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PRISMA CHECKLIST FOR THE SYSTEMATIC LITERATURE REVIEW
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STUDY PROTOCOL FOR DATA GATHERING IN CHAPTER 4

STUDY PROTOCOL

The Impact of Infectious Disease Outbreaks in Schools

Version: V3.7 26" September 2013

London School of Hygiene and Tropical Medicine
Keppel Street
London

WCI1E 7HT

Public Health England — Field Epidemiology Services, Victoria
151 Buckingham Palace Road
London

SW1w 95z
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ABBREVIATIONS

EQ-5D EuroQol 5D three-level health-related quality of life measure
PHE Public Health England

HPT Health Protection Team, PHE centre

HRQolL Health-related quality of life

JCvi Joint Committee on Vaccination and Immunisation

LSHTM London School of Hygiene and Tropical Medicine

NICE National Institute for Health and Clinical Excellence

QALY Quality-adjusted life years

FES Field Epidemiology Services, Victoria
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SUMMARY FOR THE LAY PERSON

The 2009 H1N1 influenza pandemic sparked debate on what public health interventions are most
appropriate for dealing with infectious disease outbreaks occurring within schools. The discussion of
the impact of school closures or other measures must be informed with knowledge of the wider
consequences of these outbreaks, including all clinical and financial effects in those communities

involved.

If children cannot attend school through illness or school closure the families affected may need to
alter their work and social arrangements to ensure that those children are supervised during their
time at home. These actions can be disruptive and may have financial implications if parents or

guardians must temporarily stop working.

Other actions can be disruptive such as hiring professional childcare assistance, asking for childcare
assistance from friends and relatives, organising and travelling to medical appointments for the child,
rescheduling or cancelling evening and weekend activities and other such arrangements. Some of
these may involve additional costs for the families to bear and the disruption may impact on the health

and wellbeing of the parents, guardians or caregivers.

Earlier this year (2012) the JCVI recommended that all children aged between 2-17 years should
receive an annual vaccination for influenza, the same vaccination that is currently given to people
aged 65 years and over [1]. Vaccinating school children might reduce the impact of an influenza
epidemic by protecting children from both acquiring and then spreading influenza. The vaccination
programme would help families by ensuring that school closures are less likely in the future and avoid
the potential disruption at home experienced by families with children who’re absent from school
with illness. Further information about this disruption and related costs for the families involved

would help policy-makers in their discussions on the merits of the proposed vaccination programme.

This study seeks to describe the impact of infectious disease outbreaks in schools as felt by the families
of the children directly affected in terms of costs and disruption in the household. We will also assess
the effect that the child’s illness has on the child too, providing data that may be used in further

modelling and simulation studies.

Background

Infectious disease outbreaks in schools will have an economic impact in the community. The costs will

include loss of earnings for those families where a parent or guardian must stay at home to supervise
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their children, along with the cost of medicines, etc. Indirect costs may include the travel costs for

friends and family members who help by supervising children who cannot attend school.

This impact will be felt by families who must adjust their working and social schedules to stay at home
with children either too ill to attend school or those sent home due to a reactive closure. In order to
assess the benefits of potential interventions for these outbreaks first the impact of such outbreaks

must be quantified.

Including societal costs into an analysis to evaluate the cost-effectiveness of an intervention can be
difficult as these costs can be difficult to obtain. Because of this, cost-effectiveness analyses may be
restricted to including only direct costs (e.g. the cost of medical intervention to the healthcare
provider) without considering the costs and impact on families, or the analyses may use estimates for
childcare costs, loss of productivity, etc. from other data sources. This study looks to address the lack
of data on societal costs by asking parents affected by a school outbreak how an illness in their family

influenced life at home.

Parents’ or guardians’ knowledge of the recommendation from the JCVI for influenza are not
understood. These attitudes may impact on the uptake of the offered vaccination programme,
subsequently affecting regional preparedness for outbreaks in schools and communities.
Understanding the potential heterogeneity in the uptake of the offered vaccinations will help the

healthcare authorities evaluate the cost-effectiveness of the proposed programme.

QALY-loss assessment associated with infectious disease outbreaks can be examined by employing
HRQoL measures aimed at patients infected. The measure recommended by NICE is the EQ-5D, a
questionnaire that divides life into five dimensions of three levels - mobility, self-care, usual activities,
pain/discomfort and anxiety/depression. This questionnaire has also been used in children to examine
their health and inform cost-utility analyses for interventions but QALYs and health utilities relating to
infectious disease outbreaks in children barely feature in the published literature, as this is a
developing field of research. As a result from this, it is difficult to evaluate the cost-effectiveness of
interventions for infectious disease outbreaks in children as the direct impact on the children’s quality

of life is not understood.

PRIMARY OBIECTIVE

In describing the burden of influenza-like-illness outbreaks in schools on families and the community

we wish to

e study parents’/guardians’ childcare seeking behaviour for hypothetical school closures
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e describe childcare arrangements for parents/guardians whose children were ill during school

outbreaks

e describe the logistical problems concerning cancelled or rescheduled work and social

arrangements for parents/guardians whose children were ill during school outbreaks

e evaluate the total cost of the outbreaks from the perspective of the affected families

e quantify the temporary deterioration of health for the children who were ill during the

outbreak for the purpose of a cost-utility analysis and for potential future modelling studies

SECONDARY OBJECTIVE

In light of the recommendation from the JCVI to offer an annual influenza vaccination to all children
in schools and preschools, we wish to study parents’/guardians’ attitudes to the recommendation.

Specifically

e their knowledge of the recent recommendation for an updated influenza vaccination

programme

e their attitude to this programme

o will they accept the offer of annual influenza vaccination for their children as part of the

programme?

METHODS

STUDY DESIGN

This is a prospective, observational cross-sectional study. This study will focus on parents whose
children attend schools where an infectious disease outbreak has recently occurred. We will ask them
to complete online questionnaires designed to help us understand the arrangements that families
make to minimise the impact at home due to an outbreak in their children’s schools. These questions
will examine all paid and unpaid time taken off work to supervise children as well as the total cost to
the both the family and others and logistical problems faced by families arranging childcare during the

child’s illness.

We will also investigate the temporary deterioration of health for the children who're ill. The
questionnaires will include age-specific questions that facilitate the calculation of health-utilities, both

during the worst day of the child’s illness and a background utility for their normal health state several
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weeks after the infection has ended. These health-utilities will be used to calculate QALYs lost during

the outbreak for the affected population to use in future modelling studies and cost-utility analyses.

We will ask all parents to respond to a questionnaire to examine how parents would react to a
hypothetical school closure — questions will propose school closures for three different lengths of time
(one day, one week and four weeks), inviting participants to select their preferred methods of
childcare in these scenarios where appropriate. 10-point Likert scales will let parents or guardians

describe the potential disruption for the school closures over the three different lengths of time.

Further questions will examine the arrangements made for childcare for those parents whose children
were ill during the outbreak. These questions will focus on how many people were required for the
childcare arrangements for the duration of the illness, how many of those people took paid (i.e. used
some of their allowance of annual leave) and/or unpaid days off from work and a total additional cost
estimate for the parents referring to childcare, medicines, travel, etc. These questions will be sent to
all parents whose children attend schools where outbreaks have occurred, including those whose
children have been absent from school due to illness and will receive the questionnaire previously

mentioned.

We will use children-specific HRQoL measures to quantify the QALY-loss for those children who fall ill
during the outbreak. A child-friendly version of the EQ-5D measure (known as EQ-5D-Y) has modified
questions so that they’re pitched at the appropriate reading ability and can be answered with the
assistance of the parent if necessary. For children who will not be able to answer the EQ-5D-Y will

receive an EQ-5D-Y proxy version, to be answered by the parents on behalf of the child.

When considering the impact on the quality of life for the primary caregivers we will use both the EQ-
5D questionnaire to quantify their temporary deterioration in health and a questionnaire that explores
the logistical problems concerning illness for a child in the family. This will consider cancelled or
rescheduled work and social arrangements, additional travelling to medical appointments for the child
and any missed medical appointments for the parents or other family members. We wish to

understand the impact on the primary caregivers both quantitatively and qualitatively.

The questionnaires that will be employed are:

Children

i)  HRQol for those directly affected by the outbreak
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Adults

i)

i)

i)

iv)

Children attending secondary schools will receive the EQ-5D-Y. Children attending

primary schools will receive the EQ-5D proxy version.

Response to a hypothetical school closure to all parents or guardians of children where
an outbreak has occurred. This questionnaire will propose three scenarios for potential
school closures — closure for one day, one week and four weeks, and will ask for the
parents’ or guardians’ preferred arrangements for childcare in each scenario. We will
also ask how much parents or guardians are willing to pay per day for childcare
assistance, to enable them to attend work as normal during a school closure. 10-point
Likert scales will ask parents or guardians to assess how disrupting the potential closures

would be for them.

Knowledge and attitudes to the recommended changes to the annual influenza

vaccination programme to offer the vaccine to children attending schools and preschools

Questions will be asked for the parents or guardians to state their knowledge of the
proposed programme and their attitudes towards it, including whether or not they

would accept the offer of an annual influenza vaccination.

Economic burden of the outbreak for those directly affected through their children’s
illness. Questions will be asked to quantify both direct and indirect costs of an outbreak
within a school. Healthcare-seeking behaviour for parents or guardians of ill children will
be examined along with the number of people involved in providing childcare. We will
ask for the number of both paid and unpaid days off work needed to provide childcare
from anyone who helped the parents or guardians. Finally we will ask for an estimate of

the costs involved in providing this childcare from the perspective of the family.

RECRUITMENT METHOD

A local HPT in England will receive notification from a school of an outbreak. If the Head Teacher

agrees, their contact details will be passed to the researchers at LSHTM so that a full discussion of the

study can take place at a later time between the school and LSHTM. The local HPT will act as facilitator

by sending the contact details to LSHTM. These details will be collected in a pro forma then sent to

LSHTM via email.

271



The LSHTM researchers will contact the Head Teacher to invite them to participate in the study. A
sample questionnaire will be sent to the Head Teacher and full details of the study aims and proposed

outcomes, along with the plans for distribution of the online questionnaires will be discussed.

If the school agrees to participate in the study then LSHTM will send the links to the online
questionnaires to the school within one week of the notification. The links consist of a questionnaire
for each child at the school in addition to a letter addressed to the parents or guardians of the children

explaining the details of the study and what they need to do if they wish to take part.

HPT INVOLVEMENT AND RESPONSIBILITIES

Existing working relationships between Public Health England, especially local HPTs and schools in
England will help facilitate participation of schools in this study. Because QALYs should be gathered as
quickly as possible during an outbreak it is essential that the study packs are sent to the school soon
after the notification of an outbreak. If schools can be recruited shortly after notification then this
process is easier than if LSHTM approached schools separately without HPT involvement, perhaps

weeks after notification was sent to the local HPT.

Without FES and HPT involvement in this study we would struggle to recruit sufficient schools to the
study. Once a school has notified the HPT of the outbreak and expressed an interest in participating
then the management of the schools involvement will be the responsibility of LSHTM who will invite

the school to participate before sending the links, collecting the responses and analysing the data.

Further details of the responsibilities of the FES and local HPTs will be agreed in future discussions

with PHEC Influenza Leads.

INCLUSION CRITERIA

Inclusion criteria analysis:

e Notification from HPT of an influenza-like-illness (ILI) outbreak affecting a school

EXCLUSION CRITERIA

e Notification of an outbreak of ILI in a special needs education establishment

e Patients identified as not suitable for recruitment; recent mortality in the family, inclusion in

previous studies from PHE; other reasons identified by the HPT or school
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SAMPLE SIZE

A previous study using EQ-5D to examine the burden of HIN1 pandemic influenza [2] distributed
HRQoL questionnaires to 655 patients. 287 responses were returned (43.8%), of which 160 had

complete HRQoL data (55.7% of returned responses).

We wish to test that the temporary deterioration in HRQoL caused by influenza is greater than 0. The
previous study on this matter reported a mean QALY-loss of 0.008 and the standard deviation of the
measurement is 0.01. Using the values of the mean and standard deviation in conjunction with our
plan for a 95% confidence interval and power of 80% we need a returned and successfully completed
minimum sample of 24 questionnaires across all schools recruited to the study for meaningful results

in the HRQoL analysis.

Assuming a response rate of 20 — 40% with 50% of these successfully completed for the purpose of
calculating HRQoL loss, we must distribute a minimum of 120 — 240 questionnaires. If we can
successfully recruit 5 schools to the study then we need to distribute 24 — 48 questionnaires to each
school. Our plan, however, is to distribute several hundred questionnaires to each school as we cannot
guarantee how many schools will be affected by an ILI outbreak during this flu season, or the flu season

of next year.

However, to achieve a representative sample of the population of school-age children and their
parents or guardians we must sample from a total population of 2,957,600 school-age children (ONS
mid-2011 estimates) in the geographical area of interest. Assuming that 5 schools are successfully
recruited to the study and a return rate of 20 — 40%, to achieve a result within 5% of the population
value for the metrics of interest (time off work, willingness-to-pay for childcare, potential vaccine
uptake, etc.) we must sample 615 — 1,230 families in total. Split across 5 clusters of equal size, this
gives a total of 123 — 246 per school. This is more than the minimum number of responses needed for
a meaningful result in the HRQoL analysis, therefore a sample size that facilitates useful results in all

aspects of our study.

DELIVERY METHOD AND FOLLOW-UP

Online questionnaires will be sent by LSHTM to the schools in bulk within one week of the notification
to the local HPT (delivery to participating boarding schools will be made within two weeks of
notification). Head Teachers will email the links to parents or guardians at their convenience. Patient

consent will be implied through the return of a completed questionnaire.
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Parents or guardians who do not respond to the questionnaire will not be followed-up. Schools that
choose not to participate in the study will not be followed-up. Schools that experience a low rate of
return for the questionnaires will not be followed-up.

FINANCIAL INCENTIVES

No financial incentives will be given.

LANGUAGES

The questionnaires will only be available in English.

DATA MANAGEMENT

The final data files (as a csv file) will be stored as a Google Doc spreadsheet accessible only to Dominic
Thorrington, the primary investigator based in LSHTM. The Google Doc spreadsheet will be
downloaded to a secure network drive for analysis once data collection has ceased. Only the
investigators based in LSHTM will have access to this file. No identifiable data will be returned on the

guestionnaires.

COLLECTED OUTCOME VARIABLES

The following information will be obtained from the sources listed below:

e Local HPT

o Date of outbreak notification

o Name of school reporting the outbreak

o Address of school

o Contact details for the Head Teachers

e  Parents or guardians and children

o See appendix A for the links to the online questionnaires.

SEVERITY BIAS

The most severe cases are perhaps more likely to respond, introducing a bias towards severe disease
in our sample. In this scenario the health utilities obtained from the EQ-5D classification system may

overestimate the impact of the outbreak on the children’s health.
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DATA ANALYSIS

The key stages of data analysis will be:

e C(Cleaning the data

e Imputation of missing data

e  Regression analysis

The data are likely to be clustered at school-level. This can be confirmed by testing for correlation
between the data of each school. A suitable regression analysis that takes into account the potential
clustered nature of the data will be a random effects regression model, assuming that the data within

each cluster are dependent to a degree.

Our alternative options in this analysis are:

1) Ignore any clustering

2) Reduce clusters to independent observations

3) Use a fixed effects regression model

Option 1 is unsuitable. Option 2 reduces the number of observations to the number of schools
recruited, which may be few. Option 3 leaves us with a model where the fixed effects apply only to

our sample, rather than representative of the population that we wish to survey.

All data analysis will be done by Ken Eames and Dominic Thorrington at LSHTM.

VALIDATION

Responses will be checked for internal consistency.

DISSEMINATION OF RESULTS

The results of this study will be submitted as a peer-reviewed publication (journal to be determined).

ETHICAL CONSIDERATIONS

PHE has ethical approval to investigate the impact of an infectious disease outbreak in a community

setting, including QALY data along with details of absence from school and work. However, PHE does
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not have such approval to collect data on the financial burden suffered by families affected by the

outbreak.

No identifiable data will be collected from parents or children in this study.

COLLABORATORS

e Ken Eames (Lecturer, London School of Hygiene and Tropical Medicine, London)

e Dominic Thorrington (PhD student, London School of Hygiene and Tropical Medicine,

London)

e Helen Maguire (Consultant Medical Epidemiologist, Public Health England, London)

e Sooria Balasegaram (Consultant Medical Epidemiologist, Public Health England, London)

e Anand Fernandes (Consultant in Health Protection — Public Health England, Wessex Centre)

e David Hagen (Regional Influenza Lead — Public Health England, South East)

e Eamonn o’Moore (Consultant in Communicable Disease Control — Public Health England,

London)

e Anita Turley (Regional Influenza Lead — Public Health England, London)

KE will be responsible for the overall management of the project and DT for all data analysis. The

questionnaire was finalised in collaboration between KE, DT, HM and SB.

All authors will contribute to the writing of publications.

All data and materials generated during the study will remain the property of LSHTM.

TIMETABLE
Year Month Goal Lead
2013 September Ethics committee approval KE, DT
2013-14 September - | Recruitment of schools, data analysis and writing of manuscript KE, DT, PHE
February
2014 March - May | Submission manuscript to journal KE, DT
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Costs

As there will be no postage costs in the modified study, there will be no cost to LSHTM or LSHTM

researchers for this study.
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QUESTIONNAIRES USED TO GATHER DATA FOR CHAPTER 4

® |x
’%‘ London Schod of Hyglens & Tropical Medicing

LONIOMN mm:ﬁ
SCHOOLof .
HYGIENE Public Health et () 020 527 2247

ETTOPICAL [E-mail: Dominkc. Thorringtoniahtm.ac.uk
MEDICINE England Sth February 2014
Dear Parents or Guardians,

Survey on the impact of infectious disease outbreaks in schools on health and childcare

Recently there was an outbreak of an illness similar to flu at your child's school. For this reason we"d like
to invite you to take part in an impoertant study of the impact that infectious disease outbreaks in schools
have on pupils and parents or guardians.

Why is the study being done?

The impact of outbreaks in schools can be felt in many ways — the impact on the children’s health, the
impact on the health of parents or guardians whose children's health suffers, additional childcare costs for
families inwolved and disruption in the workplace. At the moment we don't know the full extent of this
impact. This survey will help us understand these issues and find the best ways to prepare for them.

What information will be collected?

We would like to ask you about how you would ammange childcare in the event of your child's school
closing on the next school day. How parents or guardians would armange this childcare at short notice is
important in helping us understand the possible disruption to your usual routine at home. We would also
like to ask you about your attitude to vacdnations for your child. If your child was ill during the recent
outbreak we would like to ask about their illness and how it affected you.

Do we have to take part?
Mo — it is entirely up to you and your child whether you take part or not. If you and your child do not want
to take part then you do not need to return the questionnaire and you don't need to give a reason why.

What will | howe to do to take part?

Please complete the gquestionnaire sent in this envelope then return them in the prepaid envelope to the
London School of Hygiene and Tropical Medicine. You do not need to put a stamp on the envelope.
Alternatively, the questionnaire can be completed online at http://bitly/1fhbI0z but please only complete
the questionnaire once—either on paper on online.

How long will it take?
It should take no longer than 10 minutes to complete the gquestionnaire.

What will my child have to do to toke part?

We have enclosed separate questions for you to answer with your child if they were ill during the recent
outbreak. Please ask them if they want to take part. If they would like to take part then please complete
the questions with them before returming everything together in the prepaid envelope. You and your child
should not fill in these separate questions if they were not ill during the outbreak.

We do hope that you can help us. If you have any questions about this survey then you can contact us
using the details listed at the top of this letter.

Yours sincerely,

e PO 8 L Lo S

Dominic Thorrington Dr. Ken Eameas

PhD student ecturer ] _ B
London School of Hygiene and Tropical Medicine London School of Hygiena and Tropical Medidine
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ﬁh v.n, Questionnaire for all parents or guardians

Erqad

Details about you and your child

What is the name of your child's school? |

How old is your child?

what is your child's gender?

(Please circle)

E What school-year is your child in? |

Male / Female

what is your current employment status?

Full-time employmeant D unemployed D

Part-time/Casual/
shift employment

Self-employed D Student D

D Retired

g

what is your current family status?  Single parent D

(Please tick one)

T‘M:parentfanil;E]

Iif applicable, what is your partner's current employment status?

D Retired

Full-time employment D uniemployed D

Part-time/Casual/
shift employment

Self-employed D Student D

O

childcare arrangements if your child"s school had to be closed in future outbreaks

we'd like to know what childcare arrangements you would consider if your child's school was dosed for different
periods of time, starting on the next school day. These different periods are one day, one week and four weeks.

we'd like to know what would be your one main option, then what other arranpements you might also consider, if
any—as many as you would like. Please tick the boxes in the table below. We've completed an example to help.

dIWE mr Main opticn Cetar optiora: Main option dg:-' pHiom Muin option Otter optiom MﬁF':::II: Otter optiom
. o - " b "
child if school was dlosed? fckore]  [Hccamyotwn) | (Sdone)  (Sctemyoten | Mickoms)  (Sctempoen) | Mickonal (3cksny cthen)
A parent

an other family member

A friend

My child is able to stay at
home alone

I'd pay for someone to look
after my child

| don't know

Other (Please state below)

Ves

Ho

000000w
008000

O000000d
O000goad

O00o000Daao
O000g0oad

0000000
O000g0ag

with the options you've chosen above, would anyone need to take any time off work?

Iolle
0O @

Oone day

Main Oithar 0

O
0 d

Mauin opton

0O 0O
O O

Four weeaks

g 0

o 0

How disruptive would school closures be to your One day One week Four weeks
normal routine at home? On a scale of 0 to 10 with

0 meaning Mot disruptive’ and 10 meaning ‘Very| ——— o s el [rpa—
disruptive’, please mark on the lines for each time | AU LU L DL L f UL L1 1L
period. L s m| o H w| o 5 In
Fage1 Please turn over ———
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ﬂh v, Questionnaire for all parents or guardians (continued)

Enga+d
Do you consider your child to be old enough to stay at home unsupervised for many hours, such as ves
when other family members are working/studying? [Please dircle)

If you needed to pay for someone to look after your child, how much would you expedt to pay per day? E

Vacdnations

we'd like to know about your attitude to vaccination for your child.

if an annual flu vaccination was offered to all school children, like the flu vaccination that is available Yes./ No
for older people and other at-risk growps, would you accept the offer? (Please dirde)

If you would accept the vacdne, would you prefer for the vacodne to be given to

your child at school or at your local GP surgery? [Please tick one)

At my child's school C]
At my local GP surgery D
Mo preference [:]

If you would not accept the vaccine, please select as many of the options
below as you wish to say why not : (Please tick)

It is better to build your own natural immunity [j | believe that the vaccine causes influenza D
I doubt that the vaccine is affactive D | am worried that the vaccine i not safe D
influenza is a minor illness D | don't like my child having vaccinations D
Wiy child is unlikely to get influenza D Mo particular reason D
other (please state below) D

was your child ill during the recent outbreak at their school? (Please tick one)

Mo D—Pﬂease STOP HERE and retwmn this questionnaire in the stamped addressed envelope provided

Yas D—I“Pleasecmime the questionnaire

Did your child have any of the following symptoms during their illness? (Please tick all that apply)

[Jrever [ Jcnest pain [ other

D chills D Fesling tired or exhausted (malaise)
Dllmwurhhthednme DLmufappeline

D SneeTing D Coloured sputum,/phlegm
E]Sona throat D watery, bloodshot eyes

D Cough D Mausaa
Dshurmusnfhreath D‘mmi‘lirg
D Headache D Diamrhoea
D Muscle,loint pain Dstumach ache
Page 2 Please turn over only if your child was ill during the recent outhreak =
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ﬁh v, Questionnaire for children who were ill during the outbreak
Engand

Ouestions about your child's illness
For how many days was your child ill during the outbreak?

Has your child recovered from their illness yet? [Please dircle) Yes / No

y

On which date did your child’s illness start? (DD / MM/ Y7VY)

Because of your child’s illness how many times did you contact any of the following?
{Please list the number of times for all that apply)

Phone or email NHS Direct / MHS 24 / NHS Choices [: Haspital ARE department
. . (including out of hours service)
Phone or email GP - response from the receptionist [:]
Phone or email GP - response from the GP / Nurse E Other medical services :]
Visit (face-to-face) a GP or nurse D

childcare arrangements if your child was absent from school with illness

was your child absent from school due to illness during the outbreak? (Please drcle)

If your child was not absent from school then please go straight to the Costs below this section I

For how many days was your child absent from school with illnass? days

If your child has been absent from school, are they still absent from school with illness? (Please circle)

How many different people looked after your child during their absence? E

Please list how many different people looked after your child from the groups below. Please also state the total
number of days they looked after your child, then the total number of paid and wnpaid days off work (if any) for
each group
Number Total number of days Total number of Total number of
of people looking after your child PAID days off work UMPAID days off work

Parents/Guardians

Other family member

Friends

Child minders

Other [Please stata]

Costs:
Please give an estimate of the total extra cost to yourself and to anyone else imeolved in looking after your child during
thedr illness. These costs may include loss of wages due to days off work, extra travel costs, medicines, cost of any

childcare arrangements, etc (Please tick one box from each columin)
Cost to yourself Cost to others involved
£0 ] ]
£1to £50 D D
£51 to £100 D D
£101 to £150 |:| D
£151 to £200 (I ]
£201 to £250 ] ]
Over £250 D D
Page 3 Please turn over =
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ﬂh v, Questionnaire for children who were ill during the outbreak

kv wie'd like to ask you about how your child's illness affected their health. Please complete the questions balow

relating to how they felt on the worst day of your their illnass, then how they're feeling today.

Itﬂu'iilgih!dild'shuﬂhmmEWmmY

FLEASE AMSWER Oh BEHALF OF THE CHILD: Undor cach heading,
mark the OMNE box that you think the child would mark to describs his/
her own hzalth OM THE WORST DAY if hedche were able to do zo.
Mability (waliing abour)

He'shes had ne problems walking about

Hew'she: had some problems walking about

He/she had g lgt of problems wolking about

Looking after myself

Hew'she had pg problems woshing or dressing him/herself
Hew'she: had gome problems washing or dressing himherself
Hew'she had o lot of problems woshirg or dressing him/herself

ooo

ooo

Usual activities (c.q work, study, Sowsoword, fomiy or lbbéors
Hew'she had no problems doing his/her usuol activities

Hew'she: had some problems doirg his/her wsul octivities
Heshes had g lot of problems doing his/her usual activities
He:she hod no pain or discomfort

He'she had some pain or discomfort

Hew' she had g kot of pain or discomfort

ooog

oog

Feeling worried, sod or ushappy

He/ che was not worried, sad or unhapgy
He che was o bit worrisd, sod or unhappy
He: she was ygry worrisd, sad or unhapgy

oaog

How good was the heakth
of the child OM THE
WORST DAY?

- 'We would like To keow how
good or bad you think the
child would rate his/her owrn
health on the WORST day

- This ling iz numbored from O
to 100

- 100 mears thes oot health
the child cam imagine

-0 means the worst health the
child can imagirs

- Pleasze, mark an X on the line
that showes how good or bad
the child would rote his/her
health was om the WORST day

the
[

child car,
wim

Describing the child's heatth TODAY

PLEASE AMSWER OM BEHALF OF THE CHILD: Under sach heading,
mark the HE bou that you think the child would mark to desoribe. his/
her own health TODAY if hedshe wers able to do so.

Mabillity (walking about]

How good is the health
of the child TODAY?

=
; w
ﬁ:‘xﬂ! F""‘"""“““'m‘“ g - Wie would ke To krow how
e has gomg problems ahout good or bod you think the ™
He/che has g lgt of problems walking obout a child would rare his/her -
Looking after myself health TODAY =
Hew'she hos po problems washing o dressing himdherself m ] -
Hew'she hos some problams washing or drassing himd herself m ] - This ling is mumbared from O -
He/she: has o lot of problems washing or dressing him/herself [ to 100
m
Usual activities (c.q work, study, Sowsoword, fomiy or lbbéors - 100 mears the best health -
actiatias thee child can imagine
Hew'she hos mo problems doirg his/her usual activities (] “
Hew'she hos some problams doing his/her wsual activities [m] - 0 means the ggrat health the =
He'she hos g lot of problems doing histher usual activities a child can imagine
i . " F =
Ph-"ﬂﬁl‘ms:pufnurE fort a - PMease, mark an X on the line
= that shows how good or bad "
He/she: hos zome pain or discomfort o you ﬂi:::l- child u:h{mm
Hew'she has of pait discomfort a
= has g lot of pain ar his/her health TODAY Fow
Fecling worried, sod or unhapgy T B
Mﬂﬁkﬂmnﬁd,sﬂdorﬂw (] ES
Hew'she is g bit worried, sod or urhappy a I ——TY
Hew'she is ygry worried, sod or ushapgry m ] bk
—
Page 4 - last page Please now return the gquestionnaire in the prepaid envelope provided

282



SCHOOL of . London WC1E 7HT
HYGIENE Public Health ot (UK 020 7527 2267
STTOPICAL E I d E-mall: Dominic. Thomington@isntm.ac.uk
MEDICTNE nglan 19 September 2013

Dear Parents or Guardians,

Survey on the impact of infectious disease outbreaks in schools on health and childcare

Recently there was an outbreak of an illness similar to flu at your child's school. For this reason we'd like
to invite you to take part in an impertant study of the impact that infectious disease outbreaks in schools
have on pupils and parents or guardians.

Why is the study being done?

The impact of outbreaks in schools can be felt in many ways — the impact on the children’s health, the
impact on the health of parents or guardians whose children’s health suffers, additional childcare costs for
families involved and disruption in the workplace. At the moment we don't know the full extent of this
impact. This survey will help us understand these issues and find the best ways to prepare for them.

What information will be collected?

We would like to ask you about how you would arrange childcare in the event of your child's school
closing on the next school day. How parents or guardians would arrange this childcare at short notice is
important in helping us understand the possible disruption to your usual routine at home. We would also
like to ask you about your attitude to vaccinations for your child. If your child was ill during the recent
outbreak we would like to ask about their illness and how it affected you.

Do we have to toke part?
Mo — it is entirely up to you and your child whether you take part or not. If you and your child do not want
to take part then you do not need to return the questionnaire and you don't need to give a reason why.

What will | have to do to toke part®
Please complete the gquestionnaire sent in this envelope then return them in the prepaid envelope to the
London School of Hygiene and Tropical Medicine. You do not need to put a stamp on the envelope.

How long will it take?
It should take no longer than 10 minutes to complete the questionnaire.

What will my child have to do to toke part?

We have enclosed separate questions for your child to fill in if they were ill during the recent outbreak.
Please ask them if they want to take part. If they would like to take part then please let them complete
the guestions before retuming everything together in the prepaid envelope. Your child should not fill in
the questionnaire if they were not ill during the cutbreak.

We do hope that you can help us. f you have any questions about this survey then you can contact us
using the details listed at the top of this letter.

Yours sincerely,

T e ) —
| i .3
Dominic Thomrington Dr. Ken Eames
PhD student Lecturer
London School of Hygiene and Tropical Medicine Lomdon School of Hygiene and Tropical Medicine
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ﬂ,u v, Questionnaire for all parents or guardians
EH39  petails about you and your child

What is the name of your child's schooi? [

How old is your child? E ‘what school-year is your child in? [

what is your child’s pender? what is your current family status?  Single parent [:]

{Please circle] (Please tick one)

Tmplaru'lthniy'D

‘What is your current employment status? If applicable, what is your partner's current employment status?

Full-time employment D Unemployed D Full-time employment E] Unemployed D
P () s ()| B ) s [

seifemployed || student [ ] setfemployed | | studemt [ |

childcare arrangements if your child"s school had to be closed in future outbrealks

we'd like to know what childcare arrangements you would consider if your child's school was dosed for different

periods of time, starting on the next school day. These different periods are one day, one week and four weeks.

we'd like to know what would be your one main option, then what other arrangements you might also consider,

any—as many as you would like. Please tick the boxes in the table below. We've completed an example to help.

if

child if school was dosed? [ikanyosmer) | fcond  fctemosen) |  Goken)  paheyosen) | Grkonsl  bec sy e

A parent

fick cre)

An other family member [:]
& friend D
My child is able to stay at D
[

O

O

home alone

I'd pay for someone to look
after my child

| dom't know

other [Please state below)

0080000
O0ooogoag
O000Of0ag
O0oO0obag
0000000
OCO000ao
OO0000ag

with the options you've chosen above, would anyone need to take any time off work?

Exampla One day One week Four weeks

Miain oztizn Cbwroptiora | Wi ogtion Otteroptiom | Main ogbion Ottwropbors | Main ogton

Hbwr optizm

- O 080 g g 0|d
o O 4|0 O/0 010

|
]

How disruptive would school dosures be to your One day One week Four weeks
normal routine at home? On a scale of 0 to 10 with
Mort cluruptive Varp S Mort clrupivs g S Mert cluruptivs ‘arp Share
0 meaning ‘Mot disruptive’ and 10 ing “Very =" =" %
disruptive’, please mark on the lines for each time| 111 | LU LU L L LU
perir_ld -] 5 wm o =5 w o =5 wm
Page 1 Please turn over —*
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Tt -, Questionnaire for all parents or guardians {continued)
Exgad

Do you consider your child to be old enough to stay at home unsupervised for many hours, such as I}
when other family members are working/studying? (Please dirde)

If you needed to pay for someone to look after your child, how much would you expedt to pay per day? E

Vacdnations

We'd like to know about your attitude to vaccination for your child.

If an annual flu vacdnation was offered to all school children, like the flu vaccination that is available Yes / Mo
for older people and other at-risk growps, would you accept the offer? (Please drde)

If you would accept the vacdne, would you prefer for the vaccine to be given to

your child at school or at your local GP surgery? (Please tick ona)

At my child’s schoal C]
At my local GP surgery D
Mo preference D

If you would not accept the vaccine, please select as many of the options
below as you wish to say why not - (Please tick)

It is better to build your own natural immunity [:] | believe that the vaccine causes influenza D
I doubt that the vaccine is effective D 1 am worried that the vaccine i not safe D
influenza is a minor illness (] 1 dontlike my child having vaccinations ]
My child i5 unlikely to get influenza D No particular reason D
Other (please state balow] D

whas your child ill during the recent outbreak at their school? (Please tick one)
Mo D—h Please STOP HERE and return this questionnaire in the stamped addressed envelope provided

Yes D—I" Please continue the questionnaire

Did your child have any of the following symptoms during thedr illness? (Please tick all that apply)

(e [evsran Do

(] cins [] resling tired or exhausted (maisise)
Dmm‘l,rurhhthednuse Dmssufappelite

Dsnaez'ng D Coloured sputum/phiegm
Dm throat D watery, bloodshot eyes

Page 2 Please turn over only if your child was ill during the recent outhreak =
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Tt -, Questionnaire for children who were ill during the outbreak
Exgad
Ouestions about your child's illness

For how many days was your child ill during the outbreak?

Has your child recovered from their illness yet? (Please dircle)
[ /

on which date did your child’s illness start? (DD / KM /)

]

Because of your child’s illness how many times did you contact any of the following?
{Please list the number of times for all that apply)

Phone or email NHS Direct / NHS 24 / NHS Choices D Haospital ARE department
. . (including out of hours service)
Phone or email GP - response from the receptionist :]
Phone or email GP - response from the GP / Nurse D Other medical services D
Visit [face-to-face] a GP or nurse D

childcare arrangemenits if your child was absent from school with illness

whas your child absent from school due to illness during the outhreak? (Please circle)

If your child was not absent from school then please go straight to the Costs below this section I

For how many days was your child absent from school with illness? days

If your child has been absent from school, are they still absent from school with illness? |Please circle)

How many different people looked after your child during their absence? :

Please list how many different people looked after your child from the groups below. Please also state the total
number of days they looked after your child, then the total number of paid and unpaid days off work (if any) for
each group
Number Total number of days Total numbser of Total number of
of people looking after your child PaID days off work UMPAID days off work

Parents/Guardians
Other family member

Friends

Child minders
Other (Please state)

Costs
Pleasze give an estimate of the total extra cost to yourself and to anyone else involved in looking after your child during
their illness. Thess costs may include loss of wages due to days off work, extra travel costs, medicines, cost of amy

childcare arrangements, etc. |Please tick one box from each column)
Cost to yourself Cost to others involved
£0 ] ]
£11t0 £50 D D
£51 10 £100 D D
£101 to £150 |:| D
£151 to £200 (I ]
£201 to £250 ] ]
Over £250 D D
Page 3 Please turn over =
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Mol el

Questionnaire for children who were ill during the outbreak

Engad wie'd like to ask you about how your child's iliness affected their health. Please help them to answer the
questions below rdating to how they felt on the worst day of your their illness, then how they're feeling today.

Describing your health for the
WORST DAY of your illness

How good was your health
on the WORST DAY of

Under sach heading, mark the OME baox that best describes your illness? 1 -
your hoalth for the WORST day. T =
Mobility fwalking about) oL
I had no problems wolking about a - W'e would like To keow how T
I had soms problems walking about a good or bad your health was on L "
I had g lot of problems walking absoart a the WORST day +
Looking after smyself ) - This lins iz rumbared from 0 1
I had pg problems woshing or dressing myself a to 100 -
I had zgmz problems washirg or dressing myself a + ==
I had a lot of problems woshing or dressing mysslf a _ 100 mear= the best health J
Usual activities (eg work, sruol, howsewark, family o loiune ¥ou com imagine T o
P ks "
T had no problemes doing my wsual activiries o -0 means the worst health you + .
I had soms problems doing my usual activities a CoR ImaginG oo
I had o lot of bleme doi usual activitios a -
= ram - Pleass. mark an X en the line T =
Hawing pain or discomfort that shows how good or bad T -
I hiad no pain or discomfort m | your health was o the, +
I had soms pain or discomfort a WORST day + T
I hiad a ot of pain or discomfort =] 4 1
Fecling worried, sod or unhoppy T ¢
Imﬁmiﬂd.sm{nﬂl.llq:ﬁ a —_—n
I was o bit worried, sod or unhopgy o s
I was ygry worried, sad or unhappy a PPL T
Describing your health TODAY How good is your health
Under sach heading, mark the OME bax that bast describes TODAY?
your hoalth TODAY. E
Mability fiwalking about] .
I haws o problems walking aboutr =] »
T heve. soms problams wolking cbout a - We would like ta know how T
I haws o lot of problems walking aboutr a good or bad your health is T
- TODAY T b
Locking after myself RS .
I have po problems washing or dressing myself o L
- - Thiz mbsred from O + --
I hove zgmg problems woshing or drossing mysclf a ml;:"m‘“m -
I haws g lot of problems washing or dressing myself a :: L]
Uzual activities (g work, study, howsswark, famify or leisoee - 100 mears the best health + =
... ¥ou Com imagine 1 4
I havs pp problems doing my uzual activities u ] 1«
I have ggmg probloms doing sy wswal activities a -0 means the worat health you I .
I havs o lot of problems doing my uzual activities = | con imagine h
i gp-l.ﬂ' : . - Please, mark an X on the line 4 =
T have pg pain or discamfart a that shows how good or bad £
I hawe soms pain or discomfort a your health iz TODAY 1
I have o lot of pain or discomfort a 1"
Feeling worried, sod or unhappy | *
I am not worried, sod or unhappy = T *
I am a bit worried, sad or ushappy a
I am wary worricd, sad or unhappy a
Page 4 - last page Please now return the questionnaire in the prepaid envelope provided
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LONDON
SOCHOCOL of '
Eﬁrﬂ]ﬂf‘ Public Health
MEDICINE England

Health Protection Teams pro forma

Study on the impact of infectious disease outbreaks in schools

Please inform each notifying school of our study.
Please complete the information in the box at the
side of this notice.

The study is being conducted with the London
School of Hygiene and Tropical Medidne. ltis an

important study as it will help us to understand the

financial and health-related consequences of
outbreaks in schools.

If the Head Teacher is willing to hear more about
the study then Dominic Thomrington from the
London School of Hygiene and Tropical Medicine
will contact them shortly for a full discussion.

Note:

This study will not be conducted in special needs
education establishments so please do not invite
them to participate.

Please send all details to Dominic Thorrington and
Ken Eames at the London School of Hygiene and
Tropical Medicine:

Dominic. Thorrington@LSHTM.ac.uk
Ken.Eames@ LSHTM.ac.uk

Date today

Date of outbreak notification

Mame of school reporting the outbreak

Address of school reporting the outbreak

Name of Head Teacher

Telephone number of Head Teacher

Email address of Head Teacher

Number of pupils

PRO FORMA FOR PUBLIC HEALTH ENGLAND STAFF THAT WAS USED IN DATA COLLECTION FOR CHAPTER 4
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R SCRIPTS FOR MATHEMATICAL MODELS USED IN CHAPTER 5

MAIN MODEL SCRIPT

# Discrete time SEIR model

#

# Attempt 1: age-structured population, deterministic parameters, 1 patch
# with age-heterogeneous vaccination coverage

#

# Dom Thorrington 28/02/2014

#it
datestamp <- 20150706

# For progress bar
#install.packages("tcltk")
#install.packages("tcltk2")
require(tcltk)
require(tcltk2)

# Set location
location <- 1 # 1 = Office
#2=Home

if (location==1){

setwd("C:/Users/Ish337197/Dropbox/PhD guff/R stuff/Discrete time SEIR/31 patch/Project/4.0 Agg ext split sch/2.0 5 age groups/Deterministic/Targeting paper")
Yelse {

setwd("C:/Users/Laptop/Dropbox/PhD guff/R stuff/Discrete time SEIR/31 patch/Project/4.0 Agg ext split sch/2.0 5 age groups/Deterministic/Targeting paper")
}

HH
# Prepare output file

Hi

dataframerow <- 0

overestimate <- 1250 # upper limit of the number of rows in the dataframe

Epidemic_results <- data.frame(Simulation=rep(NA,overestimate), # Record the simulation number for the conditions set
RO=rep(NA,overestimate),
privac=rep(NA,overestimate),
secvac=rep(NA,overestimate),
finalsizel=rep(NA,overestimate),
finalsize2=rep(NA,overestimate),
finalsize3=rep(NA,overestimate),
finalsized=rep(NA,overestimate),
finalsize5=rep(NA,overestimate),
finalsize=rep(NA,overestimate),
Vaccinated1=rep(NA,overestimate),
Vaccinated2=rep(NA,overestimate),
Vaccinated3=rep(NA,overestimate),
Vaccinated4=rep(NA,overestimate),
Vaccinated5=rep(NA,overestimate),
stringsAsFactors=F)

# Start progress bar
masterpb <- winProgressBar(title="Running simulations", label="0% done", min=0, max=100, initial=0)

Hi

# Run simulations to put final size into matrix

# General parameters - RO, beta, etc.
source('Parameters.R')

timeseries_m  <- matrix(0, nrow = overestimate, ncol = nsteps)

for (LHS in 1:overestimate){
# for (privac in seq(from=0.00, to=1.00, by=0.01)){
# for (secvac in seq(from=0.00, to=1.00, by=0.01)){

privac <- 0.42
secvac <- 0.42

dataframerow <- dataframerow + 1

Sys.sleep(0.1) # slow down the progress bar code for illustration purposes

info <- sprintf("%f%% done", round(dataframerow/overestimate,2)*100)
setWinProgressBar(masterpb, round(dataframerow/overestimate,2)*100, label=info)

# Uptake of vaccine according to new JCVI guidance
uptake_gen <- ¢(0, # uptake of 0-3

privac, # uptake of 4-10 ***

secvac, # uptake of 11-16 ***

0, # uptake of 17-64

0) # uptake of 65+
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# Overall coverage
vacc_coverage <- numeric(0)
for (i in 1:nage){
vacc_coveragel[i] <- ¢(1-((uptake_risk[i]*risk_groups[i])+(uptake_gen[i]*(1-uptake_risk[i]*risk_groupsli]))))
}

HH#
# Setting population lists before model

# Initialise population lists

S <- numeric(0) # Susceptible

E <- numeric(0) # Exposed

| <- numeric(0) # Infectious

R <- numeric(0) # Recovered

V <- numeric(0) # Effectively vaccinated

W <- numeric(0) # Vaccinated in total

A <- numeric(0) # Prior immunity through antibodies
N <- numeric(0) # S+E++R+V

#seed_age <- sample(1:nage,1,replace=T) # randomly choose age group to seed:
seed_age <- 2 # seed the primary school age group

# Structure of infected population
| <- c(rep(0,nage))

I[seed_age] <- seed

# Structure of incubated population
E <- c(rep(0,nage))

# Structure of recovered population
R <- c(rep(0,nage))

# Structure of population with prior immunity

A <- round(ageSize* c(1-LHS_resultsSA1[LHS], #0.7837
1-LHS_results$A2[LHS], #0.8943
1-LHS_results$A3[LHS], #0.9819
1-LHS_results$A4[LHS], #0.9496
1-LHS_results$AS5[LHS])) #0.9736

# Structure of susceptible and vaccinated populations

for (i in 1:nage){
W(i] <- round(ageSize[i]*(1-vacc_coverageli])) # All vaccinations
V[i] <- round(ageSize[i]*(1-vacc_coverageli])*vac_effi]) # All effective vaccinations
S[i] <- ageSize[i] - VIi] - Ali]

}

# Remove the seed from S
$<-S-1

#Setup N
N<-S+E+I+R+V+A

#H
# Model

#HH
age_timeseries <- matrix(0, nrow = nage, ncol = nsteps)
timeseries_v  <- numeric()
Re <- matrix(ncol=nage,nrow=nsteps) # Matrix for effective reproduction number results

for (k in 1:nsteps){

# Next generation stuff

NGM <- contacts*beta*(1/gamma)*(1/ageSize)*S
EVs <- eigen(NGM)

Re[k,] <- EVsS$values

# Break criteria for stochastic fadeout
HH

break_criteria <- FALSE

if ((sum(E)+sum(l))==0){ # Criteria is that no more individuals exist
break_criteria <- TRUE #in model to transmit infection further

}

if (break_criteria==TRUE){
break
}

Fol <- numeric(0)
Case <- numeric(0)
Infe <- numeric(0)
Reco <- numeric(0)

Fol <- (beta)*(contacts%*%(I/N))
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# Calculate Case, Infe and Reco
for (i in 1:nage){
if (S[i]>0){
Casel[i] <- S[i]*step*Folli]
}else {
Case[i] <-0
}
if (E[i]!=0){
Infe[il<- E[i]*step*delta
}else {
Infe[i] <- 0

}
if (1[i]!=0){
Recoli] <- I[i]*step*gamma
Yelse {
Reco[i] <-0
}
}

# Calculate and execute movement between compartments
S$<-S-Case

E <- E-Infe + Case

I <-1-Reco +Infe

R <-R+Reco

# Time series for each age group
age_timeseries[,k] <- |
timeseries_v[k] <- sum(age_timeseries[,k])

}
HH
# Final size statistics
H#
# Final size
finalsize <- R/N
overallfinalsize <- sum(R)/sum(N)
timeseries_m[LHS,] <- timeseries_v
# Append results to the data frame
Epidemic_results[dataframerow,] <- c(dataframerow,
RO,
privac,
secvac,
finalsize[1],
finalsize[2],
finalsize[3],
finalsize[4],
finalsize[5],
overallfinalsize,
wii],
wi2],
wis],
wi4],
W(5])
#} # End privac
#} # End secvac
}# End LHS
HH
# Export the created data frame and close progress bar
#i
# write.table(Epidemic_results, row.names=F, col.names=T,
# file=paste(datestamp, ", privac, Epidemic results output.csv", sep=""))
HH
# Plots
HH

# # Plot by age group
# plot(age_timeseries[1,]/ageSize[1],

#

#

#

#

#

#  ylab="Fraction infected",

#  ylim=c(0,1.1*max(c(age_timeseries[1,]/ageSize[1],
# age_timeseries[2,]/ageSize[2],
# age_timeseries[3,]/ageSize[3],
# age_timeseries[4,]/ageSize[4],
# age_timeseries[5,]/ageSize[5]))),
#  xlim=c(0,3650),

# cex.main=1.5,

# cex.axis=1.5,
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# cex.lab=1.5

#  #main=paste("1 patch deterministic model \nWith age-heterogeneous vaccination, total population of ",sum(ageSize),sep="")
# )

# axis(1, at=c(1000,2000,3000), labels=c(100,200,300), cex.axis=1.5)

# lines(age_timeseries[2,]/ageSize[2],type="0",col=3,Iwd=7)

# lines(age_timeseries[3,]/ageSize[3],type="0",col=4,lwd=5)

# lines(age_timeseries[4,]/ageSize[4],type="0",col=5,Ilwd=5)

# lines(age_timeseries[5,]/ageSize[5],type="0",col=6,lwd=5)

# legend("topright",

# legend=c("0 - 3 years",

# "4-10",

# "11-16",
# "17-64",
# "65+"),

# col=c(2,3,4,5,6),
# bty="n",

# lwd=8,

# cex=1.5)

# # Plot overall time series
# plot(timeseries_m[1251,]/sum(ageSize),

#  type="o",
#  col="gray95",

#  lwd=5,

#  xaxt="n",

#  xlab="Time steps (days)",

#  ylab="Fraction infected",

#  ylim=c(0,1.1*max(timeseries_m)/sum(ageSize)),

#  xlim=c(0,3650),

# cex.main=1.5,

# cex.axis=1.5,

#  cex.lab=1.5

#  #main=paste("1 patch deterministic model \nWith age-heterogeneous vaccination, total population of ",sum(ageSize),sep="")
#)

# axis(1, at=c(1000,2000,3000), labels=c(100,200,300), cex.axis=1.5)

#

# for (i in 1251:2500){
# lines(timeseries_ml[i,]/sum(ageSize),type="1",col="gray90",lwd=8)
#}
# for (i in 251:1250){
# lines(timeseries_ml[i,]/sum(ageSize),type=
#}
# for (i in 2:250){
# lines(timeseries_m[i,]/sum(ageSize),type="1",col="gray60",lwd=8)
#}
# lines(timeseries_m[1,]/sum(ageSize),type="1",col="black",lwd=8)
#
# legend("topright",
# legend=c("Best fit",
"Best fitting 1%",
"Best fitting 5%",
"Best fitting 10%"),
col=c("black","gray60","gray80","gray90"),
bty="n",
lwd=8,
cex=1.5)

o

,col="gray80",lwd=8)

H O E K R

# # Plot calibrated parameter spread

# hist(LHS_results$A1[1:1250],

#  main="Susceptibility, 0-3 years",

#  xlab="Proportion of population susceptible",
#  ylab="",

#  col="orangered")

# hist(LHS_resultsSA2[1:1250],

#  main="Susceptibility, 4-10 years",

#  xlab="Proportion of population susceptible",
#  ylab="",

#  col="orangered")

# hist(LHS_results$A3[1:1250],

#  main="Susceptibility, 11-16 years",

#  xlab="Proportion of population susceptible",
#  ylab="",

#  col="orangered")

# hist(LHS_resultsSA4[1:1250],

#  main="Susceptibility, 17-64 years",

#  xlab="Proportion of population susceptible",
#  ylab="",

# col="orangered")

# hist(LHS_results$A5[1:1250],

#  main="Susceptibility, 65+ years",

#  xlab="Proportion of population susceptible",
#  ylab="",

#  col="orangered")

#

# install.packages("GGally")
# install.packages("digest")
# install.packages("proto")
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# install.packages("reshape2")

# install.packages("colorspace")

# install.packages("labeling")

#

# require(GGally)

# require(digest)

# require(proto)

# require(reshape2)

# require(colorspace)

# require(labeling)

#

# library(GGally)

# library(digest)

# library(proto)

# library(reshape2)

# library(colorspace)

# library(labeling)

#

# # Temporary re-labelling of columns in dataframe
# names(LHS_results)[5] <- "Preschool"

# names(LHS_results)[6] <- "Primary"

# names(LHS_results)[7] <- "Secondary"

# names(LHS_results)[8] <- "Adult"

# names(LHS_results)[9] <- "Elderly"

#

# # colfunc <- colorRampPalette(c("black", "red"))
# # colfunc(10)

#

# # Best 1% fit

# ggpairs(LHS_results[1:250,5:9],

# diag=list(continuous="bar",params=c(binwidth = 0.013,col=2)),
# title="Calibrated parameters, best 1%",

# upper="blank",

# lower=list(params=c(col="orangered")))

#

# # Best 5% fit

# ggpairs(LHS_results[1:1250,5:9],

# diag=list(continuous="bar",params=c(binwidth = 0.013,col=2)),
# title="Calibrated parameters, best 5%",

# upper="blank",

# lower=list(params=c(col="orangered")))

#

# # Best 10% fit

# ggpairs(LHS_results[1:2500,5:9],

# diag=list(continuous="bar",params=c(binwidth = 0.013,col=2)),

# title="Calibrated parameters, best 10%",
# upper="blank",

# lower=list(params=c(col="orangered")))
#

#

# # Re-labelling of columns in dataframe
# names(LHS_results)[5] <- "A1"
# names(LHS_results)[6] <- "A2"
# names(LHS_results)[7] <- "A3"
# names(LHS_results)[8] <- "A4"
# names(LHS_results)[9] <- "A5"

HH
# Run economic evaluation

HH
source('EconAnalysis.R')

#it
# Update results .csv file

i

write.table(Epidemic_results, row.names=F, col.names=T,
file=paste(datestamp, ", hom 5pc, Epidemic results output.csv", sep=""))

close(masterpb) # Close the master progress bar

# # Vaccinations vs. final size

# par(mfrow=c(2,1))

# plot(finalsize_dataSconsvac,finalsize_dataSc_fs,
#  xlab="Vaccination coverage",

#  ylab="Overall final size",
# pch=19,

# col=9,

#  lwd=1,

# cex.lab=1.3,

#  cex.axis=1.3)

# lines(finalsize_dataSconsvac,finalsize_dataSc_fs,pch=19,col=9,Ilwd=10)
# lines(finalsize_dataSprivac,finalsize_dataSp_fs,pch=19,col=3,lwd=10)
# lines(finalsize_dataSsecvac,finalsize_dataSs_fs,pch=19,col=4,lwd=10)
# legend("topright”,

# legend=c("Both primary and secondary",

# "Primary school only",
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"Secondary school only"),
col=c(9,3,4),
bty="n",
lwd=6,
cex=1.3)

plot(finalsize_dataSc_vacc,finalsize_dataSc_fs,
xlab="Number of vaccinations",
ylab="Overall final size",
pch=19,
col=9,
Ilwd=1,
cex.lab=1.3,
# cex.axis=1.3)
# lines(finalsize_dataSc_vacc,finalsize_dataSc_fs,pch=19,col=9,lwd=10)
# lines(finalsize_data$p_vacc,finalsize_dataSp_fs,pch=19,col=3,lwd=10)
# lines(finalsize_data$s_vacc,finalsize_dataSs_fs,pch=19,col=4,lwd=10)
# legend("topright",
# legend=c("Both primary and secondary",
"Primary school only",
"Secondary school only"),
col=c(9,3,4),
bty="n",
lwd=6,
cex=1.3)

B R

H O K T R R

# # QALYs obtained per vaccination

# plot(QALYperVaccSconsvac,QALYperVaccSc_QALYs_per_Vacc,

#  xlab="Vaccination coverage",

ylab="QALYs gained per vaccination",

pch=19,

col=9,

Iwd=10,

cex.lab=1.5,

# cex.axis=1.5)

# lines(QALYperVaccSconsvac,QALYperVaccSc_QALYs_per_Vacc,pch=19,col=9,lwd=15)
# lines(QALYperVaccSprivac,QALYperVaccSp_QALYs_per_Vacc,pch=19,col=3,lwd=15)
# lines(QALYperVacc$Ssecvac,QALYperVaccSs_QALYs_per_Vacc,pch=19,col=4,lwd=15)
# abline(v=QALYperVaccSconsvac[which.max(QALYperVaccSc_QALYs_per_Vacc)],col=9)
# abline(v=QALYperVaccSprivac[which.max(QALYperVaccSp_QALYs_per_Vacc)],col=3)
# abline(v=QALYperVaccS$secvac[which.max(QALYperVaccSs_QALYs_per_Vacc)],col=4)
# legend("topright",

# legend=c("Homogeneous vaccination",

H E T R

# "Primary school only",

# "Secondary school only"),
# col=c(9,3,4),

# lwd=6,

# cex=1.5,

# bg="white")

#

# # Comparing metrics using coverage
# options(scipen=10)
# par(mfrow=c(2,2))

##1-Costs
# plot(CovCompSconsvac[CovComp$consvac>0],(1/1000000)*CovCompS$Cost_c[CovCompSconsvac>0],
# mai - Total costs",

xlab="Vaccination coverage",

ylab="Costs (Em)",

pch=19,

col=9,

lwd=7,

cex.lab=1.5,

#  cex.axis=1.5)

# lines(CovCompSconsvac[CovCompS$consvac>0],(1/1000000)*CovCompS$Cost_c[CovCompSconsvac>0],col=9,lwd=10)
# lines(CovCompSprivac[CovComp$privac>0],(1/1000000) * CovComp$Cost_p[CovCompSprivac>0],pch=19,col=3,lwd=10)
# lines(CovCompS$secvac[CovCompSsecvac>0],(1/1000000)*CovCompSCost_s[CovCompSsecvac>0],pch=19,col=4,lwd=10)
#

## 2 - QALYs over baseline

# plot(CovCompSconsvac[CovComp$consvac>0],CovComp$QALYs_c[CovCompS$consvac>0],

#  main="2 - QALYs lost",

xlab="Vaccination coverage",

ylab="QALYs lost due to influenza",

pch=19,

col=9,

lwd=7,

cex.lab=1.5,

# cex.axis=1.5)

# lines(CovComp$consvac[CovCompS$consvac>0],CovCompS$SQALYs_c[CovCompSconsvac>0],col=9,lwd=10)

# lines(CovCompSprivac[CovComp$privac>0],CovCompS$QALYs_p[CovComp$privac>0],pch=19,col=3,lwd=10)
# lines(CovCompSsecvac[CovCompS$secvac>0],CovCompS$SQALYs_s[CovComp$secvac>0],pch=19,col=4,lwd=10)
#

##3-I1CER

# plot(CovCompSconsvac[CovComp$consvac>0],(1/1000)*CovCompSICER_c[CovComp$consvac>0],

# main="3-ICER",

xlab="Vaccination coverage",

ylab="ICER (£thou)",

pch=19,

col=9,

H W W R
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lwd=7,
cex.lab=1.5,
cex.axis=1.5,
#  ylim=c(0,20))

* H X

# lines(CovCompSconsvac[CovCompS$consvac>0],(1/1000)*CovComp$ICER_c[CovCompS$consvac>0],col=9,lwd=10)
# lines(CovComp$privac[CovComp$privac>0],(1/1000)*CovCompSICER_p[CovCompSprivac>0],pch=19,col=3,lwd=10)
# lines(CovComp$secvac[CovCompS$secvac>0],(1/1000)*CovCompSICER_s[CovCompS$secvac>0],pch=19,col=4,lwd=10)

#
# # 4 - Deaths averted over baseline

# plot(CovCompSconsvac[CovCompS$consvac>0],CovComp$Deaths_c[CovCompSconsvac>0],

# main="4 - Deaths averted",
xlab="Vaccination coverage",

pch=19,
col=9,
lwd=7,
cex.lab=1.5,
#  cex.axis=1.5)

LR

# lines(CovCompS$consvac[CovCompS$consvac>0],CovCompS$Deaths_c[CovCompS$consvac>0],col=9,lwd=10)
# lines(CovComp$privac[CovComp$privac>0],CovComp$Deaths_p[CovCompSprivac>0],pch=19,col=3,lwd=10)
# lines(CovCompS$secvac[CovCompS$secvac>0],CovCompS$Deaths_s[CovCompSsecvac>0],pch=19,col=4,lwd=10)

#

#

# PSA charts
par(mfrow=c(2,2))

# 1 - Homogenous vaccination at 42%

plot(PSA_homS$ThresholdQALYs,PSA_homS$ThresholdL,

xlab="Incremental QALYs saved",
ylab="Incremental Costs (£)",
xlim=c(-5000,40000),
ylim=c(-25000000,80000000),
pch=19,

col=9,

lwd=1,

cex.lab=1.3,

cex.axis=1.3)

points(PSA_homS$ThresholdQALYs,PSA_homS$ThresholdH,

pch=19,
col=8,
Ilwd=1)

points(PSA_homSInc_QALYs[PSA_homSInc_QALYs!=0],PSA_homSinc_Cost[PSA_homSInc_QALYs!=0],

col=5,

lwd=1,

pch=1)
# points(34017.90812,1267746.966,
# lwd=10,
# pch=7)

lines(PSA_homS$ThresholdQALYs,PSA_homSThresholdL,col=9,lwd=6) # ThresholdL
lines(PSA_homS$ThresholdQALYs,PSA_homSThresholdH,col=8,lwd=6) # Threshold H

legend("bottomright",
legend=c("Homogeneous 42%"),
col=c(5),
lwd=6,
cex=1.3,
bg="white")

abline(h=0) # origin x

abline(v=0) # origin y

# 2 - Targeted (primary) at 100%

plot(PSA_priSThresholdQALYs,PSA_priSThresholdL,

xlab="Incremental QALYs saved",
ylab="Incremental Costs (£)",
xlim=c(-5000,40000),
ylim=c(-25000000,80000000),

lwd=1,
cex.lab=1.3,
cex.axis=1.3)

points(PSA_pri$ThresholdQALYs,PSA_priSThresholdH,

pch=19,
col=8,
lwd=1)

points(PSA_priSinc_QALYs[PSA_priSinc_QALYs!=0],PSA_priSInc_Cost[PSA_priSinc_QALYs!=0],

col=3,
lwd=1,
pch=1)
# points(33882.77435,668147.7286,

ylab="Deaths averted over baseline",

#
#

lines(PSA_pri$ThresholdQALYs,PSA_priSThresholdL,col=9,lwd=6) # ThresholdL
lines(PSA_priSThresholdQALYs,PSA_priSThresholdH,col=8,lwd=6) # Threshold H

lwd=1,
pch=7)

legend("bottomright",

legend=c("Targeted (primary) 100%"),
col=c(3),

lwd=6,

cex=1.3,

bg="white")
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abline(h=0) # origin x
abline(v=0) # originy
# 3 - Targeted (secondary) at 100%
plot(PSA_secSThresholdQALYs,PSA_sec$SThresholdL,
xlab="Incremental QALYs saved",
ylab="Incremental Costs (£)",
xlim=c(-5000,40000),
ylim=c(-25000000,80000000),
pch=19,
col=9,
lwd=1,
cex.lab=1.3,
cex.axis=1.3)
points(PSA_sec$ThresholdQALYs,PSA_secSThresholdH,
pch=19,
col=8,
lwd=1)
points(PSA_secSInc_QALYs[PSA_secSInc_QALYs!=0],PSA_secSInc_Cost[PSA_sec$Iinc_QALYs!=0],
col=4,
lwd=1,
pch=1)
# points(18456.46208,670659.873905897,
# lwd=1,
# pch=7)
lines(PSA_secSThresholdQALYs,PSA_secSThresholdL,col=9,lwd=6) # ThresholdL
lines(PSA_secSThresholdQALYs,PSA_sec$ThresholdH,col=8,Ilwd=6) # Threshold H
legend("bottomright",
legend=c("Targeted (secondary) 100%"),
col=c(4),
lwd=6,
cex=1.3,
bg="white")
abline(h=0) # origin x
abline(v=0) # originy
#4 - Heterogeneous at 48% & 34%
plot(PSA_hetSThresholdQALYs,PSA_hetSThresholdL,
xlab="Incremental QALYs saved",
ylab="Incremental Costs (£)",
xlim=c(-5000,40000),
ylim=c(-25000000,80000000),
pch=19,
col=9,
Ilwd=1,
cex.lab=1.3,
cex.axis=1.3)
points(PSA_hetSThresholdQALYs,PSA_hetSThresholdH,
pch=19,
col=8,
lwd=1)
points(PSA_hetSInc_QALYs[PSA_hetSInc_QALYs!=0],PSA_hetSInc_Cost[PSA_hetSInc_QALYs!=0],
col=6,
lwd=1,
pch=1)
lines(PSA_hetSThresholdQALYs,PSA_hetSThresholdL,col=9,lwd=6) # ThresholdL
lines(PSA_hetSThresholdQALYs,PSA_hetSThresholdH,col=8,lwd=6) # Threshold H
legend("bottomright",
legend=c("Heterogeneous 48% & 34%"),
col=c(6),
lwd=6,
cex=1.3,
bg="white")
abline(h=0) # origin x
abline(v=0) # originy

#

#

# # Levelplot

# library(lattice)

# colpal <- colorRampPalette(c("white","yellow","red"))

# plot.new()

# par(mfrow=c(2,2), oma=c(2,0,2,0))

## 1 - Finalsize

# print(levelplot(Het_resultsSfinalsize~Het_resultsSprivac*Het_resultsSsecvac,
# main=list(label="1 - Final size",cex=2.3),

# xlab=list(label="Primary school vaccination",cex=2.0),

# ylab=list(label="Secondary school vaccination",cex=2.0),
# col.regions = colpal(30),

# scales=list(x=list(cex=2.0),y=list(cex=2.0)),

# colorkey=list(labels=list(cex=2.0))),

# split=c(1, 1, 2, 2))

## 3 - Efficiency

# print(levelplot(Het_resultsSQALYs_per_Vacc~Het_resultsSprivac*Het_results$secvac,
# main=list(label="2 - QALYs gained per vaccination",cex=2.3),
xlab=list(label="Primary school vaccination",cex=2.0),
ylab=list(label="Secondary school vaccination",cex=2.0),

col.regions = colpal(30),

scales=list(x=list(cex=2.0),y=list(cex=2.0)),

colorkey=list(labels=list(cex=2.0))),

H o W R
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# split=c(1,2,2,2), newpage=FALSE)

##2 - Total Cost

# print(levelplot((1/1000000)*Het_resultsSTotalCosts~Het_resultsSprivac*Het_results$secvac,
# main=list(label="3 - Total cost (£ mil)",cex=2.3),

xlab=list(label="Primary school vaccination",cex=2.0),
ylab=list(label="Secondary school vaccination",cex=2.0),

col.regions = colpal(30),

scales=list(x=list(cex=2.0),y=list(cex=2.0)),

colorkey=list(labels=list(cex=2.0))),

split=c(2,1,2,2), newpage=FALSE)

## 4 - Cost per vaccination

# print(levelplot(Het_resultsSCost_per_Vacc™Het_resultsSprivac*Het_resultsSsecvac,
# main=list(label="4 - Cost per vaccination (£)",cex=2.3),
xlab=list(label="Primary school vaccination",cex=2.0),
ylab=list(label="Secondary school vaccination",cex=2.0),

col.regions = colpal(30),

scales=list(x=list(cex=2.0),y=list(cex=2.0)),

colorkey=list(labels=list(cex=2.0))),

split=c(2, 2, 2, 2), newpage=FALSE)

T od O ¥ B I
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# # Economic analysis acceptability curve for different strategies
# options(scipen=10)
# par(mfrow=c(2,2))

#4#Pri

# plot(na.omit(EEACSPri_QALYs),na.omit(EEACSPri_Cost),
#  xlab="QALYs saved",

#  ylab="Total Cost (£)",

# pch=19,

# cex.axis=1.5,

# cex.lab=1.5,

#  lwd=4)

# lines(na.omit(EEACSPri_QALYs),na.omit(EEACSPri_Cost),
4 lwd=2)

## Sec

# plot(na.omit(EEACSSec_QALYs),na.omit(EEACSSec_Cost),
#  xlab="QALYs saved",

#

#

# cex.axis=1.5,

# cex.lab=1.5,

#  lwd=4)

# lines(na.omit(EEACSSec_QALYs),na.omit(EEACSSec_Cost),

#  lwd=2)

#4#Hom

# plot(na.omit(EEACSHom_QALYs),na.omit(EEACSHom_Cost),
#  xlab="QALYs saved",

#  ylab="Total Cost (£)",

# pch=19,

# cex.axis=1.5,

# cex.lab=1.5,

#  lwd=4)

# lines(na.omit(EEACSHom_QALYs),na.omit(EEACSHom_Cost),
#  lwd=2)

## Het

# plot(na.omit(EEACSHet_QALYs),na.omit(EEACSHet_Cost),
#  xlab="QALYs saved",

#  ylab="Total Cost (£)",

# pch=19,

# cex.axis=1.5,

# cex.lab=1.5,

#  lwd=4)

# lines(na.omit(EEACSHet_QALYs),na.omit(EEACSHet_Cost),

#  lwd=2)

#

# # Comparison between optimal vaccination coverage levels over the four strategies
# plot(0,0,

#  xlab="Incremental QALYs saved through vaccination",

# yla ncremental Cost (£)",

# pch=19,

# cex.axis=1.5,

# cex.lab=1.5,

#  lwd=9,

#  xlim=c(-18000,50),

#  ylim=c(0,30000000))

# text(0,0,

#  labels="Heterogeneous",

# pos=2)

# points(max(na.omit(EEACSHom_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSHom_Cost))-max(na.omit(EEACSHet_Cost)),
# pch=19,lwd=9,col=("red"))

# text(max(na.omit(EEACSHom_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSHom_Cost))-max(na.omit(EEACSHet_Cost)),
# labels="Homogeneous",

# pos=2)

# points(max(na.omit(EEACSPri_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSPri_Cost))-max(na.omit(EEACSHet_Cost)),
# pch=19,lwd=9,col=("red"))

# text(max(na.omit(EEACSPri_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSPri_Cost))-max(na.omit(EEACSHet_Cost)),

#  labels="Primary",

# pos=2)

# points(max(na.omit(EEACS$Sec_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSSec_Cost))-max(na.omit(EEACSHet_Cost)),
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# pch=19,lwd=9,col=("red"))

# text(max(na.omit(EEACSSec_QALYs))-max(na.omit(EEACSHet_QALYs)),max(na.omit(EEACSSec_Cost))-max(na.omit(EEACSHet_Cost)),

#  labels="Secondary",

# pos=3)

# arrows(x0=0,y0=0,

#  x1=(max(na.omit(EEACSHom_QALYs))-max(na.omit(EEACSHet_QALYs))),
# y1=(max(na.omit(EEACSHom_Cost))-max(na.omit(EEACSHet_Cost))),

# lwd=2,

# Ity=2)

# arrows(x0=0,y0=0,

#  x1=(max(na.omit(EEACSPri_QALYs))-max(na.omit(EEACSHet_QALYs))),

#  yl=(max(na.omit(EEACSPri_Cost))-max(na.omit(EEACSHet_Cost))),

# lwd=2,

# Ity=2)

# arrows(x0=0,y0=0,

#  x1=(max(na.omit(EEACSSec_QALYs))-max(na.omit(EEACSHet_QALYs))),
#  yl=(max(na.omit(EEACSSec_Cost))-max(na.omit(EEACSHet_Cost))),
# lwd=2,

# Ity=2)

# # Showing optimal vaccination coverage

# plot(CovCompSconsvac[CovComp$Comment_c==1],CovCompSICER_c[CovCompSComment_c==1],
#  xlab="Vaccination coverage",

ylab="ICER (£)",

ylim=c(0,35000),

xlim=c(0,1),

cex.lab=1.3,

#  cex.axis=1.3)

# abline(h=30000,Ity=3,lwd=4) # £30k threshold

# abline(h=20000,Ity=3,lwd=4) # £20k threshold

# lines(CovCompSconsvac,CovCompSICER_c,pch=19,col=9,lwd=10)
# lines(CovCompSprivac,CovCompSICER_p,pch=19,col=3,lwd=10)
# lines(CovCompS$secvac,CovCompSICER_s,pch=19,col=4,lwd=10)
#

# # Showing optimal vaccination coverage (hetergeneous option)
# library(lattice)

# colpal <- colorRampPalette(c("blue","yellow","red"))

#

#
#
#
#

levelplot(Het_resultsSICER[Het_resultsSICER>0&Het_resultsSICER<16926]~Het_resultsSprivac[Het_resultsSICER>0&Het_resultsSICER<20000]*Het_resultsSsecvac[Het_

resultsSICER>0&Het_resultsSICER<20000],

xlab=list(label="Primary school vaccination",cex=2.0),
ylab=list(label="Secondary school vaccination",cex=2.0),
xlim=c(0,1),

ylim=c(0,1),

col.regions = colpal(30),
scales=list(x=list(cex=2.0),y=list(cex=2.0)),
colorkey=list(labels=list(cex=2.0)))

H O K T R
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ECONOMIC ANALYSIS SCRIPT

#H
# Economic Analysis script to work with output from Discrete time SEIR model
#
# Attempt 1:
#
#
# Dom Thorrington 12/05/2014

HH
attach(Epidemic_results)

i
# Fraction of seropositives to ILI

HH
ILI_symp <- 0.35 #All flu

HH
# Final size with ILI

#it

ILI.FinalSize_agel <- ILI_symp * finalsizel * ageSize[1]
ILI.FinalSize_age2 <- ILI_symp * finalsize2 * ageSize[2]
ILL.FinalSize_age3 <- ILI_symp * finalsize3 * ageSize[3]
ILL.FinalSize_age4 <- ILI_symp * finalsize4 * ageSize[4]
ILI.FinalSize_age5 <- ILI_symp * finalsize5 * ageSize[5]

ILL.FinalSize  <- cbind(ILI.FinalSize_agel,ILI.FinalSize_age2,ILI.FinalSize_age3,ILI.FinalSize_age4,

ILI.FinalSize_age5)

colnames(ILI.FinalSize) <- NULL

H#
# Case fatality ratios

HH
CFR <- ¢((11+17+22+55)/(24743+83977+1408+12008),
(10+51)/(42649+9874),
(10+51)/(42649+9874),
(112+364+674+5458)/(87985+39353+29337+99337),
(7729+54933)/(53254+368489)) # Cromer et al. (2014)
# CFR for admissions

# Quality-adjusted life expectancy lost if 'flu-induced death occurs
HLE <-¢(66.23,61.41,55.60,33.10,6.54)

#H
# Healthcare resource use

HH

# ILI cases and visiting the GP
VisitGP <- 0.1 # Flusurvey for 2010-11

# GP -> Hospitalisation

Hosp <- cbind(rep((330+175)/(7361+6090),0verestimate),
rep((14/3875),overestimate),
rep((14/3875),overestimate),
rep((12+27)/(1878+1829),overestimate),

rep((63/582),overestimate)) # Cromer et al. (2014), both A&B, both low/high risk groups

# ILI cases and Hospitalisation - ICU
Hosp_ICU <- (41.4+70)/2000 # Baguelin et al. 2010

# Costs
i
# Societal
GPconsultation  <-45 # /clinic consultation
HospitalAdmission <- rep(1489,overestimate) # /admission
ICUAdmission <-1937
ChildcareUsage <-0
ChildcareCosts  <-0
# Vaccination
VaccineCosts <- rep(17.03,overestimate)
#H #H
# Health-related quality of life
HH#

QALY.nothosp <- cbind(rep(0.0074,overestimate),
rep(0.0074,overestimate),
rep(0.0074,overestimate),
rep(0.0082,overestimate),
rep(0.0082,overestimate))

QALY.hosp <- cbind(rep(0.016,0verestimate),
rep(0.016,overestimate),
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rep(0.016,overestimate),
rep(0.018,overestimate),
rep(0.018,overestimate))

i
# Discounting of costs and benefits
HH#
discount <- 0.035
HH
## Economic Analysis
i
i i

# Economic calculations on final sizes

ILIDeaths <- matrix(nrow=overestimate, ncol=nage)
ILISurvivors  <- matrix(nrow=overestimate, ncol=nage)
ILI.GPconsultation <- matrix(nrow=overestimate, ncol=nage)
ILI.HospAdm <- matrix(nrow=overestimate, ncol=nage)
ILLICUAdm <- matrix(nrow=overestimate, ncol=nage)
ILI.Childcare  <- matrix(nrow=overestimate, ncol=nage)
QALYs_survivors  <- matrix(nrow=overestimate, ncol=nage)

for (i in 1:overestimate){
for (j in 1:nage){
# ILIDeathslij] <- ILL.FinalSize[i,j] * CFR[j]
# ILISurvivors[i,jl  <-ILLFinalSize[i,j] * (1-CFR[j])
ILI.GPconsultation[i,j] <- ILI.FinalSize[i,j] * VisitGP * GPconsultation
ILI.HospAdm([i,j] <- ILI.FinalSize[i,j] * VisitGP * Hospli,j] * HospitalAdmission[i]
ILIICUAdmI(i,j] <- ILI.FinalSizel[i,j] * VisitGP * Hospli,j] * Hosp_ICU * ICUAdmission
ILI.Childcare[i,j] ~ <- ILI.FinalSize[i,j] * ChildcareUsage * ChildcareCosts
ILIDeaths[i,j] <-ILL.FinalSize[i,j] * VisitGP * Hospl[j] * CFR[j]
ILISurvivors[i,jl ~ <- ILI.FinalSize[i,j]* VisitGP * Hosp[j] * (1-CFR[j])
}
}

for (i in 1:overestimate){
for (jin 1:nage){
QALYs_survivors[i,j] <- ILISurvivors[i,j] * ((1-Hospl[j]) * QALY.nothospl[i,j] + Hosp[j] * QALY.hospl[i,j])
}
}

# Vaccination programme costs
VaccCosts <- matrix(,nrow=overestimate,ncol=nage)
Vaccinated <- cbind(Vaccinated1, Vaccinated2, Vaccinated3, Vaccinated4, Vaccinated5)

for (i in 1:overestimate){
for (jin 1:nage){
VaccCostsli,j] <- Vaccinated([i,j]*VaccineCosts|i] # Total vaccination costs
}
}

# Total Costs
TotalCosts <- numeric(0)
for (i in 1:overestimate){
TotalCosts[i] <- sum(ILI.GPconsultation[i,])+sum(ILI.HospAdm([i,])+sum(ILI.ICUAdm([i,])+sum(VaccCosts][i,])#+sum(ILI.Childcareli,])
}

# Temporary loss of quality of life - survivors

QALYs_illness <- numeric(0)

for (i in 1:length(QALYs_survivors)/nage){
QALYs_illness[i] <- sum(QALYs_survivors[i,])

}

# Loss of future QALYs through influenza-death

QALYs_death1 <- ILIDeaths[,1]*HLE[1]/((1+discount)*HLE[1])
QALYs_death2 <- ILIDeaths[,2]*HLE[2]/((1+discount)*HLE[2])
QALYs_death3 <- ILIDeaths[,3]*HLE[3]/((1+discount)*HLE[3])
QALYs_death4 <- ILIDeaths[,4]*HLE[4]/((1+discount) HLE[4])
QALYs_death5 <- ILIDeaths[,5]*HLE[5]/((1+discount)*HLE[5])

QALYs_death <- QALYs_deathl + QALYs_death2 + QALYs_death3 + QALYs_death4 + QALYs_death5
TotalQALYs <- QALYs_illness + QALYs_death

# Append to dataframe
Epidemic_results[,"Deaths_1"]  <- ILIDeaths[,1]
Epidemic_results[,"Deaths_2"]  <- ILIDeaths[,2]
Epidemic_results[,"Deaths_3"]  <- ILIDeaths[,3]
Epidemic_results[,"Deaths_4"]  <- ILIDeaths[,4]
Epidemic_results[,"Deaths_5"]  <- ILIDeaths[,5]
Epidemic_results[,"TotalCosts"] <- TotalCosts
Epidemic_results[,"QALYs_illness"] <- QALYs_illness
Epidemic_results[,"QALYs_death"] <- QALYs_death
Epidemic_results[,"Total_QALYs"] <- TotalQALYs

# Sort Epidemic_results by TotalCosts (column 21) ascending
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Epidemic_results <- Epidemic_results[order(Epidemic_results[,21]),] # dataframe is now sorted on TotalCosts
rownames(Epidemic_results) <- NULL # Remove "row.names"

# Declare columns to add to Epidemic_results
Inc_Cost  <- numeric(0)
Inc_QALYs  <- numeric(0)
TotalVacc  <- numeric(0)
ICER <- numeric(0)
Inc_QALYs_2 <-numeric(0)
QALYs_per_Vacc <- numeric(0)
QALDs_per_Vacc <- numeric(0)
Cost_per_Vacc <- numeric(0)
Primary_Vacc <- numeric(0)
Secondary_Vacc <- numeric(0)
Deaths_averted <- numeric(0)

# Calculate data to add to Epidemic_results
for (i in 1:overestimate){
if(i==1){# First row is an exception for some columns
Inc_Cost[i] <- 0
Inc_QALYs[i] <- 0
TotalVacc[i] <- Epidemic_resultsSVaccinated1[i] + Epidemic_results$Vaccinated2[i] + Epidemic_resultsSVaccinated3[i] + Epidemic_resultsSVaccinated4[i] +
Epidemic_results$Vaccinated5[i]
ICER[i] <- 0
Inc_QALYs_2[i] <- 0
QALYs_per_Vaccli] <- 0
QALDs_per_Vacc[i] <-0
Cost_per_Vaccli] <-0
Primary_Vaccli] <- Epidemic_resultsSprivac[i]*ageSize[2]
Secondary_Vacc[i] <- Epidemic_resultsSsecvacli]*ageSize[3]
Deaths_averted[i] <- 0
Yelse {
Inc_Cost[i] <- Epidemic_resultsSTotalCostsli] - Epidemic_results$TotalCosts[i-1]
Inc_QALYs(i] <- Epidemic_resultsSTotal_QALYs[i-1] - Epidemic_results$STotal_QALYs][i]
TotalVacc[i] <- Epidemic_results$Vaccinated1[i] + Epidemic_results$Vaccinated2[i] + Epidemic_results$Vaccinated3[i] + Epidemic_results$Vaccinatedd[i] +
Epidemic_results$Vaccinated5[i]
ICER[i] <- Inc_Cost[i]/Inc_QALYs[i]
Inc_QALYs_2[i] <- Epidemic_resultsSTotal_QALYs[1] - Epidemic_resultsSTotal_QALYs[i]
QALYs_per_Vaccli] <- Inc_QALYs_2[i]/(TotalVacc[i] - TotalVacc[1])
QALDs_per_Vacc[i] <- QALYs_per_Vacc[i]*365
Cost_per_Vaccli] <- (Epidemic_resultsSTotalCosts[i] - Epidemic_results$STotalCosts[1])/(TotalVaccli] - TotalVacc[1])
Primary_Vaccli] <- Epidemic_resultsSprivac[i]*ageSize[2]
Secondary_Vacc[i] <- Epidemic_resultsSsecvacli]*ageSize[3]
Deaths_averted[i] <- (Epidemic_resultsSDeaths_1[1] + Epidemic_resultsSDeaths_2[1] + Epidemic_resultsSDeaths_3[1] + Epidemic_resultsSDeaths_4[1] +
Epidemic_resultsSDeaths_5[1]) -
(Epidemic_resultsSDeaths_1[i]  +  Epidemic_resultsSDeaths_2[i] ~ +  Epidemic_results$Deaths_3[i] ~ +  Epidemic_resultsSDeaths_4[i]  +
Epidemic_resultsSDeaths_5][i])
}
}

# Append to Epidemic_results dataframe
Epidemic_results[,"Inc_Cost"] ~ <-Inc_Cost
Epidemic_results[,"Inc_QALYs"]  <-Inc_QALYs
Epidemic_results[,"TotalVacc"]  <- TotalVacc
Epidemic_results[,"ICER"] <- ICER
Epidemic_results[,"Inc_QALYs_2"] <-Inc_QALYs_2
Epidemic_results[,"QALYs_per_Vacc"] <- QALYs_per_Vacc
Epidemic_results[,"QALDs_per_Vacc"] <- QALDs_per_Vacc
Epidemic_results[,"Cost_per_Vacc"] <- Cost_per_Vacc
Epidemic_results[,"Primary_Vacc"] <- Primary_Vacc
Epidemic_results[,"Secondary_Vacc"] <- Secondary_Vacc
Epidemic_results[,"Deaths_averted"] <- Deaths_averted
Epidemic_results[,"Comments"]  <- rep(1,overestimate)

# Process of finding and removing SD & WD ICERs:
# 1) Check list if negative ICERs exist

# 2) If yes, create Epidemic_results_exc (if no, move on to WD section...(6))

# 3) Move first negative ICER to Epidemic_results_exc with "SD" label attached
# 4) Recalculate all ICERs

# 5) Repeat from (1)

# 6) Create WD_testvector

# 7) Check if any element of WD_testvector > 1

# 8) If no, finish and merge lists if necessary, if yes -> (9)

# 9) Move offending ICER to _exc list with "WD" label attached

#10) Go to (6)

# Part 1 - strongly dominated

# Check for existence of negative ICERs
Neg_ICERs <- any(Epidemic_resultsSICER<0)
merge_test<- F

# Create blank Epidemic_results_exc

Epidemic_results_exc <- data.frame(Simulation=rep(NA,1), # Record the simulation number for the conditions set
RO=rep(NA,1),
privac=rep(NA,1),
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secvac=rep(NA,1),
finalsizel=rep(NA,1),
finalsize2=rep(NA,1),
finalsize3=rep(NA,1),
finalsize4=rep(NA,1),
finalsize5=rep(NA,1),
finalsize=rep(NA,1),
Vaccinatedl=rep(NA,1),
Vaccinated2=rep(NA,1),
Vaccinated3=rep(NA,1),
Vaccinated4=rep(NA,1),
VaccinatedS=rep(NA,1),
Deaths_1=rep(NA,1),
Deaths_2=rep(NA,1),
Deaths_3=rep(NA,1),
Deaths_4=rep(NA,1),
Deaths_5=rep(NA,1),
TotalCosts=rep(NA,1),
QALYs_illness=rep(NA,1),
QALYs_death=rep(NA,1),
Total_QALYs=rep(NA,1),
Inc_Cost=rep(NA,1),
Inc_QALYs=rep(NA,1),
TotalVacc=rep(NA,1),
ICER=rep(NA,1),
Inc_QALYs_2=rep(NA,1),
QALYs_per_Vacc=rep(NA,1),
QALDs_per_Vacc=rep(NA,1),
Cost_per_Vacc=rep(NA,1),
Primary_Vacc=rep(NA,1),
Secondary_Vacc=rep(NA,1),
Deaths_averted=rep(NA,1),
Comments=rep(NA,1),
stringsAsFactors=F)
Epidemic_results_exc <- Epidemic_results_exc[-1,]

# Run procedure to deal with negative ICERs
if(Neg_ICERs==T){
merge_test<-T

}

while (Neg_ICERs==T){
Neg_index <- numeric(0)

# Find negative ICERs
Neg_index <- match(Epidemic_resultsSICER[Epidemic_results$SICER<0],Epidemic_resultsSICER)

# Label the first negative ICER
Epidemic_results[Neg_index[1],]SComments <- "SD"

# Copy first negative ICER to new dataframe
Epidemic_results_exc <- rbind(Epidemic_results_exc,Epidemic_results[Neg_index[1],])
rownames(Epidemic_results_exc) <- NULL # Remove "row.names"

# Remove first negative ICER from old dataframe
Epidemic_results <- Epidemic_results[-Neg_index[1],]
rownames(Epidemic_results) <- NULL # Remove "row.names"

# Update Epidemic_results

Epidemic_results[Neg_index[1],]$Inc_Cost <- Epidemic_results[Neg_index[1],]$TotalCosts - Epidemic_results[(Neg_index[1]-1),]$TotalCosts
Epidemic_results[Neg_index[1],]SInc_QALYs <- Epidemic_results[(Neg_index[1]-1),]$Total_QALYs - Epidemic_results[Neg_index[1],]$Total_QALYs
Epidemic_results[Neg_index[1],]SICER  <- Epidemic_results[Neg_index[1],]$Inc_Cost/Epidemic_results[Neg_index[1],]$Inc_QALYs

# Check for existence of negative ICERs
Neg_ICERs <- any(Epidemic_resultsSICER<0)
}

# Part 2 - weakly dominated

# Find the weakly dominated options and move to Epidemic_results_exc, labelling as WD
WD_test <- F
WD_testvector <- numeric(0)
for (i in 2:(length(Epidemic_results[,1])-1)){

WD_testvector <- append(WD_testvector,Epidemic_results[i,]SICER/Epidemic_results[i+1,]SICER)
}
if(length(WD_testvector[WD_testvector>1])>0){

WD_test<-T

merge_test<-T

}

while(WD_test==T){
# Check if Epidemic_results_exc exists, if not then create it
if (exists("Epidemic_results_exc")==F){
Epidemic_results_exc <- data.frame(Simulation=rep(NA,1), # Record the simulation number for the conditions set
RO=rep(NA,1),
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Epidemic_results_exc <- Epidemic_results_exc[-1,]

}

privac=rep(NA,1),
secvac=rep(NA,1),
finalsizel=rep(NA,1),
finalsize2=rep(NA,1),
finalsize3=rep(NA,1),
finalsize4=rep(NA,1),
finalsize5=rep(NA,1),
finalsize=rep(NA,1),

Vaccinated1=rep(NA,1),
Vaccinated2=rep(NA,1),
Vaccinated3=rep(NA,1),
Vaccinated4=rep(NA,1),
VaccinatedS=rep(NA,1),

Deaths_1=rep(NA,1),
Deaths_2=rep(NA,1),
Deaths_3=rep(NA,1),
Deaths_4=rep(NA,1),
Deaths_5=rep(NA,1),
TotalCosts=rep(NA,1),

QALYs_illness=rep(NA,1),
QALYs_death=rep(NA,1),
Total_QALYs=rep(NA,1),

Inc_Cost=rep(NA,1),
Inc_QALYs=rep(NA,1),
TotalVacc=rep(NA,1),
ICER=rep(NA,1),

Inc_QALYs_2=rep(NA,1),
QALYs_per_Vacc=rep(NA,1),
QALDs_per_Vacc=rep(NA,1),
Cost_per_Vacc=rep(NA,1),
Primary_Vacc=rep(NA,1),
Secondary_Vacc=rep(NA,1),
Deaths_averted=rep(NA,1),

Comments=rep(NA,1),
stringsAsFactors=F)

# Find WD coverage levels
WD_indexes <- numeric(0)
for (i in 2:(length(Epidemic_results[,1])-1)){

if(Epidemic_results[i,]SICER>Epidemic_results[i+1,]SICER){

Epidemic_results[i,]SComments <- "WD"
WD_indexes <- append(WD_indexes,i)

}
}

# Move WD coverage levels

Epidemic_results_exc <- rbind(Epidemic_results_exc,Epidemic_results[WD_indexes,])
rownames(Epidemic_results_exc) <- NULL # Remove "row.names"

Epidemic_results <- Epidemic_results[-WD_indexes,]

rownames(Epidemic_results) <- NULL # Remove "row.names"

# Wipe previous columns to add to Epidemic_results

Inc_Cost  <- numeric(0)
Inc_QALYs  <- numeric(0)
ICER <- numeric(0)

for (i in 1:length(Epidemic_results[,1])){

if(i==1){# First row is an exception for some columns

Inc_Cost[i] <-0

Inc_QALYs[i] <- 0

ICER[i] <- 0
Yelse {

Inc_Cost[i] <- Epidemic_resultsSTotalCosts[i] - Epidemic_resultsSTotalCosts[i-1]
Inc_QALYs][i] <- Epidemic_resultsSTotal_QALYs[i-1] - Epidemic_resultsSTotal_QALYs[i]

ICERY(i] <- Inc_Cost[i]/Inc_QALYs[i]

}
}

# Append to Epidemic_results dataframe

Epidemic_results[,"Inc_Cost"]
Epidemic_results[,"Inc_QALYs"]

Epidemic_results[,"ICER"] <-ICER

# Re-test for WD coverage levels
WD_testvector <- numeric(0)

for (i in 2:(length(Epidemic_results[,1])-1)){

WD_testvector <- append(WD_testvector,Epidemic_results[i,]SICER/Epidemic_results[i+1,]$ICER)

}

if(length(WD_testvector[WD_testvector>1])>0){

WD_test <-T
Yelse {
WD_test <-F
}
}

# Add excluded ICERs to the end of the Epidemic_results dataframe

if(merge_test==T){

Epidemic_results <- rbind(Epidemic_results,Epidemic_results_exc)

}

<-Inc_Cost
<-Inc_QALYs
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R SCRIPT FOR MATHEMATICAL MODELS USED IN CHAPTER 6

MAIN MODEL SCRIPT

HH
# Discrete time SEIR model
#
# Attempt 7: age-structured population,stochastic infection parameter, 31 patches
# with heterogeneous vaccination coverage across school patches
#
# Dom Thorrington 28/02/2014
#HH

datestamp <- 20141224

# For progress bar
#install.packages("tcltk")
#install.packages("tcltk2")
#install.packages("Matrix")
require(tcltk)
#require(tcltk2)
require(Matrix)

# Set location
location <- 1 # 1 = Office
#2=Home

if (location==1){

setwd("C:/Users/Ish337197/Dropbox/PhD guff/R stuff/Discrete time SEIR/31 patch/Project/5.0 New model/5.01 No vacc")
Yelse {

setwd("C:/Users/Dom’s Laptop/Dropbox/PhD guff/R stuff/Discrete time SEIR/31 patch/Project/5.0 New model/5.01 No vacc")
}

# General parameters - RO, beta, etc.
source('Parameters.R')

HH
# Population structure

#it
nprimary <- 25 # number of primary schools
nsecondary <- 5 # number of secondary schools
npatch <- nprimary + nsecondary + 1
SchoolPatches <- ¢(1:(nprimary+nsecondary))

#H

# Run simulations to put final size into matrix with overall progress bar

nsims  <- 5000

masterpb <- winProgressBar(title="Running simulations", label="0% done", min=0, max=100, initial=0)

# Age-specific time series matricies - these will be used to output results to .csv
age_timeseries.1 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.2 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.3 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.4 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.5 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.6 <- matrix(0, nrow = nsims, ncol = nsteps)
age_timeseries.7 <- matrix(0, nrow = nsims, ncol = nsteps)

age_timeseries_exp.1 <- matrix(0, nrow = nsims, ncol = nsteps)

age_timeseries_exp.2 <- matrix(0,
age_timeseries_exp.3 <- matrix(0,
age_timeseries_exp.4 <- matrix(0,
age_timeseries_exp.5 <- matrix(0,
age_timeseries_exp.6 <- matrix(0,
age_timeseries_exp.7 <- matrix(0,

nrow = nsims, ncol = nsteps)
nrow = nsims, ncol = nsteps)
nrow = nsims, ncol = nsteps)
nrow = nsims, ncol = nsteps)
nrow = nsims, ncol = nsteps)
nrow = nsims, ncol = nsteps)

# Create dataframe in which to store main results

dataframerow <- 0
overestimate <- nsims

epsilon.1=rep(

RO=rep("",overestimate),
privac=rep("",overestimate),

secvac=rep(

Peak_Time=rep(’
FinalSize=rep(""

,overestimate),

,overestimate),
Peak=rep("",overestimate),

,overestimate),

# upper limit of the number of rows in the dataframe
Epidemic_results <- data.frame(Simulation=rep(NA,overestimate),
,overestimate),

# Record the simulation number for the conditions set

# Overall epidemic peak height
# Overall epidemic peak time
# Overall epidemic final size



Duration=rep("",overestimate),  # Overall epidemic duration
Vaccination=rep("",overestimate), # Overall vaccination coverage achieved
All_infected=rep("",overestimate), # Point at which all patches were infected
Mean_patch_dur=rep("",overestimate), # Mean duration of patch epidemics
Peak_agel=rep("",overestimate), # Results for age groups (does not include age-specific duration)
Peak_agel_time=rep("",overestimate),
FinalSize_agel=rep("",overestimate),

Duration_agel=rep("",overestimate),
Vaccination_agel=rep("",overestimate),

Peak_age2=rep("",overestimate),

Peak_age2_time=rep("",overestimate),
FinalSize_age2=rep("",overestimate),

Duration_age2=rep("",overestimate),
Vaccination_age2=rep("",overestimate),

Peak_age3=rep("",overestimate),

Peak_age3_time=rep("",overestimate),
FinalSize_age3=rep("",overestimate),

Duration_age3=rep("",overestimate),
Vaccination_age3=rep("",overestimate),

Peak_age4=rep("",overestimate),

Peak_age4_time=rep("",overestimate),
FinalSize_age4=rep("",overestimate),

Duration_aged=rep("",overestimate),
Vaccination_age4=rep("",overestimate),

Peak_age5=rep("",overestimate),

Peak_age5_time=rep("",overestimate),
FinalSize_age5=rep("",overestimate),

Duration_age5=rep("",overestimate),
Vaccination_age5=rep("",overestimate),

Peak_age6=rep("",overestimate),

Peak_age6_time=rep("",overestimate),
FinalSize_age6=rep("",overestimate),

Duration_age6=rep("",overestimate),
Vaccination_age6=rep("",overestimate),

Peak_age7=rep("",overestimate),

Peak_age7_time=rep("",overestimate),
FinalSize_age7=rep("",overestimate),

Duration_age7=rep("",overestimate),
Vaccination_age7=rep("",overestimate),

stringsAsFactors=F)

# varsl <- c(sample(c(1:3),nsims,replace=T)) # Seeding

#

# vars1 <- runif(nsims,0,0.95) # privac

#

# vars2 <- c(sample(c(1.0, 1.5, 2.0, 2.5),nsims,replace=T)) # RO
#

patch_sims <- matrix(0,nrow=nsims,ncol=npatch)
age_sims <- matrix(0,nrow=nsims,ncol=nage)
patch_outbreaks <- matrix(0,nrow=nsims,ncol=npatch)

#

for (q in 1:nsims){
# Variable of choice
privac <-0
secvac <- privac

# Uptake of vaccine according to new JCVI guidance
uptake_gen <-¢(0.00, # uptake of 0-1

0.00, #uptake of 2-3 ***

privac, # uptake of 4-10 ***

secvac, #uptake of 11-16 ***

0.00, # uptake of 17-24

0.00, # uptake of 25-64

0.00) # uptake of 65+

# Overall coverage
vacc_coverage <- numeric(0)
for (i in 1:nage){
vacc_coveragel[i] <- c(1-((uptake_risk[i]*risk_groupsli])+(uptake_gen[i]*(1-uptake_risk[i]*risk_groupsli]))))
}

dataframerow <- dataframerow + 1
Sys.sleep(0.1) # slow down the progress bar code for illustration purposes

info <- sprintf("%f%% done", round(q/nsims,2)*100)
setWinProgressBar(masterpb, round(q/nsims,2)*100, label=info)

HH
# Setting population lists before model

Hi
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# Initialise population lists

S <- vector("list",npatch) # Susceptible

E <- vector("list",npatch) # Exposed

| <- vector("list",npatch) # Infectious

R <- vector("list",npatch) # Recovered

W <- vector("list",npatch) # Vaccinated in total

A <- vector("list",npatch) # Prior immunity

V <- vector("list",npatch) # Effectivelty vaccinated
N <- vector("list",npatch) # S+E+I+R+V

HH
# Seeding the population with infection

HH
seeding <- 1# 1 - manual to assign to primary (1), secondary (2) or external (3),
# 2 - randomly assigned to primary (1), secondary (2) or external (3)

if (seeding==1){

# 1 - primary school

# 2 - secondary school

# 3 - external population

pop_index <- 1 # manual selection of primary (1), secondary (2) or external (3) for seed
Yelse {

pop_index <- sample(1:3,1,replace=T) # randomly choose population to seed:

}

# Assigning seed patch
if (pop_index==1){ # randomly choose one primary school
seed_patch <- sample(1:nprimary,1,replace=T)
Yelse {
if (pop_index==2){ # randomly choose one secondary school
seed_patch <- sample((nprimary+1):(nprimary+nsecondary),1,replace=T)
}else { # assign to the external population
seed_patch <- npatch
}
}

HH
# Structuring the population
it

for (i in 1:npatch){
if(i < (nprimary+1)){
N[[i]] <- c(0,0,ageSize[3]/nprimary,0,0,0,0)
Yelse {
if(i != npatch){
N[[i]] <- ¢(0,0,0,ageSize[4]/nsecondary,0,0,0)
}else {
NI[[i]] <- c(ageSize[1],ageSize[2],0,0,ageSize[5],ageSize[6],ageSize([7])
}
}
}

# Structure of infected population
for (i in L:npatch){
for (j in 1:nage){
1[G <-0
}
}

if (pop_index==1){ # seed in the appropriate primary school
I[[seed_patch]][3] <- seed
Yelse {
if (pop_index==2){ # seed in the appropriate secondary school
I[[seed_patch]][4] <- seed
}else { # seed in the appropriate external population age group
ext_preindex <- sample(1:2,1,replace=T)
if (ext_preindex==1){ # seed in age group 1 or 2
ext_index <- sample(1:2,1,replace=T)
}else { # seed in age group 5, 6 or 7
ext_index <- sample(5:nage,1,replace=T)
}
I[[seed_patch]][ext_index] <- seed
}
}

# Structure of incubated population
for (i in 1:npatch){
for (jin 1:nage){
E[[il]0] <-0
}
}
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# Structure of recovered population
for (i in 1:npatch){
for (jin 1:nage){
RI0TI0] <-0
}
}

immune <- ¢(1-0.7837,
1-0.7837,
1-0.8943,
1-0.9819,
1-0.9496,
1-0.9496,
1-0.9736)

# Structure of susceptible and vaccinated populations - primary schools
if (npri_low_v!=0){
if(npri_low_v==nprimary){ # All primary schools have low coverage
for (i in L:nprimary){
WI[[i]] <- ¢(0,0,round(ageSize[3]*(1-(vacc_coverage[3]+tau))/nprimary),0,0,0,0)
V[[i]] <- ¢(0,0,round(W[[i]][3]*vac_eff[3]),0,0,0,0)
A[[i]] <- ¢(0,0,round((ageSize[3]/nprimary)*immune[3]),0,0,0,0)
SIL] <= NI[IT - VI - ALl
}
}else {
for (i in 1:(nprimary-npri_low_v)){ # Normal vacc. coverage primary schools
WI[[i]] <- ¢(0,0,round(ageSize[3]*(1-vacc_coverage([3])/nprimary),0,0,0,0)
V[[i]] <- ¢(0,0,round(W[[i]][3]*vac_eff[3]),0,0,0,0)
A[[i]] <- ¢(0,0,round((ageSize[3]/nprimary)*immune[3]),0,0,0,0)
SIL] <= NIEIT - VI - ALl
}
for (i in (nprimary-npri_low_v+1):nprimary){ # Low vacc. coverage primary schools
WI[[i]] <- ¢(0,0,round(ageSize[3]*(1-(vacc_coverage[3]+tau))/nprimary),0,0,0,0)
V[[i]] <- ¢(0,0,round(W[[i]][3]*vac_eff[3]),0,0,0,0)
Al[i]] <- ¢(0,0,round((ageSize[3]/nprimary)*immune[3]),0,0,0,0)
S[L] <= N[[T - VLT - ALl
}
}
}Yelse {
for (i in 1:nprimary){ # Normal vacc. coverage primary schools
WI[[i]] <- ¢(0,0,round(ageSize[3]*(1-vacc_coverage[3])/nprimary),0,0,0,0)
V[[i]] <- ¢(0,0,round(W([[i]1[3]*vac_eff[3]),0,0,0,0)
A[[i]] <- ¢(0,0,round((ageSize[3]/nprimary)*immune[3]),0,0,0,0)
SIL] <= NILT - VI - ALL]
}
}

# Structure of susceptible and removed populations - secondary schools
if (nsec_low_v!=0){
if (nsec_low_v==nsecondary){ # All secondary schools have low coverage
for (i in (nprimary+1):(nprimary+nsecondary)){
WI[i]] <- ¢(0,0,0,round(ageSize[4]*(1-(vacc_coverage[4]+tau))/nsecondary),0,0,0)
V[[i]] <- ¢(0,0,0,round(W([[i]][4]*vac_eff[4]),0,0,0)
A[[i]] <- ¢(0,0,0,round((ageSize[4]/nsecondary)*immune[4]),0,0,0)
S[[i1 <- NIET - VI - ALLD
}
Yelse {
for (i in (nprimary+1):(nprimary+nsec_low_v)){ # Low vacc. coverage secondary schools
WI[i]] <- ¢(0,0,0,round(ageSize[4]*(1-(vacc_coverage[4]+tau))/nsecondary),0,0,0)
V[[i]] <- ¢(0,0,0,round(W([[i]][4]*vac_eff[4]),0,0,0)
A[[i]] <- ¢(0,0,0,round((ageSize[4]/nsecondary)*immune[4]),0,0,0)
S[L] <= N[[T - VLT - ALl
}
for(i in (nprimary+nsec_low_v+1):(nprimary+nsecondary)){ # Normal vacc. coverage secondary schools
WI[[i]] <- ¢(0,0,0,round(ageSize[4]*(1-vacc_coverage[4])/nsecondary),0,0,0)
V[[i]] <- ¢(0,0,0,round(W([[i]][4]*vac_eff[4]),0,0,0)
A[[i]] <- ¢(0,0,0,round((ageSize[4]/nsecondary)*immune[4]),0,0,0)
SIL] <= NI[T - VI - ALl
}
}
Yelse {
for(i in (nprimary+1):(nprimary+nsecondary)){ # Normal vacc. coverage secondary schools
WI[i]] <- ¢(0,0,0,round(ageSize[4]*(1-vacc_coverage[4])/nsecondary),0,0,0)
V[[i]] <- ¢(0,0,0,round(W[[i]][4]*vac_eff[4]),0,0,0)
A[[i]] <- ¢(0,0,0,round((ageSize[4]/nsecondary)*immune[4]),0,0,0)
SIL] <= N[ - VI - ALL]
}
}

# Structure of susceptible and removed populations - external population
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WI[[npatch]] <- c(round(ageSize[1]*(1-vacc_coverage[1])),
round(ageSize[2]*(1-vacc_coverage[2])),
o,
0,
round(ageSize[5]*(1-vacc_coverage[5])),
round(ageSize[6]*(1-vacc_coverage[6])),
round(ageSize[7]*(1-vacc_coverage[7])))

for (jin 1:nage){
V[[npatch]][j] <- round(W/[[npatch]][j]*vac_eff[j])
Al[npatch]][j] <- round(N[[npatch]][j]*immune[j])
}

S[[npatch]] <- N[[npatch]] - V[[npatch]] - A[[npatch]]

# Remove the seed from S
for (i in 1:npatch){
for (jin 1:nage){
SIGN0] <- S0 - 1006
}
}

HH
# Patch-specific contact matricies

HH HH

# Within your patch
c_within <- c(rep(0,length(age_mix))) # initialise contact matrix
within_nonzeros <-¢(1,2,5,6,7,8,9,12,13,14,17,25,29,30,33,34,35,36,37,40,41,42,43,44,47,48,49) # non-zero elements of new contact matrix
for (i in within_nonzeros){
c_within[i] <- age_mix[i]

if (i==17i==25){
c_within[i] <- epsilon.1*age_mix[i]
}
}

# Between school patches
c_school <- c(rep(0,length(age_mix))) # initialise contact matrix
school_nonzeros <- ¢(17,18,24,25) # non-zero elements of new contact matrix
for (i in school_nonzeros){ # factor variable to divide number of contacts equally between different patches
if (i==17){
factor <- nprimary-1  # divides by number of primary schools - 1
c_schoolli] <- epsilon.2*age_mix[i]/factor
}
if (i==18)(
factor <- nsecondary # divides by number of secondary schools
c_school[i] <- age_mix[i]/factor
}
if (i==24){
factor <- nprimary  # divides by number of primary schools
c_school[i] <- age_mix[i]/factor
}
if (i==25)(
factor <- nsecondary-1 # divides by number of secondary schools - 1
c_school[i] <- epsilon.2*age_mix[i]/factor
}
}

# Between school and external
c_external <- c(rep(0,length(age_mix))) # initialise contact matrix
external_nonzeros <- ¢(3,4,10,11,15,16,19,20,21,22,23,26,27,28,31,32,38,39,45,46) # non-zero elements of new contact matrix
for (i in external_nonzeros){ # factor variable to divide number of contacts equally between different patches
if (i==15]i==16|i==19|i==20|i==21|i==22|i==23|i==26|i==27 | i==28){ # from pri/sec schools to external pop.
c_external[i] <- age_mix[i]
}
if (i==3|i==10|i==31|i==38]i==45){ # from external pop. to primary schools
factor <- nprimary
c_externalli] <- age_mix[i]/factor
}
if (i==4|i==11|i==32|i==39|i==46){ # from external pop. to seconday schools
factor <- nsecondary
c_external[i] <- age_mix[i]/factor
}
}

Hit

# Model

HH
patch_timeseries  <- matrix(0, nrow = npatch, ncol = nsteps)
cumulative_patch_timeseries <- matrix(0, nrow = npatch, ncol = nsteps)
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age_timeseries  <- matrix(0, nrow = nage, ncol = nsteps) # Overall time series for one simulation for | compartment
age_timeseries_exp <- matrix(0, nrow = nage, ncol = nsteps) # Overall time series for one simulation for E compartment

# Initialise progress bar
progressbar <- winProgressBar(title="Simulating epidemic", label="0% done", min=0, max=100, initial=0)

for (k in 1:nsteps){

# Break criteria for stochastic fadeout

break_criteria <- FALSE

for (i in 1:npatch){
for (jin 1:nage){
if ((do.call(sum,E)+do.call(sum,l))==0) # Criteria is that no more individuals exist

break_criteria <- TRUE #in model to transmit infection further
}
}
if (break_criteria==TRUE){
break
}

# Initialise the progress bar

Sys.sleep(0.1) # slow down the progress bar code for illustration purposes
info <- sprintf("%d%% done", round((k/nsteps)*100))
setWinProgressBar(progressbar, k/(nsteps)*100, label=info)

# initialise lists for SEIR model
Fol <- vector("list",npatch)
Infe <- vector("list",npatch)
Reco <- vector("list",npatch)

# Fol1l - Fol within your own patch

Foll <- vector("list",npatch) # Set Fol list

Casel <- vector("list",npatch) # Set Case list

for(i in 1:npatch){ # Populate list with zeros to later sum together
Fol1[[i]] <- c(rep(0,nage))

}

¢ <- t(matrix((c_within),nrow=nage,ncol=nage))
for (i in 1:npatch){
if(i'=npatch){ # Fol within each school
Im <- t(matrix((I[[i]]),nrow=1,ncol=nage))
Nm <- sum(N[[i]])

Fol1[[i]] <- (beta)*(c%*%(Im/Nm))
}else { # Fol within in external pop.
for (jin 1:nage){
Im <-1[{i1][]
Nm <- N[[i]][j]

if (N[TG11=0){
Fol1[[i]1[j] <- Fol1[[i]][j] + beta*c[j,jI*(Im/Nm)
}else {
Fol1[[i]][j] <- O
}
}
}
for (j in 1:nage){ # calculate case numbers for internal infections
if (S[IG1=0){
Casel[[il][j] <- rbinom(1,S[[i1]1[j],step*Fol1[[i1][j])
}Yelse {
Casel[[i]][j]1<- 0
}
}
}

# Fol2 - Fol between schools

Fol2 <- vector("list",npatch) # Set Fol list

Case2 <- vector("list",npatch) # Set Case list

for(i in 1:npatch){ # Populate list with zeros to later sum together
Fol2[[i]] <- c(rep(0,nage))
Case2[[i]] <- c(rep(0,nage))

}

¢ <- t(matrix((c_school),nrow=nage,ncol=nage))
for (i in SchoolPatches){
for (j in SchoolPatches[!SchoolPatches==i]){
Im <- t(matrix((I[[j]]),nrow=1,ncol=nage))
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Nm <- sum(N[[j]])

Fol2[[i]] <- Fol2[[i]] + t(matrix((beta)*(c%*%(Im/Nm)),nrow=1,ncol=nage))
}
for (j in 1:nage){ # calculate case numbers for infections between schools
if (S[[10)!=0)¢
Case2[[i]][j] <- rbinom(1,S[[i]][j],step*Fol2[[i]][j])
}else {
Case2[[i]][j] <- 0
}
}
}

# Fol3 - Fol between schools and the external pop.

Fol3 <- vector("list",npatch) # Set Fol list

Case3 <- vector("list",npatch) # Set Case list

for(i in 1:npatch){ # Populate list with zeros to later sum together
Fol3[[i]] <- c(rep(0,nage))

}

¢ <- t(matrix((c_external),nrow=nage,ncol=nage))
for (i in 1:npatch){ # Fol for infections from external population into schools
if (i'=npatch){
for (alin 1:nage){
for (a2 in 1:nage){
if (N[[npatch]][a2]!=0){
Im <- I[[npatch]][a2]
Nm <- N[[npatch]][a2]

Fol3[[i]][a1] <- Fol3[[i]l[al] + beta*c[al,a2]*(Im/Nm)
}
}
}
}else { #so i=31, calculate Fol for infections from schools
for (alin 1:nage){
for (j in SchoolPatches){
for (a2 in 1:nage){
if (N[[j1][a2]!=0){
Im <-1[[jl][a2]
Nm <- N[[j]][a2]

Fol3[[i]][a1] <- FoI3[[i]][al] + beta*c[al,a2]*(Im/Nm)
}
}
}
}
}
for (jin 1:nage){
if (S[G]!=01
Case3[[i]][j] <- rbinom(1,S[[i1]1[j],step*Fol3[[i1][j])
Yelse {
Case3([[i]][j] <- 0
}
}
}

# # Sum three Fols for main Fol list to use in the model
# for (i in L:npatch){

#  Fol[[i]] <- Fol1[[i]] + Fol2[[i]] + Fol3([i]]

#}

# Calculate Case, Infe and Reco
for (i in L:npatch){
for (jin 1:nage){
if (E[[I]0]!=0){
Infe[[i]](j] <- rbinom(L,E[[i]][j],step*delta)
Yelse {
Infe[[i]][j] <- 0
}
if (I{[]0]1=0){
Reco[[i]][j] <- rbinom(1,I[[i]][j],step*gamma)
Yelse {
Recol[i]][j] <- 0
}
# Main part of the model - movement between compartments
S0 <- SIOTI0] - Case[[i][] - Case2[[i]][j] - Case3|[[il][]]
E[[i1]0] <- EL[10] + Case1[[i]][i] + Case2[[i]][j] + Case3([[i]][]] - Infe[[i]](i]
1G0T <- HIIG] + Infe([i1](] - Recol[il][]
RIGTIE] <- RIGIIG] + Recol[i1(1]
}
}
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# Time series for each patch
for (i in 1:npatch){
patch_timeseries[i,k] <- sum(I[[i]])

cumulative_patch_timeseries[i,k] <- sum(R[[i]])

}

# Calculates the time series for each age group across all patches

X_i <- numeric(0)
y_i <- numeric(0)
x_e <- numeric(0)
y_e <- numeric(0)
for (jin 1:nage){
for (i in 1:npatch){
2_i < I[(i116]
z_e <-E[[il][i]
y_i <-append(y_i,z_i)
y_e <-append(y_e,z_e)
}
x_i <- append(x_i,sum(y_i))
y_i <- numeric(0)
x_e <- append(x_e,sum(y_e))
y_e <- numeric(0)
}
# Time series for each age group
age_timeseries[,k] <- x_i
age_timeseries_exp[k] <-x_e
}

close(progressbar) # Close the progress bar

# Age-specific time series

age_timeseries.1[q,] <- age_timeseries[1,]
age_timeseries.2[q,] <- age_timeseries[2,]
age_timeseries.3[q,] <- age_timeseries[3,]
age_timeseries.4[q,] <- age_timeseries[4,]
age_timeseries.5[q,] <- age_timeseries|[5,]
age_timeseries.6[q,] <- age_timeseries[6,]
age_timeseries.7[q,] <- age_timeseries[7,]

age_timeseries_exp.1[q,] <- age_timeseries_exp[1,]
age_timeseries_exp.2[q,] <- age_timeseries_exp[2,]
age_timeseries_exp.3[q,] <- age_timeseries_exp[3,]
age_timeseries_exp.4[q,] <- age_timeseries_exp[4,]
age_timeseries_exp.5[q,] <- age_timeseries_exp[5,]
age_timeseries_exp.6[q,] <- age_timeseries_exp[6,]
age_timeseries_exp.7[q,] <- age_timeseries_exp[7,]

# Final size and duration statistics

Hit

patch_finalsize <- numeric(0)
age_finalsize <- numeric(0)

Age_Duration.Start <- rep(0,nage)
Age_Duration.End <- rep(0,nage)
Age_Duration <- rep(0,nage)

Patch_Duration.Start <- rep(0,npatch)
Patch_Duration.End <- rep(0,npatch)
Patch_Duration <- rep(0,npatch)

# Final size matrix for calculations
finalsize <- matrix(0,nrow=npatch,ncol=nage)
for (i in 1:npatch){
for (jin 1:nage){
finalsizel[i,j] <- R[[i]][j]
}
}

# Final size by patch
for (i in 1:npatch){

if (i < nprimary+1){ # Assign population size denominator and colour for plots

pop <- ageSize[3]/nprimary
patch_finalsize[i] <- sum(finalsize[i,])/pop
Yelse {
if (i < nprimary+nsecondary+1){
pop <- ageSize[4]/nsecondary
patch_finalsize[i] <- sum(finalsize[i,])/pop
Yelse {

HH

pop <- sum(c(ageSize[1],ageSize[2],ageSize[5],ageSize[6],ageSize[7]))

patch_finalsize[i] <- sum(finalsize[i,])/pop
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# Final size by age group
for (jin 1:nage){
age_finalsize[j] <- sum(finalsize[,j])/ageSizel[j]

}

# Vaccination matrix
vaccination <- matrix(0,nrow=npatch,ncol=nage)
for (i in 1:npatch){
for (jin 1:nage){
vaccinationli,j] <- W([i]][j]
}
}

# Vaccination by patch
patch_vaccination <- numeric(0)
for (i in L:npatch){
if (i < nprimary+1){ # Assign population size denominator and colour for plots
pop <- ageSize[3]/nprimary
patch_vaccination([i] <- sum(vaccination[i,])/pop
Yelse {
if (i < nprimary+nsecondary+1){
pop <- ageSize[4]/nsecondary
patch_vaccination[i] <- sum(vaccination[i,])/pop
}else {
pop <- sum(c(ageSize[1],ageSize[2],ageSize[5],ageSize[6],ageSize[7]))
patch_vaccination([i] <- sum(vaccination[i,])/pop
}
}
}

# Vaccination by age group
age_vaccination <- numeric(0)
for (jin 1:nage){
age_vaccination([j] <- sum(vaccinationl,j])/ageSize[j]

}

# Age-specific duration
for (jin 1:nage){

# Establish start
for (d in 1:nsteps){
if ((age_timeseries[j,d]+age_timeseries_exp[j,d]>0)&(Age_Duration.Start[j]==0)){
Age_Duration.Start[j] <-d
}
}

# Establish end
for (d in nsteps:1){
if ((age_timeseries[j,d]+age_timeseries_expl[j,d]>0)&(Age_Duration.End[j]==0)){
Age_Duration.End[j] <- d
}
}

# Establish duration
if (Age_Duration.Start[j]+Age_Duration.End[j]==0){
Age_Duration[j] <- 0
Yelse {
Age_Duration[j] <- Age_Duration.End[j]-Age_Duration.Start[j]+1
}
}

# patch-specific duration
for (i in 1:npatch){

# Establish start
for (d in 1:nsteps){
if ((patch_timeseries[i,d]>0)&(Patch_Duration.Start[i]==0)){
Patch_Duration.Start[i] <- d
}
}

# Establish end
for (d in nsteps:1){
if ((patch_timeseries[i,d]>0)&(Patch_Duration.End[i]==0)){
Patch_Duration.End[i] <- d
}
}
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# Establish duration
if (Patch_Duration.Start[i]+Patch_Duration.End[i]==0){
Patch_Duration[i] <- 0
Yelse {
Patch_Duration([i] <- Patch_Duration.End[i]-Patch_Duration.Start[i]+1
}
}

# Enter final size data into .csv

age_sims|q,] <- age_finalsize

patch_sims[q,]  <- patch_finalsize
patch_outbreaks[q,] <- Patch_Duration

# write.table(age_timeseries, row.names=F, col.names=T,

# file=paste("20140425 sim number=",q,", epsilon 1=",epsilon.1,", patches=",npatch,", seeded=",pop_index," age_timeseries output.csv", sep=""))

# write.table(patch_timeseries, row.names=F, col.names=T,

# file=paste("20140425 sim number=",q,", epsilon 1=",epsilon.1,", patches=",npatch,", seeded=",pop_index," patch_timeseries output.csv", sep=""))
#it

# Label stamp for standardised output document names

labelstamp <- paste(" seed=", pop_index,
" epsilon.1=", round(epsilon.1,3),
" RO=", round(R0,2))

it
# Plots
H#H

# # Plot by age group

# png(file=paste(datestamp,", sim number=",q, labelstamp,", age output.png", sep=""))

# plot(age_timeseries[1,]/ageSize[1],

# type="l',

col=2,

lwd=4,

xlab="Time, in days/10",

ylab="Fraction infected",

ylim=c(0,1.1*max(c(age_timeseries[1,]/ageSize[1],
age_timeseries[2,]/ageSize[2],
age_timeseries[3,]/ageSize[3],
age_timeseries[4,]/ageSize[4],
age_timeseries[5,]/ageSize[5],
age_timeseries([6,]/ageSize[6],
age_timeseries(7,]/ageSize[7]))),

xlim=c(0,k),

cex.main=0.9,

main=paste("31 patch stochastic model with heterogeneous vaccination \nTotal metapopulation of ",sum(ageSize),",\nnpri_low_v = ",npri_low_v,", tau =

',round(tau,4),",\nnsec_low_v = ",nsec_low_v,", k =" k,sep=""))

# lines(age_timeseries[2,]/ageSize[2],type="1",col=3,lwd=4)

# lines(age_timeseries[3,]/ageSize[3],type="1",col=4,lwd=4)

# lines(age_timeseries[4,]/ageSize[4],type="1",col=5,lwd=4)

# lines(age_timeseries[5,]/ageSize[5],type="1",col=6,lwd=4)

# lines(age_timeseries[6,]/ageSize[6],type="1",col=7,Ilwd=4)

# lines(age_timeseries[7,]/ageSize[7],type="1",col=8,lwd=4)

# legend("topright",

# legend=c("0 - 1",

*H O O ¥ O ¥ OB O¥ O ¥ N ¥ oW o

# "2-3",

# "4 -10",
# "11-16",
# "17 - 24",
# "25 - 64",
# "65+"),

#  col=c(2,3,4,56,7,8),
# bty="n",

# lwd=5,

# cex=0.7)

# dev.off()

#

# #Plot by patch
##x11()

# png(file=paste(datestamp,", sim number=",q, labelstamp,", patch output.png", sep=""))
# par(mfrow=c(7,5))
# par(mar=c(2,2,2,1))
# for (i in 1:npatch){
# if (i < nprimary+1){ # Assign population size denominator and colour for plots
pop <- ageSize[3]/nprimary

colour <- "chocolatel"

#
#
#  if (i==seed_patch){
#
# }else{
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colour <-4
}
Yelse {
if (i < nprimary+nsecondary+1){
pop <- ageSize[4]/nsecondary

if (i==seed_patch){
colour <- "chocolate1"
}else {
colour <-5
}
Yelse {
pop <- sum(c(ageSize[1],ageSize[2],ageSize[5],ageSize[6],ageSize(7]))

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#  if (i==seed_patch){

# colour <- "chocolate1"

# Jelse{

# colour <-9

# 0}

# 0}

#}

# plot(patch_timeseries[i,]/pop,

# type="1",

# col=colour,

# lwd=4,

# xlim=c(0,k),

# ylim=c(0,max(patch_timeseries[i,]/pop)*1.1),
# #xlab="Time, in days/10",

# #ylab="Fraction infected",

# cex.main=0.9,

# main=paste("Pop:",pop,sep=""))

# #title("Metapopulation patches", outer = TRUE )
#
#

}
# dev.off()
HH
# Analysising the results
it

# Find overall epidemic peak, time of peak
sum_| <- numeric(0)
for (i in 1:nsteps){
sum_l[i] <- sum(age_timeseries[,i])
}
Overall_epidemic_peak <- max(sum_I)
Peak_time <- match(c(Overall_epidemic_peak),sum_I)

# Individual peaks
Peaks <- numeric(0)
Peaks_time <- numeric(0)
for (i in 1:nage){
Peaks[i] <- max(age_timeseries[i,])

if(max(age_timeseries[i,])==0){
Peaks_time[i] <- 0
Yelse {
Peaks_timel[i] <- match(c(Peaks[i]),age_timeseries[i,])
}
}

# Declare time when all patches had outbreaks
All_infected <- 0
for (i in L:nsteps){
if(All_infected==0){
if(is.element(0,cumulative_patch_timeseries[,i])==0){
All_infected <-i
}
}
}

# Addres epidemic peaks

Peak_agel <- Peaks[1]/ageSize[1]
Peak_age2 <- Peaks[2]/ageSize[2]
Peak_age3 <- Peaks[3]/ageSize[3]
Peak_age4 <- Peaks[4]/ageSize[4]
Peak_age5 <- Peaks[5]/ageSize[5]
Peak_age6 <- Peaks|[6]/ageSize[6]
Peak_age7 <- Peaks[7]/ageSize[7]

Peak_agel_time <- Peaks_time[1]
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Peak_age2_time <- Peaks_time[2]
Peak_age3_time <- Peaks_time[3]
Peak_age4_time <- Peaks_time[4]
Peak_age5_time <- Peaks_time[5]
Peak_age6_time <- Peaks_time[6]
Peak_age7_time <- Peaks_time[7]

# Append results to the data frame

Epidemic_results[dataframerow,] <- c(q,
epsilon.1,
RO,
privac,
secvac,
Overall_epidemic_peak/sum(ageSize),
Peak_time,
do.call(sum,R)/sum(ageSize),
k,
do.call(sum,V)/sum(ageSize),
All_infected,
sum(Patch_Duration)/nnzero(Patch_Duration),
Peak_agel,
Peak_agel_time,
age_finalsize[1],
Age_Duration[1],
age_vaccination[1],
Peak_age2,
Peak_age2_time,
age_finalsize[2],
Age_Duration[2],
age_vaccination[2],
Peak_age3,
Peak_age3_time,
age_finalsize[3],
Age_Duration([3],
age_vaccination[3],
Peak_age4,
Peak_age4_time,
age_finalsize[4],
Age_Duration[4],
age_vaccination[4],
Peak_age5,
Peak_age5_time,
age_finalsize[5],
Age_Duration[5],
age_vaccination[5],
Peak_age6,
Peak_age6_time,
age_finalsize[6],
Age_Duration[6],
age_vaccination[6],
Peak_age7,
Peak_age7_time,
age_finalsize[7],
Age_Duration[7],
age_vaccination[7])

tendofq

write.table(age_sims, row.names=F, col.names=T,
file=paste(datestamp,", age_finalsize output.csv", sep=""))

write.table(patch_sims, row.names=F, col.names=T,
file=paste(datestamp,", patch_finalsize output.csv", sep=""))

write.table(patch_outbreaks, row.names=F, col.names=T,
file=paste(datestamp,", patch_duration output.csv", sep=""))

# Write age-specific time series to .csv
write.table(age_timeseries.1, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 1 output.csv", sep=""))
write.table(age_timeseries.2, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 2 output.csv", sep=""))
write.table(age_timeseries.3, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 3 output.csv", sep=""))
write.table(age_timeseries.4, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 4 output.csv", sep=""))
write.table(age_timeseries.5, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 5 output.csv", sep=""))
write.table(age_timeseries.6, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 6 output.csv", sep=
write.table(age_timeseries.7, row.names=F, col.names=T,
file=paste(datestamp,", age-specific time series 7 output.csv", sep=""))

)
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#} #end of vars4
#} #end of vars3
#1} #endof vars2
#1} #endof varsl
close(masterpb) # Close the master progress bar

# Export the created data frame
write.table(Epidemic_results, row.names=F, col.names=T,
file=paste(datestamp, ", patches=",npatch, ", Epidemic results output.csv", sep=""))

# # Report final size statistics
# patch_finalsize;

# age_finalsize;

#k;

HH
# Create and export 2D plots

HH

#if (location==1){

# source('C:/Users/Ish337197/Dropbox/PhD guff/R stuff/Discrete time SEIR/2Dcharts.R')
#}else{

# source('C:/Users/Dom’s Laptop/Dropbox/PhD guff/R stuff/Discrete time SEIR/2Dcharts.R')
#}
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SUPPLEMENTARY FIGURES AND TABLES FOR CHAPTER 6

TARGETED VACCINATION IN PRIMARY SCHOOLS ONLY
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Figure 10.1 - The epidemic curve for a metapopulation configuration with homogeneous targeted

vaccination in primary schools of 20% coverage

The epidemic curve for an epidemic in the metapopulation that utilised homogenous targeted
vaccination in primary schools with low (20%) coverage (Figure 10.1) shows a reduced epidemic peak
for the primary school group (dark blue) when compared to an epidemic without vaccination in
schools shown in Figure 6.4. Figure 10.2 shows the patch-specific epidemic curves for each school and
the external population. In this simulation, the epidemic started in primary school #19 and spread to

several other patches very quickly, though other patches were infected only after 50 days or longer.
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Figure 10.2 - The patch epidemic curves for a metapopulation configuration with homogeneous

targeted vaccination in primary schools of 20% coverage

TARGETED HETEROGENEOUS VACCINATION IN PRIMARY SCHOOLS ONLY

The mean duration of ILI epidemics in the metapopulation is not associated with increasing
heterogeneity in primary schools vaccine coverage through the number of low-coverage schools
(Figure 10.3). The duration of such epidemics appears to vary no more than that expected of random

variation, even at high vaccine coverage levels.
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Figure 10.3 - Mean ILI duration for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in primary schools only

The results for the mean peak of ILI epidemics in the metapopulation (Figure 10.4) follow the results
for the mean final size (Figure 6.8), that is the association with the number of low-coverage primary
schools is weakest at low vaccination coverage of 20%, but the impact on the mean size of the

epidemic peak increases as vaccination coverage increases.
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Figure 10.4 - Mean ILI peak for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in primary schools only

The mean time for all metapopulation patches to become infected has a weak association with the
number of low-coverage primary schools, though it is clear that at high coverage levels a large number
of low-coverage patches is associated with an increased number of epidemics that spread across all

patches (Figure 10.5).

320



Coverage 20%

0 20 40 6O

Number of low-coverage primary schools

Coverage 40%

0 30 60 90

Number of low-coverage primary schools

Coverage 60%

Number of low-coverage primary schools

Coverage 80%

0 50 120 200

Number of low-coverage primary schools

Coverage 100%

Mean time that all patches were infecte Mean time that all patches were infecte Mean time that all patches were infecte Mean time that all patches were infecte Mean time that all patches were infacte
o 50 110 0 30 70 110

Number of low-coverage primary schools

Figure 10.5 - Mean time for all patches to become infected for epidemics in the metapopulation with

targeted heterogeneous vaccination coverage in primary schools only

For coverage of 100% across primary schools, epidemics spread to all patches of the metapopulation

only when 5 primary schools or more had half the coverage of the remaining 20 primary schools.

Figure 10.6 shows little association between the number of low-coverage primary schools and the

mean epidemic peak time for all vaccination coverage levels.
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Figure 10.6 - Mean ILI peak time for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in primary schools only

VARYING THE T PARAMETER

The relationship between the level of heterogeneity in vaccination coverage between the school
patches and the mean duration of epidemics is less clear than that with the mean final size of
epidemics (Figure 10.7). With a greater number of low-coverage primary schools in the
metapopulation, the epidemics with the biggest degree of heterogeneity in uptake saw longer

epidemics with 100% targeted coverage.
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Figure 10.7 - Examining variation in the Tt parameter on the mean duration

With results similar to those for the mean final size, the mean peak size of epidemics in the
metapopulation is strongly associated with the level of heterogeneity between low- and high-
coverage patches (Figure 10.8). High levels of heterogeneity (i.e. T=0.75) increase the mean peak size

at all vaccination coverage levels over T=0.25 and t = 0.50.
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There is little evidence that the level of heterogeneity between low- and high-coverage patches is

associated with the mean time needed for all patches to become infected during the epidemics (Figure

10.9).
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Figure 10.9 - Examining variation in the T parameter on the mean time for all patches to be infected

There is little evidence for an association between the level of heterogeneity between the vaccination

coverage of metapopulation patches and the time of the epidemic peak (Figure 10.10).
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TARGETED VACCINATION IN SECONDARY SCHOOLS ONLY
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Figure 10.11 - The epidemic curve for a metapopulation configuration with homogeneous targeted

vaccination in secondary schools of 80% coverage

An epidemic with 80% homogenous targeted coverage in secondary schools is shown in Figure 10.11,
with patch-specific epidemic curves shown in Figure 10.12. In this metapopulation configuration,
primary school #14 was seeded and subsequently infected all other patches. Secondary schools still
reported infection but the epidemic peak in each secondary school was approximately 0.5%, far less

than the approximate 1.2% shown in Figure 6.5 without school-based vaccination.
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Figure 10.12 - The patch epidemic curves for a metapopulation configuration with homogeneous

targeted vaccination in secondary schools of 80% coverage
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TARGETED HETEROGENEOUS VACCINATION IN SECONDARY SCHOOLS ONLY

The variation in the mean duration of epidemics does not follow the trend of the mean final size

(Figure 10.13).
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Figure 10.13 - Mean ILI duration for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in secondary schools only

For 20% coverage, increasing the number of low-coverage secondary schools decreases the mean
duration of epidemics from 199.00 days (95% Cl: 195.44-202.79) to 185.41 days (95% Cl: 182.10-
188.69), but at the 100% coverage level this trend reverses from 189.81 days (95% Cl: 180.34-199.94)
t0 226.96 days (95% Cl: 219.59-234.12).
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The mean size of the epidemic peak (Figure 10.14) follows the trend of the mean final size (Figure
6.16). The difference between the mean size of the peak with O low-coverage schools and 4 low-

coverage schools widens as targeted vaccination coverage increases from 20% to 100%.
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Figure 10.14 - Mean ILI peak for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in secondary schools only

The mean time for all patches to become infected is associated with the increase in low-coverage
secondary school patches (Figure 10.15), in that the epidemic reaches all 31 metapopulation patches
faster as unintended heterogeneity increases. At 20% coverage the mean time for all patches to

become infected reduced from 60.88 days (95% Cl: 58.99-62.89) to 57.11 days (95% Cl: 55.28-58.96).
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With 100% targeted coverage, this difference widened with the mean time of full epidemic spread

taking 75.58 days (95% Cl: 70.96-80.32) to 70.15 days (95% Cl: 66.65-73.74).
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Figure 10.15 - Mean time for all patches to become infected for epidemics in the metapopulation with

targeted heterogeneous vaccination coverage in secondary schools only

Results for the mean peak time of the ILI epidemics (Figure 10.16) follow the trend seen with the mean

duration of epidemics.
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Figure 10.16 - Mean ILI peak time for epidemics in the metapopulation with targeted heterogeneous

vaccination coverage in secondary schools only

VARYING THE T PARAMETER

Figure 10.17 shows that there is little evidence for a relationship between the level of heterogeneity

between low- and high-coverage patches and the mean duration of epidemics in the metapopulation.
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Figure 10.17 - Examining variation in the T parameter on the mean duration

Increasing the t parameter to increase heterogeneity in vaccination uptake also increases the mean
epidemic peak (Figure 10.18). With an increasing number of low-coverage secondary schools the
difference between epidemic peaks with low levels of heterogeneity and those epidemics with high

levels of heterogeneity widens for all levels of vaccination coverage.
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There is little evidence for an association between the level of heterogeneity in vaccination coverage

and the mean time required for all metapopulation patches to become infected, for all levels of

vaccination coverage (Figure 10.19).
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Figure 10.19 - Examining variation in the Tt parameter on the mean time for all patches to be infected

There is little evidence for an association between the level of heterogeneity in vaccination coverage

and the mean time of the epidemic peak (Figure 10.20).
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VACCINATION IN PRIMARY AND SECONDARY SCHOOLS
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Figure 10.21 - The epidemic curve for a metapopulation configuration with homogeneous vaccination

in both primary and secondary schools of 20% coverage

Administering a homogeneous vaccination policy across both school groups with just 20% coverage
can reduce the mean final size of epidemics to 7.29% (95% Cl: 6.99-7.57%). An epidemic in the
metapopulation with this level of vaccination coverage is shown in both Figure 10.21 and Figure 10.22.
Primary school #7 was seeded and several schools became infected over the course of the epidemic,
though 9 primary and secondary schools reported no infections. Outbreaks in each school were

sporadic in nature, but sustained community transmission was seen in the external population patch.
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Figure 10.22 - The patch epidemic curves for a metapopulation configuration with homogeneous

vaccination in both primary and secondary schools of 20% coverage

HOMOGENEOUS VACCINATION IN BOTH PRIMARY AND SECONDARY SCHOOLS WITH HETEROGENEOUS UPTAKE WITHIN
PRIMARY SCHOOLS

The duration of ILI epidemics (Figure 10.23) follows a similar trend to that of the ILI final size (Figure
6.24). There is little variation in the mean duration of ILI epidemics when vaccination coverage reaches

20%, but a more noticeable trend with 40% coverage.
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Figure 10.23 - Mean ILI duration for epidemics with different homogeneous vaccination coverage with

an increasing number of low-coverage primary schools

The mean size of the epidemic peak increases as the number of low-coverage primary schools
increases in the metapopulation at coverage levels of 20%, 40%, 60% and 80%, though epidemics only
occur in the metapopulation with the highest coverage levels once the number of low-coverage

primary schools crosses the threshold of 6 and 14 schools respectively (Figure 10.24).
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Figure 10.24 - Mean ILI peak for epidemics with different homogeneous vaccination coverage with an

increasing number of low-coverage primary schools

With 60% coverage, epidemics reach all 31 metapopulation patches with 14 low-coverage primary
schools or higher (Figure 10.25). With only 20% coverage, the mean time for all patches to become

infected decreases slightly as the heterogeneity in uptake increases.
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Figure 10.25 - Mean time for all patches to become infected during ILI epidemics with different

homogeneous vaccination coverage with an increasing number of low-coverage primary schools

The time of the epidemic peak increased with an increase in heterogeneity for coverage levels of 40%,

60% and 80%, though with just 20% the two variables did not appear to be linked (Figure 10.26).
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Figure 10.26 - Mean ILI peak time for epidemics with different homogeneous vaccination coverage

with an increasing number of low-coverage primary schools
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HOMOGENEOUS VACCINATION IN BOTH PRIMARY AND SECONDARY SCHOOLS WITH HETEROGENEOUS UPTAKE WITHIN
SECONDARY SCHOOLS
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Figure 10.27 - Mean ILI duration for epidemics with different homogeneous vaccination coverage with

an increasing number of low-coverage secondary schools

The mean duration of epidemics with 20% vaccination coverage did not vary with increased
heterogeneity in vaccination coverage. The mean duration without low-coverage secondary schools
in the metapopulation was 223.02 days (95% Cl: 216.24-230.07) and 222.41 days (95% Cl: 216.54-
228.72) with 4 low-coverage schools. Higher coverage of both 40% and 60% saw the mean duration

of epidemics increase as the number of low-coverage secondary schools increased.
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Figure 10.28 - Mean ILI peak for epidemics with different homogeneous vaccination coverage with an

increasing number of low-coverage secondary schools

The mean epidemic peak increases as the number of low-coverage secondary schools increases in the
population for coverage levels of both 20% and 40%. There is little evidence that this trend continues
at 60% coverage but this is mostly likely due to a very small number of outbreaks that occurred with

such high vaccination coverage.
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Figure 10.29 - Mean time for all patches to become infected during ILI epidemics with different

homogeneous vaccination coverage with an increasing number of low-coverage secondary schools
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As previously discussed, at 60% coverage few epidemics occurred. Also, these few epidemics did not
reach all 31 patches of the metapopulation (Figure 10.29). For epidemics that did infect all
metapopulation patches the mean time for this to happen decreased as heterogeneity in vaccination
uptake increased for the 20% coverage level — with 20% homogeneous coverage the epidemic spread
to all metapopulation matches in 79.03 days (95% Cl: 74.85-83.31), decreasing to 73.60 days (95% Cl:

70.48-76.86) with 4 low-coverage secondary schools. There is little evidence for a similar trend at 40%

coverage.
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Figure 10.30 - Mean ILI peak time for epidemics with different homogeneous vaccination coverage

with an increasing number of low-coverage secondary schools

The timing of the mean epidemic peak (Figure 10.30) follows the relationship between the level of
heterogeneity in vaccination coverage and the mean epidemic duration. With 0 low-coverage
secondary schools and 20% coverage the epidemics peaked after 110.39 days (95% Cl: 105.20-115.78),
and with 4 low-coverage schools they peaked at 111.97 days (95% Cl: 107.70-116.49). However,
increasing target coverage to 40% saw epidemics peak after 63.62 days (95% Cl: 53.96-73.69) and
83.93 days (76.41-92.03) respectively.
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IVIETRICS CALCULATED IN CHAPTER 6
POPULATION EPIDEMIC DURATION

The epidemic duration is the total time for all infectious individuals in the metapopulation to recover,

td.

tqg =t —to such that ¥, %, (Ipa(t) + Epa(t)) =0
Equation 10.1 - The epidemic duration

It is also possible to record both the age-specific and patch-specific epidemic duration for all age

groups and metapopulation patches.
POPULATION EPIDEMIC FINAL SIZE

The epidemic final size is the proportion of individuals in the metapopulation who pass through the
compartmental model to finish in the R compartment after no more infectious individuals remain in

the metapopulation.

=% Y Rya(t) such that ¥y Ta (Ia(t) + Eya()) = 0
Equation 10.2 - The epidemic final size

It is also possible to record both the age-specific and patch-specific epidemic final size for all age

groups and metapopulation patches.
POPULATION EPIDEMIC PEAK

The epidemic peak is the maximum proportion of infectious individuals in the metapopulation. The

time that the epidemic peak occurs since to is the epidemic peak time.

Epidemic peak = max (%Zp Ya Ipa(t))
Equation 10.3 - The epidemic peak

It is also possible to record both the age-specific and patch-specific epidemic peak for all age groups

and metapopulation patches
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TIME FOR ALL METAPOPULATION PATCHES TO BECOME INFECTED

At to there exists one infectious individual in the metapopulation. If the epidemic is able to spread to
all patches so that each patch has contained at least one infectious individual before the end of the

epidemic then this time is ta.
ty = t such that Al,,(t) = 0
Equation 10.4 - The time for all metapopulation patches to become infected

Note: ta is not the time that all metapopulation patches contain at least one infectious individual

simultaneously.
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QUESTIONNAIRES USED TO GATHER DATA FOR CHAPTER 7

Health

" Protection
ency

The parent of guardian of «First_names, Health Protection Agency
«Address_1» Immunisation, Hepatitis and
wAddress s mmw
shddress e London N 520
- — Tel +44 8200 4400
«Postcodes IS M% g

weernhpa ong.uk

Friday 1= June 2012

Dear the parent or guardian of «First_names,

Your child has recenily been notified to the HPA by your doctor as having suspected measles. Our
local office in Cheshire and Merseyside may already have contacted you with a kit to test their
saliva. This test will confirm whether the iliness is frue measles or a similar iliness due to another
infection. We would also like o know how severe your child's illness was, which will help us make
clinical and public health decisions about how best to control measles and related ilinesses.

Should you wish to help us with this, we would be grateful if you or your child would please fill out a
short survey (in three parts: on white paper, yellow paper and pink paper), and mail it back to ug in
the enclosed stamped addressed envelope — no need to provide a stamp. If your child is unable to
fill it out on their own then please assist them with any questions that they cannot answer.

We would like you to fill out the questionnaire for you or your child twice:

1. once for today (yellow paper)
2. once for the worst day that your child experienced during their recent iliness (pink paper).

We will also contact you in three weeks time to s2e how your child is fesling, and we would then ask
you to fill cut a very similar questionnaire.

Thiz questionnaire will be returned without your namefs. Meither you nor your child have to fill in this
guestionnaire — it will not affect any care you are given. This information will only be used for
informing dinical and public health decisions. Your information will not be shared with any third
parties. If you have any questions about this survey, then please contact either Albert Jan van Hosk
(D208 327 6065) or myself (Mary Ramsay 0208 327 T084) at the address given above.

Yours sincerely,

gy Eewmardy
4 —

Dr Mary Ramzay
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This gquestionnaire has been designed to be completed by the parent,
legal guardian or care-giver of the child who is suffering from, or has
recently had, suspected measles.

Background information

1. What is the date today? [UUPIRNUIE R | | b
About the child:

2. How old is the child? ... vears and............. month(s)
3. What is the child's sex? MALE [ FEMALE

Page 1 of 6 [ «ldentifiers | Version 1.5

About the child's recent suspected measles:

4. What date did the child first experience symptoms? ........ e -2012
{If you cannot remember the exact date please include your best esimate of the ful date)

5. Because of the suspected measles how many times did you contact any
of the following? (Please indicate the number of times for ALL that apply,
writing the date you first contacted them in the next column)

MNone Q { please tick if you did not contact any of
the services listed below)
Number of Date first
times contacted contacted
Phone or email NHS Direct /
MNHS 24 § NHS Choices
Phone or email GP — response
from the receptionist

Phone or email GP — response
from the doctor / nurse

wisit (face-to-face) a GP or
nurse

Hospital ARE department {inc.
out of hours service)

Other medical services

6a. Did the child spend any nights in hospital due to symptoms related to

their suspected measles?

YES [ NO

6b. If YES how many nights did they spend in hospital?

-— TURN THE PAGE —
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7. Did the child also have any of the following conditions during the recent
suspected measles? (Please tick ALL that apply)

Fever

Diarrhoea

Vemiting

Eye infection (conjunciivitis)

Inflammiation of the voice box (laryngitiz)

Inner ear infection and inflammation {ofitis media)
Difficulty in breathing / coughing

Confusion f drowsiness / headache

Other (please specify) ...

ocoodooooo

Ba. Does the child have any ongoing medical condition reguiring treatment?
YES f NO
Bb. If YES, please state what it is:

9a. Has the child had to take any time off school/nursery due to symptoms
related to the suspected measles?
YES I NO

Sb. If YES how many days? 0 .. days

10a. Has anyone had to take time off from work to provide care for the child
due to their symptoms related to the suspected measles?
YES f NO

10b. If YES how many days? ... days

Page 2of &

About the duration of symptoms

To measure the severty of your suspected measles we need to know how
long the child’s symptoms last. To do this we will contact you again in
around three weeks time to ask if you are still experiencing symptoms

{Information provided will not be used for any purpose other than this study)

Fgn)
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About the child’s health status TODAY:

1. Is the child experiencing any of the following due to suspected measles
today (tick ALL that apply)

O

Mone of the symptoms below

Rash

Runny nose

Watery eyes

Swollen eyelids

Sneezing

Cough

Blocd shot eyes (red eyes)
Severe temperature or fever
Sore mouth andfor throat
Tiredness, lack of energy
Aches and pains

Poor appetite

ooooo0o0ooOoopooOQo

2. If they are no longer experencing symptoms on which date did their
symptoms end?

— TURN THE PAGE —
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Describing the child’s health today

PLEASE AMSWER OM BEHALF OF THE CHILD: Under each heading, mark
the ONE bax that you think the child would mark to describe his/her own

health TODAY if he/she were able to do so.

Maobility (walking about)

He/she has gg problems walking about
He/she has some problems walking about
He/she has a lot of problems walking about

Locking after myself

He/she has no problems washing or dressing him/herself
He/she has some problems washing or dressing him/herself
He/she has a lot of problems washing or dressing him/herself

Doing usual activities (for example. going fo school, hobbies,
sports, playing, doing things with family or friends)

He/she has no problems doing his/her usual activities
He/she has some problems doing his/'her usual activities
He/she has g lof of problems deing his/her usual activities

Having pain or discomfort

He/she has g pain or discomfort
He/she has some pain or discomfort
He/she has g lot of pain or discomfort

Feeling worried, sad or unhappy

He/she is not worried, sad or unhappy
He/she is g bit worried, sad or unhappy
He/she is ygry worried, sad or unhappy

Page 4 of 6

oo

(=]

=]

=]

How good is the health of the child TODAY

*»  We would like to know how good or bad you
think the child would rate his/her own
health TODAY

#  This line is mumbered from O o 100

+ 100 meons the best health the child can
imagine
0 means the worst health the child can imagine
Please. mark an X on the line that shows how good

or bad you think the child would rate his/her
health TODAY

TrieLesl sal b
s = ln nan

imuyine

The warst health
haz ghi e

imuyinme

3

u
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b
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About the child's health status on the WORST DAY of the
suspected measles

What was the date of the worst day? ... e -2012

Did the child experience any of the following due to their suspected
measles on the worst day (tick ALL that apply)

]

None of the symptoms below

Rash

Runny nose

Watery eyes

Swollen eyelids

Sneezing

Cough

Blood shot eyes (red eyes)
Severe temperature or fever
Saore mouth andfor throat
Tiredness, lack of energy
Aches and pains

Poor appetite

pooooooooooo

— TURN THE PAGE —

Page 5 of & [ «ldentifiers | Version 1.5

N
F
4

b

353



Describing the child's health OM THE WORST DAY

PLEASE ANSWER ON BEHALF OF THE CHILD: Under each heading, mark
the OME box that you think the child would mark to describe his/her own

health ON THE WORST DAY if he/she were able to do so.

Mobility (fiwalking about)
He/she had no problems walking about
He/she had some problems walking about

He/she had g lot of problems walking about

Looking afrer myself

He/she had no problems washing or dressing him/herself
He/she had some problems washing or dressing him/herself
He/she had a lot of problems washing or dressing him/herself

Doing usual activities (for example. going fo school, hobbies, sports, playing, doing

things with family or friends)

He/she had no problems doing his/her usual activities
He/she had some problems doing his/her usual activities
He/she had g lot of problems doing his/her usual activities

Having pain or discomfort

He/she had no pain or discomfort
He/she had ggme pain or discomfort
He/she had g lot of pain or discomfort

Feeling worried, sad or unhappy
He/she was pot worried, sad or unhappy
He/she was g bit worried, sad or unhappy
He/she was yery worried, sed or urhappy

Page B of &
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How good was the healtth of the child ON

THE WORST DAY

*»  We would like to know how geod or bad you
think the child would rate his/her own
health on the WORST day

#  This line is mumbered from 0 o 100

s 100 means the pgst health the child can
imagine
0 means the worgt health the child can imagine
Please. mark an X on the line that shows how good

or bad you think the child would rate his/her
health on the WORST day

Toe best eath

T o le zan

Ths worst health
~he chidcen

imigine

. \
Broinctian
e

i
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Health \

Protection
Agency
The parent or guardian of «First_names Health Protection Agency
sAddess T Immunésation, Hepatitis and
ahddress s mﬁyw
«Address_3» London NS 260
ahddress dn
«Postcodes Tel +44 (0

Fax -I44 B:E'?m

Friday 1% June 2012

Dear the parent or guardian of eFirst_names,

Your child has recently been nofified to the HPA by your doctor as having suspected measles. Our
local office in Cheshire and Merseyside may already have contacted wou with a kit to test their
galiva. This test will confimm whether the iliness is true measles or a similar iliness due to another
infection. We would alzo ke to know how severe your child's illness was, which will help us make
clinical and public health decisions about how best to control measles and related ilinesses.

Should you wish to help us with this, we would be grateful if you or your child would please fill out a
short survey (in three parts: on white paper, yellow paper and pink paper), and mail it back fo us in
the enclesed stamped addressed envelope — no need to provide a stamp. If your child iz unable to
fill it out on their own then please assist them with any questions that they cannot answer.

We would like you to fill out the questionnaire for you or your child twice:
1. once for today (yellow paper)
2. once for the worst day that your child experienced during their recent illness (pink paper).

We will also contact you in three weeks time o see how you or your child is feeling, and we would
then ask you fo fill out a very similar questionnaire.

This questionnaire will be returned without your namefs. Meither you nor your child have to fill in this
questionnaire — it will not affect any care wou are given. This information will only be used for
informing dinical and public health decisions. Your information will not be shared with any third
parties. If you have any questions about this survey, then please contact either Albert Jan van Hoek
(0208 327 6065) or myself (Mary Ramsay 0208 327 70584) at the address given above.

Yours sincerely,

Py Eravardy
- I
— —

Dr Mary Ramsay
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This questionnaire has been designed to be completed by the
person who is suffering from, or has recently had, suspected
measles.

You may wish to complete this with your parents (or legal guardians)

OR vyour parents (or legal guardians) may complete the
questionnaire on your behalf.

Background information

1. What is the date today? (RO SR, |
About You:

2 How old are you? years and__._______ monthis)
3. What is your sex? MALE / FEMALE
Page 1of & 1 Version 1.5

About your recent suspected measles:

4. What date did you first experience symptoms? ... eemnaan -2012
{If you cannot remember the exact date please include your best estimate of the full date)

5. Because of the suspected measles how many times did you contact amy
of the following? (Please indicate the number of imes for ALL that apply,
writing the date you first contacted them in the next column)

Maone Q { please tick if you did not contact any of
the services listed below)

Mumber of Date first
times contacted contacted
Phone or email MHS Direct [
MHS 24 § NHS Choices
Phone or email GP — response
from the receptionist
Phone or email GP — response
from the doctor / nurse
visit (face-to-face) a GP or
nurse
Hospital ARE department (inc
out of howrs service)
Other medical services

6a. Did you spend any nights in hospital due to symptoms related to your

suspected measles?
YES { NO
Gb. If YES how many nights did you spend in hospital?
........... nights
-— TURMN THE PAGE — 7 ‘
-l
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7. Did you also have any of the following conditions at any point during the
recent suspected measles? (Please tick ALL that apply)

Fewver

Dhiarrhoea

Vomiting

Eye infection (conjunctivitis)

Inflammation of the voice box (laryngitiz)

Inner ear infection and inflammation (ofitis media)
Difficulty in breathing / coughing

Cenfusion / drowsiness / headache

Other (please SPeCiTY) oo ae e aan

OooooooOoo

8a. Do you have any cngoing medical condition requiring treatment?
YES / NO

Bb_ If YES, please specify what it is:

9a_Have you had to take any time off school due to symptoms related to
the suspected measles?
YES 7/ NO

Ob. If YES how many days? 0 days

10a. Has anyone had to take time off from work to provide care for you due

to your symptoms related to the suspected measles?
YES [ NO

10b. If YES how many days? days

Page 2 of &

About the duration of symptoms

To measure the severity of your suspected measles we need to know how
leng your symptoms last. Te do this we will contact you again in around
three weeks time to ask if you are still experiencing sympitoms

{Information provided will not be used for any purpose other than this study)
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About your health status TODAY:

1. Are you experiencing any of the following due to your case of suspected
measles today (tick ALL that apply)

]

Mone of the symptoms below

Rash

Runny nose

Watery eyes

Swollen eyelids

Sneezing

Cough

Bloed shot eyes (red eyes)
Severe temperature or fever
Sore mouth andfor throat
Tiredness, lack of energy
Aches and pains

Poor appetite

poodooooooooaod

2. If you are no longer experiencing symptoms on which date did your
symptoms end?

— TURN THE PAGE —

Page 3 of & Version 1.5
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Describing your health today

How good is your health TODAY The best health you

Under each heading, please tick the OME box that best describes your health oon imagine
TODAY 10
Mobility fwalking about) B
I have ng preblems walking about a ol
I have zome problems walking about o B
I have g lot of problems walking about a

B0
Looking affer myself * We would like to know how good or bad L]
I have ng problems washing or dressing myself n ] . 70
I have zome problems washing or dressing myself o your health is TODAY
T have glot of problems washing or dressing myseif a »  This line is numbered from 0 to 100 =

1]
Daing usual activities (for example, gaing fo school, hobbies, sports, playing, doing * 100 means the best health you can 55
things with family or friends) -
I have ng problems doing my uswal activities a megmne -
I have zome problems doing my wusual activities a 0 means the worst health you can imagine 43
T have g lof of problems daing my usual activities o * Please, mark an X on the line that shows -«
Having pain or discomfort how good or bad your health is TODAY 3
I have ng pain or discomfort a S
I have some pain or discomfort a 25
I have g lot of pain or discomfort ] 20
Feeling worried, sad or unhappy 5
T am pgt worried, sad or unhappy u ]

I am g bit worried, sad or unhappy

=}
tn

I am very worried, sed or unhappy o
Page4of 6 The warst
health you can
imagine

A
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About your health status on the WORST DAY of the suspected
measles

What was the date of the worst day? e -2012

Did you experience any of the following due to your suspected measles on
the worst day (tick ALL that apply)

Mone of the symptoms below a
Rash Q
Runny nose a
Watery eyes a
Swollen eyelids Q
Sneezing a
Cough Q
Blood shot eyes (red eyes) a
Severe temperature or fever a
Sore mouth andfor throat Q
Tiredness, lack of energy a
Aches and pains Q
Poor appetite Q
— TURN THE PAGE —
Page 5of 6 ] Version 1.5
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Describing your health for the WORST DAY How good was your health on the | Thebesthealhyou

an imagine
Under each heading, mark the OME box that best deseribes your health for WORST DAY 100
the WORST day. o5
Mobility (walking about) =
I have na problems walking about o
I have some problems walking about a 8
I have alot of problems walking about a + We would like to know how good or bad your
health was on the WORST day =
Looking after myself
. . * This line is numbered from O to 100 70
I have no problems washing or dressing myself a
I have some problems washing or dressing myself a . 100 the best health you can L]
I have g lgt of problems washing or dressing myself n ] . . &
imagine
il
Daing usual activities (for example, going fo school. hobbies. sports. playing, doing 0 means the worst health you can imagine
things with Family ar friends) _ 50
T have no problems doing my usual activities o » Please, mark an X on the line that shows .
T have spme problems doing my usual activities n | how good or bad your health was on the a0
T have glot of problems doing my usual activities a WORST du':.r s
Having pain or discomfort 1]
I have na pain or discomfort a a5
T have zgme pain or discomfort a -
I have glot of pain or discomfort o
15
Feeling worried, sad or unhappy 10
T am pgt worried, sad or unhappy a 5
I am g kit worried, sad or unhappy o
; ]
I am yery worried, sod or unhaj a
very PPY The worst
Page 6 of & health you con
"Tm“n tl'llr'l n\
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" Protection
Agency
aFirst_namex «Sumames Health Protection Agency
sAddress 1s o .

i Immunisation, Hepatitis and
sAddress Z» Blood Safety Department
sAddress_3» 1 Colindete e
sAddress 4s
«Postcodes Tel +44 (D120 3200 4400

Friday 1 June 2012

Dear «First_names,

You have recently been nofified to the HPA by your doctor as having suspected measles. Our local
office in Cheshire and Merseyside may already have contacted you with a kit to test your saliva. This
test will confirm whether the illness is true measles or a similar iliness due to ancther infection. We
would also like to know how severe your illness was, which will help us make clinical and public
health dedsions about how best to confrol measles and related illnesses.

Should you wish fo help us with this, we would be grateful if you would please fill out a short survey
{in three parts: on white paper, yellow paper and pink paper) and mail it back fo us in the enclosed
stamped addressed envelope — no need to provide a stamp.

We would like you fo fill out the questionnaire twice:

1. once for today (yellow paper)
2. once for the worst day that you expenenced during your recent iliness (pink paper).

We will also contact you in three weeks time to see how you are feeling, and we would then ask you
to fill out a very similar quesfionnaire.

This questionnaire will be refumed withowut your name. You do not have to fill in this gquestionnaire —
it will not affect any care you are given. This information will onty be used for informing clinical and
public health decisions. Your information will not be shared with any third parfies. If you have any
questions about this survey, then please contact either Albert Jan van Hoek {0208 327 60635) or
myself (Mary Ramsay 0208 327 70584) at the address given above.

Yours sincersly,

It L
JOsAy Rty
e —_—

Dr Mary Ramsay
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This questionnaire has been designed to be completed by the
person who is suffering from, or has recently had, suspected
measles.

If you are under 16 years old:
= you may wish to complete this with your parents (or legal
guardians) OR
= your parents (or legal guardians) may complete the
questionnaire on your behalf.

Background information

1. What is the date today? [ . | |
About You:

2. How old are you? ... years and............. monthis)
3. What is your sex? MALE / FEMALE

Page 1 of 6 [ «ldentifiers | Version 1.5

About your recent suspected measles:

4. What date did you first experience symptoms? ... eemnaan -2012
{If you cannot remember the exact date please include your best estimate of the full date)

5. Because of the suspected measles how many times did you contact any
of the following? (Please indicate the number of times for ALL that apply,
writing the date you first contacted them in the next column)

Maone Q { please tick if you did not contact any of
the services listed below)

Mumber of Date first
times contacted contacted
Phone or email MHS Direct [
MHS 24 § NHS Choices
Phone or email GP — response
from the receptionist
Phone or email GP — response
from the doctor / nurse
visit (face-to-face) a GP or
nurse
Hospital ARE department (inc
out of howrs service)
Other medical services

6a. Did you spend any nights in hospital due to symptoms related to your

suspected measles?
YES I NO
6b. If YES how many nights did you spend in hospital?
........... nights
-— TURMN THE PAGE — 7 \
-l
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7. Did you also have any of the following conditions during the recent
suspected measles? (Please tick ALL that apply)

Fewver

Dhiarrhoea

Vomiting

Eye infection (conjunctivitis)

Inflammation of the voice box (laryngitiz)

Inner ear infection and inflammation (otitis media)
Difficulty in breathing / coughing

Cenfusion / drowsiness / headache

Other (please SPeCiTY) oo ae e aan

OooooooOoo

8a. Do you have any cngoing medical condition requiring treatment?
YES / NO

Bb_ If YES, please specify what it is:

9a_Have you had to take any time off school or work due to symptoms
related to your suspected measles?
YES 7/ NO

9b. If YES how many days?

10a. Has anyone taken time off from work to provide care for you due to

your symptoms related to your suspected measles?
YES [ NO

10b. If YES how many days?

Page 2 of &

About the duration of symptoms

To measure the severnty of your suspected measles we need to know how
leng your symptoms last. To do this we will contact you again in around
three weeks time to ask if you are still experiencing sympitoms

{Information provided will not be used for any purpose other than this study)
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About your health status TODAY:

1. Are you experiencing any of the following due to your suspected
measles today (tick ALL that apply)

]

MNone of the symptoms below

Rash

Runny nose

Watery eyes

Swollen eyelids

Sneezing

Cough

Blood shot eyes (red eyes)
Severe temperature or fever
Sore mouth andfor throat
Tiredness, lack of energy
Aches and pains

Poor appetite

gooododoodoodoo

2. If you are no longer experiencing symptoms on which date did your
symiptoms end?

— TURN THE PAGE —

P 3 of 6 [] Version 1.5
age 0 Version ﬁ..m :
AT

365



Describing your health today

Under each heading, please tick the OME box that best describes your health

TODAY

Mobility (walking about)

I have pg problems walking about

I have some problems walking about
I am confined to bed

Self-care

I have no problems with self-care

I have some problems washing or dressing myself
I am unable to wash or dress myself

Usual activities (e.g work, study, housework, family or leisure activities)
I have no problems with performing my usual activities

I have some problems with performing my usual activities
I am unable to perform my usual activities
Pain/Discomfort

I have no pain or discomfort

I have moderate pain or discomfort

I have gxtreme pain or discomfort

Ariety/Depression

I am pot anvious or depressed

I am mpdergtely anxious or depressed

I am gxiremely anxious or depressed

Page 4 of &

[ n]

[ n]

How good is your health TODAY

We would like to know how good or bad
your health is TODAY

This line is numbered from O to 100

100 means the best heatth you can
imagine

0 means the worst health you can imagine
Please, mark an X on the line that shows

how good or bad your heatth is TODAY

The best health you

con imagine
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About your health status on the WORST DAY of the suspected
measles

What was the date of the worst day? ... ... e -2012

Did you experience any of the following due to your suspected measles on
the worst day (tick ALL that apply)

O

None of the symptoms below

Rash

Runny nose

Watery eyes

Swollen eyelids

Sneezing

Cough

Blood shot eyes (red eyes)
Severe temperature or fever
Sore mouth andfor throat
Tiredness, lack of energy
Aches and pains

Poor appetite

[

— TURN THE PAGE —
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The best health
Describing your health for the WORST DAY How good was your health on the v

Can imagine

Under each heading, mark the ONE box that best describes your health for WORST DAY 100
the WORST day. o

|0
Mability (walking about) 5
I had no probl walking about ju |

e e weing + We would like to know how good or bad your
I had some problems walking about ju
T was confined to bed a health was on the WORST day 75
Self-care +  This line is numbered from O fo 100 0
I had no problems with self-care Q [
i ) * 100 means the best health you can
I had some problems washing or dressing myself a _— 0
I was unable to wash or dress mysetf (n] imagine -
Usual activities (e.g work, study, housewark, family or leisure activities) 0 means the worst health you can imagine o
T had ya problems with performing my usual activities a + Please. mark an X on the line that shows .
I had some problems with ormi usual activities ju |
pert ngmy how good or bad your health was on the 40
I was unable to perform my usual activities Q
WORST d

Pain/Discomfort R ®
I had pa pain or discomfort ju 0
I had moderate pain or discomfort Q 25
I hod gxtreme pain or discomfort a 20
Anxiety/Depression 15
I was not anxious or depressed Q 0
I was mpdergiely anxious or depressed a

L}
I was gxiremely anxious or depressed ju

o

The worst
heatth

Page 8 of B yauemn
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Abstract

Background To enable decisions abow invesiment across different areas of health e, heahh needs w be measured
ina sandardised way. In the UK, the qualiy-adjnssed Hieyear (QALY) Is the prefiermed mesric. However, no measure
of the QALY loss associated with measles is available, eiher for the UK or elsewhere. This smdy atmed w0 estimase the:
qualiy of Hie effecy of measles by surveying patlenis with measles tn England.

Methods We did 2 populagon-based prospecive smdy using postal questionnaires w request informatdon aboo
peoples liness along with an agespedfic EQ-30—a valldawed questionnatre commonly wsed to quantify QALYs.
Public Heahh England reporwed 3207 laborarory-confirmed cases of measkes in England berween Jan 1, 2012, and
June 30, 2013. Beginning in June, 2012, cases confirmed by IgM desecdon or PCR. or both, were sem postal
quesyionnaires. individuals with laborawory-confirmed measles reporied in wavellers comnmundes were noa imvised
o panicipase in the smdy. Public Health England engages with this communiy through different prowcols and

Public Health England has ethics approval wo conduo enhanced outbreak survelllance. This approval
inchudes the collecdon of healih-relased qualty of Hie (HRQoL) dasa. Consent was tmplied through the remrn
of 8 completed questdonnatre w Public Health England.

WICIE FHT, UE

Findings 507 quesionnaires have been semt w individuals with confirmed measles; 203 have been remmed
{40-035). The mean HRQoL loss per measles @se was the aquivalent of 6-9 days (953 CI 6-0-7-8), or 0-019 QA LYS,
afier undenaking a missing value regression analysis. 37 (18- 25¢) of 203 responsss were from parents of guardians
of patlens less than 1 year old. There was no evidence that patlems whowere hosphalised were more lkely w respond
o the questdonnaire. 196 (96-5%) of 203 palents reported at lease one complication, inchading fever (187 [92- 1%]),
confuncivivs (134 [56- 2%, and diffioaby bresthing or conghing (162 [79-8%]). The mean duradon of finess was
13-8 days (95% CI 12-5-15-1). 128 (63-13¢) of 203 padems recorded absence from work or school, with 3 mean
duration of 9-6 days (95% CI B-3-11-0). 75 (39-6%) of 203 patems recorded that thetr primary caregivers were
absemt from work, with a mean duration of 7- 3 days [95% CI 5-5-8-7). 74 patenis (36- 53) reponed spending ar leas:
one night in hospieal, with a mean sy of 4- 2 nighes (95% CT 3-3-5-2). 193 patlenis (95 - 1) reponed coneac with
heahl-care services, with a mean of 4-0 comaos (95% CI 3-7—4-4). 71 (78-0%) of 51 padems repored severe
problems due o measles nfecion on the EQ-5D dimension of health concerning thetr abilisy o undenake thelr
usual aovides. 24 {26 - 43€) of %1 palents reponed severe problems in the depression or amxlety dimension.

Interpretation The HRQoL loss due v measles was greater than we had expeced. With a mean durathon of tnfecdon
of 13-8 days, this finding @an be inerprewsd as Hving with 509 health uriliey for slmos: 2 wesks. For coneexe, the mean
HRQoL koss for influenza is 0008 QALYs or 2-92 days. The mean HRQoL loss dus w varicella is 0-0027 QALYs
of 0-99 days <15 years obd) and 0-0038 QALYs or 1-39 days 15 years old). The HRQoL resuls will inform
cost-affenivensss analyses that test new or exising inwerventions for measles quthreaks.

Funding This work was funded by a Career Developmemt Fellowship suppored by the Nadonal Inssinne for Health
Research (gramt number NIHR-CDF-2011-04-01%). The views expressed tn this publicaion are those of the anthors
anid not necessarily those of the NHS, the Narlonal Insthie of Health Reseanch, or the Depanment of Health.
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Abstract

m-umbhammmmmm fmlmmwmmmbhh
UK aned many other European countries have been inoneas H recent years, with over 3207 labom tory-confirmed cases
wwmmmmmumqmuwmmﬂszm1muu d dkiing regarding
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Meithods and Rndinge individuals with confirmed dled viere Sent questionnaies requesting infosmation on the shot-
tenm impact of the illness on their HROoL wing the EuroQol EQ-5D-3L questionnaire. HRQoL was reported for the day the
qmﬂmhusmﬁeﬂ the wiomt day of infection and at follow-up three weelks later. SO7 questionnaires were sent to

with des with 203 {4i%). The majority of respondents wene not vaccinated. The mean
time off work or school was 9.6 days. The mean duration of perceived illness was 138 days. The mean nom ber of QALYS lost
wias 0,019 leguivalent 1o 63 daysl The overall burden of disease in terms of QALYs lost in England based on the total
nusmiber of confirmed cases in the twele month period fram 17 June 2012 was sdtimated to be 442 QALY

Conchesion: The shon-term impact of measles infection on HROQoL is substantial, both at the level of the individeal patient
and in terms of the overall disease burden. This is the fist attempt to quantify DALY4oss due to meades at 8 populstion
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Introduction

Measles & a highly infections notifishle disease that can be
severe in infants, pregnant women and imomunocompromsed
individuals [1,2]. Measles & prevemable trough the measles-
mumps-rubells vaccination programme (MMR), with meassles
vaccination inwroduced i the UK in 1968 [1]. The repared
cverage & 92.9% [3] although upoke fell n the Lte 1990s from
92% in 1996 o B0% in 2003 [4] after the suggestion of a patental
Fink hetween the vamine and antism [5] that subsequently proved
o bhe unfounded [6-8].

Previous measles outireak nepornis focus on the epidemiol ogy of
the diseas [9-11], rather than the overall diseass burden in ferms
af healthrrdaed quality of e (HR Qo). The impact of infectious
diseanes on HRQol. & a developing field of research, whiose oim &
i express the burden of dsease not only in number of cases bag
absn in disease days and the impact of tese disease days. Doing so
emables 3 comparison between diseases and helps i the fir
allpcation of respwres. In England the evalnation of resounce
allpcation & formalised in mosteflecivenss amalyses [12,15].

PLOE OME | wawplmoneang

A sendard method to messure the disease burden & the e of
emaliny-adustad e years (QALYs). A QALY & o generic measure
incorperating both the kength of time thet patents experience
helh reduction and the magnituds of the halh redudion [14].
Ta caleulate QALYs firt the condifon-specific health niliies,
which give an estimate of the mpact on HRoL for the condifion
in queston, must he exmhlshed. Health uilities commnly take
valies benvesn 0 and 1, mmesponding o udkites for death and
periect health respectively (alhough some systems of mea srement
allopw nfilities of ke than 0 m be reporesd). Thee milities are wmed
in conjuncion with the dumtion of the health reduction o
calculae the QALY -lows (and thus the powential QALY-gain for
any propessd ntervension or new health echnologyl.

To our now ledge, no measure of health ntifites has previously
been amempted for mensles, despite the glohal significance of this
infection. This sdy atempts to gather health wilifes specific o
measles dwring the 2012-13 regional measls epidemics in
England, o5 well as other direct and indirest effecs of 2 measles
epidemic on a populfion inchiding sympioms during infecfion;

Sepiember 2014 | Valume 9 | bsue 9 | 2105153
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dismuption at hame due to time off work or school for indhidmls
with confirmed measles; hospitalisations and carer time off work.

Methods

In this study, standardised | questionnaires were ®nt
individuals with confirmed or suspeced meades. (Questionnaines
were ®nt to individuals with suspected measles in the Nonth West
England onthreak from 1% June 2012 and the study was extended
throughout England fam 7! Ocober 3012 © 5™ July 2013
mrgeting only indhviduals with confirmed measles.

Case definition
Individuals with suspected measles wu't confimed positive i
they were messles I mnaginbufin & dthve on safva or

ﬂunnﬂpn}gmu&mnrmﬁmmq:nmrg safva or a
thmat swah. A measles cane was defined wwing the
fnllowing oriteria from Vivancos et al. 2012 [11]:

# (hniral presentation: fever and messkes-like rash and one or
e of the: follmwing symptoms: congh, mnjunctivits, corymm,
or Koplk's spots.

# Residence/reponted from: residence or hismry of ravel o
endemic, outhreak or adjacent areas, or being a close contact
of a confimmed or probable cose of messles.

Exchusion criteria

Individuals in fraveller commumites with, Lahorasnrye-confi med
measles were not invited i participate in the study, hecanse Public
Health England engages with this community through different
paocols and procedures [15. A member of the tawveller
commmnity was definsd os somenne self-identifying s & memher
af the raveller community or someones |ving on a raveller site,
whether anthorised or not anthorised

We exchided incividuals with confirmed messles with a
reported symptam onsed dae more than two weeks before case
sams was confirmed to minimiz the time hefween perceived
sympinm onset and receiving the finet questionnaire.

Tnless smied, the analysis that follows is based on ndhvidual
with confirmed measles.

BuroCal BQ-50-3L

The Ewa(l] EQ-5TR3L is a generic muli-atrbue health-
s clesification sysem [16,17]. HROQoL & assesmed in fhee
dimemnsions: mobifity, self-care, nmal acivifies, pain/dsmmiont
and anxiety/depremion. Each dimension i sssessed uming three
kvels no problems, some problems and severe prollems,
fucilimfing the evaluation of 243 (= 3% different health states.
The Eurol}al scoring algorithm comers the responses iniob a
health uility specific to the individuals health state. A wvisual
analogue scale (VAS) invitss the indfddual o rae their health
st on a scale from 0 — 100, with 0 being the waorst health sate
imaginabie and 100 being the best health sate imaginable. The
Matdonal Institue for Health and Clinical Excedlence recommends
the Enmo(lal EL)-5DM3L for use in cost-effentivensss anabhses in
the Tnited Eingdom [13].

Thres ific B(RSDW3L questionnaires were used: the
standard BO-5D-3L for ol indhviduak aged 13 years and older;
the child-friendly EQ-31Y fior 2l indfiduals aged between 7- 12
years [18] and a promy version of the standard BEO-AT-3L for
individuals aged less than 7 years i he completed by the childs
parent or guardian All three versions of the questonnaire use
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hoth the same algorithm and scoring wriff to comert responses
inio health utifities.

Une year & equivalent i 365 days; therefore 1 QALY would be
equivalent o 365 quality-adjused He days (QALDs). The QAT
has previously heen used o report the impact of influenza on
HRECJal. [19], and for exse of inerpretation we expres loss of
HRECol. in terms of QALDs below.

Questionnaires

Individuals were sent an initial questionnaire requesting demils
of their llness and is impact on their HR (oL for hath the worst
day of infection and the day that the questionnaire was receved
wsing the ECRSTH3 L. Thres weeks laer they were sent a follaw-up

¥ gre to obfin a firther HREQol. messmremesnt of
recovery. Individualk who did not retum the first questionnaire
were semt it @ semond time along with the follw-up questinmnaire
three weels later. We asmmed that a three week period was
sufficient for typical symptoms of measle to mbside [20], and we
s that i individuals reported that they had recovered then
they were no lnnger mffering & messles-related reduction in their
HRECJol.. The vale of HR(L repored by individuals who
reparted having remvered was reawed a5 their hasdine HR(ul.
for the purposes of calculating QALY les.

To azsess the i of measles infection on HRJolL., patients
mmst complete the EO-50-31 when healthy (2t recovery) and for
the worst day of infection. We ammmed that the QALY loss
amsociad with messles for each individual can be reqresented by
a triangular shape, a5 shown in Figure 1. A mare predse picure
would he posible if patiens compleed the EQ-5D-31 more
frequently during their infecfion. In absence of these data we
swmme that we @n represent the QALY los 25 2 Enear
deteriomation in HRQoL flom a recovery reading to its level an
the worst day of infection. As a we als extimaied
HRQol. directly using the VAS with HRCoL given by VAS
soone divided by 100

Naotification of potential smdy participants was received by the
specialist epidemiclogist for measles at Pubfic Health England in
Colindale who exchded ineligible patienss. Letiers and question-
naires were sent wming 2 danhese updawd daily with new
nifimtions of sspected messles cases. In the analysis that
follows, we consider only those ndividmk with hommnng-
confirmed measles

Anomymised data
All questionnaires sent i mnfirmed or aspeced measles cases
were anomymied A questonnaire was inked m the appropriate
folow -up questinnnaire using the HF Zone IT), an anomymised I
data field used on Public Health England dabhass Sensithe
patient idenfifiers such as the distrihufion address were handled by
Public Health England, whereas the retumed and anomymous
¥ ires were processed by researchers at the London
School of Hygiene and Tropical Medicine, with no nks or access
o the original sersifive information. All medical remnds nsed in
the analysis were also anonymisad by Public Health England using
the HF Zone ITk.

Ethics approval

In amorndanee with The Health Service (Control of Patent
Information) Regulations 2002 No. 1438 Section 251 Regulation
3 [21], Public Health England may process confidential patient
information with 2 view i monitoring and managing

i oudhreaks of commmunicable o sese;
i incidents of exposure i commimicable disease;
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Data analysis

Dtz were anal ysed using Mocrosaoft Excel 27 and R fversion
30.2) [22]. Pubbc Health England obtained hospitafisation
recomds  for individuak who received the questionnaire, o
hospimfisation maes were compared betwesn nesponders amd
non-Tesponders to test for severity bimm. HROQoL data were
anahmed only for thoeee patents who completed all froe dimiens ons
af health on the B5TR3L in sdditon to reporting the duration
af their illness. We calmlated the QATLY-loss doe 0 measles using
the ECHS0-3L and the VAS and compared the two systems. We
examined the three sge-specific EQRSIML questionnaires and
looked fior differences in the QALYS lost due to measkes infection.
Repored 95% confidence inervak of the means are hased on
1000 haotstrap rephioations.

The E{}50k3L requines the respondent to complee all fve
dimensions of the clesification system in onder o calmlate 2
health-stade utility. Owmitting the response toamy of the dimensi ms
means the remaining responses @mot be mwed for this purpose,
therefiore & missing-value negression analysis was mndoced using
the VAS score to esfimate the ECRSTRSL mifity whene pafisnts
had oomplewed the VAS bot not ofl fve dmensions of health.
When assessing the HROwL in individuiak with haemophiia
Mners et al. [23] showed a comrelafion betwesn EQ-5D-31 uikity
and the VAS scores (R =0.67, p=<0L001 ).
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Results

63 quest onnaires were sent; 507 to individuals with confirmed
measles and 176 to indvidnak with imconfirmed s suspecied
measles. 23 quesionnaires were retoned from those with
confirmed meades (HL0%). 45 questionnaires from indhviduals
with mmcionfirmed fmspented msssles wers remmed (25.6.%). From
the 203 indhviduals with confirmed measles who retrned their
first questionnaires we meceived 63 Dlow-up questonnaines
(31.0%). 1053 of the remmed first questionnaires had heen
completed after remvery fiom measks so the HROQol. measure-
ment an the day of mmpletion cmld be med a5 the recovey
HR)ol. measurement

Demographic and vaccination data

101 (#9.8%) of the 203 responss were fiom female patients. 6
(33.5%) of the respondens were under five years old (Figure ).
188 (92.6%) had not yet received their first dose of the MME
varcine. The age distribution of those indhiduak who remmed the
questinnaire was similar i the spe dismibofon of confimed
measles cames invited 0 paricpaie Figore T

Severity bias

Amang the 507 individnak with confirmed measles to whom
questinnaires were sent, Public Heatth England could not abtain
hospitafisation reconds for 20 indhidualks (3.9%) os their GFs
duihase had not heen updated with amy detais of potendial
hespitafisations post-nofification. OF the remain ng ndhvidoak, 75
of the 199 individmlk who were hospitlied retumed their
questionnaire and 120 of the 288 indhidnak not hospitalised
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retumed theirs. We fund that there was o evidence that
haspitbsed indhviduals were more Bkely © remm the question-
naires (3 =078 and p=0.34.

The mremaining results refer only to the 203 questionnaines
retimmned by ndividusk with confimmed measles. Figure 3 shows
the mmber of quesfionnaines semt and svenmally used in dhe
amalysi.

Impact at home

128 63.1%)] mdhiduak with confirmed messles repored
spending time off work or school due to messles infection
(Table 1), of whom those who had fully remvered repored a
mean time spent at home of 96 deys (95% CE 9.3 - 11.7). 75
(36.9%) ndividlalk with cmfirmed messles repored that a
camegiver spent fime sway from work during their infection, of
whom those who had fully removersd reported & mean time spent
swary from work by carers of 7.3 days (5% CL 5.7 -79. M
(36.5%) indviduals reported spending at least one night in
hospial, of whom those who had fully recovered reported a mean
kengh of stay of 4.2 nights (median +0 nighs). The median worst
day of perceived sympioms wes the fifth day and the mean
duration of perceived symptoms was 138 days (95% CI: 126 —
15.1).
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Contact with the health services

193 (95.1%) indhidual with confirmed meassles reported at
least one monict with the healh services. The remaining 10
individuaks may have oome o the sttention of the local Health
Prowction Unit (HPL) through conmct tadng of another
confinmed measles case or may have been reported directy o
the FIPL] by a teacher, parent or guandian, thenehy not having any
conaa wih the heabth sendices before their case stans was
confirmed. The median number of mnoos with the health
services was A1) during the period of infection but this wes highly
shewed with 2 mean of 400 and 5 people having more than 10
con@os. The mean fime betweesn peroeived sympinm omset and
first contacting the difforent loml health services was ahowt 36
days imespective of which service (NHS Direct, GP, A&E, ei.) was
first comacted

BEQ-50-3L dimensions results

91 of the 208 confirmed measles cases complerd all fve
dimensions of healh for de EQ-50-3L on the worst day of
infection and afer a full recovery from measles infecfion and
repeorted the durafion of penceived symptoms, this enabling the
caleulafion of QALYs ket. On the worst day of infecfion, these
individuals reporied their health acoonding i each of the EQRS0-
3L dimensions of hamlh s shown in Table 2.
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Table 1. Impact of measbes infection.
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194 of the 203 indhiduak with confirmed measles (95.6%) who
retumed & questionnaire alo remmed 2 completed VAS.

HROoL results

The overall QALY loss, calenlated using the Exro{Jol EC-3D-
3L, smsociated with messles was 00019 QALYs per patient (95%
CE: 001 6 — 0022), the equivalent of 6.9 QALDs per patient (95%
CE 584 — A0T) (Table 3.

HROoL through the VAS

The overall QALY loss associated with measles using the VAS
soare was the equivalent of £.92 QAL (95% C1:4.15 - 586) or
Q013 QALNs (85% CE 0011 — i1, There & very srong
evidence that the VAS gives different resuls when compared o
the EC-51-3 L alporithm using e paired Wilmoxon test [V =649,
= 00001 ) using the HR QL. resuls from the 91 indwvidnals with
confirmed measles who completed all aspects of the EnroQal ECO-
S0} questiomnaire.

Oneradl burden of regional epidemics

Public Health England reported that there had hesn 2366
Lhoanry-confirmed cases of measles in England for twehe
maonths fiom 17 June 3012, the heginning of the sudy period
[24,25]. Using our estimaes shove for the burden of measles
infection, the spe-adused overall burden of disease in this period
was approximaiedy 16, 164 QALDs (95% CE 15,740 — 16,645, ar
£33 QALY s (35% CI: 432 — 456, 1,554 of these confirmed cases
winild have oken fime off work or school, resuliing in 14,527 age-

Thoar oy i ol el oo rthnenl oot it o iy © i i B e e e B WP e i i ooty off altviaier LR, el P
g i Peiplall applia only i theia individual witd RpoEed o B ofe Rl iR Badpiall 99 conliclinecs innaevalls of el S A o Buciand o | 000 B
plicathorc. The i colams il il for B witoll Sarmsply e Solbihgoar 3 oo it the sl inte e St & 98 O Qg ©oFidand

adfused days oflost producthvity (5% 0E 14215 — 14, 840 When
inchding primary caregivers taling time off work, a fimther 904
people would hawve taken fime off work resulfing in an age-adjused
wizl number of 23,110 days oflast productvity (95%01: 22,661 —
23.,523). 95% oonfidence inervals of the mean are based on 1,000
hootstrap rephcations.

Missing data analysis
Each patient was sent a moximum of three EQ-5D-3L
questinnaires: for the worst day of infection, for the date that
the first quesionnaire was received and the recovery HRECL
reading. From a maximum of 744 eligible quesionnaires from
hoth indhdduak with confirmed messles and indhiduak with
uncoriirmed / sispected measles, 397 contained both a ECQ50-31
¥ ire with respomses 1o all dmemsion of HREQol. and a
completed VAS smne.

Assming that FL)-50) respomses were missing af random and
that the VAR score cam e weed to presdi of mising EC-51 nilites,
we used 3 multiple impuotation method through the Amelia IT
stafistical package in R [26] to impute EO-51) ntdlities where the
infvidual had completed the VAS This added 36 mone
ahservations and the overall QALY ke from the imbenpaolaied
da was equivalent to 6l 1 days (5% O 5,68 — A (#), very similar
o the (JALY and equivalent QATLIY loss from non-inferpolaed
data reported in Tahle 3.

Table 2. Respondes to each dimension of health for the worst dey of infection for individuals with corfirmed meashes who
provided the full data set to facilitate the caloulstion of QALY loss asocisted with mesiles

[EQ 5D disnen sions of hashth Mo probibens
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Implications for missing HRQoL data

49 (70%) of the 70 BL)-5T) proxy questionnaires for children
sped under 7 years for the worst day of infecfion remumed were
missing i the selfcare dmension (Tahle 4. This mggess that
parens or guandans heve difficultly eompleting this dimension of
the ECHSIM3L as a proxy for ther young children. 28 of the
retumed ECHSD proxy questinnaires (#0%) did not have a
respaonse remmded in the mobdity dimension Fewer mizsing
Tespanses were retrned for the remaining throes o mensimns.

None of the 25 BEL-5TY questionnaires for children aged 7 -
12 years had & missing respomss for any of the five dimensions on
the worst day of infecfion. Few BEL-5D-3L questionnaires for
indfividuals aged 13 years and clder had missing responses for the
dimensions of healh: 5 questinnaires (£6%) were miming a
respanse in the mohility dimension, with fewer missing respaonsss
in the remaining dimensions.

Measuring HROwoL using age-specific EQ-50-3L

The standard EC-30-31. was used by indhviduals aged 13 years
and older. The mean (AL attributahle 0 measle for this
group was 69 das (5% COF 49 — 9.1 For individuals sged
hetween 7 — 12 years the BO-50RY wes msed i regeort @ mean
QALDHoss of 7.3 daws (35% CF 37 — 130). For infants aged
under 7 years the BEL)-50¥ was used to report 2 mean
QALTMom of6.2 days (35% CI: 3.5 —9.0). Using the independant
Mann-Whitney test there was mo evidence that the messmred
HREJal. loss & dependent an the ECQ-STFIL questionnaire wmed
W=4835 and p = L& when compared i EQ-51-Y; W= 4335
and p =L99 when compared to ECR50) proxy).

Discussion

We have used the confirmed messles coses reparied sincee June
2012 to calculare the shont-erm mpact on HRQoL of measlks,
with messuremensts mken doring the 2012-13 regional measles
epidemnics in England. We found that measles infection mmes a
short-erm QALY-les of 019 QALYs or 69 QALDR, per
patent, with perceived symptoms kesting 13,8 days. For context,
the shart-erm impact on HRCol. of HINTv influenza was (L0008
QALYs, or 292 QALDs, per patent [19]. The impact on
HREQl. of natural varicdla was 0027 QALYs, or (99 QALDs
(=15 years old) [27] and 00038 QALYs, or 1.39 QAILDs (=15
years old) per patient [28].

To o kenuw besge: thiis is the first atiermpt i calenlade: fhe mpact
on HR oL of measles infection. This study was a patient-hased
retnmpective smdy that invited all efigible confimmed cases of
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Table X Impact on HRQoL of measles for the 9 individuals with confirmed measles for whom QALY loss could be caloulsted

wesing the EQ-50-3L
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of e results fn =91 (A=15) [LERE ] i 5E)

EQ-5D Basafirs HRODoL (5% 1) 096 093 - B9E) 0 AT8 - 059 (8 (G .00 e (08 - B8T)

EQ-SD Wk clay HROeL B5% CH (0 = 0 — L) =06 (~043 - ~008) 007 {—02 - AN - Q06 (-0 - g

WAS. B chgroerad (9596 1) 92 90 - ) 93 0 - 99 L] a0 (35 - 91)

WAS Wer day (5% ) 007 - 18 (M - 23 (e - 25 (15 -23)

(Ovarall QALY s (9596 1) i (NI — QD) N R - U3 O R4 - O02R 08 (R - DT

(Crarall A LY ki (959 1) G0 584 - RO) B39 S - 81 T (07— 10N A9 (573 - 233)

959 comickar i arals of Tha a0 m e basad e 1,000 bty g saplic Soed. Ther B2 colio dhows sl for s whol 2 moks; e Sbrdquant 1 ol it

e o gl PR e i g e cowchdanad

i Y 0 L . Y RS 15 L )

meeasles since mid-2012 in the general population o participate.
The respomse rate was reasmahle fr a posil survey with a remm
mate of #0%. In addition © quantifying the short-erm impact of
meeasles on HE ol we have alo described the wider impact in
wrms of dme off work or schoal for indhidunak with measles and
their primary @rneghers.

With MME coverage still below the herd fmmunity threshold,
the poential for forther measks outhreals sill exists within
England. Following this smdy, costeffectvencs smalyses for
possible ntervenfions for such onthreads may now be perinmmed
wing CQALYs, 50 that & single generic medric & companed scnoss all
analyses

Using the VAS o derve health QALDs underestimaes the
impact of measles infection on HR Qol.in comparison i the ECO-
-3l amonding to our sample of ndviduak with cmfimed
measles. Indeed, the VAS is not & preference-hased sysem so it
shauld not be nsad alone o calenlaee QALYS [29].

55.2% of mdhviduals with confirmed messles who retummed their
questionnaires didnotprovide all of the data necessary to caloulate
QALY low associawed with measkes nfection. Complefion was
poar for the ECQHSD proxy version administered i parents or
guardians i compler on behalf of & child aged less than 7 years;
W% of remmed E-50) promy questonnaires had a missing
respaonse to the self-mre dimension (Table 4] This & handhy
srprsing, since it & mnclear how one ought i answer such a
question, bt it means that the promy form of the F)-50-3L may
nax be appropriate for arsliadng a young childs HRQol.. Fewer
cmpletion fmes were evident with the ECRSDR]LL for indhvidnals
with confirmed messles aged 13 and older, and no complerd
iwmes were avident for the EQR5IY administered i children
sped 7 — 12 years. In contrest to the missing respomnses o the
questions about healh dimensions, 956% of individual with
confimmed messles who remmed 2 questionnaire ala remmed
completed VAS; this suggess that individnals with confimmed
measles found it easier to compler the VAS than the EQ-5D-3L
dimensions.

We found that estimated HR{oL. loss & not dependent on the
EC)-50-31. questionnaire used, ie. the EC-5T) proxy and ECRS0-
Y give similar vahles of HR QoL when compared to the standand
EL)-50-31.. However, we note that hath dhe EQ-50-Y and ECQ-
S} proxy questionnaires cumendy use the same sooring tariff s
the B-50-31. That &, the value of different health sotes
mezsured by the BEL)-50-3L & asmmmed to be idenfical for all
respandents in our study. This ssumption has heen challenged in
the past [30-32] and Enm{lol are aumrently developing a child-
specific tard¥ for the BO-51-Y.
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We note that in the megional spidemics in Cheshire and
Merseyside only 18% of confirmesd cases were hospitalised [11], in
comparism o 36.5% of our sample reponting spending at least
ane night in hospital, though the anthors of that smdy suggesied
that the hospimbsation dam fiom that stody may underestimate
the tme mate. From our sample of oonfirmed cases we did not find
evidence that the more sevens coses wene mone behy to nespond o
ur questinnnaire.

Limniit ations

This study was a retospective evaliation of the impac of
measles infertion on shomt-erm HREQol., using selfrepored
metrics. It would he preferable to svaluste short-wrm HECoL
ke in a2 contralled environment with daily BO-AT-31L question-
naire completion and additional labortory confirmation of ftems
such as omset dade and duwraion of infection. However, our smdy
protocol llowed similar evalmations of HR QoL loss for ather
infections disease and wes sucoessfully designed and ewecnied
during a nafionwide measles ombreak

We asmmmed that the deweriorafion in HROL s Enearhy nelased
i the duration of infecfion (Figure 1) and used & triangular shape
i desoribe the QALY ks, This ssumption could be tested i
HRQ ol were measured more often over the course of measles
infection, providing sufficient information to gauge how HR ol
varies during infecfion. However, this proposal may he infeasihles
o5 it plares a brger burden on the individnal with measles during
their perind of infcfion. Whan Haollmann et al (2013 [33]
calculated the impact of H IN1 influenzm on patients in Spain they
assummed that the health wility comesponding i the worst day of
infection is experienced constantly throughout infection. This
sumption means that HR QoL drops i its lowest possihle level
from day one of infection amd retums to its highest level npon
recowery. In oom par s to our method, this doubles the Impact on
HREal...

Individuals were unfikely to compler the EQESD-3L for the
waorst day of their ilness on that doy, 25 we were inahle to =nd
questionnaires to individuals until affer confimation of measles
was received, which was likely to be afier the worst day of illness.
This may be a sowrcee of recall hiss bot we aftem poed fo o mise
this by sending questionnaires i confirmed @ses s quickly =
possible. The median fimie hetvesn the perceived symphoms onsst
and the dae of completing the questionnaine was 120 days (mean
168 days, mode 50 days). Using the independent Wikoxon st
we fiound no evidence that the shont-term impact on HR QoL was
onset and the date of completion of the questimnaire. Those
individials completing the questionnaire within ane week of
peroeived symphoms omnset reported & mean QALD-loss of 788
days (35% OF 5.1 - 11.92), s compared to those completing the
questionnaire betwesn 8 — 14 days (5.6 QALDs, 95% CE 303 -
A16 W=20 and p=0.29] and to those completing the

¥ gre maore than 14 days afer symptom onset (603
OQALDs, 35% OF £30 - 812, W=53 and p=0.19.

10} patients reported that they did not have amy contact with the
health services hefore thedr cose stams was confirmed. This may he
hecamse they were already mown to the local HPFU through
cmg tecing of another confimmed case or were sepamately
reparted i the HPU withow contacting the health services.
However, we recognise that they may have faded to report a
contct with the health semvices hedhre nogfication to te HFLT and
therefore could he 2 source of misclassfication hias in our stdy.

In our @ldaton of QALY kes due to messles we med the

reparted perceived length of symptoms mather than duration of
illness as obtained through serology. However, we feel that this
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ssmmiption and we of a proxy i justifed a3 an individual will anky
report & lower health sme to their prefemred healh state when

Mexles and Health-Related Quality of Life

their symptoms affect their wellheing, this perceived symp
ame the relevant facior.
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Abstract

Background

The objective of this review was to evaluate the use of all direct and indirect metheds used
to estimate health utilities in both children and adolescents. Utilities measured pre- and
post-intervention are combined with the time over which health states are experienced to
calculate quality-adjusted life years (QALYs). Cost-utility analyses (CUAs) estimate the
cost-effectiveness of health technologies based on their costs and benefits using QALYs as
a measure of benefit. The accurate measurement of QALY's is dependent on using appro-
priate methods to elicit health utilities.

Objective
We sought studies that measured health utilities directly from patients or their proxies. We
did not exclude those studies that also included adults in the analysis, but excluded those
studies focused only on adults.

Methods and Findings

We evaluated 90 studies from a total of 1,780 selected from the databases. 47 {(52%) stud-
ies were CUAs incorperated into randomised clinical trials; 23 {26%) were health-state utility
assessments; 8 (9%) validated methods and 12 (13%) compared existing or new methods.
22 unique direct or indirect calculation methods were used a total of 137 times. Direct calcu-
lation through standard gamble, time trade-off and visual analogue scale was used 32
times. The EuroQol EQ-5D was the most frequently-used single method, selected for 41
studies. 15 of the metheds used were generic methods and the remaining 7 were disease-
specific. 48 of the 90 studies (53%) used some form of proxy, with 26 (29%) using proxies
exclusively to estimate health utilities.
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Conclusions

Several child- and adolescent-specific methods are still being developed and validated,
leaving many studies using methods that have not been designed or validated for use in
children or adolescents. Several studies failed to justify using proxy respondents rather
than administering the methods directly to the patients. Only two studies examined missing
responses to the methods administered with respect to the patients’ ages.

Introduction
Rationale

Evaluation of healthcare interventions and technologies commonly assess both the cost and
consequences of interventions, in addition to effectiveness and safety. Economic evaluations
are increasingly being used by healthcare systems around the world before a decision is made
on whether to recommend a new intervention. In the United Kingdom, for example, the
National Institute for Health and Care Excellence (NICE) requires that the appraisal of new
interventions and technologies includes a cost-effectiveness analysis containing an assessment
of benefits and resource use |1]. A requirement in the evidence submitted is a cost-utility analy-
sis (CUA) that compares costs with benefits using quality-adjusted life years (QALYs), a mea-
sure incorporating the length of life and quality of life.

Quality of life is measured using health utilities that take values between 0 and 1, corre-
sponding to utilities for dead and perfect health respectively. These utilities measured pre- and
post-intervention are combined with the time over which the health states are experienced to
calculate the QALY that can be gained from new interventions. When evaluating several new
health technologies the ratio of expected additional total costs to the expected additional
QALYs gained incrementally is estimated for each technology, then cost-effectiveness is evalu-
ated by comparing the incremental cost-per-QALY ratio against a pre-determined cost-effec-
tiveness threshold, which in the UK is between £20,000 and £30,000 per QALY gained [1].

A CUA is also the recommended economic evaluation for submissions to the Canadian
Agency for Drugs and Technologies in Health (CADTH) [2]; in Australia with submissions to
The Pharmaceutical Benefits Advisory Committee (PBAC) [3]; in Sweden with submission to
The Swedish Council on Health Technology Assessment (SBU) [4]; in New Zealand with sub-
missions to The Pharmaceutical Management Agency (PHARMAC) [5] and other countries
[6].

Health state utility values are usually obtained from one of two sources. Either the relevant
health states are directly valued, using techniques such as Time Trade Off (TTO) or Standard
Gamble (SG), or an existing tariff is applied. This latter approach is generally used when valu-
ing generic health states (such as the EuroQol EQ-5D [7]). The tariff to be applied is usually
based on valuations of a general population sample again using techniques such as TTO and
SG. The TTO is a choice-based method that establishes for an individual how much time in
full health is equivalent to a specified period of time spent in a particular ill-health state. The
SG is another choice-based method that identifies the probability of being in a better health
state that makes an individual indifferent between the certainty of being in an intermediate
health and a gamble between a worse health state and a better health state.

Measuring utilities for health-related quality of life (HRQoL) for children and adolescents is
a developing field of research. Methods used to obtain health utilities from adults are well
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established but many have not been validated for use in children and adolescents. NICE states
that the EQ-5D is the preferred method for use in CUAs that focus on the adult population [1],
but no specific guidance has been given to help health economists choose an instrument
designed for children and adolescents. Indeed, NICE did not make a specific reccommendation
for a particular instrument in the publication of their most recent guidance on technology
appraisal [1].

There is evidence that children and adolescents are able to report on the state of their own
health [8]. Children aged 3 years can report on feelings of nausea and pain that are reliable and
clinically meaningful [9-11]. If children can convey the state of their health using a standard-
ised method such as EQ-5D or HUI-2 then accurate and meaningful health utilities may be
obtained for a range of childhood illnesses and conditions, which would be highly desirable for
conducting CUAs.

It is important to recognise that methods suitable for young children may not be applicable
to adolescents 12, 13], in the same way that adult-specific methods may not be appropriate for
recording health utilities of adolescents [14]. Children may lack the cognitive ability to evaluate
their health using abstract concepts in adult-specific indirect methods and direct methods such
as TTO and SG. In addition, young children may lack the required linguistic skills to answer
questions about their preferences for health using systems designed for self-completion by
older children. The understanding of disease and its effect on HRQoL changes with the child’s
age, consequently both the measurement and valuation of changes in health due to disease
need to be facilitated using age-specific instruments [12, 15].

Some methods have been developed for use exclusively in children and adolescents, and
some existing adult-specific methods have been modified to make them child-friendly. The
EQ-5D has been amended so that the questions for each dimension of health are easier to read
and more accessible to children, resulting in a new child-friendly method called the EQ-5D-Y
[16]. However, this uses the same utility weights in each dimension as the adult version, so
does not yet incorporate child and adolescent preferences for health states. Adult preferences
for health states may be different from the preferences of children and adolescents and the
dimensions included may not cover all dimensions of health relevant to children and adoles-
cents [17].

Generic and disease-specific calculation methods. Direct and indirect methods for the cal-
culation of health utilities fall into two distinct domains-generic and disease-specific. Generic
methods can be used to measure HRQoL in adults, children and adolescents (where appropri-
ate) for a range of conditions, both chronic and acute. Commonly used generic methods
include the EQ-5D and HUI-2. Disease-specific methods measure HRQoL with reference to a
particular condition, such as the Asthma Control Questionnaire (ACQ) [18] and the Pediatric
Asthma Health Outcome Measure (PAHOM) [19].

The advantage of using generic calculation methods in CUAs is that results can be com-
pared across populations, conditions, and for different treatments or interventions [20]. Dis-
ease-specific methods have the benefit of being more sensitive to small changes in the
condition of the patient in question and may describe the functioning of a patient with the con-
dition with greater clarity than a generic classification system that may overlook some aspects
of HRQoL [21], but utilities calculated using these instruments lack comparability across dif-
ferent diseases.

Measurement by proxy. When measuring the HRQoL of young children some authors pre-
fer to gather the health utilities via proxies as young children may not have the cognitive ability
to evaluate their health and/or complete the required measurement tasks [17]. Proxy respon-
dents include the child’s parents, clinicians and teachers. Parents are deemed to be the most
useful proxies as they are the most familiar with their child’s health and life [22, 23], though it
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has been suggested that parents may misjudge the health of their child owing to their own anxi-
ety during the illness |24, 25] and further studies have shown differences between parent and
child ratings for the child’s health [26-28]. Clinicians’ knowledge of children’s conditions,
symptoms, and functioning makes them useful proxies when evaluating HRQoL, though they
will not have the same contact with children during their time away from clinics at home or in
school |22, 29] so results are of questionable validity [30]. Teachers will not be able to provide
HRQoL assessments for the child at home or in clinics [22] but will be able to evaluate a child’s
emotional and physical functioning.

In a systematic review published in 2005, Griebsch et al. [31] concluded that methods for
measuring health utilities in children need further development. They noted the lack of meth-
ods that account for the development of the child, methods for children aged younger than 5
years, and a full understanding of the role of proxies in the evaluation of HRQoL in children
and adolescents. Ravens-Sieberer et al. (2006) concluded that HRQoL of children and adoles-
cents can and therefore should be ascertained by self-rating [32].

When performing a CUA in children and adolescents researchers must determine the best
way to obtain utilities: expert opinion, measurement using patients or measurement using prox-
ies. Each option will impose limitations on the study, and if the protocol calls for measurement
then the researchers need to choose the appropriate method. The method used in CUAs should
be justified as each has limitations relevant to the estimation of health utilities and QALYs.

Objective

The objective of this review was to evaluate the application of direct and indirect methods used
to measure health-related quality of life in children and adolescents. Tn doing so, we aimed to
answer the following questions:

1. What direct and indirect methods have been used to obtain health utilities from children
and adolescents? How frequently have they been used?

2. If the method has not been validated for use in the study population do the authors
acknowledge the limits of the method and therefore the study?

w

. For study populations that include adults with children and adolescents, did the younger
participants complete the calculation method to the same level as the adult participants?

4. When proxies have been used to obtain health utilities have the authors acknowledged the
problems related to obtaining such utilities from proxies rather than patients?

Previous reviews

Kromm etal. (2012) [14] used the Pediatric Economic Database Evaluation (PEDE) project’s
online database to find a total of 213 CUAs for children and adolescents published in English
between 1997 and 2009 to use in a quality appraisal. Citing that CUAs were 8% of all published
economic evaluations between 1976 and 2001 [33] and also that 10% of economic evaluations
for children and adolescents published between 1980 and 1999 were CUAs [34], they assessed
the quality of such CUAs using the 57-item Pediatric Quality Appraisal Questionnaire
(PQAQ) [35]. Only 16 (8%) of the studies included in the review gathered health utilities as
part of the analysis (Table 1).

Other studies used health utilities from the researchers or literature (63%), health care pro-
vider opinion (6%), disability-adjusted life years (DALYs) (25%) and the remainder did not
state the source of the utilities (1%). Kromm et al. (2012) argued that utilities gathered from
the published literature might not be valid [36]. Study authors may assume that adult health

PLOS ONE | DOI:10.1371/journal.pone.0135672 August 14,2015 4/21

386



@ PLOS | ONE

Measuring Health Utilities in Children and Adolescents

Table 1. Results from Kromm et al. (2012) [14] for studies that measured health utilities as part of the CUA.

Were health utilities measured
in the study?

From whom? Direct measurement methods used Indii used

Yes (n =16)

Child (n = 5) Time trade-off EuroQol EQ-5D
Parent as proxy (n = 10) Standard Gamble, Time trade-off, Visual EuroQol EQ-5D, Health Utilities Index, Quality

Analogue Scale of Well-Being Scale

Health care provider as None EuroQol EQ-5D, Health Utilities Index, 16D-
proxy (n =3) questionnaire

Adults as proxy {(n = 1) Time trade-off None
Parent as unit of analysis ~ Time trade-off None

(n=1)

doi:10.1371/journal.pone.0135672.t001

utilities apply to children and adolescents and assume a uniform utility throughout childhood
and adolescence, ignoring the child’s development [12, 13]. In conclusion, the authors stated
that new instruments should be developed to obtain utilities from children, rather than relying
on adult utilities from the literature and utilities gathered via proxy.

Ladapo et al. (2007) [37] concentrated on CUAs in the United States, comparing analyses
for adult, children and adolescent interventions. Using a database developed by the Tufts-New
England Medical Center in Boston, they compared various aspects of 35 CUAs for children
and adolescents with 491 adult CUAs. They found that generic classification systems (EQ-5D,
Quality of Well Being (QWB) and HUI only) were used in 29% of analyses for children and
adolescents and such CUAs are methodologically similar to adult CUAs. The leading primary
disease category for CUAs for children and adolescents was infectious, representing 31% of all
such CUAs. Finally, the authors noted that published cost-utility ratios tend to be lower for
children and adolescents than for adults.

Griebsch et al. (2005) [31] considered all CUAs for patients aged younger than 17 years
published until April 2004 in the Medline, Embase, Econlit, York Database of Abstracts of
Reviews of Effectiveness, NHS Economic Evaluation Database, the Harvard Cost-Utility Anal-
ysis Database and the Database of the PEDE project. 63 direct or indirect calculation methods
were used to estimate health utilities, of which 22 (35%) used a generic method. The authors
concluded that the variation in methods for estimating health utilities in children and adoles-
cents meant that the process was not yet standardised. They called for the clear justification of
the choice of methods for measurement.

Recently, Adlard etal. (2014) [38] discussed how the practice of paediatric CUAs has
evolved over time, with reference to methods described in the NICE reference case [1]. The
review considered 43 studies published between May 2004 and April 2012, of which only 11
obtained health utilities from children with the remaining 32 studies using utilities published
in the literature. The authors noted that since NICE suggested investigators use the HUI-2 to
obtain health utilities from children there has been no increase in use of this instrument, with
many authors seeking to use the EuroQol EQ-5D or its derivatives. Adlard et al. recommended
that research funding be targeted at those studies seeking to estimate health utilities directly
from children, given a lack of published data specific to this age group and wide variation in
the methods used to obtain these data in previous work.

In contrast to the reviews cited, this review examined the methods used by researchers and
health economists to estimate health utilities for children and adolescents and the extent of the
variation between them. Details of all methods administered in each study were collated to
evaluate the suitability of each system given the age of study participants, mode of completion
and the stated justification for use of each calculation method.
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Methods

Eligibility criteria

Studies eligible for inclusion in the final review needed to include primary data to measure
health utilities from patients aged 17 years or under, through the administration of at least one
direct or indirect method completed by either the patients or their proxies. Studies that
included adult patients were not excluded, but studies that gathered HRQol. data exclusively
from adults were excluded. We did not exclude studies based on language of publication, date
of publication, journal or disease.

Studies that used other methods to calculate HRQoL scores that are incapable of generating
utilities without a further mapping process were excluded unless the study also used a method
to calculate health utilities.

Eligibility was not restricted to CUAs using primary data for HRQoL; studies detailing the
validation of methods and studies that calculated health utilities for specified conditions but
stopped short of collecting data related to healthcare resource use and patient-borne costs to
calculate a cost-per-QALY ratio were eligible for inclusion.

Studies using health utilities gathered from previous studies were excluded, as were reviews,
comment pieces and conference abstracts. All studies included in the full-text review had their
references checked for additional studies to include in the review that did were not found
through the online database search.

Information sources

We searched for articles in the following databases: CAB Abstracts, Global Health, Ovid MED-
LINE(R), Econlit and Embase Classic+Embase.

Search

The search terms were taken from a systematic review published in 2005 by Griebsch et al.
|21], appraising published CUAs in child and adolescent health care and looking at further
issues still in doubt within the measurement of HRQoL in children and adolescents:

1. Tnfant, newborn/

2. Infant/

3. Child, preschool/

4. Child/

5. Adolescent/

6. lor2or3ordor5

7. expand quality-adjusted life years/
8. cost-utility or cost utility

9. cost-effectiveness or cost effectiveness
10. 7and 9

11. 8or 10

12. 1land 6

The search was performed on 30™ September 2014.
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Data items
The following data were extracted from papers included in the full-text review:

Reference

Year of publication

Country

Direct or indirect calculation method(s) used

Health condition (if applicable)

Sample size

Age range of participants

Mode of assessment:

o Self-completion of questions

o Completion of questions via proxy (parents, clinicians, primary caregivers, etc.)
o Patient interviews

o Interviews with proxies (parents, clinicians, primary caregivers, etc.)
o Other methods

o Methods not stated

« Study type:

o Validation of calculation method

o CUA

o Health utility assessment

o Comparison of calculation methods

We classified each study as one of four study types by the primary aim of each study: valida-
tions of calculation methods sought to validate or derive an instrument for estimating health
utilities; CUAs first estimated health utilities then used these utilities in an economic evalua-
tion; health utility assessments measured the burden of disease in individuals using health utili-
ties; and comparisons of calculation methods used two or more instruments to measure health
utilities then compared results.

In addition, each paper was analysed to ascertain whether or not the method(s) used had
been justified for use in the cohort, along with the acknowledgment of any data collection
issues that were related to the participants’ understanding of the calculation method.

Results

Study selection: 1,780 studies were retrieved from an online database search and were imported
into an EndNote X7 library. 433 studies were removed from the list as duplicates. The remain-
ing 1,347 studies underwent a title, abstract and type of publication review to exclude studies
that did not meet the inclusion criteria. The remaining 227 studies were submitted for a full-
text review. 150 studies were excluded from the full-text review as they did not use direct or
indirect methods to gather primary data for HRQoL in children and adolescents, whilst an
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Fig 1. Identification of studies of measuring HRQoL in children and adolescents.

doi:10.1371:journal.pone.0135672.9001

additional 13 studies were found in the list of references. In total, 90 studies were included in
the review (Fig 1).

The earliest publication date for a study included in the review was 1994 (Tig 2). Since then
the publication of measurements of health utilities in children and adolescents has steadily
increased. The year with the most publications was 2010.

25 different countries were featured in the studies included in the review (Tig 3). The UK
was featured the most. Three studies included multiple countries [39-41].

Study characteristics

47 studies (52.2% of 90) were CUAs of which 21 [42-62] (44.7% of 47) were incorporated into
randomised controlled trials for interventions. 23 [39, 40, 63-83] studies (25.6% of 90) were
health-state utility assessments. Eight [19, 84-90] studies (8.9% of 90) were validations of cal-
culation methods. The remaining 12 [62, 91-101] studies (13.3% of 90) were comparisons of
calculation methods. 11 studies (12.2% of 90) had secondary aims of either comparing calcula-
tion methods (seven studies [62, 69, 71, 75, 77, 84, 88]) or providing health-state utility assess-
ments (four studies [19, 41, 93, 102]).

The 90 studies used 22 unique calculation methods to gather health utilities, with the total
frequency of use in all studies being 137. 7 calculation methods were disease-specific and were
used 11 times (8.0% of 137) in all. The 15 generic calculation methods were used 126 times
(92.0% of 137).

The EuroQol collection of indirect calculation methods was the most widely used, accounting
for 38.0% of the total frequency of use (Table 2). The EQ-5D was used 41 times with its derivatives
the EQ-5D-Y (used 10 times) and EQ-5D+ (a modification of the EQ-5D to include an additional
dimension for cognitive functioning, used once) used separately. Direct calculation methods were
also common, used 24.4% of the time. The stand-alone Visual Analogue Scale (V AS) was used 14
times, with the direct calculation methods of the SG and TTO each used nine times. The Health
Utilities Index collection of indirect calculation methods was used 26 times (Table 3).
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Fig 2. Year of publication for led in the review.

doi:10.1371/journal.pone.0135672.g002

11 studies did not specify the age range of all participants. Four of these studies stated the
mean age of participants; one study used a hypothetical cohort of child and adolescent patients
but did not specify any demographic details of this hypothetical cohort; three did not give any
details of the ages at all but the title and/or study details refer to child and adolescent patients;
the three remaining studies indicated in aggregated results tables that some children and ado-
lescents participated without elaboration of demographic details.

The number of participants varied from small studies of six children and adolescents [103]
to studies sampling from large national databases of patients that included 84,443 patients of
all ages [65] in their evaluation.

35 studies gathered health utilities exclusively from child and adolescent patients. 48 studies
administered the calculation methods to adults whilst the remaining seven studies did not specify
the age range of patients or did not present enough detail about the age range to determine the
overall age of the cohort. 10 studies did not specify how the calculation methods were completed.
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doi:10.1371fjournal.pone.0135672.9003

Analysis of the use of different calculation methods

Measurement by proxy. 54 studies administered calculation methods directly to children
and adolescents in line with previous recommendations that they are able to evaluate their own
health states [8-11], although 22 of these also used at least one method of proxy completion for
at least one of the calculation methods. Of these 22 studies, 16 used parental proxies; four used
clinician proxies; and three used caregiver proxies.

26 studies used proxies exclusively, with 17 using parental proxies, six using clinician prox-
ies and five other proxies. One study used a combination of different proxies to obtain health
utilities.

Some studies commented on the use of proxies to obtain health utilities: Cheng et al. (2000)
[123] acknowledged that proxy reporting may overestimate health utility gains for cochlear
implants; Chiou et al. (2005) [19] discussed issues around the use of parental proxies in their
study, stating that parental preference for health may be different from child preferences;
Jelsma & Ramma (2010) [97] recommended the use of self-reporting rather than proxy-report-
ing, acknowledging the potential issues with proxy-reporting; Oostenbrink et al. (2002) [100]
stated that health utilities for CUAs should be measured from patients rather than proxies, as

Table 2. Freq y of use for found during the review.
Family of d hod Number of hods in family Frequency of use
Direct Calculation 3 32
EuroQol 3 52
Health Utilities Index 2 26
Short Form 3 8
Other " 19
22 137

doi:10.1371/journal.pone.0135672.1002
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Table 3. Directand indirect calculation meth:

ods to obtain health utilities from the paediatric population.

Abbreviation Methods of obtaining utilities Generic or disease-specific Frequency of use
15D 15D Instrument [104] Generic 1
ACQ Asthma Control Questionnaire [105] Disease specific 8
AQoL-6D Assessment of Quality of Life 6D [106] Generic 1
CAVE Escala de calidad de vida del nifio con epilepsia [107] Disease specific il
CHU-eD Child Health Utility 9D [108] Generic 3
EQ-5D EuroQol 5D [109] Generic 41
EQ-5D+ Expanded EuroQol 5D Disease specific 1
EQ-5D-Y EuroQol 5D Youth Version [110] Generic 10
HALex Health and Activities Limitation Index [111] Generic 1
HUI-2 Health Utilities Index 2 [112] Generic 10
HUI-3 Health Utilities Index 3 [112] Generic 16
Mini AQLQ Mini Asthma Quality of Life Questionnaire [113] Disease specific 2
PAHOM Pediatric Asthma Health Qutcome Measure [19] Disease specific 2
PAQLQ Paediatric Asthma Quality of Life Questionnaire [114] Disease specific 1
QLQ-C30 EORTC Quality of Life Questionnaire-Core 30 [115] Disease specific 1
QwB Quality of Well Being [116] Generic 3
SF-12 Short Form 12 [117] Generic 2
SF-36 Short Form 36 [118] Generic 4
SF-6D Short Form 6D [119] Generic 2
SG Standard Gamble [120] Generic 9
TTO Time Trade Off [121] Generic 9
VAS Visual Analogue Scale [122] Generic 14

doi:10.1371/journal.pone.0135672.1003

proxies may have difficulty evaluating the impact of conditions on dimensions of health such
as pain and emotion; Tilford et al. (2005) [79] called for more research to be conducted on cal-
culation methods for young child when discussing the issues surrounding the use of proxies;
Tilford et al. (2012) [102] cite the use of proxies as a limitation in their study; Wasserman et al.
(2005) [82] acknowledged a potential discrepancy between patient- and proxy-reported health
utilities in their study.

However, several other studies argued that proxy-reporting was appropriate: Bichey et al.
(2002) [124] said that clinician-proxy was suitable due to the clinicians’ familiarity with each
case; Bodden et al. (2008) [42] referred to previous studies that used EQ-5D through proxies;
Chadha et al. (2010) [93] stated that their results showed no difference between self- and
proxy-reported utilities; Friedman et al. (2004) |64] claimed that parental-proxy is consistent
in evaluating HRQoL for children with atopic dermatitis; Gerald et al. (2012) [88] claimed that
clinician-proxy reporting of health utilities is the gold standard; Hollman et al. (2013) [67]
refered to previous studies to justify their use of proxy-reporting; Matza et al. (2005) [71]
claimed that SG methods through parental-proxies are a suitable method for obtaining health
utilities from children; Petrou & Kupek (2009) [73] claimed that there is no consistent evidence
that parental- or caregiver-proxies either over-estimate or under-estimate health utilities for
their children; Poley et al. (2001) [125] cite previous studies to support the use of proxies. van
Litsenburg et al. (2013) stated that the HUI-3 calculation method is a parental-proxy method
by design [81].

Use of child- or adolescent-specific calculation methods. Six calculation methods found
in this review were designed specifically for use in the child and/or adolescent population
(Table 4). The number of health dimensions included ranges from three to nine. Three
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Table 4. List of child- and/or ad pecific hods used.
Abbreviation Name of calculation Age range and mode of Dimensions of health Studies found
method completion using this
method
AQoL-6D Assessment of quality of  15-17 years, Self-completion Independent living, Relationship, Mental health, [68]
life (adolescent version) Coping, Pain, Senses
CAVE Escala de calidad de <17 years, Self-completion, but  Behaviour, School compliance, Leaming, Autonomy, 126
vida del nifio con proxy-completion for younger Social relations, Frequency of seizures, Intensity of
epilepsia children seizures, Parents opinions
CHU-8D Child health utility, 9 7-17 years, Self-completion, Worried, Sad, Pain, Tired, Annoyed, School work, [89. 90. 92]
dimensions but proxy-completion for Sleep, Daily routine, Joining with activities
younger children
EQ-5D-Y EuroQol 5 dimensions, 8-15 years, Self-completion Mobility, Self-care, Usual activities, Pain or [63, 78, 80, 83,
youth version discomfort, Worried, sad or unhappy 86, 92, 94, 96, 97,
291
PAQLQ Paediatric asthma quality ~7-17 years, Self-completion Symptoms, Activity limitations, Emotional function [66]
of life questionnaire
PAHOM Pediatric asthma health 7-12 years, Self-completion Symptoms, Emotion, Activity [19, 88]

outcome measure

doi:10.1371/journal.pone.0135672.1004

methods are disease-specific with two focusing on asthma and one focusing on epilepsy. The
remaining three methods are generic systems.

Some studies discussed the short-comings of the calculation methods used. For example,
Canaway et al. (2012), Oluboyede et al. (2011) and Wu et al. (2010) all discussed the lack of an
appropriate tariff for the EQ-5D-Y [83, 92, 99], acknowledging that existing utilities have been
taken from the adult-specific EQ-5D, finally stating that the current EQ-5D-Y is not yet com-
plete without the child-focused tariff. Thorrington et al. (2014) also commented on the lack of
a child-specific tariff for the EQ-5D-Y [78]. It has previously been noted by Kromm et al.
(2012) [14] that slow progress is being made in developing age-specitic utility weights.

Many other studies opted to administer calculation methods designed for a wide range of
ages, such as the HUI-2 or the HUT-3. In addition, the EQ-5D system (originally designed for
use in adults) was used 41 times, with the child-specific EQ-5D-Y version used only 10 times.
Few studies adopting this approach discussed the suitability of their methods by evaluating the
number of missing values for each returned calculation method. Hollmann et al. (2013) [67],
Jelsma (2010) [96], Radford et al. (2013) [53], Thorrington et al. (2014) [78] Tilford et al.
(2012) [102] and Wyatt et al. (2012) [62] all present data for missing or incomplete responses
for their respective calculation methods, but only Jelsma (2010) [96] and Thorrington et al.
(2014) [78] discuss these data with respect to the age of the respondents.

Discussion
Summary of evidence

There is extensive variation in the methods used to estimate health utilities from children and
adolescents. Tssues that were raised by Kromm et al. (2012) and Griebsch et al. (2005) relating
to the need for a standardised method to collect health utilities from children and adolescents
are yet to be fully resolved. Though this review found 22 different calculation methods that
have been used between 1994 and 2013, many adult-specific methods have been used with chil-
dren and adolescents without justification. Although several child- and adolescent-specific
methods are currently in development, some existing adult-specific systems have been modi-
fied in order to fill the current gap.
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Current child- and adolescent-specific calculation methods. This review found six calcu-
lation methods designed for use in children and adolescents of which the most frequently used
was the EQ-5D-Y, used 10 times. Another 16 methods either designed for a wide range of ages
or designed specifically for use in adults but applied to younger patients. Development and use
of child- and adolescent-specific methods is steadily increasing, though several issues of suit-
ability still surround these methods. For example, this review found that the EQ-5D-Y has
been used ten times even though the EQ-5D-Y does not differentiate between adult and child
or adolescent preferences for health. Several authors acknowledge this discrepancy with some
calling for further research and development of child- and adolescent-specific calculation
methods. At the time of writing, EuroQol has not explored child-specific utility weights that
use children’s preference for health states for use in the EQ-5D-Y [110].

Use of proxy respondents. Justification for the use of proxy respondents was mixed, and
there is no consensus for the advisability of proxy-reporting in obtaining health utilities from
children and adolescents. Several studies stated that proxy-reporting may differ from self-
reporting in their studies, but others claimed that their use of proxy-reporting was justified by
citing previous CUAs or health utility measurements. Some studies in this review did not dis-
cuss the use of proxy-reporting vs. self-reporting and how their results may have been influ-
enced by proxy reporting from different sources.

The use of proxies has been justified because of lack of verbal capacity of the children being
evaluated [17]. Nevertheless responses should be elicited directly from those children being
evaluated when verbal capacity is not a barrier [32].

Using multiple calculation methods and respondents. Only four studies compared self-
and proxy- reported health utilities. Chadha et al. 2010 [93] found no difference between utili-
ties. Gerald et al. (2012) [88] reported that PAHOM scores for parental proxies were signifi-
cantly lower than self-reported scores from children. Jelsma & Ramma (2010) [97] found
agreement with the EQ-5D-Y scores. Lock et al. (2010) [47] presented the mean and range of
estimated utilities but did not perform a statistical test to verify that self-reported scores were
different to proxy-reported scores.

Missing data. Discussions of missing data are essential in any study. [n the case of the EQ-
5D, a missing response to any of the five dimensions of health means that the response cannot
be converted into a health utility. Analysis of missing responses would be helpful in deducing
which aspects of measuring HRQoL in children and adolescents are particularly difficult and
in developing new systems to minimise missing data in responses.

Reliance on adult-specific calculation methods. Perhaps because the EQ-5D-Y still needs
an appropriate tariff for children and adolescents, some authors continue to use an adult-spe-
cific method for children and adolescents in preference to a method under development for the
appropriate age group. The first use of the EQ-5D-Y in this review was in 2009 [94], and since
then 18 studies have used the standard EQ-5D system in children and adolescents or patients

127, 128].

Limitations of this review

This review only concerned published literature, which may be a source of bias as the gray liter-
ature was not considered. However, Griebsch et al. (2005) [31] argued that by not including
unpublished works, they avoided reducing the overall quality of studies included in their
review.

It was the decision of the authors that focused the qualitative assessment on the use and jus-
tification of different calculation methods to measure HRQoL in children and adolescents.
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There are several other ways to assess the quality of a CUA, notably the PQAQ [35] and the
checklist for economic analysis outlined by Drummond et al. (2005) [129]. However, we have
not sought to assess the quality of each CUA in the review but instead to evaluate the use of
each direct or indirect calculation method in addition to understanding the justification for dif-
ferent methods of eliciting health utilities from children and adolescents.

Conclusions

Many authors examining child and adolescent HRQoL have relied on tools developed exclu-
sively for adults. Further development of child- and adolescent-specific calculation methods is
required to ensure that CUAs using health utilities of children and adolescents are valid, with-
out relying on the assumption that adults, children and adolescents all have the same health
preferences.

Previous studies measuring HRQoL in children and adolescents have relied on proxy
respondents without sufficient justification for their use. There is considerable debate in the lit-
erature about whether proxies can be used (and if so, which proxies). No clear consensus was
found in the literature from this.

Several calculation methods are in development that will facilitate the measurement of
QALYs in children. These systems are needed by health economists as the application of adult-
specific systems is of questionable validity. Adults, children and adolescents measure HRQolL,
perceive and value health differently, so the assumption that adult-specitic health utilities are
valid in adolescents or young children is potentially misleading.

Measuring children’s health states is extremely challenging and requires a suitable instru-
ment for the estimation of paediatric health utilities that NICE can recommend for use to
ensure the validity of future child- and adolescent-focused CUAs.
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Background: The UK commenced anextension to the seasonal influenza vaccination policy in autumn2014
that will eventually see all healthy children between the ages of 2-16 years offered annual influenza
vaccination. Models suggest that the new policy will be both highly effective at reducing the burden
of influenza as well as cost-effective. We explore whether targeting vaccination at either primary or
secondary schools would be more effective and jor cost-effective than the current strategy.

Methods: An age-structured deterministic transmission dynamic SEIR-type mathematical model was used
to simulate a national influenza outbreak in England. Costs including GP consultations, hospitalisations
duetoinfluenzaand vaccinations were compared to potential gainsin quality-adjusted life years achieved
through vaccinating healthy children. Costs and benefits of the new JCVI vaccination policy were esti-
mated over asingle season, and compared to the hypothesised new policies of targeted and heterogeneous
vaccination.

Findings and conclusion: All potential vaccination policies were highly cost-effective. Influenza transmis-
sion can be eliminated for a particular season by vaccinating both primary and secondary school children,
but not by vaccinating only one group. The most cost-effective policy overall is heterogeneous vaccina-
tion coverage with 48% uptake in primary schools and 34% in secondary schools. The Joint Committee on
Vaccination and Immunisation can consider a modification to their policy of offering seasonal influenza
vaccinations to all healthy children of ages 2-16 years.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Seasonal influenza can cause a significant health burden in the
United Kingdom. It is estimated that approximately 10% of all
respiratory admissions and deaths can be attributed to influenza.
The highest admission rates for both influenza A and B strains
are in children under five years of age and the highest influenza-
attributed deaths rates occur in the group of elderly patients with
co-morbidities [1].

The UK has had a long-standing influenza vaccination pro-
gramme. Originally available to those in at-risk groups including
those with underlying health conditions such as chronic heart dis-
ease, the programme was extended in 1998 to include people aged
75 years and over. Two years later it was extended again to include
people aged 65 years and over. Pregnant women were included
in 2010. Any proposed alterations to a national vaccination pro-
gramme should be accompanied by a cost-effectiveness analysis
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using quality-adjusted life years (QALYs) as the measured bene-
fit, according to guidelines written by both The National Institute
for Health and Clinical Excellence (NICE) and the JCVI [2,3]. A cost-
effective vaccination policy would have a cost per QALY ratio less
than £20,000 per QALY, from the perspective of the healthcare
provider [ 2]. In 2013 Baguelin et al. reported that it would be cost-
effective to offer vaccination to children in addition to the other
groups currently offered the vaccine [4].

Subsequently, the Joint Committee on Vaccination and Immun-
isation (JCVI) in 2012 recommended extending the influenza
vaccination programme to all children between the ages of 2-16
years [5]. This extension would see a live-attenuated influenza vac-
cination (LAIV) offered to children each year with the majority of
vaccines administered in school settings, and would become the
largest vaccination programme in the UK measured in terms of
number of doses administered. The LAIV is more effective than
inactivated vaccines in children and adolescents and may also offer
protection against drifted strains of influenza [6,7].

Children and adolescents attending schools play a large role
in the spread of influenza in the community [8-10]. Transmission
within schools is maintained because of the high number of close
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Total populationof England, clinically at-risk p andth of seasonali

policy is implemented.

vaccinati ini: to those clinically at-risk before new JCVI vaccination

Age group Total population [30] At-risk population [21] Vaccinated (baseline) [31]
0-3 years 2,680,335 138,573 71,504
4-10 4,221,738 218,264 112,624
11-16 3,771,682 194,996 100,618
17-64 33,703,747 1,742,484 899,122
65+ 8,729,667 8,729,667 6,459,954

contacts between school children [11], as well as less acquired
immunity in children [12] and a longer period of virus-shedding
once infected [13,14]. Vaccinating children has the potential to
reduce influenza episodes both in the vaccinated individuals, but
also in individuals of all age groups who were not vaccinated, or
who did not successfully seroconvert following vaccination. Sev-
eral countries now offer annual influenza vaccination to healthy
children as it has been repeatedly shown to be a cost-effective
extension of existing national influenza vaccination programmes
[15,16].

A pilot of the extended vaccination policy was imple-
mented for the 2013-14 influenza season. Seven geographically
discrete areas of England were chosen to offer vaccination
against seasonal influenza (A/California/7/2009 (H1N1)pdmO09-
like strain, A/Victoria/361/2011 (H3N2)-like strain and
B/Massachusetts/2/2012-like strain) to primary school age
children between September 2013 and January 2014. Six of the
seven geographical areas used a school-based vaccination pro-
gramme for which the overall average coverage level was 56.27%
(91,782/163,115) [17]. In addition, children aged 2-3 years were
offered vaccination via primary care, with the intention to extend
this to school-age children throughout England.

Previous modelling analyses demonstrating the cost-
effectiveness of vaccinating healthy children have consistently
assumed that children in both primary schools (aged 4-11 years)
and secondary schools (11-16 years) would be simultaneously
vaccinated [18,19]. For infectious diseases such as seasonal
influenza, which has a low potential for transmission, it is pos-
sible to vaccinate a proportion of a population to eliminate the
potential for sustained transmission (the threshold for “herd
immunity” [20]). This threshold could be achieved with a suc-
cessful vaccination policy implemented in only one of the two
school groups. This study aims to establish whether a programme
of targeted vaccination in either primary or secondary schools
would be more cost-effective than a programme stretching across
both school groups, and whether it will be able to eliminate
influenza transmission for that season. Given that a range of
coverage levels we also investigate how high coverage needs
to be in order to maximise cost-effectiveness. For comparabil-
ity, we have used epidemiological and economic parameters
from previous influenza vaccination analyses to inform national
immunisation [4,21], but adopted a simpler model to highlight
key results related to optimally targeting age groups for paediatric
vaccination.

2. Methods

This study uses a discrete time age-structured deterministic
model with SEIR structure written in R version 3.0.2 using the
tcltk2, mc2d, mgev, MASS and lattice packages [22-27] to estimate
the burden of disease. The model has age-structured compart-
ments representing individuals susceptible to influenza infection
(S), latently infected (E), infectious (1) and recovered (R). The model
is linked to a decision tree model also written in R to determine the

cost-effectiveness of each proposed vaccination policy in compar-
ison to the old UK policy.

The SEIR framework has been modified to include classes of
those vaccinated (V) as well as individuals assumed to have immu-
nity from influenza due to exposure in previous seasons and
therefore have associated antibodies in their immune systems (A).
An individual in the model who has recovered from infection is
assumed to have immunity from influenza for the remainder of the
simulation (i.e. one influenza season). Persons successfully immu-
nised also acquire immunity for the duration of the simulationbut a
fraction of those vaccinated were non-responders and remain sus-
ceptible [28]. All vaccination is assumed to take place at random
within the targeted age groups before the annual influenza season
commences when the first infection occurs.

Contact rates between age groups in the population can be
critical for determining model outcomes [29]. In our model the
population of England is divided into 5 age groups (0-3, 4-10,
11-16, 17-64 and 65+ years old) using 2011 mid-year estimates
[30] (Table 1). Individuals have close contacts with others in the
model according to the POLYMOD survey of contact frequency in
Europe [ 11]. The mathematical model was informed with the age-
dependent mixing patterns measured from the Great Britain arm of
this eight-country survey in the form of a matrix of close contacts,
Bij-

! A significant proportion of influenza infections are subclinical.
The definition of clinical influenzais fever with one other influenza-
related symptom [32]. Clinical influenza incidence was estimated
as a proportion of total infections generated by the model, derived
from areview of volunteer challenge studies that found that 35% of
individuals with influenza had fever, thereby providing an estimate
of clinical influenza cases from suspected influenza infections [33].

2.1. Model calibration

The model was calibrated by fitting the incidence of clinical
influenza to final size data of the 2006-07 influenza season in
England to ensure our model produced results comparable to the
model of Baguelin et al. used to inform England’s original decision
to vaccinate children [18]. Parameters for the proportion of each
age group with prior immunity to influenza were estimated using
Latin Hypercube sampling and binomial maximum likelihood esti-
mation (Table 2). We drew 25,000 Latin Hypercube samples from
uniform distributions over [0,1] for each of these parameters, and
then selected those which minimised the binomial log-likelihood
using the observed final size and the simulated final size for each
age group (see Appendix for further details about the model and its
calibration).

2.2. Modelling vaccination

We assumed that vaccination administered using LAIV requires
one dose per individual. The baseline for all modelling scenarios
was a continuation of the influenza vaccination policy in the UK
prior to the introduction of paediatric vaccination (i.e. at-risk
groups and adults over 65 years only). The outputs from this
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Table 2
Transmission model parameters. The { symbol indicates that the parameter was used in the multivariate parametric sensitivity analysis.
Parameter Value Source
Ry, initial reproduction number' Triangular with min=1.30, max = 1.59, mode = 1.46 [18]
Vaccine efficacy’ 70% (95% CI: 57-78) for 0-64 46% (95% Cl: —17 to 75) for 65+ years [28]
Latent period 1.46 days (18]
Infectious period 1.28 days (18]
Susceptible proportion of 0-3 group' 0.7837 Calibration exercise
Susceptible proportion of 4-10 group’ 0.8943 Calibration exercise
Susceptible proportion of 11-16 group' 0.9819 Calibration exercise
Susceptible proportion of 17-64 group 0.9496 Calibration exercise
Susceptible proportion of 65+ group' 0.9736 Calibration exercise

scenario were then compared to modelling outputs from the
following scenarios:

Targeting primary schools only.

Targeting secondary schools only.

Targeting both primary school and secondary school age groups,
and achieving the same (homogeneous) level of coverage in both.
Targeting both primary school and secondary school age groups,
and achieving different (heterogeneous) levels of coverage in
either.

8 By=b

L

For each scenario the vaccination coverage achieved prior to
the start of each influenza season was varied from 0 to 100%. The
economic impact of such coverage was analysed in the economic
evaluation.

Individuals in at-risk clinical and age groups were vaccinated
according to the previous influenza vaccination programme, with
uptake data taken from Public Health England [31]. At-risk individ-
uals were assumed to have the same pre-vaccination susceptibility
and mixing patterns as not-at-risk individuals of the same age. We
assumed that those school-age individuals vaccinated due to their
at-risk status were not vaccinated again at school because their par-
ents or guardians would be aware of their vaccination status and
would not need to consent to a second vaccination.

For homogenous coverage vaccination occurred in both age
groups at the same level. For targeted vaccination only one age
group was vaccinated. For the heterogeneous policy we allowed
coverage in primary schools to vary from 0 to 100% then at each

level examined the effect of supplementary vaccination in sec-
ondary schools from 0 to 100%, including the homogenous case.

2.3. Economic evaluation

From the estimates of the burden of disease from the epidemi-
ological model a proportion of infections were assumed to result
in clinical infections. Individuals with clinical influenza then use
health services during their period of infection with each health
service having an associated cost to the health care provider. Clin-
ical influenza was associated with a risk of consultation with their
GP, hospitalisation, intensive care admission and death.

We compared the total costs and number of QALYs saved for
each possible vaccination coverage level for each of the four scenar-
ios, arranging each coverage level by total cost in ascending order.
The incremental cost-effectiveness ratio was calculated by compar-
ing the ratio of an increase in the cost of a different coverage level
achieved with the difference in QALYs saved. Those coverage lev-
els that saved fewer QALYs than a less costly coverage level were
dominated and therefore eliminated from the analysis.

Parameters used in the economic evaluation were first used by
Baguelin et al. [21] with sources updated where possible (Table 3).
Estimates of the use of GP services and the risk of hospitalisation
due to influenza infection were taken from the published litera-
ture. We used the ratio of consultations and hospitalisations from
Cromer et al. [1]. We also assumed at all deaths due to influenza
infection occur after a hospital admission and that all intensive
care admissions also require first an admission to hospital. QALY
loss due to clinical influenza were taken from EuroQol EQ-5D-3L

Table 3
i model p s. The  symbol indicates that the parameter was used in the multivariate parametric sensitivity analysis.
Parameter Value Source
Proportion of infected cases with ILI symptoms 035 33]
Hospitalised case fatality ratio 0.0009 for 0-3 years 1
0.0012 for 4-16
0.0258 for 17-64
0.1486 for 65+
Quality-adjusted life expectancy 67.34 quality-adjusted life years at birth 2009 data
Proportion of ILI cases visiting their GP 0.1 [34]
Proportion of GP visits ly requiring ion' 0.0375 for 0-3 years 1
0.0036 for 4-16
0.0105 for 17-64
0.1087 for 65+
Proportion of d cases intensive care 0.0557 RMN, FluZone
Cost of GP consultation' Log normal from N (i =£45, 0= £8.4) 135]
Cost of hospital admission (non-elective)' Log normal from N (2 =£1489, 0=£192.1) [36]
Cost of admission to intensive care' Triangular with min=£1449, max =£2300, mode = £2034 [36]
Cost of vaccine per dose! 137]
Cost of vaccine delivery and administration per dose’ 138]
QALY loss (not hospitalised)' [18,39]
QALY loss (hospitalised) [18,40]
N{14=0.0180, 5=0.00180) for 17+ years
Discount rate 3.5% per annum 12]
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surveys conducted in the United Kingdom during the 2009 HIN1v
pandemic [ 18,39]. Life expectancy data were taken from quality-
adjusted life expectancy tables.

‘We used the same cost items as Baguelin et al. [21], but updated
sources to reflect 2013 costs where possible. Costs for GP surgery
consultations, hospitalisations and intensive care stays were taken
from published sources. Costs relating to vaccinations were taken
as the unit cost of the Fluenz vaccination [37] plus 10min of a Band
7 nurse’s time [38].

The cost-effectiveness of each vaccination scenario was esti-
mated using the net incremental cost per quality-adjusted life year
saved (ICER), comparing each modelled vaccination uptake level
to the next best non-dominated uptake level. We calculated an
ICER for each vaccination policy by adjusting the vaccination cov-
erage level by increments of 1%. The optimally cost-effective level
of uptake was deemed to be the highest uptake possible with an
ICER of less than £20,000 per QALY gained, the threshold at which
an intervention is considered cost-effective according to NICE [2].

2.4. Sensitivity analyses

A multivariate parametric sensitivity analysis was performed
to assess the sensitivity of the model to different parameters: R,
the proportion of each age group susceptible, vaccine efficacy in
school children, risk of hospitalisation in school children, QALY loss
for hospitalised and non-hospitalised school children, the cost of
a GP consultation, the cost of a non-elective hospital admission,
the cost of admission to intensive care and the total cost of the
vaccine per dose. Ranges for parameters were defined as a uni-
formly distributed +5% of the parameter value used in the model,
or according to the distributions from previous studies as shown
in Tables 2 and 3 (marked with {). We sampled the proportion of
each age group with prior immunity to influenza from the best-
fitting 5% of realisations from the calibration exercise. We ran 5000
simulations of the most cost-effective coverage levels for each vac-
cination policy to plot cost-effectiveness estimates compared to no
JCVI programme extension.

In addition to the multivariate parametric sensitivity analysis
we used the best-fitting 1% and 5% of realisations from the cali-
bration exercise to check how sensitive the model results are to
the proportion of each age group with prior immunity to influenza
by reporting the proportion of the best-fitting parameters that
confirmed the dominance of the most cost-effective vaccination

policy.
3. Results

3.1. Burden of disease without childhood vaccination programme
extension

The proportion of the total population infected over a season
prior to the extension of vaccination to low-risk children is 25.0%
(13.3m), of which 4.7m are clinical influenza cases (Fig. 1). 4309
deaths occur due to influenza and 35.8% of those are deaths in
the 65+ years age group. Baguelin et al. [18] estimated 370-4700
seasonal influenza-attributable deaths per year in a low-severity
scenario, a range that includes the estimates from our model. The
outbreak costs £188 m from the perspective of the health care
provider with 38,600 QALYs lost due to infection.

3.2. Burden of disease with homogeneous vaccination
programme extension

Vaccination of school children, in addition to the current regime
of vaccination, can eliminate influenza transmission. The model
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Fig. 1. Epidemic curve plotting the fraction of each age group infected for the base-
line scenario, in which there are no vaccination programme extensions beyond those
in at-risk groups and adults of age 65+ years.

predicts fewer than 10 cases of clinical influenzaat 66% vaccine cov-
erage. The most cost-effective level of vaccine coverage is 42% (ICER
of £14,394 per QALY saved). At this level the policy costs £210.7m
and saves 38,505 QALYs over baseline. The number of QALYs gained
per vaccination administered is maximised when vaccination cov-
erage reaches 38%, where each vaccination dose administered saves
0.0126 QALYs, equivalent to 4.62 QALDs (Fig. 2). Between 30% and
38% coverage the number of QALYs gained per vaccination admin-
istered increases faster than for lower vaccination coverage levels,
highlighting the indirect benefit to the whole population of vacci-
nating school-age children for seasonal influenza.
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Fig. 2. QALYs gained per vaccination administered for each vaccination policy.
Homogeneous vaccination efficiency across both primary and secondary schools
(black) peaks when coverage reaches 38%, QALY gained per vaccination in primary
schools (green) peaks when coverage reaches 92%, QALYs gained per vaccinationin
secondary schools (blue} peaks when coverage reaches 12%).

Please cite this article in press as: Thorrington D, et al. Targeted vaccination in healthy school children - Can primary school vaccination
alone control influenza? Vaccine (2015), http://dx.doi.org/10.1016/j.vaccine.2015.08.031

407



G Model

JVAC-16803; No. of Pages10
D. Thorrington et al. / Vaccine xxx (2015) xxx-xxx 5
‘1 - Total costs 2-QALYs lost
2
& o
g &
= S o
i £%
E =]
<o ® § N
g « 3R
= )
S o g o
5 - 2
o~ £ 84
2 e
=]
2 e}
o

T T
0.0 0.2 0.4 0.8 0.8 1.0
Vaccination coverage

3-ICER

T T
0.0 0.2 0.4 0.6 0.8 1.0
Vaccination coverage

4 . Deaths averted

15

ICER (£thou)
10

2000 3000 4000
I

Deaths averled over baseline
1000

0

T T
0.0 0.2 0.4 0.8 0.8 1.0
Vaccination coverage

T T
0.0 0.2 0.4 0.8 0.8 1.0
Vaccination coverage

Fig.3. (1) The total costs of the vaccination policies plus healthcare and treatment costs, (2) the QALYs lost due to influenza, (3) the incremental cost-effectiveness ratio and
(4) the number of deaths averted over baseline. Homogeneous vaccination (black), targeted vaccination in primary schools (green) and targeted vaccination in secondary

schools (blue).

3.3. Comparison of vaccination scenarios

3.3.1. Targeted vaccination in primary schools

Primary school vaccination alone cannot eliminate influenza
transmission, Even at 100% coverage the model predicts a total of
149 influenza-attributable deaths.

The optimal cost-effectiveness occurs when coverage reaches
100% (ICER of £3117 per QALY, Fig. 3, Chart 3). At this level of cov-
erage the targeted policy costs £226.1 m and saves 37,244 QALYs
over baseline (Table 4).

The number of QALYs gained per vaccination administered
is maximised when coverage reaches 92% and each vaccination
administered saves 0.0093 QALYs, equivalent to 3.39 QALDs (Fig. 2).
The mean number of pupils in a state-funded primary school in
England is 263 [41] so achieving 92% coverage in each primary
school saves 2.25 QALYs or 820 QALDs per school over the course
of an influenza season.

Table 4
Comparing three new vacdnation policies.

The number of QALYs gained per vaccination administered
increases to the maximum value from 60%. This sharp increase in
programme effectiveness is due to herd immunity and the indirect
impact on the wider population of vaccinating a large percentage
of the primary school children.

3.3.2. Targeted vaccination in secondary schools

Secondary school vaccination alone cannot eliminate influenza
transmission and reduces transmission to a lesser degree than at
the same level of coverage for primary school vaccination - at vacci-
nation coverage of 100% in secondary schools the overall final size
of an outbreak is 11.89% (6.31m total infections of which 2.21 m
would be clinical influenza). The optimal cost-effectiveness occurs
threshold when coverage reaches 100% (£4280 per QALY saved,
Fig. 3). The number of QALYs saved per vaccination administered
in secondary schools peaks at 0.0063 QALYs or 2.30 QALDs at 12%
coverage.

Most cost-effective scenario

Maximum QALYs gained per vaccination

Minimum total costs per vaccination

100% (ICER=£3117)
100% (ICER = £4280)
48% and 34%
(ICER=£16,152)

Targeted policy in primary schools
Targeted policy in secondary schools
Heterogeneous policy

0.0093 (92% coverage)
0.0063 {12% coverage)
0.0128 (45% and 28%)

£9.13(92% coverage)
£11.26(1% coverage)
£6.14(44% and 29%)
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vaccination coverage: (1) final size of outbreak, {2) the QALYs gained per vaccination administered, {3) the total cost of the

vaccination policy (£ millions) and (4) the costs per vaccination administered (£). Horizontal axis shows the proportion of vaccination coverage in primary schools and the

vertical axis shows the vaccination coverage in secondary schools.

3.3.3. Heterogeneous coverage across primary and secondary
schools

The optimal cost-effectiveness occurs at a coverage level of 48%
in primary schoolsand 34%in secondary schools (£16,152 per QALY
saved, Fig. 4). At this level of coverage the total cost of the policy
is £210.0 m and saves 38,496 QALYs over baseline. The next most
costly vaccination coverage was to achieve 48% in primary schools
and 35% in secondary schools, with incremental costs of £603,108
and 26.8 additional QALYs saved (ICER of £22,526/QALY, above the
cost-effectiveness threshold of £20,000).

The minimum coverage required to eliminate influenza trans-
mission is 79% in primary schools and 48% in secondary schools.
The model predicts fewer than 10 cases of clinical influenza with
this vaccine coverage.

The number of QALYs gained per vaccination administered is
maximised when coverage reaches 45% in primary schools and
28% in secondary schools. Each vaccination saves 0.0128 QALYs,
equivalent to 4.67 QALDs. Using the mean number of pupils in a
primary school and a secondary school (263 and 956 respectively
[41]), implementing a policy of heterogeneous coverage to these
coverage levels for one primary school and one secondary school
saves 4.94 QALYs or 1804 QALDs.

Herd immunity effects can be seen when the number of QALYs
saved per vaccination administered reaches this maximum value.
Indeed, coverage between 30 and 62% in primary schools with
15-50% in secondary schools maximises this value (Fig. 4). Thenon-
linear relationship between vaccinations administered and health

benefits gained is due to indirect benefits of vaccination in a popu-
lation.

3.4. Sensitivity analyses

Fig. 5 shows that the uncertainty in the parameters used to
calculate the cost-effectiveness ratios does not impact on proba-
bility that each vaccination strategy could be cost-effective at the
willingness-to-pay threshold of £20,000 per QALY, when compared
to no extension of the seasonal vaccination policy. There is more
uncertainty in the total number of QALYs saved than in the total
cost of the new vaccination policies.

In addition, in 208 (83.2%) of the best-fitting 1% of model real-
isations, the heterogeneous vaccination policy was the dominant
option, with a targeted vaccination policy in primary schools dom-
inant just 42 (16.8%) times. When extending to the best-fitting 5%
of model realisations, the heterogeneous vaccination policy domi-
nated other options 793 (63.4%) times.

4. Discussion

We investigated the optimal influenza LAIV coverage levels in
primary schools and secondary schools to examine potential mod-
ifications to the JCVI influenza vaccination programme. We varied
coverage levels in both primary and secondary schools between 0
and 100% and calculated the ICERs for each coverage level for four
different vaccination strategies.
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Overall, the optimum coverage level is 48% in primary schools
and 34% in secondary schools in a heterogeneous vaccination strat-
egy with an ICER of £16,152 per QALY saved. As the two targeted
strategies and one homogenous coverage strategy are subgroups of
the heterogeneous strategy we conclude that a policy of heteroge-
neous coverage should be pursued by the UK.

‘We examined the impact of the uncertainty of all parameters
in the model and concluded that the cost-effectiveness estimates
are not affected by these uncertainties. The heterogeneous vacci-
nation policy was the dominant policy for the majority of model
realisations.

4.1. Study limitations

For simplicity, we have only modelled a single influenza sea-
son and did not model immunity between seasons (other than
to assume that an age-dependent proportion of individuals are
immune at the start of the season). Immunity from influenza will
wane, whether acquired through influenza infection or through
vaccination. This may impact the cost-effectiveness estimates in
our model but is likely to improve cost-effectiveness if acquired
immunity lasts longer than one influenza season. Modelling
influenza outbreaks over a longer time horizon is more complex as
many other ideas such as cross-immunity, antigenic drift and com-
peting strains could be incorporated into the model. It is possible
that primary school children have less time than secondary school
children to acquire immunity for different influenza viruses from
past infection and this can impact on the number of susceptible
individuals in the model. Indeed, our model already sees that more
primary school children are susceptible to the single pathogen

assumed to cause this single outbreak, but additional circulating
strains could change our results.

We used data on contact patterns only during term-time at
school and did not include changes in these contact patterns dur-
ing school holidays or weekends for simplicity. Studies have shown
that the daily number of age-dependent contacts for children
can vary between term-time and holidays or weekends [42-44].
The inclusion of additional contact matrices in the model would
improve the accuracy of the mathematical model in estimating
the daily number of contacts sufficient for influenza transmission
between children and their contacts. In addition, we divided the
school population into two age groups that saw children aged 4-10
years in primary school with those aged 11-16 years in secondary
school. This broad distinction isn't reflective of school age distri-
butions and a more detailed age-structured model could account
for a proportion of those children aged 11 years attending primary
school with the complement attending secondary school.

We assumed that age-specific vaccination uptake would be
homogenous in England. The recent pilot of seven models for
vaccine delivery for children attending primary schools showed
variationin the coverage levels, evenin those six geographicalareas
using school-based vaccine delivery [17]. In reality, community-
level vaccination coverage is likely to be patchy, so an improved
mathematical model would account for this community-level het-
erogeneity even if a policy aims for homogeneous age-specific
uptake as we recommended.

Data for previous-acquired immunity from influenza were not
available, so we estimated this in the model calibration process.
The sensitivity analysis demonstrated that the cost-effectiveness
estimates for each scenario are robust when compared to no policy
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extension, though there was more uncertainty in the total QALYs
saved than in the total cost of the modelled programmes. There
are some years where acquired immunity is less protective against
the seasonal strain, which leads to larger outbreaks of influenza
and hence less proportional effect from the same level of vaccine
coverage.

Our parameter calibration process used binomial maximum
likelihood to fit the expected final size from the model to the
observed final size of a single epidemic period. The model may
be further improved by using different values for parameters in
the economic evaluation (e.g. proportion of GP visits subsequently
requiring hospitalisation) for those individuals in clinical at-risk
groups.

Finally, the model was calibrated to 2006-07 data which was a
yearof lowincidence(as have beenrecentyears|45,46]), sowe may
have underestimated the cost-effectiveness of vaccination (but also
the potential of vaccination to eliminate influenza for that year).
We used recently-published data on health care resource use that
have been used in scenarios of high severity influenza. We exam-
ined the possibility of high incidence years by varying Ry in the
multivariate parametric sensitivity analysis and concluded that our
cost-effectiveness estimates were not affected by uncertainty in the
incidence of future influenza seasons.

Despite these limitations, our conclusion that primary school
vaccination alone is not able to eliminate influenza in the UK
appears to be robust, even in a season of low influenza activity. Fur-
ther work using a model calibrated to data from multiple influenza
seasons and taking into account long-term natural and acquired
immunity may allow a more precise estimate of the level of cover-
age to aim to achieve in order to optimise cost-effectiveness.
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Appendix.
Contact matrix

Mossongetal.[11] surveyed 1012 individuals in Great Britain on
the number of both physical and conversational contacts. Diaries
recorded sociodemographic details of both the study participants
and their daily contacts in order to inform mathematical models
with data on typical mixing patterns of the population. We used
their results in our model to include the measured assortative mix-
ing patterns (Fig. A.1).

Model and assumptions

The transmission model was an age-structured determinis-
tic discrete time SEIR-type model with addition age-structured
compartments for individuals not susceptible to influenza before
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Fig. A.1. Weighted social contact matrix from POLYMOD contact survey, showing
the mean number oflong-duration physical contacts per day for participants in Great
Britain. The age group of participants and their contacts are shown on the axes.

transmission starts (i.e. those vaccinated under the vaccination pol-
icy or those with pre-existing immunity to influenza).

Appendix equation 1: The SEIR-type age-structured transmis-
sion model

ds; E 3
dE;
d_tl =S — VE
dl. "
d'_tl = yE - 8I;
dR;
—— =4l
dt !

S; represents the number of susceptible individuals in age group
i in the population N; E; represents the number of exposed but
not yet infectious individuals; [; represents the number of infec-
tious individuals and R; represents the number ofindividuals whose
period of infectiousness has ceased (either by recovery or death
from infection). »~! is the time that an individual is exposed but
notyetinfectiousand §-! is the time that an individual is infectious.
A is the force of infection for age group .

Appendix equation 2: The age-dependent force of infection

(A2)

Bij is the matrix of the mean daily number of contacts between
an individual of age group i with age group j. o; is the age-specific
proportion of individuals in the S compartment who have not
acquired immunity from clinical at-risk vaccination; from the new
vaccination programme; or from previous influenza seasons.

In fitting the expected final size of ILI epidemics to the observed
final size of the 2006-07 epidemics we sampled 25,000 sets of
parameters on the interval [0,1] for the age-specific proportion
of susceptibles in the population using uniform Latin Hypercube
sampling to cover the possible parameter space. Each of the 25,000
parametersets wasused in the model to estimate the expected final
size ineach age group. The parameter values used in the simulation
of the model that minimised the binomial log-likelihood, defined
below.
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Fig.A.2. The epidemic curves of the best fitting models from 25,000 parameter sets
sampled using uniform Latin Hypercube sampling.

Appendix equation 3: The binomial log-likelihood minimised to
estimate the age-specific proportion of individuals with previously
acquired immunity

5
In= yilnpi+ (ni —y) In(1 - pi) (a3)

i=1

n; represents the number of individuals in the population; y; rep-
resents the observed final size of the 2006-07 epidemic; and p;
represents the estimated final size from the model using the 5
parameters for age-specific prior immunity sampled using Latin
Hypercube sampling (Fig. A.2).

We used the set of parameters that minimised the binomial log-
likelihood but we kept the best-fitting 5% of realisations (Appendix
Fig. A.2) for sensitivity analyses.
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Background: Measles is a highly contagious vaccine-preventable infection that caused large outbreaks
in England in 2012 and 2013 in areas which failed to achieve herd protection levels (95%) consistently.
We sought to quantify the economic costs associated with the 2012-13 Merseyside measles outbreak,
relative to the cost of extending preventative vaccination to secure herd protection.

Methods: A costing model based on a critical literature review was developed. A workshop and interviews
were held with key stakeholders in the Merseyside outbreak to understand the pathway of a measles

ﬁ“:’:z’;’;"': case and then guantify healthcare activity and costs for the main NHS providers and public health team
Outbreak incurred during the initial four month period to May 2012. These data were used to model the total

costs of the full outbreak to August 2013, comprising those to healthcare providers for patient treatment,
Economic cost public health and societal productivity losses, The modelled total cost of the full outbreak was compared
Vaccination to the cost of extending the preventative vaccination programme to achieve herd protection.
MMR Findings: The Merseyside outbreak included 2458 reported cases. The estimated cost of the outbreak was
Societal impact £4.4 m (sensitivity analysis £3.9 m to £5.2 m) comprising 15% (£0.7 m) NHS patient treatment costs, 40%
Secio-economic impact (£1.8m) public health costs and 44% (£2.0 m) for societal productivity losses. In comparison, over the
previous five years in Cheshire and Merseyside a further 11,793 MMR vaccinations would have been
needed to achieve herd protection at an estimated cost of £182,909 {4% of the total cost of the measles
outbreak).
Interpretation; Failure to consistently reach MMR uptake levels of 95% across all localities and sectors
(achieve herd protection) risks comparatively higher economic costs associated with the containment
(including healthcare costs) and implementation of effective public health management of outbreaks.
Funding: Commissioned by the Cheshire and Merseyside Public Health England Centre.

Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.

Economic impact

1. Introduction Measles is a highly contagious infection. Between 1998 and

2012, 6081 cases of laboratory confirmed measles were recorded in

Merseyside is a county in the north west of England, comprising
of five metropolitan boroughs: Knowsley, St Helens, Sefton, Wirral
and the City of Liverpool. In 2012, Liverpool had an estimated pop-
ulation of 469,700 people (78,609 of whom were aged 16 years old
or younger) [1] and over 65% of the population live in the most
socioeconomically deprived national quintile [2].

# Corresponding author at: Cheshire and Merseyside Public Health England Centre,
5th Floor, Rail House, Lord Nelson Street, Liverpool L1 1]F, UK.
E-mail address: sam.ghebre phe.gov.uk (S.G :

ttp: ffdx.doi.orgf10.1016/j.vaccine 2016.02.029
0264-410X/Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.

England and Wales, increasing from 28 in 2001 and reaching 1001
in 2008 [3]. Around 1 in 5000 cases in England result in death [3].

Immunisation is highly effective in controlling the spread of
measles. [n England around 90% of susceptible individuals receiv-
ing the Measles, Mumps and Rubella (MMR) vaccine through the
national childhood immunisation programme will develop immu-
nity after one dose at 13 months of age, and 99% develop immunity
after a second dose at three years and four months. Between 2001
and 2012, vaccination coverage declined across many European
countries, including the UK [4]. Failing to maintain high levels of
vaccination was linked to inaccurate reports of adverse events and
vaccine hesitancy among particular groups [5-7].
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In 2012 outbreaks of measles were reported in England
concentrated in areas with lower MMR immunisation cover-
age including Wales [6], Liverpool [8], Manchester [9] and the
North East [10]. Despite good vaccination uptake rates in recent
years, the largest measles outbreak in the Merseyside area since
MMR vaccination was introduced began in February 2012 and
continued until August 2013, with 2458 reported cases (651 con-
firmed cases and 1808 probable and possible cases). The largest
number of confirmed cases was in children aged under the
age of 5 years, accounting for 42% (276/651) of all confirmed
cases [11].

The costs of controlling an outbreak of measles could be sub-
stantial. To date, most studies have measured either the costs of
treatment [12-14] or the cost of containment [15-18], but have
not considered the total societal costs of outbreaks. We sought to
quantify the costs associated with the response to the 2012-13
Merseyside measles outbreak including treatment, public health
and societal costs. We compared the total cost of the outbreak
response to the counterfactual costs that would have been incurred
through preventative vaccination.

2. Methods

The costing study commenced in March 2012 to identify
all NHS treatment, public health and productivity loss activity
and cost items to establish the economic impact of the first
4 months of the outbreak. These results were then used to
model the total cost of the whole outbreak after it was declared
over.

Following a comprehensive critical literature review to inform
the study methodology, a workshop was held with multi-agency
partners and stakeholders to inform the cost assessment process,
including mapping the pathway of a measles case and developing
a costing model (Box 1 — scope of the model; Box 2 - process map
of costs by organisation; and Box 3 - process map of cost by groups
affected and activity).

Costs were classified in two categories: direct cost of the
outbreak subdivided into direct costs to healthcare providers
(treatment and other costs) and public health (control and man-
agement costs); and productivity loss costs. We linked these
subcategories to each organisation to illustrate the distribution
of costs. Although most costs were directly calculated from avail-
able data specifically linked to the first 4 months of the outbreak,
some were extrapolated and therefore we used the term esti-
mated costs for the first 4 months. The modelled cost for the entire
outbreak was calculated based on the first 4 months estimated
costs.

We included all cases in Merseyside in the study and one case
that was confirmed in Manchester as the infection was likely
acquired in Merseyside due to an epidemiological link. Cases were
defined using guidance adapted from the HPA National Measles
Guidelines [19]:

* Confirmed case - an individual with measles IgM positive
(blood or saliva) in absence of a history of recent vaccina-
tion or confirmed wild measles RNA positive on any clinical
specimen.

* Probable case - anindividual with signs and symptoms consistent
with measles who was in contact with a laboratory-confirmed
case 7-18 days before the onset of symptoms, or assessed as likely
by a member of the Health Protection Team based on epidemio-
logical features.

® Possible case - an individual with some clinical symptoms,
though not specific to measles and where another diagnosis is
possible.

2.1. Direct costs to healthcare providers

Direct costs to healthcare providers included: General Practi-
tioner (GP) consultation time; Accident & Emergency Unit time;
additional staff hours; hospitalisation and associated costs.

Secondary care treatment costs were calculated using infor-
mation obtained from both Royal Liverpool Broadgreen University
Hospitals Trust (RLBUHT) and Alder Hey Hospital Trust, the trusts
most affected by the outbreak where detailed cost calculations
were undertaken. Records of the number of patients treated, length
of stay and treatment code enabled us to identify the treatment
costs for confirmed and suspected cases of measles by hospital.
Treatment costs were calculated using the Healthcare Resource
Group (HRG) tariffs recorded for patients.

Community healthcare providers were also affected. Costs for
GPs were extrapolated from the number of cases per GP surgery,
multiplied by 1.5x the cost of a standard GP consultation [12,20]
as this was the estimated additional time taken to see a suspected
measles case.

2.2. Direct costs to public health

Direct public health costs included: contact tracing of household
and other contacts; vaccinations; maintenance to improve infec-
tion control and isolation facilities; immunity status screening;
healthcare staff exclusions for unknown or negative immunity sta-
tus; and public engagement activities. Additional hours of staff time
were calculated from timesheets. Other organisations for which
costs were calculated included the local Ambulance Trust and the
Manchester Public Health Laboratory.

Data from Primary Care Trusts (PCTs) were limited to public
health functions to avoid double counting of resources deployed to
support the local health protection team. Eight PCTs were affected
by the outbreak but costs were collected from the four PCTs with
the highest case burden (Liverpool, Knowsley, Hafton & St. Helens
and Sefton) with costs for the others (Central & Eastern Cheshire,
Warrington, Western Cheshire and Wirral) estimated by assuming
proportionality from the data gathered.

2.3. Productivity costs

Productivity costs included: costs to employers for sickness
absence due to measles related issues; and healthcare workers
diverted to deal with cases.

We assigned an economic value to: costs incurred by cases and
their carers; employers of affected individuals; vulnerable people
at risk of contracting the virus who may be excluded from work,
school or social events or received prophylaxis; and members of
the general public who were unsure of their immunisation status
or needed advice.

Measles-related absenteeism was calculated as [(Total no. of
confirmed cases —confirmed hospital staff cases)+(Unreported
cases)] x employment rate in Liverpool. It was assumed that the
number of unreported cases of measles was 22.5% of all confirmed
and potential reported cases of measles [12]. We multiplied the
total case numbers by the employment rate in Liverpool [21],
because if the measles cases were in an adult then they would
be absent from work, and if it were in a child then their guardian
would have to take time off work to care for their child. We assumed
that a hospitalised confirmed case required two weeks of absence;
a confirmed case without hospitalisation required three days of
absence; and potential and unreported cases also required three
days of absence (though this is likely to be an underestimate as
HPA standard advice for exclusion of cases from school/workplace
settings is four days [22]). We used the estimated absenteeism rate
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Box 1: Scope of the costs included in the model.

Broad category:

Direct costs of the outbreak

L

Sub-category:

Treatment of Cases, > Secondary care

Public Health Costs
—-»

—Control &
Containment

Borne By:

Primary care

Patients / carers

HPA, PCT, acute trusts, community trusts, and
other relevant organisations, e.g. walk-in centre,
out-of-hours services, etc.

Local authority / schools

Secondary care (ward closures and cancelled

admissions)

Productivity costs (indirect

Primary care (delayed and cancelled
appointments)

Patients / carers (work absence looking after an
costs) affected person or during recovery)

Wider society (school / nursery closures)

multiplied by the average earnings rate for the region [21] adjusted
for the length of absence.

24. Sensitivity analysis

A multi-variate deterministic sensitivity analysis was under-
taken to account for the degree of uncertainty in costs based on
assumptions, extrapolations or evidence from the literature. Where
the cost information was provided from central records there has
been no variation in the modelling. A list of the assumptions for the
sensitivity analysis is shown in Tables 1 and 2.

2.5. Outcomes from the model

To compare against studies that only calculated control and
management costs, a public health cost per case was calculated
by dividing the modelled public health cost by the total num-
ber of confirmed and potential cases. For NHS treatment costs,
a cost per patient admitted was calculated using admissions
information.

Cost of achieving prevention was calculated assuming that herd
protection against measles would require that 95% of eligible chil-
drenreceive 2 doses of the MMR vaccine. To achieve herd protection
over the previous five years there was a need for a further vac-
cination of 11,793 children with MMR (8366 1st dose and 3427
2nd dose) [23]. The overall cost of delivering 11,793 MMR doses
was estimated by assuming an administration and delivery cost of
£7.64 per dose, plus the MMR vaccine cost of £6.37 per dose and a
promotion cost at £1.50 per eligible child [24,25].

2.6. Modelling the cost of the entire outbreak period

The costs for the first four months of the outbreak were used to
model the total cost of the outbreak running to 31st August 2013.
Costs were divided into variable costs (dependent on case-load and
outbreak duration including patient-facing activity in primary and
secondary care institutions as well as public health activities such
as contact tracing) and fixed costs (limited to the beginning of the
outbreak including checking immunisation status of staff in pri-
mary and secondary care settings as this work was assumed to have
taken place at the beginning of the outbreak, as well as the creation
of the MMR Locally Enhanced Service for GPs).

The analysis was further informed by societal impact data from
astudy on the impact of measles infection, including factors such as
absenteeism for individuals with confirmed measles and for their
caregivers [26]. An individual in 63.1% of confirmed measles cases
was assumed to take time off from work as a patient with a mean
absence of 9.6 days (95% Cl: 9.3-11.7), with 39.6% of individuals
with confirmed measles requiring a caregiver for a mean time of
7.3 days (95% Cl: 5.7-7.9) during infection.

3. Results
3.1. Costs for the outbreak period 1st February-31st May 2012

The estimated cost of the first four months of the outbreak
was £1.4 million (sensitivity analysis £1.3 million to £1.6 million).
Direct NHS healthcare costs were £292,000 (sensitivity analysis
£282,000 to £306,000), 21% of the total cost. The majority of the
total cost was due to direct public health costs £844,300 (60%) (sen-
sitivity analysis £838,000 to £889,000). Productivity costs were

Please cite this article in press as: Ghebrehewet S, et al. The economic cost of measles: Healthcare, public health and societal costs of
the 2012-13 outbreak in Merseyside, UK. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.02.029

416



G Model
JVAC-17371; No.of Pages9

4 5. Ghebrehewet er al. / Vaccine xxx (2016) xxx—-xxx

Box 2: Process maps of where costs fall by organisation.
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Table 1

Parameters used in the sensitivity analysis for the calculated costs of the outbreak between 1st February 2012 and 31st May 2012.

S. Ghebrehewet et al. / Vaccine xxx (2016) Xxx-xxx

Lower end cost

Best estimate

Higher end cost

Costs of treatment per case in
hospitals other than the two
used to obtain the average cost

Cost of contact tracing in hospitals
other than the two used to
obtain the average cost

Staff absence in hospitals other
than the two used to obtain the
average cost

Cost of a GP consultation and
tracing of a measles case

Lost productivity costs

£1196

£0

£0

£362

0% of cases unreported, 3 days
absence

£1383

Linked to Royal Liverpool estimate
(£0.21 per worker at the hospital)

Linked to Royal Liverpool estimate
(£537 per case of measles in the
hospital)

£381

22.5% of cases unreported, 3 days
absence

£1730

Linked to Royal Liverpool estimate
(£0.21 per worker at the hospital)

Linked to Royal Liverpool estimate
(£537 per case of measles in the
hospital)

£574

45% of cases unreported, 4 days
absence

Unit costs rounded to the nearest £1.

Table 2

Parameters used in the sensitivity analysis for the modelled total costs of the full outbreak, 1st February 2012 to 31st August 2013.

Lower end cost

Best estimate Higher end cost

Costs of treatment in hospitals £1196
other than the two used to
obtain the average cost
Cost of contact tracing in hospitals £0
other than the two used to
obtain the average cost
Staff absence in hospitals other £0
than the two used to obtain the
average cost
Cost of a GP consultation and £362
tracing of a measles case
Lost productivity costs 0% of cases unreported, 9.3 days
absence for patients, 5.7 days
absence for caregivers

£1383 £1730

Trust-specific, as provided by ICF 1.5 x Trust-specific estimate from
report ICF
Trust-specific, as provided by ICF 1.5 x Trust-specific estimate from
report ICF

£381 £574
22.5% of cases unreported, 9.6 days

absence for patients, 7.3 days
absence for caregivers

45% of cases unreported, 11.7 days
absence for patients, 7.9 days
absence for caregivers

Unit costs rounded to the nearest £1.

£274,000 (sensitivity analysis £225,000 to £377,000), 19% of the
total cost.

The highest proportion of the estimated cost of the initial out-
break period fell to secondary care organisations (37%) followed by
the Health Protection Unit that coordinated the outbreak response
(27%) (Table 3).

3.2. Costs of the full outbreak to 31st August 2013

The modelled cost of the full outbreak was £4.4m (sen-
sitivity analysis £3.9m to £5.2m). Of this, 15% (£678,300,
between £644,000 and £707,800 from the sensitivity analysis)
was attributed to direct NHS healthcare costs, 40% (£1,764,400,
between £1,762,600 and £1,879,400 from the sensitivity analy-
sis) attributed to direct public health costs and 44% (£1,952,700,
between £1,443,900 and £2,564,800 from the sensitivity analysis)
relate to productivity costs (Table 4).

Overall, 33% (£1,446,600) of the modelled total cost was related
to activity concerning confirmed measles cases, and the remaining
(£2,948,800) were related to both potential and unreported cases
of measles (Table 5).

The direct hospital cost per admitted case was £1945
(£270,400/139). The direct public health cost per confirmed case
was £2714 (£1,764,400/651).

3.3. Cost of achieving outbreak prevention through vaccination

The calculated overall cost of delivering 11,793 MMR doses
over the previous five years to achieve herd protection across
Cheshire and Merseyside was £182,909 (vaccine administration
cost of £90,098, MMR vaccine cost of £75,121 and promotion cost

of £17,690). This represents 4.2% of the modelled total cost of the
outbreak.

4. Discussion

The modelled total cost of the 2012-13 Merseyside measles out-
break was substantial. In contrast, we estimated that 95% uptake
of MMR could have been achieved by increasing uptake of those
under-vaccinated children in recent five year cohorts of children in
Cheshire and Merseyside at just 4.2% of the modelled total cost of
the full outbreak.

4.1. Direct costs to healthcare providers

The modelled hospitalisation cost per patient admitted in
Merseyside (£1945) was similar to those reported in three previous
studies from Spain (£1521 per case in 2012 GBP) [ 14], Italy (£1614
in 2012 GBP) [13], and the USA (£2083 GBP in 2012 GBP) [17].

The overall hospitalisation cost is likely to be an underestimate,
as the total number of admissions only includes those admissions at
the time of notification and does not include those cases admitted
following a later notification. The reported hospitalisation costs do
not include any major measles-related complications as none were
observed during this outbreak. It is likely that the extensive, timely
public health actions undertaken coupled with the already high
MMR vaccination coverage reduced the risk of larger outbreaks
sufficiently that such major complications were not seen in hospi-
tals. Complications such as encephalitis (£20,887 per admission),
pneumonia (£9798 per admission) and otitis media (£3057 per
admission [27]) were not observed but would have substantially
increased direct healthcare costs if they had occurred. Furthermore,
conditions such as subacute sclerosing panencephalitis (SSPE)
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Table 3

Estimated costs for the 2012-13 Merseyside measles outbreak, 1st February 2012 to 31st May 2012.

Organisation Direct healthcare Direct public health Productivity Total costs
Cost (£) % Cost (£) % Cost(£) % Cost (£) %

Primary Care Trusts 0 0 90,100 1 0 0 90,100 6
Secondary Care 270,400 93 213,400 25 42,400 15 526,200 37
Community Care 0 0 43,000 5 0 0 43,000 3
General Practitioners 18,600 6 84,600 10 0 0 103,200 ¥/
Cheshire & Merseyside Health Protection Unit 3000 1 368,800 44 0 0 371,800 27
Ambulance Service 0 0 1100 0 0 0 1100 0
MRI Laboratory costs 0 0 28,500 3 0 0 28,500 2
Society lost productivity 0 0 0 0 231,600 85 231,600 17
Local authority 0 0 14,800 2 0 0 14,800 1
Total cost 292,000 844,300 274,000 1,410,300

2 Estimated costs mainly consist of costs based on evidence provided by the relevant organisations. Costs are rounded to the nearest £100.

Table 4

Modelled total costs of the full outbreak by organisation type of cost (direct healthcare provision, public health, and loss of productivity), 1st February 2012 to 31st August

2013.
Organisation Direct healthcare Direct public health Productivity Total costs

Cost (£) % Cost (E) % Cost (£) % Cost (E) %

Primary Care Trusts - 0 223,000 13 - 0 223,000 L%
Secondary Care 575,000 85 370,000 21 49,200 3 994,200 23
Community Care - 0 91,400 5 - 0 91,400 2
General Practitioners 103,300 15 212,000 12 - 0 315,000 =
CMHPU - 0 790400 45 - 0 790,400 18
Ambulance Service = 0 2300 0 - 0 2300 0
MRI Laboratory - 60,500 3 - 0 60,000 1
Society Lost Productivity - 0 - 0 1,903,500 97 1,903,500 43
Local Authority - 14,800 1 - 0 14,800 0
Total 678,300 1,764,400 1,952,700 4,395,400

Modelled total costs, rounded to the nearest £100.

which cost £6217 per admission [27] may take many years to
develop, and therefore the treatments costs associated with the
outbreak may increase if assessed over a longer period than this
analysis. SSPE cases are also likely to require far more follow-up
visits for specialist care, support, and longer period of home-care
than otitis media resulting in more additional costs.

4.2. Direct costs to public health

Around 40% (£1,764,400) of the total costs related to direct pub-
lic health activities. Overall, the 2012-13 outbreak has a lower
public health cost per case (£2714) than four of five previous stud-
ies that reported on public health costs measles outbreaks, possibly
due to the small number of cases in these studies - one with a total
number of 3 cases found a cost of £31,260 (£33,424 in 2012 GBP)

Table 5

per case [ 16]; a second with a total number of 7 cases found a cost
of £57,478 (£65,871 in 2012 GBP) per case [ 15]; a third with a total
number of 12 cases found a cost of £5458 (£6215 in 2012 GBP)
per case [28]; and a fourth with 1 case found a cost of £15,196
(£16,722 in 2012 GBP) per case [29]. It appears that the higher
the number of cases, the lower the public health costs per case.
This makes intuitive sense given that the more cases there are, the
greater the chances of epidemiological links to reduce the need
for further contact tracing and the fact that some costs (e.g. dis-
tributing leaflets) would be identical regardless of the case burden.
This economy of scale effect explains why the public health costs
per case in these studies are larger than in Merseyside. One other
study with a total number of 40 cases found a similar cost per case of
£2569 (£3155 in 2012 GBP) [30] to our estimate. The public health
responses described in these studies were similar to that of the

Modelled total costs of the full outbreak by organisation, 1st February 2012 to 31st August 2013,

Organisation Confirmed cases modelled

Confirmed, probable, and potential Confirmed, probable, possible and

total cost cases modelled total cost unreported cases modelled total cost

Cost (£) % Cost (£) % Cost (£) %
Primary Care Trusts 184,300 13 223,000 6 223,000 5
Secondary Care 347,300 24 994,200 25 994,200 23
Community Care 24,200 2 91.400 2 91,400 2
General Practitioners 248,500 17 315,300 8 315,300 7
CMHPU 220,600 15 790,400 20 790,400 18
Ambulance Service 600 0 2300 0 2300 0
MRI Laboratory Costs 16,000 1 60,500 2 60,500 1
Society Lost Productivity 390,300 27 1,549,000 38 1,903,500 43
Local Authority 14,800 1 14,800 0 14,800 0
Total 1,446,600 100 4,041,000 100 4,395,400 100

Modelled total costs, rounded to the nearest £100.
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Merseyside outbreak, indicating that the costs associated with the
public health response were broadly proportionate to the size of
the outbreak.

The number of contacts traced plays a substantial role in the
public health response to an outbreak and therefore related pub-
lic health costs. In the Merseyside outbreak attempts were made
to identify all contacts during the early stages (1st February to
23rd March 2012). During this period, for every confirmed case,
there were approximately 16 potential contacts where public
health risk assessment was undertaken. Although this has signifi-
cant workload and cost implications, the significant public health
costs incurred mainly relate to follow-up procedures of adminis-
tering prophylactic treatment and catch-up vaccinations to close
contacts.

4.3. Productivity costs

The productivity losses accounted for 43% (£1,952,700) of the
modelled total cost of the outbreak, and as the largest contributor to
costs, our analysis suggests that it is important to include this soci-
etal perspective when assessing the impact of a measles outbreak.
This is not an insignificant amount of money, especially given high
levels of deprivation in the community. Only 2.5% of the productiv-
ity cost (£49,200) was attributed to staff absence in secondary care
due to measles, with the remaining £1,903,500 attributed to work
or school absence in the wider population costs. Previous studies
reporting the cost of measles outbreaks did not include produc-
tivity costs so here we present new insight on the socio-economic
impact of measles outbreaks.

4.4. Policy implications

There were few reported cases in vulnerable groups, such as
immunosuppressed individuals or pregnant women, additionally
there were no measles related deaths or serious complications at
the time of writing this report. With this in mind, it is not unex-
pected that the cost of providing treatment was significantly less
than the cost of the public health interventions. Therefore, it is
important not to underestimate the impact of the public health
activities such as raising awareness for timely vaccination of eligi-
bleindividuals; identification and protection of individuals through
timely contact tracing; immediate case isolation; enhanced infec-
tion control measures; and appropriate exclusion of suspected
cases from schools, workplaces and other settings. It is paramount
that these interventions are prioritised in any future outbreaks to
limit onward transmission and protect public health.

An investment of an additional £1 on immunisation over the
past five years to reach the herd protection threshold would have
saved £23 incurred as a result of this outbreak had herd protection
been achieved. These stark figures suggest that it is important to
prioritise and aim to achieve high MMR uptake levels (95%) consis-
tently across all localities and sectors of the population in order to
prevent widespread measles outbreaks occurring. Although vac-
cinating eligible children to 95% would not impact on uptake of
others who are susceptible within local communities, neverthe-
less preventing spread among children would limit the spread in
communities.

The overall investment in the childhood vaccination programme
will be undermined and its full benefits unrealised if herd pro-
tection is not achieved, as a costly outbreak of measles occurring
in areas with low uptake is a distinct possibility. It is therefore
important for immunisation commissioners to commission a well-
resourced, co-ordinated and robust vaccination programme that
consistently achieves MMR uptake of 95% and above.

4.5. Strengths and limitations

This study has some limitations. Firstly, no attempt was made to
estimate any additional opportunity cost of the outbreak to orga-
nisations (beyond staff salary costs) to avoid double counting. Nor
was an attempt made to estimate the effects on staff welfare, or to
estimate a value of lost leisure time as it is complex to assign mon-
etary values to these. Using wages as a measure of productivity is
a conservative method of estimating loss of productivity, therefore
the overall cost estimate was assumed to be conservative.

Secondly, more organisation-specific quantifications of costs
could have been made by consulting with more of the organisations
affected by the outbreak (including all of the hospitals admitted
cases, PCTs and GP practices, rather than those which were affected
most), and surveying measles cases and their caregivers to estimate
the duration of work/school absence.

Thirdly, it is likely that we have underestimated the total cost of
implementing a vaccination programme to reach herd protection
in the area. Our estimated cost of this programme included vaccine
administration costs, promotion costs and the cost of vaccine stock.
Additional promotion costs may be required to persuade strongly
vaccine-hesitant parents and guardians to vaccinate their children,
including more labour-intensive approaches in reaching this com-
munity. However, it is apparent that any additional resources used
to achieve herd protection are likely to be significantly lower than
the costs associated with managing any future measles outbreaks.

MMR vaccination coverage in Cheshire and Merseyside is
unlikely to be homogeneous and some communities in the area
may already have higher vaccination coverage than the 95% thresh-
old. Heterogeneous vaccination coverage may lead to widespread
outbreaks in the community if some areas have a coverage level
sufficiently low to fuel transmission with clusters of susceptible
individuals [31], indeed outbreaks have been reported in other
countries due to clusters of susceptible individuals residing in areas
with otherwise very high vaccination coverage [32,33]. The herd
protection threshold target of 95% uptake should be a target for
homogenous coverage, rather than an average across the commu-
nity with heterogeneous uptake.

Given the constraints, we consider that this study provides a
robust estimate of the cost of the 2012-13 Merseyside measles
outbreak. Furthermore, the study has provided information on the
impact and cost to the NHS and wider economy of not achieving
uptake targets detailed in the Public Health Outcomes Framework
required to achieve herd protection [34].

5. Conclusions

The total cost of the 2012-13 Merseyside measles outbreak is
higher than suggested in previous research, as a wider range of
costs associated with the outbreak have been modelled. Despite
this, the total cost is still likely to be an underestimate, as it is dif-
ficult to quantify the full societal impact. This study illustrates the
importance of prevention through MMR vaccination and achieving
herd protection, compared to the costs and resource implications
of managing an outbreak. We recommend that immunisation com-
missioners seek to commission a well-resourced, co-ordinated and
robust vaccination programme that consistently achieves MMR
uptake rates of 95% and above across all communities of the popu-
lation.

Research in context

Evidence before this study:
Several studies have investigated the economic cost of measles
outbreaks in different countries. Such studies have reported amean

Please cite this article in press as: Ghebrehewet S, et al. The economic cost of measles: Healthcare, public health and societal costs of
the 2012-13 outbreak in Merseyside, UK. Vaccine (2016), http://dx.doi.org/10.1016/j.vaccine.2016.02.029

420



G Model
JVAC-17371; No.of Pages9

8 S. Ghebrehewet et al. / Vaccine Xxx (2016) xxx-xxx

cost per measles case; the mean cost per hospitalised measles
case, both with and without measles-related complications; and
the estimated cost of preventing a single case. Additionally, some
studies estimated the public health costs of managing and contain-
ing measles outbreaks. However, no studies have presented the
wider socio-economic cost of a measles outbreak that considers
direct healthcare costs, direct public health costs and the cost of
the loss of productivity to the affected communities.

Added value of this study:

This study provides estimates of the socio-economic cost of the
2012-13 measles outbreak in Merseyside, UK. Direct NHS health-
care costs were sourced directly from General Practice surgeries,
NHS Trust databases and Accident and Emergency units, Direct
public health costs were sourced from Primary Care Trusts and
other organisations involved in the containment of the outbreak,
taking data on staff time, vaccination and prophylaxis administra-
tion, contact tracing and other containment activities. Productivity
loss costs were sourced from staff absenteeism records from organi-
sations involved in the outbreak management, along with estimates
of school and work absenteeism in the community combined
with adjusted mean earnings rates sourced from local government
data.

Implications of all the available evidence:

The total cost of the 2012-13 Merseyside measles outbreak
is higher than suggested in previous research of measles out-
breaks, as a wider range of costs have been estimated than in
previous research. In contrast, the estimated additional cost of
achieving herd protection for the community through the MMR
vaccination programme would have been just 4.2% of the esti-
mated total cost, demonstrating both the importance and value of a
well-resourced, co-ordinated and robust preventative vaccination
programme.
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