200 (13,500-23,300] are estimated
to remain in pain after 3 months. There are an estimated 1,750 [1,300-2,200)
hospitalisations in the 60+ age group every year, and 55 [54-56) persons are
estimated to die, with zoster being recorded as a cause of death (Tahble 4). The
overall cost to the health care system generated by these cases is estimated at
£17.3m (£12.9m-£21.8m] annually of which £11.5m (£8.5m-£14.6m] will be
GP-related costs and the remaining costs fall on secondary care. Almost 50% of
the total costs originate from disease occurring in the very elderly (80+ years], due
to the higher incidence and complication rates in these ages.

Table 4. Burden of disease in the immunocompetent population England & Wales (population
2007)

Age group HZ cases PHN cases HZ Deaths Cases hospital Total Costs
60-64 18765 1696 1 149 £2,126,063
65-69 16189 1858 1 161 £1,963,856
70-74 15720 2355 1 242 £2,373,168
75-79 14376 2874 3 321 £2,807,137
80-84 11614 3157 7 352 £3,005,354
85+ 11987 6270 43 522 £5,066,370
Total 88,652 18,210 55 1,746 £17,341,948

Effectiveness of vaccination

Vaccination of 65 year olds at 73.5% coverage is estimated to reduce the life-time
risk of herpes zoster from 15% to 12% (a reduction of 20%, nearly 11,200 cases]).
This is estimated to reduce the incidence of PHN by about 1,500 cases in the cohort,
and reduce the number of hospitalisations by nearly 150. Overall 1000 QALYs are
estimated to be gained through vaccination, using the base-case assumptions.
Vaccination of 65 year olds is estimated to cost about £23.7m, but result in savings
to the health service of around £1.3m over the life-span of the cohort, most of
which would occur in primary care. The (discounted] costs saved are only 6% of the
vaccine cost. The introduction of the vaccine, would result in a significant increase
in the overall proportion of the health budget spent on herpes zoster.
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Table S. Estimated burden of disease in a cohort of vaccinated (at 73.5% coverage] and
unvaccinated 65 year olds over their life-time. Cases and hospitalisations are shown
undiscounted, and QALYs and costs are shown discounted [at 3.5% per annum] and
undiscounted.

No vaccination Vaccination Difference
Cases HZ 56389 45189 11200
Cases PHN 12856 11351 1514
Hospitalisations 1595 1457 174
QALY lost 6206 5106 1098
QALY lost undiscounted 10128 8785 1343
Vaccine costs (incl. administration costs] 0 £23,763,500 £23,763,500
GP costs £4,978,000 £3,912,500 -£1,065,000
GP costs (undiscounted] £7,666,000 £6,418,000 -£1,247,500
Hospitalisation costs £2,625,000 £2,368,500 -£258,000
Hospitalisation costs (undiscounted] £476,500 £4,401,500 -£325,000
Overall costs £7,603,000 £30,044,500 £22,441,500
Overall costs [undiscounted] £12,392,500 £34,583,500 £22,191,000
Cost per case prevented £2,004
Cost per QALY gained £20,412
Cost per QALY gained (undiscounted] £15,455

Cost-effectiveness of vaccination

The estimated impact of the vaccine on the burden of disease, use of the health
care system and mortality is age dependent, and thus the ICER is sensitive to the
age at vaccination, particularly if vaccination offers additional protection against
PHN in the 70+ year olds [Figure 1]. The base-case madel with vaccination at 65
years of age results in an ICER of around £20,400, with wide credibility intervals
(Figure 1].

The sensitivity of the ICER for the base-case model to changes in the vaccine
price is shown in Figure 2. The threshald price for the vaccine is around £80-30
including the additional effect of the vaccine against the burden of disease (at a
threshold value per QALY gained of £30,000] excluding this additional effect lowers
the price.

The effect of varying other assumptions on the ICER is investigated in Table 6.
Here, one parameter at a time is varied keeping all the other ones at their base case
values (base-case maodel is assumed]. The results are sensitive to the estimated



COST-EFFECTIVENESS OF VACCINATION AGAINST HERPES ZOSTER IN ENGLAND AND WALES

ICER
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OBase case

£26,705

£20,412

£15,146

£18,546

B No additional efficacy

£28,660

£21,428

£22,406

£24,129

O Addtional efficacy against PHN

£6,598

£6,576

Age at vaccination

Figure 1. Base-case incremental cost-effectiveness ratio [ICER) of vaccination at different
ages compared with no vaccination. The 95% credihility interval of ICERs from the multivariate
sensitivity analysis is shown. The base-case model (green bars] assumes additional decline in the
burden of iliness. The second bar shows the ICER when no additional decline in the morhidity or

protection

against PHN is assumed. The last scenario assumes additional protection in the 70+

age group against PHN [see appendix for details of assumptions). The relevant base-case ICERs
are reported under the graph.
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Figure 2. Sensitivity of the ICER to vaccine price under base-case assumptions.
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Table 6. Univariate sensitivity analysis. Incremental cost-effectiveness ratio of vaccination

at different ages, compared with no vaccination.

Age at vaccination [yrs]

Scenario 60 65 70 75
Base case £ 26,705 £ 20412 £15,146 £ 18,546
Incidence

Incidence - £ 38,900 £ 28,609 £ 20,289 £ 24,282
constant; lower

95% ClI

Incidence - £ 20,145 £ 15,695 £11,949 £ 14,822
constant; upper

95% ClI

Incidence - slope; £ 27,538 £ 21,499 £ 16,326 £ 20,213
lower 95% CI

Incidence - slope; £ 25,870 £ 19,353 £ 14,036 £ 16,985
upper 95% Cl

False positive 7.9% £ 26,034 £19,875 £ 14,730 £ 18,017
False postive £ 27428 £ 20,950 £ 15,525 £ 18,985
12.4%

Vaccine efficacy assumptions

Only an effect £ 28,660 £ 21,428 £ 22,406 £ 24,129
against HZ

incidence

100 year £ 6,148 £ 5,660 £ 6,988 £9,891
protection

21 year protection £ 12,185 £ 10,232 £ 10,508 £ 14,473
3.6 years £ 45,578 £ 34,647 £ 20,458 £ 25,482
protection

Additional vaccine NA NA £ 6,598 £6,576
efficacy against

PHN

QALY assumptions

QALY loss side £ 29,764 £ 22,017 £ 6,636 £ 6,605
effect vaccination

10% increase of £ 22,824 £17198 £13,239 £ 15,973
QALY loss over time

20% increase of £ 21,286 £ 15,955 £12471 £ 14,963
QALY loss over time

10% decrease of £ 32,011 £ 24,925 £ 17,549 £ 21,876
QALY loss over time

20% decrease of £ 35,001 £ 27591 £18,921 £ 23,933
QALY loss over time

Severity CRP; lower £ 27436 £ 20,956 £ 15,538 £ 19,005

95% ClI
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Table 6. continued

Age at vaccination [yrs]

Scenario 60 65 70 75 ™Wa
Duration long term £ 21,588 £ 16,233 £ 12,700 £ 15,327
CRP; upper 95% CI

Duration long term £ 31,335 £ 24,346 £17,286 £ 21,537
CRP ; lower 95% ClI

QALY loss; lower £ 32,694 £ 24,841 £ 18,165 £ 22,199
95% ClI

QALY loss; upper £ 22,613 £17323 £ 12,952 £ 15,848
95% ClI

b of alfa(i]; lower £29,176 £ 22,611 £ 16,861 £ 20,925
95% ClI

b alfa(i]; upper £ 24,385 £ 18,356 £ 13,523 £ 16,313
95% ClI

w(i); lower 85% ClI £ 26,327 £ 20,143 £ 14,996 £ 18,350
w(i) upper 95% CI £ 26,936 £ 20,539 £15,172 £ 18,548
Hospitalisation

First 3 diagnoses £ 26,543 £ 20,194 £ 14,905 £ 18,140
hospitalisation

Cost prevention £ 26,558 £ 20,240 £14,991 £ 18,333
nosocomial

infections

Mortality scenarios

Mortality due to HZ £ 26,505 £ 20,293 £ 15,029 £18,311
Background £ 25,989 £19,674 £ 13,623 £ 16,360
Mortality 2028

Price

No administration £ 22,365 £ 17,046 £ 12,641 £ 15,470
costs

price per dose £50 £ 24,522 £ 18,709 £ 13,869 £ 16,967
price per dose £60 £ 28,835 £ 22,034 £ 16,326 £19,962
Discounting scenarios

Discounting; no £19,732 £15414 £11,039 £14,311
discounting

Discounting; cost £ 22,864 £ 17,693 £ 12,858 £ 16,195
6% - effects 1.5%

Discounting; costs £ 29,852 £ 22,653 £ 16,993 £ 20,377

5% - effects 5%

41



TWO

42

COST-EFFECTIVENESS OF VACCINATION AGAINST HERPES ZOSTER IN ENGLAND AND WALES

incidence of HZ, the QALYs lost due to HZ, the waning rate of vaccine protection, and
whether the vaccine also reduces the severity of disease (in the 70+ years]. The model
is not sensitive to different assumptions about mortality or hospitalisation rates.
Adopting a differential discount rate of 6% for costs and 1.5% for health benefits (as
recommended by the UK Treasury], improves the cost-effectiveness of vaccination.

The model is sensitive to whether the QoL detriment associated with pain states
changes with time (either waorsens, or improves).

Booster doses are less cost effective than the first dose, see tahle 7. The most
cost-effective strategy for a two dose schedule is vaccination at 60 and 70, though
even this strategy results in ICERs over £40,000 per QALY gained, and are therefore
unlikely to be deemed cost-effective.

Table 7. Incremental cost-effectiveness ratio of a booster dose at different ages, compared
to one dose. Vertical age at first dose, harizontal age at the second dose

Age at 2nd dose

65 70 75
%, 60 £48,381 £42,706 £45,393
8 85 NA £70,293 £50,545
o

< 70 NA NA £83,986

The average QALY loss from acute zoster and, more importantly, PHN is a key
variahle, which is difficult to estimate accurately. Figure 3a shows the estimated
cost-effectiveness of the model (vaccination at 65 years, no additional efficacy
against burden of disease], using QALY loss parameters used in previous cost-
effectiveness studies. The average QALY loss per case was estimated to be lower in
Pellissier et al., which results in higher ICERs, whereas Edmunds et al. estimated the
QALY loss per case to be higher than is estimated here [Figure 3b).

Figure 4 shows the results of the multivariate sensitivity analysis. The figure
shows the change in the ICER for the 65 year old programme given 1 standard-
deviation increase in each of the parameters [vaccine efficacy is a comhination
of two parameters, take and waning and done by scenario, therefore a one SD
increase from the base-case [Scenario 8] is Scenario 11]. The results show that the
model results are most sensitive to the vaccine efficacy parameters, as well as the
estimated incidence of zoster and parameters that describe the QALY loss from HZ.

The proportion of simulations that would be deemed cost-effective at different
threshold values of a QALY gained [cost-effectiveness acceptability curves] is shown
in Figure 5. The model suggests that at a maximum willingness to pay for a QALY
gained of £30,000 then the probability that vaccination at 65years would be cost-
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Figure 3. a) Sensitivity of the model to alternative estimates of the average QALY loss per HZ
episade (including PHN], and b] a comparison of the estimated QALY loss by age group used in
this, and previous cost-effectiveness analyses.

effective is 87%, whereas vaccination at 70 years has a 98% chance of being cost-
effective, using our base-case assumptions about vaccine efficacy. If, however, the
vaccine does not provide additional protection against PHN, then vaccination of the
70+ age groups is less likely to be cost effective [around 80% of simulations would
be deemed cost-effective].

DISCUSSION

Inthis work a cohort model has been used to assess the cost-effectiveness of zoster
vaccination in the elderly. Results from this analysis suggest that the program is
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Vaccine efficacy scenario*
Incidence - constant
Duration long term CRP
QoL weigth moderate pain
b of alfa(i)

QoL weight no pain
Incidence - slope

QoL weight mild pain
Distribution Moderate/severe pain
QoL weight severe pain
w(i)

Cost HZ GP
Hospitalisation cost 80-84

Hospitalisation cost 85+

-£7,500 -£5,000 £0 £2,500

-£2,500
absolute change ICER

Figure 4. Results of a regression analysis on the multivariate sensitivity analysis. The outcome
variable is the ICER for vaccination of 65 year olds, and the input variables the parameter values.
The figure shows the predicted (from the regression analysis] change in the ICER following a
one standard deviation increase in parameter values from their mean. Only the mast influential
parameters are shown [more than 1% change).

*vaccine efficacy is based on fifteen scenarios; the presented change is based on scenario 11.
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Figure 5. Cost-effectiveness acceptahility curves for vaccination at different ages, using the
base-case model, a model that assumes that there is an additional effect of vaccination on PHN
in the 70+ year age group.
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likely to represent a cost-effective intervention for England and Wales, although
there is a lot of uncertainty around the duration and range of vaccine induced
protection and the QALY loss due to long term pain. The most cost-effective age to
vaccinate is 70 years, or 65 years if the vaccine does not offer additional protection
against the severity of disease. The ICER does not increase steeply with age, which
makes a catch-up campaign possible, although more data is needed on vaccine
efficacy in the extreme elderly to make a decision on the maximum age in case
of such campaign. Applying a two dose schedule is not likely to be cost-effective.
The introduction of the vaccine would, however, not be cost saving, as the savings
derived are low in comparison to the vaccine price. Indeed, vaccination would be
expected to approximately triple health-care expenditure on HZ. Therefore the
majar gain of the vaccine is the reduction of the burden of illness.

The conclusions of this study are comparahle to previous cost effectiveness
studies in the UK, suggesting that vaccination may be cost-effective in a number
of scenarios [41, 42]. These previous cost-effectiveness studies were published
before the clinical trial, and therefore used speculative vaccine efficacy parameters.
Since then the clinical trial has become available as well as more data on the quality
of life impact of HZ. Three further cost-effectiveness studies have been published,
all of them for the US. Hornberger & Robertus (2006] suggested that it was more
cost-effective to vaccinate at younger age, because the higher incidence was offset
by lower vaccine efficacy as age increased. They also showed the sensitivity of
results to the duration of vaccine efficacy (waning] and concluded that there is
too little information about the effect of HZ and PHN on quality of life to be ahle
to accurately assess the cost-effectiveness of vaccination. Moreover the authors
point out that the difficulties relate not only to the lack of data but also on the
lack of generally accepted definitions. Rothberg and colleagues (2007] compared
vaccination of different genders and ages and found that vaccination was less likely
to be cost-effective in men (due to a higher incidence in women] and unlikely to be
cost-effective in the younger and oldest age groups. Only at 70 years of age [the
most cost-effective age group to vaccinate in their model] did base-case cost-
effectiveness ratios approach $50,000 per QALY gained. Rothberg et al. did not
assume additional protection against PHN, though they did assume that the vaccine
reduced the burden of illness in their base-case model. Pellisier and colleagues
(2007], estimated that vaccination would be cost-effective under a wide range of
scenarios (base-case ICER $28,000 ~ £14,000 per QALY gained], although they did
assume an additional effect against PHN.

Extensive univariate and multivariate sensitivity analyses have been performed
to identify key parameters and assumptions and to assess the robustness of the
results to variation in these. Two key areas of uncertainty are the burden of disease
associated with PHN, and whether the vaccine offers additional protection over and
above the protection resulting from a reduced incidence of herpes zoster.
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To estimate the burden of disease associated with HZ we fitted a model of pain
severity over time (stratified by age] to data from a large number of studies. This
provided an estimate of the duration of pain, by severity and age. However, there are
few data on long-term pain (few studies were carried our over a long-enough time
period and the numbers of patients remaining in those studies is small]. The average
duration of long term pain used of 2.8 years (85% Cl: 1.9-4.3 years] is comparable
with the average duration (2.3 years] that was found in a retrospective study in the
UK [1]. However a recent study of the GPRD database suggested that the average
duration of PHN is much shorter, at 10 months [22], this is however based on care
seeking behaviour and not on actual pain levels. Thus the estimate of the mean
duration of PHN is very uncertain, and the value adopted for this parameter accounts
for much of the difference in average QALY loss per case derived in different studies
in the cost-effectiveness literature. Further research in this area would be valuahle
to help improve decisions regarding the cost-effectiveness of vaccination as well as
treatment options for PHN patients.

Vaccine efficacy was estimated from the clinical trial data [5]. However, a number
of limitations regarding our parameter estimates should be borne in mind. First
there were many exclusion criteria for enrolment into the clinical trial, and the death
rate was somewhat lower in trial participants than the average by age (suggesting
that participants may have been somewhat healthier than average]. Second, the
characteristics of the vaccine (i.e. take and waning rates] were estimated by fitting
amodel to the published clinical trial data. Although it was possible to identify best-
fitting parameter estimates, there were many comhinations of take and waning
that gave a reasonable fit to the data. In particular the 95% confidence interval on
the duration of immunity is from 3.6 to life-long immunity. Our best-fitting efficacy
parameters were lower than those used in other studies. The only previous study
to estimate the waning rate was published by Pellissier and colleagues [43] using
data not available in the public domain. Their base-case estimate was life long
protection, with a take of 69.8% and a lower bound of the confidence interval of 12
years. Our base-case take was 75% [in 65 year age group] with an average period
of protection of 7.6 years (95% CI 3.6 to infinity]. One reason for the difference
is the apparent use of a lower zoster incidence in the vaccine group in year five
compared with the data submitted to FDA (comparing Figure 5 with Table 9-7]. An
alternative explanation may be the use of a function describing waning by age. Both
of these may reduce the apparent effect of waning through time [extending vaccine
efficacy]. We covered a range of durations from 3.6 years to lifelong immunity in
our scenario and sensitivity analysis. The relatively low duration of protection used
in the base-case model accounts for the low proportion of zoster cases estimated
to be prevented by vaccination of 65 year olds - their life-time risk of zoster is only
decreased by about 20% (at 73.5% coverage], because protection will have waned
in many individuals before the age of peak incidence. Post-vaccination surveillance
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data from countries that have introduced the vaccine would be important to improve
our estimates of the duration of protection.

The results of the clinical trial suggest that the vaccine offers greater protection
against PHN than it does against herpes zoster, suggesting that those vaccinees
that do get zoster are less likely to go on to develop its most serious complication.
However, there is debate in the literature about the validity of this finding. Rothherg
et al. suggested that much of this effect could be explained by an unusually high
number of PHN events in the placebo group in the first year of the trial [35]. Brisson
and calleagues [36], performed a similar re-analysis of the trial data, but separated
their results by age group. They found that there was a statistically significant
additional effect of vaccine against PHN in the 70+ age group, even after adjusting
for the “excess” cases in the placebo group in the first year of the trial.

The clinical trial also reported that the “burden of iliness” [a measure of the
overall number of days spent in pain weighted by their severity]) was also significantly
reduced in the vaccine group compared to placebo recipients. Some of this
difference might be accounted for by the additional protection against PHN, though
it seems unlikely that all of this would be, as the estimated efficacy against BOI was
significant in all ages. We modelled this by assuming that the QALY loss in vaccinees
that did develop zoster, was reduced in the first six months. By changing how much
the QALY loss was reduced we could match the efficacy against BOI reported in
the clinical trial. Note however, that our estimate of efficacy is not identical to
that used in the trial, as we used QALY loss, and the trial pain. Furthermore the
measure of BOI has been criticised, as it would tend to overestimate the efficacy
[34]. Nevertheless, as efficacy against BOI was one of the primary endpoints in the
clinical trial (efficacy against HZ incidence was a secondary endpaint], we included
the apparent additional efficacy against severity of iliness in “breakthrough” zoster
in our base-case.

The introduction of childhood varicella vaccination could increase the incidence
of herpes zoster due to a decline in natural boosting [44-46]. As a consequence,
HZ vaccination would become more cost-effective. However, the introduction of
a HZ vaccination could have an effect on the evaluation of the varicella program.
Combined varicella and zoster vaccination programmes should be evaluated using
a comprehensive cost effectiveness maodel.

Vaccination of the elderly against herpes zoster is likely to be cost-effective.
Although there is considerable uncertainty in many of the parameters, this finding
appears to be reasonably robust. The most cost-effective age to vaccinate appears
to be 70 years of age, unless duration of protection exceeds 20 years or the
protection is only against HZ incidence. If shingles vaccination is introduced then
good quality surveillance data should be collected to evaluate duration of protection
whether further changes to the programme may be necessary in the future.
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ABSTRACT

Background

Herpes zoster (HZ] is a painful disease affecting a considerahle part of the elderly.
Programmatic HZ vaccination of elderly people may considerably reduce HZ
morbidity and its related costs, but the extent of these effects is unknown. In this
article, the potential effects and cost-effectiveness of programmatic HZ vaccination
of elderly in the Netherlands have been assessed according to a framewaork that was
developed to support evidence hased decision making regarding inclusion of new
vaccines in the Dutch National Immunization Program.

Methods

An analytical framework was used combining a checklist, which structured relevant
data on the vaccine, pathogen and disease, and a cost-effectiveness analysis. The
cost-effectiveness analysis was performed from a societal perspective, using a
Markov-cohort-maodel. Simultaneous vaccination with influenza was assumed.

Results

Due to the combination of waning immunity after vaccination and a reduced efficacy of
vaccination at high ages, the most optimal cost-effectiveness ratio (€21,716 per QALY
for HZ vaccination in the Netherlands was found for 70-year olds. This estimated ratio
is just above the socially accepted threshold in the Netherlands of €20,000 per QALY. If
additional reduction of postherpetic neuralgia was included, the cost-effectiveness ratio
improved (~€10,000 per QALY] but uncertainty for this scenario is high.

Conclusions

Vaccination against HZ at the age of 70 years seems marginally cost-effective in the
Netherlands. Due to limited vaccine efficacy a considerable part of the disease burden
caused by HZ will remain, even with optimal acceptance of programmatic vaccination.

BACKGROUND

The varicella-zoster virus [VZV] causes varicella [chicken pox] as well as herpes
zoster (HZ, shingles].

Varicella is the primary infection, whereas HZ is caused by reactivation of latent
VZV in sensory nerve ganglia. HZ is characterized by a painful localized vesicular
rash. The most common complication of HZ is postherpetic neuralgia [PHN],
a chronic pain condition that can last for months or even years. In contrast to
varicella, which is mainly a childhood disease, HZ predominantly affects older adults
[1]. Presently, a vaccine to prevent HZ is available [2]. In this article, we present
an assessment of the potential effects of programmatic HZ vaccination of elderly
in the Netherlands. Fur this purpose we used a framework that was developed to
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support evidence based decision making regarding inclusion of new vaccines in the
Dutch National Immunization Program [NIP]. This framework consists of a checklist
that structures all relevant data on vaccine, pathogen and disease [3]. These data,
presented in the Background section, are input to a cost-effectiveness analysis
that is presented in the Methods and Results section.

Vaccine

Available vaccines and indications

Only one vaccine [ZOSTAVAX®; SP-MSD] has been registered for the prevention
of HZ. This live attenuated vaccine is manufactured by the same process as the
chicken pox vaccine VARIVAX® but has a higher viral load per dose [2]. The vaccine
has been registered in the EU as a single dose vaccine for the prevention of HZ and
PHN among people aged 50 years or older.

Vaccine efficacy
Natural protection against HZ may occur by exogenous baoosting [due to circulating VZV
in the population] or endogenous boosting (through subclinical reactivation of latent
VZV]. Although the mechanism of latency is not fully understood, there is strong evidence
that the risk of developing HZ is linked to a decline in VZV-specific cellmediated immunity
(CMI] [1,4]. The functional mechanism of the vaccine is to boast this specific CMI [2].
The efficacy of the vaccine was assessed in a large randomized placebo-controlled
trial. There was a reduction of 51.3% in the incidence of HZ, 61.1% in the burden
of illness (BOI) and 66.5% in the incidence of PHN [S]. The vaccine appeared less
effective in the older age group [70+ years] compared to the younger age group
(60-68 years] (Figure 1), indicating that the effect of vaccination is age dependent
[S]. The long term efficacy of the vaccine is unknown (mean follow-up duration so far
was three years], but the immunity seems to decrease over time after vaccination [2].

Contra-indications and adverse events following vaccination

Since the vaccine consists of live-attenuated virus, it should not be used in
immunocompromised people, people with active untreated tuberculosis or in
pregnant women [2].

Adverse events at the injection site occurred more frequently in the vaccine
group (48.3%] compared to the placebo group [(16.6%], but most of them were mild.
Furthermore, vaccine-related systemic adverse events occurred more frequently in
the vaccine group than in the placebo group (6.3% vs 4.9%] [5].

Factors affecting successful implementation

So far, influenza vaccination is the only generally advised vaccination for elderly
in the Netherlands. The general practitioner (GP] invites all people aged 60 years
or alder annually for this vaccination, which has a high coverage (in 2008/2009
76.9%] [6]. HZ and influenza vaccine given concomitantly are well tolerated [7].
Furthermore, antibody responses were similar compared to sequential vaccination.
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A recent study, however, showed that among community-dwelling elderly to
whom both influenza and HZ vaccination were offered within an existing influenza
vaccination program, only 39% accepted HZ vaccination, whereas 76% accepted
influenza vaccination [8]. Determinants of non-compliance with additional HZ
vaccination were: perceived lack of recommendation by the GP, unwillingness to
comply with the doctor’s advice, perception of low risk of contracting HZ, perception
of short pain duration of HZ and the opinion that vaccinations weaken one’s
natural defenses [8]. Other studies also found that a recommendation by the GP
is a major determining factor of accepting vaccination in this age group [9,10]. An
international survey pointed out that the understanding of the risk of developing
HZ, its symptoms, complications and treatment among adults =55 years of age is
very limited [11]. Moreover, in the United States the lack of patient awareness and
physician recommendation were pointed to be barriers to HZ vaccine uptake [10].

100%

90% - 65.7%
) 66.5% 66.8%
80% 65.5%
611% 63.9%

70% - 55.4%
60% 4 51.3%
50% + 37.6%

40% -

Vaccine efficacy

30% A

20% A

10% A

0%

HZ ‘ BOI ‘ PHN HZ ‘ BOI ‘ PHN HZ ‘ BOI ‘ PHN

total 60-69 years 70+ years

Figure 1. Overview of the vaccine efficacy with respect to the incidence of herpes zoster [HZ),
burden of illness [BOI] and incidence of postherpetic neuralgia (PHN] by age-group. (source:
Oxman MN, Levin MJ, Johnson GR et al. A vaccine to prevent herpes zoster and postherpetic
neuralgia in older adults. N Engl J Med 2005; 352(22):2271-84).

Herd immunity

The transmission of VZV resulting from patients with HZ is very low in comparison to
varicella [1]: therefore no herd immunity effects are to be expected. Reaching a high
vaccination coverage is therefore not important, unlike for most other vaccinations.
HZ vaccination will only give benefit on individual level.
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Pathogen

Pathaogenicity

VZV-seroprevalence in the Netherlands approaches 100% from seven years onwards
[12]. In HIV-infected persons the risk of HZ and its recurrence is increased [12-17
fold] [1]. Intercurrent infection with viruses that can alter CMI responses [such as
Epstein-Barr virus and cytomegalovirus] also influences the risk of developing HZ [4].

Infectiveness and transmissibility

HZ is not transmitted directly; it is a reactivation of VZV that remains latent in sensory
nerve ganglia after primary VZV-infection. The herpes lesions are contagious for non-
immune persans (until the lesions have crusted] and can lead to varicella [1]. Subclinical
reactivation of the VZV virus is possible but the frequency of occurrence is unknown [4].
In immunocompetent individuals, the frequency of recurrent HZ is low [1.7-5.2%] [13].

Antigenic variation

The VZV genome is extremely stable. So far, seven distinct genotypes of the wild-type
VZV have heen distinguished with a different geographic distribution, but all belong to
the same serotype. No evidence for recombination among wild-type VZV-strains has yet
been found [14]. Although recombination events could thearetically alter the virulence
of circulating VZV strains [15], the impact of such events would probably be very small.
Ecological consequences after implementation of vaccination are not expected. VZV is
an exclusively human pathogen. Both the vaccine strain and the wild-type VZV establish
a latent infection. Furthermare, interaction or competition with other alpha-herpes
viruses like HSV-1 and HSV-2 has not been described for VZV [16].

Burden of disease

Risk factors for herpes zoster

It is estimated that 23-30% of the population in Europe will develop HZ during their
lifetime; approximately 5S0% of all people reaching the age of 85 years will have
experienced HZ [13]. Prior infection with VZV, either with wild-type or vaccine virus, is a
prerequisite for developing HZ. The vaccine virus may have less opportunity to reactivate
than does wild-type VZV [4]. The vaccine virus usually does not cause viremia or skin
infection, factors that are both likely to enhance the development of HZ [17].

The incidence of HZ increases with age, which is attributed to the natural
process of age-related immunosenescence. Furthermore, the incidence is higher
among people with immunity attenuating diseases or medication [1,4,18]. Other
possible risk factors that have been suggested are physical trauma at the involved
dermatome, psychological stress, changes in mental health, depression, white race
and intercurrent infection with viruses that can alter CMI responses [1,4,18]. Some
studies show also higher incidence rates in women, even after correction for higher
average age and health care seeking behavior [18,19]. VZV-infection in utero or
shortly after hirth has been found to be a risk factor for (childhood] HZ [1,4,18].

57



THREE

58

COST-EFFECTIVENESS OF HERPES ZOSTER VACCINATION OF ELDERLY IN THE NETHERLANDS

PHN is more likely to occur in older HZ patients and in HZ patients with severe pain
or rash during the acute phase [4,18,20].

Consequences of herpes zaster

HZ begins with a prodrome, during which abnormal skin sensations and pain of
varying severity are the most common symptoms, followed by a vesicular rash.
This rash is typically unilateral, does not cross the mid-line, normally involves a
single dermatome, is usually accompanied by acute pain and lasts for 7-10 days
or longer. PHN, a persistent pain after resolution of the rash, is the most important
complication of HZ and can last for several years [1,4]. Therapeutical options for HZ
and PHN are scarce. About half of the patients with PHN will benefit from therapy
with only partial relief [4]. The quality of life during HZ is influenced by the severity
and duration of the acute and chronic pain that can affect physical, psychological,
social and functional domains [1,4].

Alternative preventive measures

There are no direct alternatives to prevent HZ. Childhood vaccination against
varicella might reduce the HZ incidence on the long term, because the vaccine strain
is less likely to cause HZ than the wild-type. However, reduced VZV transmission due
to varicella vaccination will diminish exogenous exposure [boosting], which might
lead to an increase in the incidence of HZ in the mid-term (the first 30-50 years]
[21]. Studies monitoring the incidence of HZ in the US, where universal vaccination
against varicella was introduced in 1995, have shown inconsistent findings at this
point. Two studies did not show an increase in overall incidence [22,23], whereas
three others demonstrated a rise [24-26].

METHODS

Data sources

GP consultations, hospitalizations and deaths

Most HZ patients will consult their GP as it is a painful condition. Age-specific
incidence rates for the period 2002-2007 were derived from the Netherlands
Information Network of General Practice (LINH] [27]. A correction was made for
false positives [10%; 7.9- 12.4%[28]]) and immunocompromised people [(5%[28]),
since both groups will not benefit from vaccination. A linear regression was plotted
on the HZ incidence of the separate years 2002-2007.

Hospitalization data (ICD-9 code 053] were taken from the National Medical
Register [LMR] for the period 2000-2007. Only admissions with HZ as main diagnosis
were included because these admissions represent cases that are preventable by
vaccination. The incidence of clinical admissions was rather stahle in the period
2000-2007. However, the incidence of admissions for one day decreased from 7.5
per 100,000 in 2002 to 4.0 per 100,000 in 2007 [29]. Therefore, an alternative
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scenario was included in which the daytime hospital visits were excluded. The
distribution used in the probabilistic sensitivity analysis is listed in Additional file 1.

Mortality data (ICD-10 code BO2 and G530] for the period 2000-2007 were derived
from Statistics Netherlands (CBS]. Only deaths with HZ as primary cause of death
were included in the base case scenario. An alternative scenario without prevention
of death was also included since it is likely that death is not caused directly by HZ.

Pain, incidence of PHN and quality-adjusted life-year [QALY] loss

The duration of pain by severity and age, and subsequently the QALY loss due to
HZ, was estimated by Van Hoek et al [28] and applied to the Dutch situation. For
clarity, this does include PHN which was defined as the presence of clinical relevant
pain after three months. In the model QALY loss after onset was modeled based
on the duration spent in clinical relevant or mild pain [28] instead of using a fixed
percentage developing PHN.

Vaccine parameters

We used the vaccine efficacy as estimated by Van Hoek et al [28]. The vaccine
efficacy was split into two parameters, a take (initial vaccine efficacy] and waning
(reduction of protection over time) and those two parameters were estimated an
the data from the initial clinical trial. The base case waning was only 7.5 years and
was estimated to be between 3.6 to 100 years, with an age dependent take. In the
sensitivity analyses the effects of a longer and shorter duration of protection were
calculated. Based on the coverage for influenza vaccination in the Netherlands, we
assumed a vaccine coverage of 75%.

The different protection of the vaccine against the three endpoints (Figure 1)
as measured in the clinical trial was simulated by three different scenarios. In the
scenario based on the reduction of HZ only, the reduction of HZ and subsequent QALY
loss was included. In the scenario describing the reduction of BOI, a reduction of QALY
loss for the first 6 months in people with disease was included above the reduction
in HZ cases (this is because the vaccine reduces disease severity in cases where HZ
occurs in spite of vaccination]. For the reduction of PHN (only applicable above the
age of 70 years] the number of people in clinically relevant pain was decreased hy the
specific vaccine efficacy [28,30]. If not mentioned otherwise, presented numbers are
based on the protection against BOI (base case], the main endpoint in the clinical trial.

Cost data

All costs are presented in 2008 Euraos: costs in previous years were deflated with
the consumer price index according to CBS. To assess the costs of an average HZ
or PHN case, the in depth patient data as collected within the PINE study was used
[31]. Patients were considered to suffer from PHN if they had a pain level of at least
25 [on a scale of 0-100] at three months after onset. The cost assumptions that
were used in this assessment are described in Additional file 2.

THREE

59



THREE

60

COST-EFFECTIVENESS OF HERPES ZOSTER VACCINATION OF ELDERLY IN THE NETHERLANDS

Direct costs of disease

The major costs involved in HZ are the prescription of antivirals and repetitive GP
visits for PHN patients. In the PINE study, detailed information on GP consultations,
medication and additional use of health services due to HZ was available for the first
6 months of the study (Additional file 2). Based on those findings the average total
costs per patient of GP consultations and drug use is €72.05 (€66.90 - €77.20] in
case of HZ and €101.10 (€81.72 - €120.70] for PHN based on the first 6 months
of the study. Because the duration of PHN can be longer, these costs were doubled:
€201.91 (€163.30 - €241.15]. Confidence intervals of the mean price (95%] were
acquired by bootstrapping.

Indirect costs of disease

Indirect costs were considered for estimated work loss till the age of 65. Data an
work loss due to HZ is scarce and the participation in the workforce is not high in
the age group 60+. A questionnaire among 65 HZ patients in the UK [32] showed
that 29 patients were employed, with an average working loss of 10.1 days [SD of
mean 1.82]. According to CBS, participation in the work force (in 2006] was only
20.8% in the age group 60-65. The number of hours of labour per week is 32 or 6.4
per day with a payment of €24.10 per hour. With a correction for participation in the
workfarce this is an average of £32.04 lost per day or €324 for the total work loss
for someone in the age group 60-65.

Cost of the vaccine and the vaccination pragram

Because the HZ vaccine is not yet available in the Netherlands, the Dutch price is
unknown. The official retail price of the HZ vaccine in the US is $153.93 or €110
(Pack 10-Vial; January 2009]. However, in case of introduction in the NIP, the CDC
price of $107.67 or approximately €77 (January 2009] seems more applicahle. In
the sensitivity analyses the effect of lower vaccine prices was calculated.

Based on experience with the introduction of the pneumaococcal vaccine in the
Netherlands in 2006, the once-only costs [not included in the cost-effectiveness
model] are estimated to be €0.3 million and include costs for education of GPs,
developing information material (invitation letter, flyer, publicity campaign, website],
adjustment of software for registration and monitoring, and administration. In case
of implementing HZ vaccination within the current influenza vaccination program and
assuming a vaccination coverage of 75%, the estimated yearly administration costs
range from ~ €14.7 million for vaccinating people at the age of 60 to ~€4.9 million
for vaccination at the age of 80. This includes compensating vaccination personnel
(€4.80 per application, this is half the influenza tariff] and coordination costs (€1.65
per application]. In the sensitivity analyses the effect of higher applications costs
(€9.60 instead of €4.80 per vaccination] was calculated. Monitoring of adverse
events can be included in the already existing passive surveillance system, for which
the total costs are estimated to be €0.4 million per year. Vaccine effectiveness,
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reflected by the reduction of the incidence of HZ, PHN and related hospitalizations,
could be monitored using GP and haospitalization statistics.

Cost-effectiveness model

The cost-effectiveness analysis was performed from a societal perspective. The
incremental cost-effectiveness ratio (ICER] was used to compare the quality of adjusted
life years gained with the net costs of programmatic HZ vaccination (compared to no-
vaccination]. The prevented number of cases, costs, QALYs and the Incremental cost-
effectiveness ratio [ICER] were calculated at different ages: 60, 65, 70, 75 and 80 years.
According to the Dutch guidelines for health technology assessment, future costs and
effects of vaccination were discounted with 4% and 1.5%, respectively.

A Markov-cohort-model was set up in Excel [Microsoft, USA) and univariate
and probabilistic sensitivity analysis were performed with @Risk (Palisade, USA].
The same model was used in a cost-effectiveness maodel for HZ vaccination in
England and Wales [28]. The effect of different assumptions regarding the duration
of protection of the vaccine, discount ratio, prevention of death, vaccine price,
application costs and hospital day care were investigated in the sensitivity analyses.
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Figure 2. Age-specific average annual incidence of GP-consultations due to herpes zoster per
100000 by sex 2002-2007. (source: Verheij RA, van Dijk CE, Abrahamse H et al. Netherlands
Information Network of General Practice [LINH]: Facts and figures on GP care in the Netherlands.
Utrecht/Nijmegen: NIVEL/WOK, 2008]).

61



THREE

62

COST-EFFECTIVENESS OF HERPES ZOSTER VACCINATION OF ELDERLY IN THE NETHERLANDS

RESULTS

Current burden of disease

Far the Netherlands, the average annual incidence of HZ based on GP consultations
was 332 (range 310-370) per 100000 in the period 2002-2007. The incidence
increases with age (Figure 2] [27]. The linear regression that was plotted on the
HZ incidence of the separate years 2002-2007 predicted an incidence of 509
(394 - 626) per 100000 at the age of 60 and going up with 22 (17.1 - 27.0] per year.

The average annual incidence of clinical hospital admissions due to main
diagnaosis HZ in the period 2000-2007 was 2.3 (range 2.0-2.7] per 100000 (when
including side diagnosis HZ too, the total incidence was 4.7 (range 4.0-5.1] per
100000). In the same period, another 6.3 (range 4.0-7.5]) hospital admissions for
one day due to main diagnosis HZ were registered per 100000. The incidence of
hospital admissions also increases with age (Figure 3]. In the period 2000-2007 on
average 18 deaths [range 13-26]) with HZ as primary cause of death were registered
annually. Most deaths occurred amaong people aged 75 years and older [92%].

The burden of disease in the Netherlands is estimated to be at highest in a
cohort of 60 year olds [a loss of 3024 QALYs, discounted] and at lowest in a cohort
of 80 year olds [a loss of 1060 QALYs, discounted] (Table 1]. The ratio of QALY loss
per HZ case (discounted], however, increases by age towards a maximum at the
age of 80. Therefore the relative burden of disease is the highest at the age of 80.
The estimated total costs for HZ for the group 60 year olds are almost €3.5 million
per year; this is including an estimated €1.2 million of indirect costs. Although the
estimated total costs for the group 80 year olds are lower (€0.8 million per year],
the cost per HZ case in this age-group is higher than for 60 year olds (€177.79
versus €128.86] (Table 1].

Effect of vaccination on cases and costs

Most cases [~4300] are prevented by vaccination at the age of 60. This number
decreasesto~470atthe age of 80. The prevented number of deaths, however, increases
by age at vaccination. From 0.2 prevented deaths by vaccination at 60 towards the
maximum of 1.2 prevented deaths at the age of vaccination at 75 (Tahle 1].

By vaccinating people, costs regarding GP visits, prescription of antivirals and
painkillers are prevented as well as hospitalization costs and costs due to work
loss. For HZ vaccination the prevented costs are distributed equally between
hospital costs and prevented cost generated in the GP practice. Prevented costs
will reach a maximum of about €1085146 [or €384658 excluding indirect costs)
for vaccinating people at the age of 60. The saved discounted costs, however, are
low for each vaccinated person. Per vaccinee between €1.49 and €2.65 [or €6.17
including indirect costs] will be saved. Subsequently a vaccine price higher than this
will have to be justified by preventing QALYs.
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Figure 3. Age-specific average annual incidence of hospital admissions due to main diagnosis
herpes zoster per 100000 2000-2007.(source: Prismant. National Medical Registration. Utrecht:
Prismant, 2000-2007).

The absolute number of gained QALYs is the highest by vaccination at the age of
60 years with ~353, and the lowest by vaccination at the age of 80 years with a total
gained of ~140. However this absolute number must be seen in the context of the
number of people who have to be vaccinated to gain those QALYs. The number of
people needed to be vaccinated to gain one QALY is a good proxy: the lowest number
is 268 at the age of 70 years, the highest 498 at the age of 60 years.

Cost-effectiveness of vaccination

The information on the number of doses, vaccine efficacy, prevented costs and
QALYs gained together is expressed in the cost-effectiveness ratio (Figure 4]. Using
the reduction of BOIl as an endpoint the most optimal cost-effectiveness ratio is
€21,716 (95% CI: €11,569 - £31,870] for vaccination at the age of 70. The worst
ratiois €38,519 [95% Cl: €12,176 - €67,158] for vaccination at the age of 60 under
the same perspective (indirect costs included] or €40,503 under the healthcare
payer perspective (indirect costs excluded). This implies that vaccinating at the age
of 70 results in the best value for money.

In the scenario with reduction of HZ cases only the cost-effectiveness ratio
increases towards ~€33,500 at the age of 70; using the scenario with reduction of
PHN improves the cost-effectiveness to a ratio of ~£10,000. Although the clinical trial
showed a higher impact of vaccination on the BOI compared to the incidence of HZ, we

63



COST-EFFECTIVENESS OF HERPES ZOSTER VACCINATION OF ELDERLY IN THE NETHERLANDS

Table 1. Absolute outcome and prevented cases for different ages at vaccination in the base
case scenario

THREE 60 years 65 years 70 years 75 years 80 years
Before vaccination:

Cases HZ 26845 15513 11093 7630 4769
Cases PHN 4639 2936 2351 1857 1370
Hospitalisation 320 205 163 128 89

1 day visit hospital 1102 683 515 363 210
Deaths 30.7 20.9 18.6 176 16.5
Direct costs* €2217577 €1527388 €1306022 €1100313 €£847884
Indirect costs* €1241555 €0 €0 €0 €0
QALYs lost* 3024 2024 1703 1402 1060

After vaccination: (75% coverage)

Nr. of vaccinees 175925 115943 94354 80712 58724
Vaccination costs** €14680941 €9675443 €7873841 €6735416 €4900518
Cases HZ 22512 12496 9201 6277 4299
Cases PHN 4op2 2581 2071 1603 1257
Hospitalisation 292 178 141 107 81

1 day visit hospital 966 563 426 294 188
Deaths 30.5 20.6 18.1 16.4 154
Direct costs* €1832919 €1219724 €1082777 €902727  €760458
Indirect costs* €541068 €0 €0 €0 €0
QALYs lost* 2671 1724 1350 1133 921
Prevented:

Cases HZ 4334 3017 1892 1352 471
Cases PHN 417 355 280 254 113
Hospitalisation 28 27 21 20 9

1 day visit hospital 136 120 89 70 22
Deaths 0.2 0.3 0.5 12 11
Direct costs* €384658 €307664  €223245  €197586 €87427
Indirect costs* €700487 €0 €0 €0 €0
QALYs lost* 353 300 352 269 140

* Costs are discounted with 4% and QALYs with 1.5%
** Vaccination costs are based on a vaccine price of €77, application costs of €4.80 per vaccination
and coaordination costs of €1.65 per vaccination
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want to mention that using BOI or PHN endpoints will be maore sensitive towards the
decisions made in the way the QALY loss due to HZ is currently modeled/estimated.

According to the sensitivity analyses (Tahle 2], changing assumptions regarding
the discounting rate, vaccine price and duration of protection of the vaccine have
the greatest impact on the ratio, especially with a longer duration of protection or a
lower vaccine price the costeffectiveness profile improves.

If a diagnostic test to determine immunity against VZV would become available
in the future, a more targeted vaccination strategy could be implemented.
Furthermore, people with a history of HZ could be excluded to save costs, as HZ
does not frequently reoccur.

DISCUSSION

In view of the scarce therapeutic options for HZ and its sequelae the reduction of the risk
of this disease by vaccination is an important development. Moreover, the HZ vaccine
could be relevant hecause of the predicted temporary increase in the incidence of HZ
after introducing childhood varicella vaccination [21]. HZ vaccination could prevent
part of the disease burden of this often painful disease among elderly. However, the
number of prevented GP-consultations, hospitalizations and deaths is relatively limited
compared to other vaccine preventable diseases. In the decision process it is important
to consider that the health gain that could be realized by HZ vaccination is in particular
related to the reduction of (long term) pain; the number of life years gained is rather
small. Furthermore, a considerahle part of the disease burden caused by HZ will still
remain despite programmatic vaccination since the vaccine efficacy is suboptimal. The
indirect disease burden estimations might increase in future, if the recently reported
increased risk of stroke after HZ is being confirmed in future research [33]. The relative
low efficacy and the lack of knowledge on protection of the vaccine on the long term
might be a problem for general acceptation of vaccination against HZ.

Offering HZ vaccination in combination with influenza could be a promising
option. However, a previous Dutch study showed that the acceptance of HZ
vaccination given simultaneously with influenza vaccination was only 39%, i.e.
considerably lower compared to the vaccination caverage for influenza (76%] [8].
Insight into the degree of acceptance by the public is important, especially in the
light of the recent experiences in the Netherlands with objection to introduction of
the vaccine against human papillomavirus (HPV].

It will be difficult to make a decision on the target group for HZ vaccination: the
HZ incidence increases whereas the vaccine efficacy decreases with age. Based on
the cost-effectiveness analysis (base case scenario], vaccinating at the age of 70
years would be the best option. However, the value of €21,716 lies just above the
sacially accepted threshold in the Netherlands of £€20,000 per QALY. This implies that
the cost-effectiveness profile is marginal, although this is not the first evaluation
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Figure 4. Incremental cost-effectiveness ratio [ICER] for different scenarios and ages; indirect
costs are included (loss of working hours,only relevant for vaccination at 60 years of age). The
base case [dark grey] is including a lower QALY loss in the first 6 months of HZ among vaccinees, in
the ‘without additional effect’ (light grey] thisis not included. Error bars represent 95% confidence
intervals and under the bars the relevant cost-effectiveness ratios are shown.

criterion forintroduction of a new vaccine [34]. The scenario with additional reduction
of PHN improves the cost-effectiveness to aratio of ~£10.000. However, this scenario
has some major limitations. First, the definition of PHN as used in the clinical trial
does not necessarily concern pain on the long term. Second, the effectiveness of the
vaccine against PHN is not straightforward [extra effectiveness only above the age
of 70 years] and has a high uncertainty. If the duration of protection turns out to
be longer, the vaccination could be given at an earlier age which might improve the
cost-effectiveness of the vaccine. Research on new vaccines with a higher vaccine
efficacy, in particular at older age, is recommended.

There are several other estimations of the costeffectiveness of HZ vaccination
[28,35-39]. Most of those cost-effectiveness studies apply for the USA[35-37] and
Canada [38,39] and one for the UK [28]. Because of differences between countries
in health care costs and health care seeking behavior, direct comparisons are hard
to make. Also, the assumptions regarding the vaccine price were different: $150
(€107) instead of the €77 assumed in this analysis (which is based on the lower
price CDC pays for its vaccine]. Nevertheless the majority of studies conclude that
vaccination against HZ is costeffective in their health care system, in contradiction
with this study where it is marginally cost-effective. This difference can be
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mainly attributed to the differences in the threshold value used by the countries.
Internationally the threshold of €20,000 per QALY as used in the Netherlands is the
lowest among the countries where a costeffectiveness study was done. Moreover,
the incidence among the elderly seems to be slightly lower in the Netherlands.
Whether this is due to a slightly lower reportage in the Dutch general practice, due
to uptake of patients in nursing homes [that are not included in the Dutch repaorting
system] or due to other factors is unknown.

Table 2. Cost-effectiveness ratio under different circumstances and at different ages of
vaccination

60 years* B5years 70year 75years 80years

Base case €38519 €31228 €21716 €24336 €34449
No prevention of death €38901 €31489 €21910 €25020 €35930
No daytime visits hospital €38540 €31251 €21731 €24351 €34458
No discounting €33305 €27482 €18827 €21688 €31285
Discounting 3.5%/3.5% €45313 €36210 €25647 €27874 €38725
Vaccine price €60 per dose €30045 €24658 €17163 €19228 €27304
Vaccine price €50 per dose €25061 €20793 €14485 €16224 €23100
Application costs €9.60** €40911 €33083 €23002 €25778 €36466

Duration protection 4.8 years*** €61247 €48828 €27817 €32449 €42428
Duration protection 16.1 years***  £€16954 €15031 €14030 €16013 €25953

*indirect costs included (loss of working hours, only relevant for vaccination at 60 years of age)
** full influenza tariff (instead of half the influenza tariff €4.80, that was used in the base case)
*** based on van Hoek AJ, Gay N, Melegaro A, Opstelten W, Edmunds WJ. Estimating the cost
effectiveness of vaccination against herpes zoster in England and Wales. Vaccine 2009; 27(9):1454-67.

CONCLUSION

Inconclusion, programmatic vaccination could reduce the burden of disease due to HZ
considerahly butis estimated to be marginally cost-effective even at the economically
most attractive option, i.e. vaccination at the age of 70 years simultaneously with
influenza vaccination. A final judgment on the cost-effectiveness will depend on
price negotiations with the different parties involved. Even with vaccination at levels
comparable to influenza vaccination, less than half of the disease burden caused by
HZ will be prevented hy vaccination, due to the relative low efficacy of the vaccine. It
would be a challenge to reach high acceptance of vaccination despite the occurrence
of HZ amaong vaccinees; involvement of the GP is essential.

While for many childhood vaccinations in addition to individual protection,
indirect protection by herd immunity is offered, this does not hold for HZ. Making
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the public aware of the existence of a HZ vaccine (with its current limitations] that
could be obtained individually is necessary, irrespective of the decision whether or
not to implement programmatic vaccination.

ADDITIONAL MATERIAL

The additional material can be found at: http://www.biomedcentral.com/1472-
6963/10/237
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SUMMARY

This study updates previous work on modeling the incidence of varicella and Herpes
Zoster [HZ] following the introduction of childhood vaccination. The updated model
includes new data on age-specific contact patterns, as well as data on the efficacy
of zoster vaccination in the elderly and allows for HZ among vaccinees. The current
study also looks at two-dose varicella childhood programmes, and assesses the
combined impact of varicella vaccination in childhood and zoster vaccination of
the elderly. The results suggest that a two-dose schedule is likely to reduce the
incidence of varicella to very low levels, provided first dose coverage is around 90%
and second dose coverage is in excess of 70%. Single dose varicella vaccination
programmes are expected to result in large numbers of breakthrough cases.
Childhood vaccination is expected to increase the incidence of zoster for more than
40 years after introduction of the programme, the magnitude of this increase being
influenced primarily by the duration of boosting following exposure to the varicella
zoster virus. Though this increase in zoster incidence can he partly offset by
vaccination of the elderly, the effectiveness of this combined strategy is limited, as
much of the increase occurs in those adults too young to be vaccinated. Childhood
vaccination at intermediate levels of coverage (70% and 60% for first and second
dose coverage respectively] is expected to lead to an increase in adult varicella.
At high coverage [90% and 80% coverage] this is unlikely to be the case. These
results will be used to inform a cost-effectiveness analysis of combined varicella
and zoster vaccination programmes.

BACKGROUND

In 1995 childhood vaccination against varicella [chickenpox] was introduced in the
US [1-3]. However there is an ongoing debate about the potential negative effect of
childhood varicella vaccination on the incidence of Herpes Zoster (HZ] and varicellain
adults [4-7]. Herpes Zoster is a reactivation of the same virus (Varicella Zoster Virus,
VZV] that causes varicella oninitial infection [8]. Following primary infection the virus
remains latent in the dorsal root ganglia. Reactivation of the virus is suppressed
by cell-mediated immunity, which can be hoosted by exposure to a varicella case
[9,10]. With the introduction of childhood vaccination this exogenous boosting
would be expected to decrease due to the reduction of varicella incidence, which
may lead to an increase of HZ [9,11,12]. With the licensure of a vaccine to prevent
HZ [13,14], any increase in HZ following childhood vaccination could be offset [at
least in part] by vaccination of the elderly (60+ years] against Herpes Zoster. There
are other concerns with varicella vaccination, which include the potential increase in
adult varicella [(which tends to he more serious than childhood infection) that may
occur following mass childhood vaccination [11,15,16], and concerns regarding the
efficacy of a single dose of the vaccine at preventing varicella [17-19]. This latter
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concern has lead to recommendations for two-dose palicies in childhood [3,20],
which has an obvious impact on the economic attractiveness of the programme.

Several studies have explored the effectiveness and cost-effectiveness of
differentvaricellavaccination programmesin the UKand around the world [4,21-24].
However, to our knowledge no previous models have looked at a combined strategy
of vaccination in childhood and of the elderly. Furthermore, previous modeling work
has concentrated on single-dose varicella vaccination programmes [11,12,15,16].
Many of the indirect effects (such as an increase of adult varicella or HZ] depend on
estimates of the rate of transmission across age groups. Previous analyses had to
assume the relevant contact rates, as little relevant quantitative information was
available at the time. However we update previous models [9,11,25] by using UK
contact patterns collected as part of a European project (POLYMOD] [26]]. In this
paper we describe the estimated impact of one and two-dose varicella vaccination
strategies, either alone or in comhination with vaccination of the elderly against
Herpes Zoster. The described epidemiological impact will constitute the basis for an
economic evaluation of these strategies

METHODS

Model structure

To assess the impact of combined varicella and zoster vaccination programmes,
a transmission dynamic model based on that of Brisson and colleagues [11] was
adapted. Themodel consistsonasetof ordinary differentialequationsandincorporates
realistic age-structure (RAS] and age-specific mortality rates for England and Wales
(Office for National Statistics]. A stable population of 48 million people is considered,
with 621,300 individuals barn (=number of live births in EEW in 2003] every year on
the 31 of December. The martality of individuals in the oldest age group [95+ year
old] is calculated separately so that the age distribution remains constant over time.
Both varicella and zoster vaccination programmes are incorporated in the model as
discrete events at the end of each year, when individuals age.

The model structureisillustrated in the flow diagramin Figure 1, which describes
the natural history of VZV with and without varicella and/or zoster vaccination.
People are initially protected by maternal antibodies, become susceptible to
varicella, can be infected with varicella, develop disease and become immune to
varicella. After a certain time (average period of natural protection = 1/3] people
become susceptible to zoster. In this state, they can either progress to zoster, or
they can be boosted by an infectious case, rendering them (tempararily] protected
against developing zoster. Therefore within the model infectious people can do
two things - infect susceptible people or boost zoster susceptible persons. In
case of vaccination against zoster, individuals pass into the vaccine protected
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compartment. These people become zoster-susceptible again over time [average
period of vaccine protection = 1/5 ). When natural protection is assumed to be
longer than vaccine-induced protection, vaccinated individuals are not moved from
the immune compartment into the vaccination compartment because in that case
vaccination will reduce their time protected.

Vaccinated individuals are tracked separately hecause of the difference of
infectiousness and severity of breakthrough cases. In the model described by
Brisson et.al. [11] individuals who had been immunised against varicella were
not able to develop zoster. In the current model this possibility is allowed for, as
studies suggest that vaccinees can, in fact, develop HZ, though it appears that they
may do so at a somewhat lower rate [27-29]. In the new structure it is possible to
distinguish between HZ among vaccinees after breakthrough or after vaccination
only, because in the latter zoster will be caused by vaccine virus instead of wild type.

Varicella vaccination

Vaccination with varicella vaccine is assumed to result in three different outcomes. First,
a proportion of individuals (p] suffer an initial vaccine failure and remain susceptible.
Second, a proportion of individuals who respond initially (1-p] are protected from
varicella infection [[1-p)*T; in which T is the proportion of vaccine responders who are
protected]. Third, a proportion of individuals respond, but they are liable to be infected
(i.e. become a breakthrough case] if they are exposed. This proportion is therefore ([1-p]
(1-T]). Those in the vaccine immune class [V Immune] can lose protection over time and
pass into the vaccinated susceptible class (V Susceptible] at a rate (w]. If individuals
receive a second dose of varicella vaccine, the responders (T,,] move on to a vaccine
protected class (VP 2™ dose) and when they lose protection pass into the vaccinated
susceptible class [V Susceptible] at a rate (w,]. Those wha do not respond to the second

dose remain in whatever compartment they were already in.

Zoster vaccination

Zoster vaccination is given irrespective of a histary of varicella. Those who are still
susceptible for varicella are handled as if they are vaccinated against varicella and
moved to the varicella vaccinated arm of the model, this because the Zoster vaccine
is a high dose version of the Varicella vaccine. Within the model it is assumed
that individuals can experience only one episode of zoster throughout their life,
vaccination was thus not effective among individuals in the zoster infected or
immune compartments (Zl and ZR] because that will mean they become susceptible
to zoster again.

Mixing patterns

Data on the contact patterns among individuals of different ages were collected as
part of the POLYMOD project [25] and were used to parameterize the mixing patterns
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assumed in the model. A general base-case Who-Acquired-Infection-from-Whom
(WAIFW] matrix [B-matrix] was derived from a contact matrix based on the UK study
population (all contacts) combined with an age-specific transmission parameter
(g) following the methodology originally developed by Wallinga and caolleagues [30].
The B-matrix influences the steady state disease incidence, which is assumed
to reflect the cumulative proportion of individuals with serological evidence of
infection by age. Therefore information about contacts is comhined with information
about the disease incidence to find a best-fitting value of g. In this case the g is
fitted in such way that the resulting age-specific force of infection based on the
resulting B-matrix fits observed seroprevalence (<20years of age] [31] and varicella
incidence (20> years of age] [32]. To fit the data three different values for g where
estimated, for the age 0-3, 4-21 and 22+, under the assumption of differential
susceptibility to infection by age-group. Fifty thousand different contact matrices
were obtained by bootstrapping the individual contact data. For each of the matrices
the transmission parameters were fitted, and the best fitting matrix was used as the
base case scenario. In the sensitivity analyses a set of 1000 different B-matrices
were obtained by rejection sampling. For each contact matrix 750 different sets of
g where sampled, by varying g as a percentage of the most optimal g for that given
matrix. In the rejection sampling process only contact matrices were used with at
least 1% probability based on their most optimal transmission parameter, this to
improve the speed of the process. Of the obtained possible matrices a subset of
1000 matrices where randomly selected to use in the sensitivity analyses.

Reactivation rate

In the model the B-matrix influences the steady state varicella incidence, and the
incidence of herpes zoster is determined by the reactivation rate. This reactivation
rate is fitted to the zoster incidence data given the B-matrix and the assumption
about the duration of protection acquired by boosting. In the sensitivity analyses
for each of the 1000 iterations the reactivation rate was refitted based on the
different B-matrix and assumption about the duration of protection. Age-specific
zoster reactivation rates p(a] (see Brisson et.al. [9] for formula used) were fitted
by maximum likelihood to the age specific zoster incidence as found in the 4th
Morbidity Survey in the General Practice [31].

Biological parameters

For varicella the duration of the infectious period was assumed to be 7 days after a latent
period of 14 days [11]. The infectious period for Zoster is also assumed to be 7 days.

Efficacy of varicella vaccine

In this paper we reviewed the two dose schedule of vaccine Varivax (Merck/SPMSD].
Unfortunately only one trial is available investigating the efficacy of a two dose
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schedule [33], this trial has several short-comings. Firstly the number of plague
forming units of the vaccine used in the trial was higher than the licensed version;
1350 plague forming units in the licensed vaccine compared to a minimum of 2900
in the trial. Secondly the age distribution was wide [4-12 years], and each age group
face a different force of infection making it hard to extrapolate to the effectiveness
of vaccination at 1 year old. Thirdly the presented results include the years 1996
and onwards, in those years widespread vaccination was in place in the US. Due to
the dramatic change in force of infection caused by the vaccination program those
years should be dropped from the analysis. However because no other trial data was
available we have used this data.

Values for take (T) and waning (W] were fitted with a simple model by maximum
likelihood (Figure A1-1), assuming that the force of infection (A) = 0.2 per year, and
the rate of flow to zoster susceptible (n] = 1/20 per year. To reduce the number
of parameters describing vaccine efficacy we assumed that the susceptihility of
vaccinated individuals to become infected (parameter b, Figure 1] is the same as
non-vaccinated people [hence takes a value of 100%]. Vaccinated people are as likely
as non-vaccinated people to become boosted when they come into contact with a
varicella case (described by parameter k - assumed value of 100%]. For the sensitivity
analysis 1000 sets of take (T] and waning (W] were obtained by rejection sampling.

Zoster vaccine efficacy

Parameters describing vaccine take and waning associated with HZ vaccine were
estimated by fitting a model (figure A1-2]) to the zoster vaccine trial [14]. The
vaccine efficacy is age dependent but the available data is not detailed enough
to estimate age specific take and waning rates. Therefore a previously estimated
duration of protection was assumed and subsequently the take was fitted [34]
(Appendix 1). The base-line proportion of people who are immune and protected
was based on the placebo group in the clinical trial. For the sensitivity analyses
1000 sets of take and waning combinations were obtained.

The probability of developing zoster after vaccination was set so that the
incidence will be lower in vaccinated people. Two parameters describe this process
nmand y (Figure 1]). m describes the rate at which individuals in the vaccine protected
class become susceptible to hoosting (or development of zoster), and y describes
the reduction in the probability of developing zoster by age given that an individual
is susceptible to boosting, but has been vaccinated with varicella vaccine. As the
data are simply reports of the reduction in zoster incidence in vaccinees compared
to non-vaccinees, it is not possible to identify these two parameters independently.
Thus 7 was set to be equal to 0.05 (based on Brisson’s base-case estimates for the
duration of a boost from a wild-type infection [11]], and x was estimated to give
the required long-term reduction in the incidence of zoster. Furthermore as these
studies generally do not distinguish whether zoster cases in vaccinees are caused by
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the vaccine strain or wild-type infection the rate of development of zoster in these
two groups was set to be equal. In the base case scenario y was set in such way
that among the vaccinees the zoster incidence will be 10% of that of zoster before
vaccination, assuming no background boosting [Appendix 2]. This percentage is
varied between 0 and 100% in the sensitivity analysis {with such distribution that
50% is below 10% and 50% above the 10%].

VZV was assumed to be at endemic equilibrium prior to vaccine introduction,
and the model was run for 100 years after the start of the vaccine programme. The
model was programmed in Berkeley Madonna 8.3.14.
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Vaccination policies

The following vaccination strategies were considered in the model simulations:

- single dose childhood programme (1 year of age]

- two-dose childhood programme (1 and 3 years of age]

- single dose adult vaccination programme against HZ (70 years of age [35])

- combined programme of two varicella doses in childhood and 1 dose adult
vaccination against HZ.

The base-case coverage was assumed to be 90% for the first varicella dose,
and 80% for the second varicella dose. Only those who receive the first dose, get a
second dose [thatis there is assumed to be no catch-up of unvaccinated individuals
at 3 years of age). The base-case age at which HZ vaccine is given (70 years] was
based partly on the results of an economic analysis [34], and partly on the basis
of guidance from the JCVI subcommittee [35]. The hase-case coverage for the
elderly vaccination is assumed to be 70%. In the sensitivity analysis the impact
of vaccination coverage was investigated using lower coverage rates. The duration
of protection due to contact with wild type virus or zoster vaccine was elucidated
looking to the extreme scenarios as passible in the parameterization.

RESULTS

Comparison to epidemiological data, and estimation of force of
infection

Figure 2 compares the best-fitting model fits with the age-specific seroprevalence
data [31], age specific incidence of varicella GP consultations [32] and the age
specific incidence of herpes zoster [32]. Although the model describes infection
and not GP visits 100% reporting was assumed for varicella above the age of 20
years and for Herpes Zoster in all age groups. The estimated force of infection with
associated 95% credihility intervals is shown in Figure 2d. As the figures show, a
good fit was obtained.

Dynamics of varicella and zoster post vaccination

Figure 3 shows predicted impact of alternative vaccination programmes on the
incidence of varicella (a] and Herpes Zoster [b] over time. The model predicts
that a single dose of varicella vaccine is likely to result in substantial numbers
of breakthrough varicella cases in the long-run with an incidence around 330
(190-447] per 100,000 per year. On the other hand, vaccinating infants at such high
levels of coverage with a two dose schedule is expected to resultin a large reduction
of varicella in both the short and long-term. However, there is predicted to be an
increase in Herpes Zosterincidence for about 40-60 years after varicella vaccination.
The incidence of zoster is expected to increase by up to, 20% (12-36%] to almost
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Figure 3. Model results on the incidence of varicella (a] and Herpes Zoster (b]. The boxes show
the inter-quartile range the whiskers 10-90% of the range of results generated by the model.
The different shading represent different programmes: black boxes elderly vaccination only (70%
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The age-specific incidence of herpes zoster 25 years after vaccine introduction is shown in c].
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Table 1. Model parameters

MODEL PARAMETERS Mean value (Cl) Source
Biological parameters

Duration of maternal protection (months] (12/¢ 6 Assumed
Duration of latent period (days] [(365/c) 14 [11]
Duration of infectious period (days] (365/a] 7 [11]
Duration of immunity to zoster after varicella 20 [11]
infection (years] (1/9)

Proportion of effective varicella contacts that 100% [11]
boosts against zoster (z)

Varicella vaccine efficacy parameters

Rate of varicella acquisition of vaccines 100% Assumed
compared to non vaccines (b)

Proportion of temporarily protected individuals who 100% Assumed

become immune due to contact with varicella (k]

Rate at which temporarily protected individuals 0.05
become susceptible to Herpes Zoster (1/year] (=]
Rate of varicella infectiousness of vaccines 50%
compared to non-vaccinees [m])
Coverage varicella: first dose 90%

. , 80%
Coverage varicella: second dose
Change in the reactivation rate y 0.052 (0.021 - 0.793]

Zoster vaccine efficacy parameters

Percent of individuals who become temporarily FOl,,=0.0179,1/

Duration of protection
of natural boosting.

See Appendix 2

See Appendix 1

protected after zoster vaccination by age at 8,=75
vaccination

59-64 91%
65-69 81%
70-74 58%
75-79 50%
80-84 21%
85+ 9%
Coverage level 70%

First dose Second dose

Percent of individuals for which vaccine fails 4%

completely (P)

Percent of individuals who become tempararily  100% (93%-100%])
protected after vaccination (T)

Rate at which tempaorarily protected individuals ~ 0.04 [0.067-0.015]
become susceptible to varicella (1/year] (W]

100% [97%-100%)

0.013(0.026-0.005)
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620 per 100,000 per year. With only vaccination against Herpes Zoster there is no
reduction in the incidence of Varicella and a modest reduction in the incidence of
Herpes Zoster. In case of a comhined programme there is estimated to be a large
reduction of varicella but still an increase of Herpes Zoster, although to a lesser
extent than only childhood vaccination, a median increase of 10% [5.6%-25%].
This is because a large increase in zoster incidence occurs in middle-aged adults,
i.e. adults who are too young to be vaccinated by a programme targeted at the
elderly (70 years] (see Figure 2c). There is considerable uncertainty with regards
estimates of the impact of varicella vaccination on the incidence of HZ, in both the
medium and long-term.

Figure 4 shows the sensitivity of these results to vaccine coverage, using the
base case strategy and hase-case model parameters. As expected, the incidence of
varicella is more sensitive to first-dose coverage than second dose coverage. The
short-and medium term incidence of zoster is not sensitive to variation in infant
coverage levels [only with very low coverage is there a difference, not shown], as
breakthrough infections are assumed to be less infectious than natural cases.
The long-run incidence of zoster is affected by varicella first dose coverage, as
vaccinees are assumed to be less likely to subsequently develop zoster than those
who are infected by the wild virus.

The sensitivity of the model results towards duration of protection after a
contact with a varicella case or zoster vaccination is presented in figure S assuming
a two dose varicella vaccination programme is combined with vaccination of the
elderly against HZ. Only the base case and the two extreme combinations of the
possibilities are presented. As expected assumptions regarding the duration of
boosting from natural infection or vaccination of the elderly have little impact on
varicella incidence. However, they do influence the expected change in the incidence
of zoster post varicella vaccination. When there is a short natural protection and an
extremely long protection from the zoster vaccine there is expected to be almost
no increase in HZ. In the case of very long protection due to a natural boosting and
very short protection from vaccination of the elderly, there will be a more dramatic
increase in the zoster incidence.

Changes in the long-run incidence of adult varicella (among those aged 15 and
over] are shown in Figure 6, for a two-dose vaccination strategy aimed at children.
Coverage was lowered fram 90% first dose and 80% second dose to 50% and 40%
coverage for the first and second dose respectively. It can be seen that at high levels
of two-dose coverage the model predicts that a decrease in adult cases is likely,
whereas at the lower level of coverage, especially below 70% an increase in adult
disease, with an increasing contribution of natural varicella in the overall varicella
burden after vaccination.
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Figure 4. Sensitivity of base-case model results to different levels of first and second dose
coverage. The averall incidence of varicella and zoster is shown.

DISCUSSION

We present an updated analysis of the possible impact of varicella and/or zoster
vaccination on the incidence of varicella and zoster. A number of changes have been
incorporated into this model compared to previous work [11]. The most important
of which is the use of data on observed age-specific contact patterns from a
population-based survey [26] and subsequent uncertainty in the contact rates. The
incorporation of these data, necessitates the re-estimation of zoster reactivation
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Figure 5. Incidence of zoster for different durations of natural boosting and vaccine protection. From
the different comhinations of the two durations only the base case and the two extremes are shown.
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Figure 6. The post-vaccination equilibrium (at 100 years] annual incidence of varicella in adults
age 15 and above by levels of coverage (2 dose combined palicy]. The height of the bar is the
median of 1000 simulations, and the error bars represent 2.5 and 87.5 percentiles.

rates, with updated information on the force of infection in adults due to contact
with children. Importantly, the model now also includes a two-dose schedule
and vaccination of the elderly to reduce the incidence of zoster [the parameters
describing this being based on analyses of a double-hlind placebo controlled trial of
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the zoster vaccine]. The updated maodel also allows for vaccinees to develop zoster,
though at a reduced rate compared to those experiencing natural protection.
The average duration of boosting against zoster (exogenous hoosting] following
exposure to VZV remains an uncertain and influential parameter. As can been seen
in figure 3 the joint uncertainty in the contact rates, duration of natural protection
and other epidemiological parameters lead to wide confidence intervals, meaning
that the presented outcomes are more disease trends, since individual outcomes
are dependent on a spectrum of parameter values.

The results of the model with regards a one-dose policy are similar to those
published by Brisson et al. [11,16] That is, vaccination of infants at achievable levels
of coverage in the UK [around 90%] is likely to result in a rapid decline in incidence
of varicella, followed by a period of low incidence (for perhaps a decade], which may
be followed by a series of epidemics, hefore the system finally settles around a new
level of incidence which is considerably lower (i.e. reduced by about 75%] than in
the pre-vaccine era. Breakthrough varicella makes up a substantive portion of these
cases. No increase in adult varicella is expected with our base-case parameters.
However, if lower coverage is achieved (<70%] than an increase in varicella among
adults is expected in the long run. Our results for the varicella only schedules are
comparable with the recent publications by Karhunen et.al. [23] and Gao et.al. [24],
and Brisson et.al. [4]. None of these publications incorporate zoster vaccination on
top of varicella vaccination in a combined schedule.

Two-dose routine vaccination at the coverage levels that may be achievable in
the UK [90% and 80% for the first and second dose respectively], is expected to
result in very low incidences of varicella among all age groups in the long-run and
may even lead to elimination of the virus. However, the magnitude of this reduction
is dependent on our assumptions on the efficacy of the second dose of vaccine,
for which there is little good data. As with the one-dose strategy, vaccination of
young children is expected to result in an increase in zoster in the medium term.
This increase in incidence can be partly attenuated by routine vaccination of the
elderly. The long-run incidence of HZ following vaccination of children is highly
uncertain, as this depends on the likelihood of vaccinees developing zoster, either
via the vaccine strain, or from wild-type breakthrough infection. The data on this
are scarce, and no consistent pattern has emerged. Most, but not all, studies have
suggested that the incidence of zoster in vaccinees is likely to be reduced [25,28],
but exact quantification of this risk is difficult [28, 29].

As with all models the findings are reliant on the reasonableness of the
assumptions made and the values of the parameters. We estimated the force
of infection of varicella for people above the age of 20 based on the incidence
of GP notifications. This is not ideal because there is a possihility varicella was
misdiagnosed as Herpes Zoster or vice versa. More data on the actual force of
infection in adults would be welcome since the changes in Zoster and adult varicella
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incidence after vaccination depends on this. A key assumption with regards zoster
epidemiology is the degree and duration of boosting that results from exposure
to the virus. We used Brisson et al’s hest fitting estimates in our base-case
model (an average duration of boost of 20 years]. In this estimation the duration
of boosting was identical for all ages. Brisson et.al. [4] have shown that an age
dependent duration of boosting can decrease the relation between varicella and
zoster, leading to a smaller increase of zoster after vaccination. By fitting models
to the data from the large-scale clinical trial of the zoster vaccine [14], van Hoek et
al. [34] estimated that the average duration of vaccine-induced protection may he
significantly shorter than Brisson et al.'s estimates [hest fitting estimates are in the
range of 3.6-100 years]. The shorter the duration of boost, the smaller the increase
in zoster following childhood varicella vaccination (Figure 5]. It is therefore possible
that the base-case results overestimate the post-vaccination increase in zoster.
Even using Brisson et al’s estimates of the duration of boost, our estimates of the
increase of zoster following varicella vaccination are lower than those of Brisson et
al. [11, 1B6]. This is because we re-estimated the force of infection in adults using
the POLYMOD contact survey, which resulted in a revision of our estimates of the risk
of reactivation. Although the data on the incidence of HZ in the US are limited and
contradictaory, the evidence suggests that the incidence is probably increasing [four
of the five published studies reports anincrease in HZ [36-40]], though whether this
is attributahle to varicella vaccination, or some other factors (like increased use of
corticosteroids] is less clear. Further surveillance data on zoster (accompanied by
good varicella coverage and incidence data] is clearly needed.

We used Kuter et al.’s data to re-estimate the vaccine efficacy parameters [33].
A number of these, particularly those concerned with breakthrough varicella, are
uncertain. However, since a two-dose schedule would be expected to reduce the
number of breakthrough cases to low levels, and it is likely that two-dose schedules
will be adopted, then this uncertainty does not significantly affect findings.

This study updates previous work [11,16] on the impact of vaccination on the
incidence of both varicella and zoster. The results suggest that a single-dose palicy
may result in significant numbers of breakthrough cases, a pattern which has been
observed in the US [17]. A two-dose schedule is likely to lead to a low incidence
of varicella, provided coverage is maintained at around 90% for the first dose.
An increase in zoster incidence is still expected following varicella vaccination in
childhood, and this increase can only be partly ameliorated by introduction of zoster
vaccination in the elderly.

APPENDICES

The appendices can be found at: http://www.sciencedirect.com/science/article/pii/
S0264410X11000764
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ABSTRACT

Background

Despite the existence of varicella vaccine, many developed countries have not
introduceditinto their national schedules, partly because of concerns about whether
herpes zoster (HZ, shingles] will increase due to a lack of exogenous boosting. The
magnitude of any increase in zoster that might occur is dependent on rates at which
adults and children mix - something that has only recently been quantified - and
could be reduced by simultaneously vaccinating older individuals against shingles.
This study is the first to assess the cost-effectiveness of combined varicella and
zoster vaccination options and compare this to alternative programmes.

Methods and Findings

The cost-effectiveness of various options for the use of varicella-zoster virus [VZV)
containing vaccines was explored using a transmission dynamic model. Underlying
contact rates are estimated from a contemporary survey of social mixing patterns,
and uncertainty in these derived from bootstrapping the original sample. The model
was calibrated to UK data on varicella and zoster incidence. Other parameters were
taken from the literature. UK guidance on perspective and discount rates were
followed. The results of the incremental cost-effectiveness analysis suggest that a
combined policy is cost-effective. However, the cost-effectiveness of this palicy (and
indeed the childhood two-dose policy] is influenced by projected benefits that accrue
many decades (80-100 years or more] after the start of vaccination. If the programme
is evaluated aver shorter time frames, then it would be unlikely to be deemed cost-
effective, and may result in declines in population health, due to a projected rise in the
incidence of HZ. The findings are also sensitive to a number of parameters that are
inaccurately quantified, such as the risk of HZ in varicella vaccine responders.

Conclusions

Policy makers should be aware of the potential negative benefits in the first 30-40
years after introduction of a childhood varicella vaccine. This can only be partly
mitigated by the introduction of a herpes zoster vaccine. They have to decide how
they value the potential benefits beyond this time to consider childhood vaccination
cost effective.

INTRODUCTION

Varicella vaccination was introduced into the United States in the mid 1990s
(1-3). However, other countries have been slower to introduce varicella prevention
programmes, partly as a result of concerns that infant vaccination may increase
the occurrence of adult varicella (which tends to be more serious] (4,5), or may
increase the incidence of herpes zoster (6-9], and partly because data from the
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clinical trials [10] and subsequent surveillance (3,11,12] suggest that vaccination
may not provide salid, lasting protection for many vaccinees. Previous modelling
and economic analyses (e.g. (13]] have addressed some, or all of these concerns
(see (14] and (15] for reviews], and shown that an increase in herpes zoster [in
particular] can have a profound effect on the estimated cost-effectiveness of
infant varicella vaccination (13]. Since these studies were published further data
have become available from the US on the impact of childhood vaccination on
the incidence of varicella in different age groups (16,17), as well as the incidence
on zoster [18-21) . Furthermore, data are now available on underlying patterns
of mixing [22), which should lead to a more accurate estimate of the impact of
vaccination of one age group on the incidence of infection and disease in other
age groups. In addition, two-dose strategies are now recommended for varicella
vaccination to counter the high rates of breakthrough infection [3]. Finally, a vaccine
is now available against herpes zoster (HZ, shingles] (23,24), raising the possibility
that comhined strategies of varicella vaccination of children and zoster vaccination
of the elderly are passible. The current study updates previous analyses [13], takes
into account new data, and is the first to evaluate combined strategies, as well as a
two-dose childhood programme.

There are three basic uses of these two vaccines:

- Childhood varicella vaccination alone

- Varicella vaccination in children and HZ vaccination of the elderly (the vaccine is
licensed for use in those aged 60 years and above].

- Herpes zoster vaccination of the elderly alone.

In this paper we investigate the incremental cost effectiveness of these different
strategies, and compare them to no vaccination. Further details of the strategy of
vaccination of the elderly are given in van Hoek et al. [25]. As the Advisory Committee
on Immunization Practices [ACIP) no longer recommend varicella vaccination be
given as a single dose (3] we do not consider a single dose varicella schedule here.

To investigate the cost effectiveness of these programmes a dynamic
transmission model [26] was set up and combined with a cost effectiveness model.
Within this combination it was possible to investigate for the first time the joint
uncertainty in assumptions and parameters regarding the transmission model as
well as uncertainty in economic parameters. This approach allowed us to include
uncertainty around the contact patterns, which has not been previously integrated
fully in economic analyses of vaccination programmes, as it has not been previously
possible to quantify this uncertainty accurately.

METHODS

The cost-effectiveness of different VZV vaccination programmes were assessed,
from the perspective of the National Health Service [NHS], as recommended by the
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National Institute of Health and Clinical Excellence (NICE] [27] in the UK. All costs
are presented in GBE2007. Unit costs from previous years were inflated to this year
using the Hospital and Community Services Pay and Prices Index [28].

An age-structured transmission dynamic model of varicella and zoster was
developed and used in the economic analysis. The maodel is based on that of Brisson
and colleagues (5], updated to include two-dose strategies and HZ vaccination.
It was parameterised via an updated review of the literature, and secondary data
analyses. The madel structure and results are given elsewhere [26]. The model uses
contemporary data on age-related contact patterns [22). Cost-effectiveness was
assessed by projecting the outcome of vaccination from the dynamic infectious
disease model on the number of cases of both varicella and HZ and subsequent loss
of Quality Adjusted Life Years (QALY] assaciated with these diseases and costs to the
NHS. To be able to investigate both the uncertainty in the transmission parameters
and economic parameters the economic parameters were directly integrated into
the dynamic model. This means that the number of cases were discounted over time
(after introduction of the vaccine] and multiplied by the cost and QALY loss per case. To
calculate the cost and QALY loss per case by age group, a decision analytic model was
set up in Excel that estimated the cost per case by projecting the number of general
practice [GP] visits, treatment costs and hospitalisations and associated QALY losses.
Within this model distributions were attached to the different inputs and a set of 1000
different parameter combination were generated to feed into the transmission maodel.
Distributions in Excel were generated with @Risk 5.0 (Palisade, USA).

Sensitivity analysis was done by running the infectious disease model with
economic parameters with 1000 different datasets for cost and QALY loss but also
for disease characteristics as the duration of acquired immunity due to boosting,
contact patterns and vaccine efficacy. Each simulation resulting in a unique cost
per QALY gained for that specific run.

Varicella-related parameters

The infectious disease maodel simulates the number of infectious cases and not GP
visits or hospitalisations, therefore an adjustment must be made for the probahility
that an infectious person will seek medical care. This was done by comparing the
incidence of infection by age as generated by the transmission dynamic model
(which itself is parameterised by comparing to serological data] with the age-
specific incidence of GP attendance. GP visits due to varicella were estimated
based on the database of the Royal College of General Practitioners Weekly Returns
Service (29] over the time period 2004-2007. From this database the number of GP
visits per case was estimated. See tahle 1 for the outcomes.

Hospitalisation was expressed as admissions per varicella infection and is based
on the number of varicella cases as found in the Hospital Episode Statistics database
(HES - 2000-2005, which covers all NHS admissions in England] [ICD-10 code BO1
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in first 3 diagnostic fields), divided by the maodelled incidence of varicella, see table 1.
Information about the average duration of hospitalisation by age was obtained from
the same source. The cost of hospitalisation was estimated by multiplying the
number of days in the hospital with the average cost of an inpatient day. For children
under the age of 15 years a cost of £475 [code PA18 reference costs, www.ic.nhs.uk]
per day was used, for children and adults of 15 years and above a daily cost of £340
(code WADBY reference costs] was assumed, as shown in table 2. Additional costs
may be associated with infection control measures. These have been estimated to
be £865.1 per case [30), and were added to each inpatient episode.

To protect risk groups such as immunocompromised patients, pregnant women
and neonates varicella zoster immune globulin [VZIG] is provided. Treatment with
VZIG costs £280. In 2007 6813 vials were distributed within the UK of which 5514
were for pregnant women and neonates and 1299 for other risk groups. The vials for
pregnant women were distributed according to data of the Office of National Statistics
(ONS] about the mothers’ age in case of a live birth, the remaining vials (apart from
neonates] were evenly distributed over all age groups as presented in tahle 1.

Mortality due to varicella by age was extracted from ONS for 2005. There were 20
deaths, 16 of which were in adults.

The QALY loss per case of varicella was obtained from Brisson and Edmunds
(13] and is based on the HUI2 guestionnaire that was distributed among parents
of young children within GP practices. Due to the questionnaire used in the study
data collection might have been biased towards more severe disease presentation
(>50 spots], therefore a correction was made based on the ohserved distribution
of patients with less than 50 spots and more than 50 spots [31]. Patients with less
than 50 spots were believed to have only 25% (triangular distribution between 5%
and 50%] of the QALY loss compared to patients with more than 50 spots. See the
supplementary data online for maore information.

Varicella vaccination parameters for the 2 doses were estimated by fitting a
model to data from a clinical trial as presented by Kuter et al.(32] The values for
vaccine take and waning are based on a clinical trial with an average of 2900 -
9000 plague forming units (pfu’s), which is slightly above those used in the licensed
varicella vaccines (minimal 1350pfu], see reference (26] for the parameter values
used. The first dose is assumed to be given at 1 year of age, and the second at 3
years of age. It is assumed that these would be given as a combined preparation
with MMR vaccine, and so the administration costs would be negligible. In the
base-case we assume that the coverage will be 90% for a first dose, and 80%
for the second dose, and that there is no catch-up of unvaccinated individuals at
the second opportunity. These coverage levels are optimistic at the moment, as
coverage has fallen due to concerns over the safety of the MMR vaccine in the UK,
but as the coverage is assumed to remain constant through time, we are implicitly
assuming that the MMR coverage (and therefore VZV caverage] will return to levels
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Table 2. Costs and QALY loss due to Varicella and Herpes zoster

Parameter
values Source
Varicella
QALY loss
Natural varicella <15 years 0.0027 (13,31] See online supplement
> 15 years 0.0038 (31,41) See online supplement
Breakthough varicella <15 years 0.0014 (13,31] See online supplement
> 15 years 0.0019 (31,41] See online supplement

Costs
Cost GP consultation £50 (28]
Treatment costs per GP consultation £2.78 (9)
Cost per inpatient day age <15 £475 (42] Non elective inpatient day

2006-2007 Minor infection PA18

(most used reference cost in children)
age >15 £340 (42] Non elective inpatient day
2006-2007 Other viral illness WAOBY
(most used reference cost in adults
and elderly]

Average treatment cost hospitalisation £ 865.1 (30)
Costs per VZIG vial £ 280 Cost as abtained from the

Immunisation Department, HPA

Herpes zoster

QALY loss
The QALY loss is age dependent See reference (25)
For example at age: 20 0.022
40 0.032
60 0.067
80 0.201
Costs
Cost GP consultation [incl. treatment) £ 75.63 (33)
Cost treatment postherpetic neuralgia £ 340.04 (33)
Cost Inpatient day age <69 £195.2 (42]) Minor skin infections
<70 - HRG J42)
age >70 ge24.4 (42]) Minor skin infections

>69 - HRG J41)
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seen previously. However, in acknowledgement that this may not be the case, we
also vary the coverage as part of the sensitivity analysis.

In the base-case, each dose of varicella vaccine is assumed to cost £31, based
on the price that the Centers for Disease Control and Prevention pay for a publically
funded VZV vaccination in the US.

Zoster-related parameters

Estimates of the age-specific costs and QALY losses associated with HZ in the UK
are described by van Hoek et al. [25] but are also presented in table 1, 2 and the
online supplement. The average costs of treating zoster cases [including the costs
of treating post-herpetic neuralgia [PHN] were taken from a retrospective analysis
of the UK General Practice Research Database [33]. As for varicella the details
about hospitalisation and associated cost was obtained from the HES database
(HES 2002-2005, ICD-10 code BO2, GOS3 in the first three diagnostic fields].

The QALY loss due to HZ was estimated by estimating the severity and duration
of pain by age with subsequent QALY loss and fully described by van Hoek et al. [25].

Parameters describing vaccine take and waning associated with HZ vaccine
were estimated by fitting a model to the data from the Shingles Prevention Study
(24). The published data is not detailed enough to estimate age specific take and
waning rates. Therefore a duration of protection was assumed and the take was
then fitted (25]. This resulted in a number of parameter sets for take and waning,
which also varied by age group. For the sensitivity analyses 1000 sets of take and
waning combinations were used. Note that the clinical trial [24] has as primary
endpoints, the burden of illness [(BOI) associated with zoster (a measure of days
spent in pain] and the incidence of PHN, and as a secondary endpoint protection
against an episode of HZ. Analysis of these data suggest that the vaccine may
have had an additional effect on severity of disease [BOI and PHN]), over and abaove
the prevention of HZ (that is, some of the cases that occurred, may have had less
severe disease]. However, in this analysis, we have simply assumed that the vaccine
protects against HZ [and therefore those episodes of PHN associated with this].
Thatis, we may have underestimated the [cost-] effectiveness of the HZ vaccination
programme (see [25] for details]. In the base-case we assume a 70% coverage of
zoster vaccine using a single dose. We determine the optimum age to vaccinate and
then use that in the remainder of the paper. In the base-case combined programme
we assume that zoster vaccination is not switched off, though in the sensitivity
analysis we show a scenario where vaccination of the elderly is terminated when the
vaccinated cohorts become old enough to receive the zoster vaccine.

It was assumed that individuals who had responded to the vaccine would be less
likely to develop zoster than individuals infected by the wild-type virus. This is based
on a summary of the evidence provided by Gershon et al.(34] and Civen et al. [35].
Gershon et al. provide a review, of studies in both healthy and immunocompromised
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children. The findings from the different studies are highly heterogeneous, though
overall, most studies suggest a lower incidence of zoster in those who were vaccinated
compared to those who are naturally infected. This is confirmed by Civen et al. (35) who
estimated that the incidence of zoster was 4 to 12 times lower in vaccinated children.
It should be noted, however, that in the long term post-vaccination equilibrium
(almost) everybaody is vaccinated with two doses of varicella vaccine, and where there
is a very low transmission of wild type virus, due to this low disease transmission
there is almaost no exogenous boosting and (all] people only carry the vaccine virus. In
short; a situation which will be different to any situation currently available to study.
Given the uncertainties in the literature and the uncertainty with the interpretation
of this literature we assume here, that in the base-case the incidence of zoster in
vaccine responders will be 10% of those infected naturally. This percentage is varied
between 0 and 100% in the sensitivity analysis [using a triangular distribution the
mass of which is 50% below 10% and 50% above 10%].

The base case cost of the zoster vaccine is assumed to be £55, with an addition
£10 for administration costs (based on the costs of a nurse consultation] [25].

The parameters used in the cost effectiveness analyses are given in Tables 1-6.
Further details of the distributions used in the sensitivity analysis are given in the online
supplement (for varicella related parameters] and in [25] for HZ-related parameters.

Sensitivity analysis of uncertain parameters

Toassesshaowinfluentialeach uncertaininput parameterisonthe cost-effectiveness
of vaccination, parameter specific coefficients of determination (R?] are estimated
(36]. The R? measures how much of the variance in the outcome [incremental
costs and QALY’s] is explained by a linear relation with that input parameter. For the
contact matrix [analysed as a group of 100 beta coefficients since it is a 10 by 10
matrix] a single R? is obtained, as these parameters are interdependent because
they are estimated using a single model and dataset. For the same reason, a single
R?is obtained for the 2 parameters describing vaccine efficacy, i.e. take and waning,
and for parameter delta (8] and chi (y]. A full description of the parameters used in
the model can be found in reference (26]). Assumptions of linearity and normality
of residuals for these regression analyses are checked. Analyses were performed in
SAS 9.1. Analysis is done for the base-case scenario of the combined strategy of
vaccination of children against varicella and the elderly against zoster.

Discounting and time horizons

Future costs and benefits are discounted to account for time preferences and the
opportunity costs of capital investments. In the base-case discount rates of 3.5%
per annum are applied to both benefits and costs, as recommended hy NICE [27]. In
the case of varicella vaccination there is a possibility that the incidence of HZ will rise
in the short to medium term, and then decline. As the incidence of HZ may be much
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lower among vaccinees a large decrease in the HZ incidence might be expected once
the whole population becomes vaccinated (after about 80 years] (see Figure 1]. After
this period there is estimated to be a low incidence of varicella and zoster. For this
reasaon, results are sensitive to the time horizon and discount rates. Previous authors
have used cut offs of 80 years [13]. In this paper as a base-case we use an infinitive
time harizon, in the following way. At 100 years after vaccination has been introduced,
when a new steady state has been achieved [Figure 1], the number of cases in that
year are handled as a perpetuity and discounted to year 0. Because this has strong
effects on the cost effectiveness of the program over all, cost effectiveness profiles
are shown after 50, 80 and 99 years after start of the program. In addition, the
sensitivity of the results to variation in the discount rates is also shown.

RESULTS

Impact of the programmes on VZV incidence over time

Figure 1 provides estimates of the impact of the different vaccination programmes
over time: a two dose infant palicy (90% and 80% coverage]; a two dose policy with
vaccination of the elderly (70% coverage]; and vaccination of the elderly alone. It
can be seen that a two-dose strategy, is expected to result in a large reduction
in incidence of varicella, which is not affected by whether zoster vaccination
is included as well. A one dose strategy results in far smaller reductions in the
incidence of varicella in the long run, though many of these cases are expected
to be breakthrough varicella cases [not shown]. Infant vaccination is expected
to increase the incidence of zoster in the medium term [up to 30-50 years after
vaccination], and this is only partly offset by vaccination of the elderly, as the
estimated duration of protection is rather short, and the largest increase in zoster
incidence is expected to occur in adults too young to be vaccinated.

Vaccination of the elderly against HZ

We first investigated what was the optimum age to vaccinate the elderly against HZ.
Figure 2 shows the results of this analysis. It can be seen that there s little difference
in the estimated cost-effectiveness of vaccination over the age range 65-75 years.
However, using our base-case assumptions for vaccine efficacy [that there is no
additional effect over and abave the protection against HZ] then vaccination at 75
years is marginally more cost-effective than the other ages. Therefore in further
analyses, vaccination of the elderly is assumed to be given at this age.

Impact of different vaccination programmes on VZV-related costs
and QALYs lost

Table 3 gives the estimated discounted cases, costs and QALYs lost after vaccine
introduction for each of the programmes. Over an infinite time horizon, and
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Figure 1. The estimated incidence of varicella (a] and herpes zoster (b] over time, following vaccine
introduction, for each of the base-case programmes. The shaded area contains 95% of the model
simulations.
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Figure 2. The cost-effectiveness of vaccination of the elderly against herpes zoster at different
ages. The height of the bars is represents for each age group the percentage of 1,000 simulations
which results in a cost effectiveness ratio below the threshold. Base-case model assumed.

discounted at 3.5% per annum, then the two-dose programme costs less than
vaccination of the elderly (at the base-case prices of £62 per varicella course, and
£65 per zoster course].

The change inthe costs and change in QALYs arising from each of the programmes
when compared with the “no vaccination” alternative are shown in Figure 3. It is
clear from this figure, that there is large variation in the estimated benefits derived
from the two-dose programme, with a significant proportion of simulations resulting
in QALYs lost [points on the left-hand side of the figure]. The estimated impact of
vaccination of the elderly against HZ has much lower variance (the points are more
clustered in the cost-effectiveness plane]. The comhbined programme is clearly
much more costly than its two component programmes, and as with the two-dose
strategy is highly variable in effectiveness. This high variability is mainly due to the
uncertainty about the probability of developing zoster among the vaccinated, the
duration of protection from a boosting event, and the contact patterns (table 5].

Cost-effectiveness of the different vaccination programmes

The cost-effectiveness of the different strategies as compared to the no vaccination
alternative, and an incremental analysis are shown in Table 4 a and b. The model
suggests that the optimum strategy is the two-dose policy with vaccination of the
elderly. However, this strategy should, nevertheless be viewed with some caution,
as some simulations [1%] result in QALYs lost (i.e. losses to the population health],
and significant extra health care expenditure [see figure 3].
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Figure 3. The estimated change in costs (vertical axis]) and QALYs (horizontal), of the two-dose
infant programme (light grey points], one dose elderly vaccination (white points) and the combined
programme (dark grey]. All programmes are compared to the no vaccination alternative. Each
point represents a model simulation (there are 1000 for each strategy]. An infinite time horizon
is assumed, with 3.5% per annum discount rates for both benefits and costs. Base-case levels of
coverage are assumed. Vaccination of the elderly is assumed to occur at 75 years, as this is the
most cost-effective age to vaccinate. For reference the two lines represent a cost per QALY gained
ratio of £30,000 (heavy line] and £20,000 (light line].

Sensitivity to discount rate and time frame - Table 4 a and b also shows how
sensitive these findings are to the discount rate. Using a lower rate of discount
for health gains, results in the childhood programmes appearing more cost-
effective in the long run (virtually all of the simulations resulting in a cost-per QALY
gained of below £20,000]. That is, benefits occurring 60+ years after vaccination
(when the incidence of both zoster and varicella is very low under the two-dose
or combined policies] are even more influential on the results. Over shorter time
frames, adopting a lower discount rate will result in the two-dose or combined
policies appearing less cost-effective, and the overall QALY loss can be negative
over sharter time periods (not shown].

The effect of the time frame of analysis is explored in more detail in Figure 4. It is
clear from this figure that vaccination would not be deemed cost-effective for many
years after implementation (even after about 100 years the median is above the
£20-30,000 per QALY gained]. Befare this period the comhined programme would
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Figure 4. The estimated change in costs and benefits of the combined vaccination programme
compared with no vaccination over different time frames of analysis (time since programme
implantation]. A 3.5% discount rate for benefits and costs is used.

be unlikely to be deemed cost-effective, and for 30-50 years has a high probability
of being not effective (i.e. many paints lie to the left of the vertical axis, implying
QALY losses]. That is, with an infinite time harizon benefits accruing many decades
(even centuries] into the future are very influential on the overall assessment of the
cost-effectiveness of varicella (or a combined] programme.

Sensitivity to coverage - The cost effectiveness of the combined programme is not
very sensitive to coverage, aver the range of coverage levels explored (Figure 5]. The level
of vaccine coverage in both the children and elderly is a major driver of the overall costs of
the programme (vertical shifts in the cloud of points in Figure 5], and affects the henefits
(harizantal shifts], but does so in roughly equally. Lowering the coverage improves the
cost effectiveness marginally due to a lower increase in HZ post-vaccination.

The supplementary information provides a sensitivity analysis on the price per
dose and changes in the probabhility of developing zoster in vaccinees.

DISCUSSION

Although there have been a large number of economic analyses of varicella
vaccination (14,15), only a small number of previous cost-utility analyses has
taken into account the possible impact of varicella vaccination on the incidence
of HZ. These updated analyses are more favourable to chickenpox vaccination
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Figure 5. The estimated impact of changes in coverage on the cost-effectiveness of the combined
programme [as in Fig 4 change in costs compared to the no vaccination scenario is shown on the
vertical axis, and change in QALYs on the horizontal axis).

Table 5. Proportion (R?] of total variance in the incremental costs and incremental QALY’s
explained by each [group] of the input parameters. Only the (group of) input parameters that
explain 1% or more of the variance of incremental costs and/or QALY’s are shown. Chi is the
zoster reactivation rate in varicella vaccinees compared to people who are not vaccinated
against varicella, delta represents the duration of boosting after exposure. R? of the linear
model with all input parameters [main effects only] are 0.92 and 0.87 for incremental costs
and incremental QALY’s respectively, indicating the models approximate well the relationship
between input parameters and incremental costs and incremental QALY’s. Residuals are
normally distributed (Shapiro-Wilk narmality test, W>0.95].

Parameter [(groups) Incremental costs Incremental QALYs
Chi and delta 0.62 0.47
Contact patterns 0.28 0.29
Zoster vaccine take and waning 0.04 0.11
Other parameters (group] <0.01 <0.01

than previous analyses concluded (13], due to a comhination of factars. The most
important are that the time frame of analysis has bheen extended and the increase
in zoster following varicella vaccination is expected to be somewhat less than
previous modelling work suggested [13]. These issues are addressed in turn, below.

The results are very sensitive to the time-frame of analysis. Childhood varicella
vaccination evaluated over 30 or 50 years post-vaccination are unlikely to be cost-
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effective. However, programmes evaluated over a longer time frame are increasingly
likely to be cost-effective. That is, benefits occurring 60 years or mare after infant
vaccination is initiated are very influential on the results (even when discounted].
This is the period when the incidence of HZ is expected to decline, as the vaccinated
cohorts pass into the age groups when they are at greatest risk of developing
zoster. The model assumes that individuals who respond to the varicella vaccine
are less likely to develop zoster than those naturally infected. The data on this is
scarce, and as our findings are sensitive to this the results should be viewed with
considerable caution. That is, the conclusions are influenced by a parameter value
for which there is very little quantitative support, and depend on very long time-
frames of analyses [time frames over which it is not realistic to conclude that other
aspects of VZV epidemiology and economics would remain stahble].

Theincreaseinzosterthatisexpected aftervaccinationislessthanwasestimated
by Brisson and colleagues (5,6,9,13]. This results from an updated estimation of
the force of infection in adults (derived from the analysis of contact patterns],
which then necessitated a re-estimation of the reactivation rate. There remains
considerable uncertainty regarding these parameters, which influences strongly
the results. and continued surveillance of HZ in countries that have introduced the
vaccine should, given time, help to improve our quantitative understanding of these
processes. Leung et al. have shown that there has been anincrease in hospitalisation
for HZ in the US in the years after vaccination (37]). Unfortunately there is no good
baseline data available, hence it is not possible to attribute this increase with any
certainty to vaccination practice. In addition there does not seem to be a striking
difference between states with a low and high vaccine uptake, although the absolute
difference in vaccination coverage is not presented, and a substantial difference is
needed before an effect might become apparent (37]. On the other hand, Leung
have also shown that the incidence of zoster in adults living with children is lower
than in those who do not [as has been shown in the UK(5]], added suggesting that
exposure to varicella does indeed reduce the risk of zoster. In addition, this gap
in incidence between thaose living with/out children has been decreasing (37]; as
would be expected if, as children hecame vaccinated, the influence of living with
children [and being boosted] disappears. Overall, although the pattern of increase
in zoster in the US is consistent with a boosting hypothesis, no definitive proof can
ever be derived from such associations.

The current study also looked at a two-dose strategy and combined strategies
of vaccination of children against varicella and the elderly against zoster. The
results suggested that a combined policy may be cost-effective, though there are
a number of caveats attached to this statement [see above]. Terminating zoster
vaccination when the cohorts who have had varicella vaccine become old enough to
receive zoster vaccine is slightly maore cost-effective. This is because the varicella
vaccinated cohorts are assumed to be less likely to develop zoster. If such a comhbined
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strategy were to be employed there should be ample opportunity to accurately
estimate the rate of acquisition of zoster in vaccinees, before considering when (or
if]) HZ vaccination can be terminated.

The Shingles Prevention Study (a large placebo controlled trial of HZ vaccination)
took as its primary endpoints the burden of iliness assaciated with HZ (a measure of
days spent in pain weighted by the severity of that pain] and prevention of PHN [24].
Prevention of HZ was a secondary endpoint. The efficacy against these BOIl and PHN
was higher than that against HZ, suggesting that the vaccine may have an effect over
and above prevention of shingles. However the burden of illness was measured as a
reduction in days of pain, which does not have to correspond with a reduction in QALY
loss. We ignored these potential additional effects in our analyses, and so we may
have underestimated the benefit of the HZ vaccine. The inclusion of these additional
effects alters the optimum age at HZ vaccination as the severity of HZ increases with
age, and the additional effects also appear to be age dependent [see [25] for further
details]). Based on the assumption of an exponential decline our most likely duration
of protection of HZ vaccination was 7.5 years (3.6 - 100 years] (25] which is shorter
than previous estimates (38], due to different model assumptions [39]. A longer
duration of protection will lower the optimal age of HZ vaccination. Thus, the optimal
age of HZ vaccination is not as clear as seems apparent here.

The transmission model assumed a stationary population, with constant
mortality and birth rates over time. This is, perhaps, an oversimplification, as the
elderly population, in particular, is expected to increase in size (40]. Indeed, the
over 85s are expected to mare than double in size over the next 20 years [from
1.3 million to 3.3 million]. As the risk of zoster increases exponentially with age
we would expect the crude incidence to increase over time due to population
aging. Modelling these changes would complicate the interpretation of the zoster
incidence trends shown here. In addition allowing a variable demographic structure
would necessitate constant re-evaluation of contact rates, as there would be a
different number of individuals by age group. Incorporating these changes into the
model would be a major undertaking, especially for the fitting procedures, and we
have therefore chosen to ignore them. It should, however, be borne in mind that
an increase in the incidence of zoster would, other things being equal, render
vaccination against zoster more cost-effective than is shown here.

One of the strengths of this paper is in how it has handled uncertainty. To our
knowledge no previous economic analysis of any vaccination programme has
incorporated uncertainty in the underlying epidemiology (including contact patterns]
as well as uncertainty in the economic and health outcome parameters. The existence
of the contact pattern data allowed us not only to quantify the relevant average
contact patterns between and within age groups, but also a measure of the statistical
uncertainty in this. This parameter uncertainty was found to be, given the base-case
scenario, one of the most influential on the expected impact of the vaccination
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programs. Hence, quantifying this uncertainty, and propagating it through the
epidemiological and then economic analysis, is a key methodological advance.

The fact that the time-frame of analysis and discount rate chosen are so
influential is very problematic for decision-making. Over the time-frames modelled
here (including an infinite time frame] huge changes in society are likely to result,
as are enormous technological changes and changes to the health service. Model
results are also likely to be inaccurate over such time frames. Decision-makers need
to be aware of this, and that an infant vaccination programme may not be cost-
effective for many decades following vaccination, when judging whether childhood
varicella vaccination should be adopted.

APPENDICES

Appendices are online available at: http://www.sciencedirect.com/science/article/
pii/S0264410X11017932

CONTRIBUTIONS

AJvH programming the model, parameterisation and writing up, AM programming, model
structure and methodology, NG methodology and model structure, JB was responsible
for developing and executing the sensitivity analysis, JE was respaonsible for the overall
design, supervision, vaccination scenarios, parameterisation and writing up.

ACKNOWLEDGMENTS

This research was partly funded by POLYMOD, a European Commission project
funded within the Sixth Framework Programme, contract number: SSP22-CT-
2004-502084, and partly by a grant from the UK Department of Health Palicy
Research Programme, grant number: 039/0031. AM was also partially funded by
ECDC GRANT/2009/002. The views expressed in the publication are those of the
authors and not necessarily those of the Department of Health.

REFERENCE LIST

1. Centers for Disease Control and 3. CentersforDisease Controland Prevention.
Prevention. Prevention of varicella Prevention of Varicella: Recommendations
Recommendations of the Advisory of the Advisory Committee onImmunization

Committee on Immunization Practices.
MMWR. 1996 Oct;45(RR-11]:1-36.

Centers for Disease Control and
Prevention. Prevention of varicella:
updated recommendations of the Advisory
Committee on Immunization Practices
(ACIP). MMWR. 1999 May 28;48(RR-6):1-5.

Practices. MMWR. 2007;56(RR-4]:1-38.
Halloran M, Cochi S, Lieu T, Wharton M,
Fehrs L. Thearetical epidemiologic and
morbidity effects of routine varicella
immunization of preschool children in
the United States. American Journal of
Epidemiology. 1994;140(2):81-104.

111



112

THE COST-EFFECTIVENESS OF A COMBINED VARICELLA AND HERPES ZOSTER VACCINATION PROGRAMME

10.

11.

12.

13.

14.

Brisson M, Edmunds WJ, Gay NJ, Law
B, De Serres G. Modelling the impact
of immunization on the epidemiology
of varicella zoster virus. Epidemiology
and infection [Internet]. 2000
Dec;125(3):651-68.

Brissan M, Gay NJ, Edmunds WJ, Andrews
NJ.Exposuretovaricellaboostsimmunity
to herpes-zoster: implications for mass
vaccination against chickenpox. Vaccine.
2002 Jun 7;20(19-20):2500-7.

Thomas SL, Wheeler JG, Hall AJ.
Contacts with varicella or with children
and protection against herpes zoster
in adults: a case-contral study. Lancet.
2002 Aug 31;360(9334):678-82.
Schuette MC, Hethcote HW. Maodeling
the effects of varicella vaccination
programs on the incidence of chickenpox
and shingles. Bulletin of mathematical
hiology. 1999 Nov;61(6):1031-64.
Brisson M, Edmunds WJ. Epidemiology
of Varicella-Zoster Virus in England
and Wales. Journal of medical virology
[Internet]. 2003 Jan;70 Suppl 1:S9-14.

Brisson M, Edmunds WJ, Gay NJ, Law B,
De Serres G. Analysis of varicella vaccine

breakthrough rates: implications for
the effectiveness of immunisation
programmes. Vaccine. 2000 Jun

15;18(25):2775-8.

Lopez AS, Guris D, Zimmerman L, Gladden
L, Moore T, Haselow DT, et al. One dose of
varicella vaccine does not prevent schoaol
outbreaks: is it time for a second dose?
Pediatrics. 2006

Michalik DE, Steinberg SP, Larussa PS,
Edwards KM, Wright PF, Arvin AM, et al.
Primary vaccine failure after 1 dose of
varicella vaccine in healthy children. The
Journal of infectious diseases. 2008 Apr
1;197(7):944-8.

Brisson M, Edmunds WJ. Varicella
vaccination in England and Wales: cost-
utility analysis. Archives of disease in
childhood. 2003 Oct;88:862-9.

Thiry N, Beutels P, Van Damme P, Van
Doorslaer E. Economic evaluations of

15.

16.

17.

18.

19.

20.

21.

22.

varicellavaccinationprogrammes:areview
of the literature. Pharmacoeconomics.
2003;21(1):13-38. #

Rozenbaum MH, van Hoek AJ, Vegter
S, Postma MJ. Cost-effectiveness of
varicella vaccination programs: an update
of the literature. Expert review of vaccines
[Internet]. 2008 Aug;7(6):753-82.

Guris D, Jumaan AO, Mascola L, Watson
BM, Zhang JX, Chaves SS, et al. Changing
varicella  epidemiology in  active
surveillance sites--United States, 1995-
2005. The Journal of infectious diseases.
2008 Mar 1;197 Suppl :S71-5

MarinM, MeissnerHC, Seward JF. Varicella
prevention in the United States: a review
of successes and challenges. Pediatrics.
2008 Sep 122(3]):e744-51.

Mullooly JP, Riedlinger K, Chun C,
Weinmann S, Houston H. Incidence of
herpes zoster, 1997-2002. Epidemiology
and infection. 2005 Apr;133(2):245-53.

Yih WK, Brooks DR, Lett SM, Jumaan
A0, Zhang Z, Clements KM, et al. The
incidence of varicella and herpes zoster
in Massachusetts as measured hy the
Behavioral Risk Factor Surveillance System
(BRFSS] during a period of increasing
varicella vaccine coverage, 1998-2003.
BMC public health. 2005 Jan 5:68.

Jumaan AQ, Yu 0O, Jackson LA, Bohlke K,
Galil K, Seward JF. Incidence of Herpes
Zoster, before and after Varicella-
Vaccination-Associated Decreases
in the Incidence of Varicella, 1992-
2002. Journal of Infectious Diseases.
2005;191(12):2002-2007.

Yawn BP, Saddier P, Waollan PC, St Sauver
JL, Kurland MJ, Sy LS. A population-
based study of the incidence and
complication rates of herpes zoster
before zoster vaccine introduction. Mayo
Clinic proceedings. Mayo Clinic. 2007
Nov;82(11):1341-9

Mossong J, Hens N, Jit M, Beutels P,
Auranen K, Mikaolajezyk R, et al. Social
contacts and mixing patterns relevant
to the spread of infectious diseases.



THE COST-EFFECTIVENESS OF A COMBINED VARICELLA AND HERPES ZOSTER VACCINATION PROGRAMME

23.

24.

25.

26.

27.

28.

29.

30.

31.

PLoS medicine [Internet]. 2008 Mar
25;5(3):e74.

Centers for Disease Control and
Prevention. Morbidity and Mortality
Weekly Report Prevention of Herpes
Zoster Recommendations of the
Advisory Prevention of Herpes Zoster:
recommendation of the Advisory
Committee on Immunization Practices.
MMWR. 2008;57[RR-5]):30.

OxmanM, LevinM,JohnsonG, Schmaderk,
Straus S, Gelb L, etal. Avaccine to prevent
herpes zoster and postherpetic neuralgia
in older adults. New England Journal of
Medicine. 2005;352(22):2271-2284.
van Hoek A, Gay N, Melegaro A,
Opstelten W, Edmunds WJ. Estimating
the cost-effectiveness of vaccination
against herpes zoster in England and
Wales. Vaccine [Internet]. 2009 Feb
25;27(9):1454-67.

van Hoek AJ, Melegaro A, Zagheni E,
Edmunds WJ, Gay N. Modelling the
impact of a comhined varicella and
zoster vaccination programme on
the epidemiology of varicella zoster
virus in England. Vaccine 2011 Mar
16;29(13):2411-20.

Guide to the methods of technology
appraisal. National Institute for Health
and Clinical Excellence; 2008.

Curtis L, editor. Unit Costs of Health &
Sacial Care. Canterbury: Personal Social
Serivces Research Unit, University of
Kent; 2007. www.pssru.ac.uk

Royal College of General Practitioners.
Weekly Returns Service Annual Report.
Available from: http://www.rcgp.org.
uk/clinical_and_research/rsc/annual_
reports.aspx

Wreghitt T, Whipp J, Redpath C,
Hollingwarth W. An analysis of infection
control of varicella-zoster virus infections
in Addenbrooke’s Hospital Cambridge over
a S-year period, 1987-92. Epidemiology
and Infection. 1996;117(01):165-171.
Chaves SS, Zhang J, Civen R, Watson BM,
CarbajalT,PerellaD,etal.Varicelladisease

3e.

33.

34.

35.

36.

37.

38.

39.

40.

among vaccinated persons: clinical and
epidemiological characteristics, 1997-
2005. The Journal of infectious diseases
2008 Mar 1;197 Suppl :S127-31.

Kuter B, Matthews H, Shinefield H,
Black S, Dennehy P, Watson B, et al. Ten
year follow-up of healthy children who
received one or two injections of varicella
vaccine. The Pediatric infectious disease
journal 2004 Feh;23(2]):132-7.

Gauthier a, Breuer J, Carrington D, Martin
M, Rémy V. Epidemioclogy and cost of
herpes zoster and post-herpetic neuralgia
in the United Kingdom. Epidemiology and
infection. 2009 Jan;137(1):38-47.

Gershon A, Takahashi'Y, Seward JF. Varicella
vaccine. In: Plotkin S, Orenstein W, Offit P,
editors. Vaccines. Saunders; 2008.

Civen R, Chaves SS, Jumaan A, Wu H,
Mascolal, Gargiullo P, etal. The incidence
and clinical characteristics of herpes
zoster among children and adolescents
after implementation of varicella
vaccination. The Pediatric infectious
disease journal. 2009 Nov;28(11]:954-9.

Briggs A, Claxton K, Sculpher M.
Decision modelling for health economic
evaluation. New York: Oxford University
Press; 2006.

Leung J, Harpaz R, Malinari N-A, Jumaan
A, Zhou F. Herpes zosterincidence among
insured persons in the United States,
1993-2006: evaluation of impact of
varicella vaccination. Clinical infectious
diseases. 2011 Feh;52(3]:332-40.
Pellissier JM, Brisson M, Levin MJ.
Evaluation of the cost-effectiveness
in the United States of a vaccine to
prevent herpes zoster and postherpetic
neuralgia in older adults. Vaccine. 2007
Nov 28;25(49):8326-37.

Bilcke J, Ogunjimi B, Hulstaert F Van
Damme P, Hens N, Beutels P. Estimating
the age-specific duration of herpes zoster
vaccine protection: A matter of model
choice? Vaccin. 2011 Oct 1;In press:13-15.
Office for National Statistics. Statistical
Bulletin - 2010-based national population

113



114

THE COST-EFFECTIVENESS OF A COMBINED VARICELLA AND HERPES ZOSTER VACCINATION PROGRAMME

q1.

projections. Octaober.
Available from: http://www.ons.gov.uk/
ons/dcpl71778_235886.pdf

Bala MV, Wood LL, Zarkin GA, Nortan EC,
Gafni A, O'Brien B. Valuing Outcomes in
Health Care:: AComparison of Willingness
to Pay and Quality-Adjusted Life-Years.
Journal of Clinical epidemiology. 1998
Aug:51(8):667-676.

2011;:1-22. 42. Department of Health. NHS Reference

costs 2006-2007. 2008. Available from:
http://www.dh.gov.uk/en/
Publicationsandstatistics/Publications/
PublicationsPolicyAndGuidance/
DH_082571









PART Il

INFLUENZA






chapter SIX

THE IMPACT OF PANDEMIC INFLUENZA H1IN1
ON HEALTH-RELATED QUALITY OF LIFE: A PROSPECTIVE
POPULATION-BASED STUDY

AJ van Hoek?, A Underwood?, M Jit?,
E Miller! WJ Edmunds3?

Immunisation, Hepatitis and Blood Safety Department, Health Protection Agency, 61
Colindale Avenue, NW9 5EQ, London, UK

®Applied laboratory and hioinformatics unit, Health Protection Agency, 61 Colindale Avenue,
NWS 5EQ, London, UK

SCentre for the Mathematical Modelling of Infectious Diseases, London School of Hygiene
and Tropical Medicine, Keppel Street, WC1E 7HT, London, UK

PLoS One 6(3]:e17030



SIX

120

THE IMPACT OF PANDEMIC INFLUENZA HIN1 ON THE QUALITY OF LIFE

ABSTRACT

Background

While the HIN1v influenza pandemic in 2009 was clinically mild, with a low case-
fatality rate, the overall disease burden measured in quality-adjusted life years [QALY)
lost has not been estimated. Such a measure would allow comparison with other
diseases and assessment of the cost-effectiveness of pandemic control measures.

Methods and findings

Cases of HIN1v confirmed by polymerase chain reaction (PCR] and PCR negative
cases with similar influenza-like illness (ILI contrals) in 7 regions of England
were sent two questionnaires, one within a week of symptom onset and one two
weeks later, requesting information on duration of illness, work loss and antiviral
use together with EQ-5D questionnaires. Results were compared with those for
seasonal influenza from a systematic literature review. A total QALY loss for the 2009
pandemic in England was calculated based on the estimated total clinical cases and
reported deaths. A total of 655 questionnaires were sent and 296 (45%] returned.
Symptoms and average illness duration were similar between confirmed cases
and ILI contrals (8.8 days and 8.7 days respectively). Days off work were greater
for cases than ILI controls (7.3 and 4.9 days respectively, p=0.003]. The quality-
adjusted life days lost was 2.92 for confirmed cases and 2.74 for ILI contrals, with a
reduction in QALY loss after prompt use of antivirals in confirmed cases. The overall
QALY loss in the pandemic was estimated at 28,126 QALYs (22,267 discounted] 40%
of which was due to deaths [24% with discounting].

Conclusion

Given the global public health significance of influenza, it is remarkable that no
previous prospective study of the QALY loss of influenza using standardised and
well validated methods has been performed. Although the QALY loss was minor far
individual patients, the estimated total burden of influenza over the pandemic was
substantial when compared to other infectious diseases.

INTRODUCTION

Influenza severity is usually characterised by the case-fatality rate (CFR]. There are
major problems with this measure as the denominator (the number of cases] is
difficult to ascertain, resulting in widely varying estimates for the same viral strain
(1) Using the CFR to characterise severity ignores the burden of disease in the
vast majority of individuals who have symptomatic influenza (possibly severe] but
do not die. Many millions of individuals were infected with the pandemic strain of
influenza AH1N1v in 2009, and it is likely that many more will be infected by related
strains in the coming years. In order to help evaluate the overall impact of the 2009
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H1N1v pandemic on the health of populations it is necessary to measure the burden
associated with non-fatal as well as fatal cases. One simple way to measure the
impact would be to use a measure that combines morbidity and mortality in a single
unit. Quality Adjusted Life Years [QALYs] are a commonly used metric that has this
property. The EQ-5D is a generic preference-based instrument designed to measure
the health related quality of life (QoL or QALY-weight] of any disease state. Using
this instrument allows quantification of the severity of HIN1v on a comparahle and
standardised scale. It enables rational decisions to be made about interventions in
future waves of H1IN1v by comparing, for instance, the cost per QALY gained from
such interventions with nationally accepted norms. In addition, it gives more in
depth understanding of the impact of influenza on different aspects of well being.
The health-related quality of life detriment from a population-based sample of
confirmed HIN1v patients was prospectively measured and compared to controls who
were investigated because they had influenza like illness (ILI], but were not laboratary
confirmed as HLN1v. The aims were: 1] to quantify the burden of HLN1v for individual
patients and investigate factors, such as age and treatment with antivirals, that may
affect this; 2] compare the severity of the 2009 strain to other infections that cause
ILI and previous estimates of the severity of influenza from a systematic literature
review; and 3] to estimate the overall burden attributed to HIN1v in the population.
The findings can then be used to inform effectiveness and cost-effectiveness analyses
on palicy decisions related to the control of future waves of this (or related] viruses.

METHODS

Prospective study of severity of HLN1v

The EQ-5D is a combination of a questionnaire and a valuation technique. The tool
values health-related quality of life in five dimensions: maobility, self-care, usual
activities, pain/discomfort and anxiety/depression. For each dimension there are
three levels: no problems, some problems and severe problems. The overall health
status is also measured using the visual analogue scale [VAS]. The power of the
EQ-5D is that it makes it possible to convert an outcome for each dimension of
this scale into a quality of life score. It is recommended by the National Institute for
Clinical Excellence for use in cost-effectiveness analyses in the UK (2]. During the
early stages of the 2009 pandemic PCR confirmed cases of influenza A HIN1v and
a control group of PCR negative cases of ILI were identified. The PCR test used was
validated and has a good specificity and a sensitivity of 95.4% [3]. During this time
(weeks 27/28 2009] the containment phase of the response to the pandemic was
still in place in England and all cases of influenza were being actively traced and
centrally registered on a single database [Fluzone]), irrespective of risk status, age
group, complications, etc. Demographic, clinical, and epidemiological information
was recorded on each case, including name, age, address, date of onset, and
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whether the case had been confirmed as HLIN1y, tested and confirmed as not being
H1N1v (discarded], or was awaiting test confirmation. The database was updated
daily. Cases found to be negative for HIN1v [ILI controls] were not investigated
further, and so their aetiological causes are unknown. From this database patients
who had confirmed HIN1v and those who had ILI but had tested negative for HLIN1y,
who had a date of onset within 1 week of the (then] current date were contacted hy
post and asked to take part in the survey. During the period of the study, two regions
of England [London and the West Midlands] stopped investigating every case. To
avoid hiasing the results of the survey, we excluded cases from these regions.

The Fluzone database was checked daily during the recruitment period [weeks
27 and 28 2009]) for new cases of ILI with recent onset (i.e. onset within 1 week of
the day on which the database was checked] who were not resident in London or
West Midlands. These were then contacted and asked to participate. The covering
letter explained the study and contained instructions for completing the survey. The
questionnaire asked for age, sex, presence of pre-dispasing conditions (diabetes,
asthma or other chronic respiratory disease, chronic heart, kidney or liver disease,
long-term neurological disease, or immuno-suppression], attendance at hospital,
date of onset of symptoms, whether antivirals were being taken, and if so when
they were first taken, and a checklist documenting their symptoms on the day of
the survey and on their worst day of illness. In addition, they were asked to fill in
the two copies of the EQ-5D0, one for the worst day of their illness and one for the
day they filled in the questionnaire. A second guestionnaire was sent out two weeks
after the first, which requested information on the total duration of symptoms, and
absenteeism from work or school. Respondents were also asked to fill in another
EQ-5D questionnaire on that day to obtain a base line score for their health-related
quality of life. In case there was no response from the first mailing a reminder
was sent out, containing both questionnaires. Non-responders to the second
questionnaire were not followed up. Patients could fill in the questionnaires by post
or on-line (they were provided with a secure login to enable this].

Children [<16 years] were sent a child version of the EQ-5D (4] and questions
were altered somewhat (e.g. absence from school instead of wark]. A separate
question on the work loss of the parents due to disease in the child was added. In
the covering letter [addressed to the guardian] it was suggested that older children
fill in the survey themselves [with the assistance of the parent/guardian] and that
for younger ones the parent/guardian fill out the survey on their behalf. Copies of
the questionnaires and cover letters are available from the authors on request.

Enquiry to the NHS Research Ethics Committee indicated that ethics approval
for this study was not required, since collection of QoL information from patients
is part of the routine surveillance activities of the Health Protection Agency (HPA].

Only individuals with an ILI should have been investigated for HIN1v but to
be certain, we asked respondents whether they had fever plus at least one other
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respiratory symptom on their worst day of illness. In the statistical analysis, only
cases and control participants who recorded that they had symptoms consistent
with an ILI were included. Differences between the two groups (confirmed cases and
ILI controls) were tested having corrected for multiple comparisons using the Sidak
carrection (an exact version of the Bonferroni correction]. For the QALY analysis we
only included patients for whom a complete set of data was available to calculate
the QALY loss; this is an onset and end date, as well as quality of life weights for the
worst day and the date of onset. The averall QALY loss was estimated to be the area
denoted by the triangle with vertices being the background quality of life weight
at onset date, the quality of life weight at the worst day and the time since onset
of the worst day, and the background quality of life weight at the recovery date.
Attribution of risk factors to the QALY score was investigated by linear regression. In
the regression QALY scores were logged to take account of the skew in the original
data. Statistical analysis was performed with R version 2.11.0.

Systematic literature review

To compare our results with previous estimates of the quality of life detriment due
to influenza we performed a literature review. Pubmed was searched for the terms
‘influenza’ and ‘quality-adjusted life year’, ‘QALY’, ‘QALD’ or ‘EQ-5D’. The abstracts
of all identified papers were reviewed, and original articles (not reviews) published
in English were retained.

Overall disease burden

To estimate the overall disease burden in England for the 2009 H1IN1v pandemic,
we focussed on the number of cases presenting with fever and those who died. The
estimated number of people presenting with ILI (fever + respiratory symptom] was
based on the estimated number of infections. To obtain the latter the estimated total
number of clinical cases (5] in the first and second waves in England was multiplied
by a factor 10. This factor is based on a comparison of the estimated clinical cases
and seroprevalence after the first wave in England (6]. Although it might be justified
to use a higher multiplication factor for the second wave hased on mortality and other
surveillance data [5; 7], the same multiplier was used for the whaole period and can
therefore be seen as a conservative approach. To obtain the estimated number of
infected persons presenting with ILI, the number of infections was multiplied by the
proportion of infections presenting with fever (27%] as estimated from an intensive
househald follow up during the initial stages of the 2009 pandemic (8). The total
burden expressed in QALYs was a multiplication of the QALY loss obtained in this study
by the number of infections presenting with ILI, plus the QALY loss for fatal cases. The
QALY loss for fatal cases was estimated as the average life-expectancy corrected for
the expected quality of life in those years [9]. This assumes that each recorded death
was actually caused by H1N1y, that there was no under-reporting of deaths, and that
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despite most deaths being in risk groups, the average life-expectancy was lost per
death. The base-line estimate assumed no discounting of future life-expectancy.
Discounting at 3.5% [2] was also used in the sensitivity analysis.

RESULTS

Prospective study of severity of HLN1v

A total of 655 patients met the inclusion criteria and were sent a questionnaire,
of whom 390 were confirmed cases and 265 were ILI controls. We received 287
responses, of which 269 reported ILI and were included in the analysis, 186 from
confirmed cases and 83 from ILI controls. The response rate was significantly higher
in the confirmed H1N1v group (48% vs 31% p<0.001]. This difference was slightly
larger in children [55% vs 31%].

The demaographic compasition of the two groups was similar [Table 1]. Although
there was a slightly higher fraction of the control group that was in a risk group (25%
vs 19%] this was not significant. The hospitalisation rate was 8-9% in both groups.
This high level of hospitalisation may represent heightened concern at the outset
of the epidemic. Antiviral use was higher among the confirmed cases (although this
was not significant after adjusting for multiple comparisons]. The proportion of cases
receiving antivirals within 2 days of onset was similar between the two groups.

Table 1. Background characteristic of patients.

Confirmed HIN1v ILI ILI controls

cases (non-H1N1v ILI cases)
Il (fever+1 other symptom) 186 (96%) 83 (89%])
Of those with ILI
Adults 115 (62%) 58 (70%)
Children 71 (38%) 25 (30%)
Risk group 36 (19%) 21 (25%])
Hospital admission 16 (9%] 7 (8%)
Antivirals 132 (71%) 44 (53%) p=0.0065*
Antivirals within 2 days after 65 (35%) 26 (31%])

onset (day0&162)

* not significant when corrected for multiple comparisons

The symptomsrecorded by both groupswere similar [Table 2]. The only significant
difference was that the confirmed H1N1v cases recorded more occurrences of cough
(S0% vs B4%, p<0.001]. The duration of symptoms was not known for everybody
due to non-respondents to the second questionnaire. Nevertheless, the duration



THE IMPACT OF PANDEMIC INFLUENZA HIN1 ON THE QUALITY OF LIFE

was similar for the two groups (average duration of 8.8 and 8.7 days respectively
for the confirmed and control group]. The duration of time off work was 7.3 days for
the confirmed cases and 4.9 for the ILI controls: a significant difference using the
Welch two sided t-test (p=0.003]. The worst day of disease appeared shortly after
onset of the symptoms for both groups, however for the control group the worst day
was slightly later [median 2 days] after onset than for the confirmed cases (median
1 day after onset] (Table 2].

Table 2. Symptoms reported by patients.

Confirmed H1IN1v ILI ILI controls
Symptoms cases (non- H1N1v ILI cases)
Sare throat 152 (82%]) 68 (82%]
Cough 167 (90%) 53 (64%) p>0.001
Headache 160 (86%) 69 (83%)
Tiredness 176 (95%) 77 (93%])
Chills 142 (76%) [59%] p= 0.006*
Loss of appetite 147 (79%) 2 (75%])
Muscle pain 128 (69%) 4(65%)
Joint pain 9 (53%) 1(61%])
Nausea 87 (47%) 8 (46%])
Diarrhoea 6 (25%) 28 (34%])
Conjunctivitis 53 (28%) 18 (22%]
Average duration of symptoms (min-max] 8.8 (1 - 28] n=133 8.7 [2-32) n=56
Worst day (median, mean, modus) 1,1.64,day 1 2,2.18,day1
time off work information available 82 (44%) 39 (47%)
Average time off wark (min-max] 7.3 (1-28) 49(1-21)p=0.003

* not significant when corrected for multiple comparisons

All five of the dimensions measured in the EQ-5D were affected by ILI, in both
groups of patients, though usual activities and pain/discomfort were the most
affected (Table 3]. Only about 5% of patients said that they had no problems with pain
or discomfort on the worst day of illness, and 2% [8%] said they had no problems with
usual activities on the warst day of their illness in the confirmed (control] groups.

The overall quality of life weight for the waorst day was 0.29 for the confirmed
cases and 0.34 for the ILI controls [Table 4]. After the symptoms had gone the
quality of life weights were 0.96 and 0.97 respectively. Based on the VAS scale the
QALY weight was 90 [on scale 0-100] for the background and 30 for the warst day.
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Table 3. Impact on the 5 dimensions as measured in the EQ5D

No problems Some problems Severe problems
ILI ILI ILI

HIN1lv  controls HIN1lv  controls HIN1lv  controls
Background
Self care 125(98%) 51(96%]) 1 (1%) 2 (4%) 1(1%)] 0 (0%)]
Mobility 122 (96%) 52 (98%]) 4 (3%]) 1(2%) 1(1%) 0 (0%)
Usual activities 115(90%) 50(94%) 11(9%) 3 (6%) 1(1%) 0(0%)]
Pain/discomfort 118 (93%) 50(94%) 8 (6%) 3 (6%) 1(1%) 0 (0%)
Anxiety / Depression 123 (97%) 50(94%) 4(3%) 3 (6%) 0(0%) 0(0%)
Worst day
Self care 83 (46%) 38 (48%]) S57(31%]) 28(35%]) 4d1[(23%) 13(16%)
Mobility 31(17%) 17 (20%) 72(38%)]) 34 (41%]) 81 (44%]) 32(39%)
Usual activities 3 (2%) 7(8%) 53(29%) 25(30%) 126(69%) 51 (61%)
Pain/discomfort 8 (4%) 4(5%) 111(60%) 48 (59%) 65(35%) 30 (37%])
Anxiety / Depression 82 (45%]) 30(37%] 57 (31%) 37 (46%) 43 (24%) 14 (17%)

The comparahble values for the ILI controls were similar, 83 and 30 respectively.
Complete information to calculate an overall QALY loss was only available for 114 of
the 186 (61%]) confirmed cases and 46 (55%] of the 83 control ILI cases. The final
QALY loss due to the whole period of disease was 0.0075 for the confirmed cases
and 0.008 for the cases in the control group, i.e. 2.7 and 2.9 Quality Adjusted Life
Days (QALDs], respectively.

In multivariable linear regression only antiviral use [within 48 hours]) was
associated with the number of QALDs lost, and only in confirmed HIN1lv cases
(p= 0.084). Prompt antiviral use was found to reduce the number of QALDs lost by
50% [22%-110% CI 95%]. No other factor (including age, sex, presence of risk-
factars, whether hospitalised, whether the case was confirmed H1N1v or not] was
significantly assaciated with the number of QALDs lost.

Systematic literature review

Sixty-one articles were found, 10 of which were reviews and discarded. A further
10 studies only estimated life years lost, two papers described different diseases, a
further two were not published in English, leaving 36 studies mentioning the burden
of influenza or ILI. However, none of the reviewed papers was specifically dedicated
to the burden of disease, but gave values for this as part of a cost effectiveness
study. A number of papers present the same data from the clinical trials of the
antiviral zanamivir but with different analyses. Overall we were only able to identify
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Table 4. Impact of ILI on health related quality of life for confirmed and control patients.

Confirmed HIN1v ILI ILI controls
cases (non-H1IN1v ILI cases)
EQ-5D Background (min-max,median) 0.96 (0.15-1,1) 0.97 (0.5-1,1)
EQ-5D Waorst day (min-max,median) 0.29 [-0.073-1,0.24) 0.34 (-0.073-1,0.24)
VAS Background (min-max,median] 90 (20-100,95) 89 (55-100, 90]
VAS Worst day (min-max,median) 30 (0-100,25) 30 (5-80,30)

Overall QALY loss [min-max,median] 0.0075 [0-0.027,0.006] 0.008 [0-0.044,0.0086]
Overall QALD loss (min-max,median) 2.74 (0-9.84, 2.18) 2.92 (0-16.2, 2.12)]

four original sources of information on the burden of disease due to ILI as measured
in QALYs, including the trial data as one source, see table 5 for an overview.

The first original source of data is a study by Griffin et.al [(10] in which 21 warking
adults were asked to fill an EQ-5D guestionnaire within 3 manths of onset of ILI, and
8 GPs were asked to do the same. The study reported relatively low QALY weights
for ILI with values below zero (corresponding to a state warse than death] being
recorded. The weights were, however, applied to a very short duration of illness which
was measured separately on a different group of patients [2.48 days]. Hence the
overall loss was estimated at 2.19 QALDs. The second source of data is the clinical
trials of zanamivir, reported by O’Brien et al.[11] In the zanamivir trials almost
640 patients with ILI were asked within 48 hrs of onset of disease to value their
health on a scale between 0 and 10 every day for 21 days. Since this is not a QALY
scale, several separate analyses have been performed on the same data to map the
disease-specific scale onto a QALY scale. In addition, since these data have mostly
been used in cost-effectiveness studies of the use of antivirals, no figures for overall
QALY loss due to ILI have been published, anly the difference in QALY loss due to
ILI in patients with and without antivirals [11-14]. Only two studies [15; 16] use
these data to estimate the overall QALY loss: the first uses a separate estimation of
the background quality of life weight based on population estimates and the second
a separate estimation of the duration of illness. The final estimates differ by up
to 6-fold. The QALD lost estimated by Siddiqui et al. [16] is 1.68 for complicated
influenza and 1.57 for non-complicated, non-influenza ILI whereas the QALD loss
calculated by Sander et al. [15]. is 5.33 for 0-19yrs, 6.35 for 20-64yrs and 10.69 in
over 65s. A third potential source of QALY loss data is a study in which 15 randomly
selected working age patients and health care workers (17] were asked to fill in the
HUI-3 questionnaire based on their recollection of their most recent episode of ILI.
The results were used to estimate a quality of life weight of 0.25 for an individual with
ILI. Unfortunately, the duration that someane is in this state was not determined and
sono QALY loss due to an episode of ILI can be easily calculated from these data. The

SIX

127




THE IMPACT OF PANDEMIC INFLUENZA HIN1 ON THE QUALITY OF LIFE

uolelnp aseasip SERE
paysiigndun yym siy3 (+59) 89°0T 1auin] Aq
saulquiog pue siybiam |e1a (siApg-pg) ge'g  psuodal  payodal  pajuasald se
9-8T  siusned |7l ATvD paysignd sasn  uaug,088S  [sIABT-0) EE'S 10N 10N $8100s ATVD  (0TOZ “|e 38 J8pues])
|71 BZUBNYUI
auljaseq -uou Joj /G'T EREREDEN]
3yl WoJj pa1aelisgns JERE] hll paylodal Ag paiuasald (so02
F9-8T  siusned|q| $8103S SYA uslig,0 885  BzUSNRUI IO} 8IT  ION G8'0  SBs8l03s SyA ‘Spunwipl g inbippis)
uaipiya psylodas  paliodal
uslpiyg 40 siualed 10 8peJy awi| pailodal 10N €8'T 10N 10N payiodaiioN [900g “|e 18 18ss0.1d])
synpe paliodal pallodal (e00g2 ‘@soy 3
bupiom  siuaned £-1NH ST 10N JON T 520 ‘ojuoyueljag ‘biaqyioy]
$8100S Jo
apeJl1-aw|} 01Ul 8soy}
(>S9 s|ediAllue  pa1laAu0d S3103S
s|ieJy jeajuy|a) SVA 01U] S8103S |eie pallodal pauodal  pauodsl Ae