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Appendix A: Projections of the disease burden and effective vaccine coverage across diseases included in the current childhood vaccine 1 

programme in England  2 

 3 

A.1 Outline 4 

In this appendix we describe the methodology to project disease burden at different levels of effective coverage against vaccines included within 5 

the current (December 2016) childhood immunisation programme in the UK. This immunisation programme includes vaccination against twelve 6 

infectious diseases of childhood. To quantify the decline in disease burden with increased effective vaccine coverage, we aimed to use established 7 

mathematical models or build new ones. However, for some diseases no such models exist nor were feasible to be built within the timescale of 8 

this project. For these diseases, we collated and used available historic data to make our predictions. A summary of our methods (modelling or 9 

data) is given in Figure A1 and also Table S3. 10 

 11 

A.2 Overview of mathematical models for transmission of and vaccination against infectious diseases 12 

Transmission and spread of infectious diseases within a setting can be studied using a system of equations that tracks over time the number of 13 

individuals susceptible to infection (Susceptibles), those that are exposed to infection but are not infected (Pre-infectious/Exposed), individuals 14 

that are infected (Infected) and those that recover from the infection (Recovered). Such Susceptibles-Exposed-Infected-Recovered (SEIR) models 15 

have the following general structure 16 
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Here S(t), E(t), I(t) and R(t) represent the population that are susceptible to infection, exposed to infection but not infected, infected and recovered 21 

from infection at time t, b is per capita birth rate and m is per capita death rate, N(t) is the total population at time t so that 𝑁(𝑡) = 𝑆(𝑡) + 𝐸(𝑡) +22 

𝐼(𝑡) + 𝑅(𝑡), f is the rate at which individuals more from exposed to infected, calculated as 1/average pre-infectious (or exposed) period and r is 23 

the rate at which individuals recover from being infected, calculated as 1/infectious period. If the population remains unchanged over time, then 24 

the birth rate is the same as the mortality rate and calculated as 1/average life expectancy. 25 

 26 

The force of infection 𝜆(𝑡) describes the rate at which exposed individuals become infected and it depends on the number of infected individuals 27 

in the population (I), i.e. 28 

𝜆 = 𝛽𝐶.𝐼         (5) 29 

where 𝛽 is the probability of transmission of infection per contact between infected and susceptible individual and  𝑐:		is the number of contacts 30 

between infected and susceptible persons and, as before, I is the number of infected individuals.  31 

 32 

When the transmission of infection among specific age or risk cohorts needs to be considered, the system of equations (1)-(5) is compartmentalised 33 

by age and risk group so that separate equations equivalent to (1)-(4) are formulated for different age and/or risk groups and transfer from one age 34 

cohort to the next is incorporated via an ageing term. The force of infection becomes age/risk specific with 𝜆<	becoming a matrix with entries 35 

representing the infection between different age/risk groups. Social surveys may be used to describe the patterns of social contact 𝑐:within and 36 

between different age/risk groups, whereas the transmission probability may be single value or have different age/risk group values, that are often 37 

fitted in the process of model calibration.  38 

 39 
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If the time of exposure to infection is short, the equation for the population of exposed individuals is omitted from the system with the SEIR model 40 

becoming an SIR model. In this case the force of infection term describes the transfer of susceptible rather than pre-exposed individuals to infected 41 

individuals.  42 

 43 

Vaccination is accepted as one of the most effective ways of preventing transmission and spread of infectious diseases. Equations (1)-(5) can easily 44 

be adapted to include vaccination against the infectious disease considered and can be utilised to explore the impact of different vaccine strategies 45 

on transmission and spread of infectious disease. Vaccination can be incorporated in the model in two ways. Firstly, it can be incorporated by 46 

transfer at a rate v of susceptible individuals into immune (R(t)) and hence the system (1)-(5) has a term – 𝑣𝑆(𝑡) added to equation (1) and a term 47 

𝑣(𝑆(𝑡) to equation (4). Alternatively, vaccination can be incorporated by including a separate compartment accounting for vaccinated individuals  48 

V(t): 49 
!?($)
!$

= 𝑣𝑆(𝑡) − 𝑚𝑉(𝑡)       (6) 50 

Here the vaccination rate v represents the effective coverage against an infectious disease and is a product of the uptake level for the vaccine and 51 

the efficacy of the vaccine product used.  52 

 53 

The vaccines we have considered in this work are those included in the childhood immunisation proramme in the UK as of December 2016. These 54 

vaccines, the diseases they cover against, the efficacy and references are summarised in Table S1.  55 

 56 

 57 

 58 

 59 

 60 
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Vaccine Disease vaccinated against (efficacy used for modelling, %) Source 

Menjugate or NeisVac Primary (<1 year old) Men C (99.4) Electronic Medicines 

Compendium (EMC) 

Menjugate or NeisVac Booster (>1 year old) Men C (100) EMC 

Menitorix Primary (<1 year old) Men C (99.3), Hib (100) EMC 

Menitorix Booster (>1 year old) Men C (98 different primary, 100 otherwise), Hib (100) EMC 

MMR VAXPRO/Priorix after one dose (>1 year 

old) 

Measles (90), Mumps (64),Rubella (99) Green Book 

MMR VAXPRO/Priorix after two  doses (>1 year 

old) 

Measles (99), Mumps (87),Rubella (99.9) Green Book 

Pediacel (<1 year old) Tetanus (100), Polio (100),Diphtheria (99.2),Pertussis (98.7),Hib (91) EMC 

Pediacel (>1 year old) Tetanus (100), Polio (100),Diphtheria (99.1),Pertussis (96.7),Hib (99.1) EMC 

Prevenar 13 (both doses) Pneumococcal (94.8) EMC 

Repevax or Infanrix IPV (>3 years old) Tetanus (100), Polio (100), Diphtheria (100),Pertussis (99.6) EMC 

Rotarix (<1 year old) Rotavirus (91.8) EMC 

HBVaxPRO (both doses) Hep B (96) EMC 

Infanrix Hexa (<1 year old) Tetanus (100), Polio (100), Diphtheria (100),Pertussis (100), Hib (96.4), Hep B (99.5) European Medicines Agency 

Infanrix Hexa (>1 year old Tetanus (99.9), Polio (99.9), Diphtheria (99.9),Pertussis (99.9), Hib (99.7), Hep B (98.4) European Medicines Agency 

Bexsero Men B (83.6) EMC 

Table S1: A summary of vaccines considered in this work, the disease they vaccinate against and the efficacies used in the modelling references. 61 

This is reproduced with permission from Crowe S et al.. BMC Infect Dis. (2015) 15:585. doi: 10.1186/s12879-015-1299-8  62 
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A.2.1 Model parametrisation, calibration and projections  63 

In order for the model describing the transmission of and vaccination against an infectious disease to be specific disease, it needs to be parametrised 64 

to available epidemiological and biological data for that disease and also within the setting considered. The parametrised model is then used to 65 

project outcomes such as the number of invasive or clinical disease cases, deaths or hospitalisations due to the disease. The model is 66 

validated/calibrated by comparing these model projected outcomes with available historic data. The calibrated model has a parameter set for which 67 

the model and the date best match, and the calibrated model is then used to explore how diseases’ burden changes under different vaccination 68 

strategies (e.g. vaccinating all susceptible individuals in contrast to vaccinating a specific age or risk cohort).  69 

 70 

For different infectious disease, the force of infection, the period of infectiousness and the rate of disease recovery will be different. Therefore, 71 

whilst the mathematical structure of the model (1)-(6) may remain the same across different diseases considered, the model parameters that calibrate 72 

the model will be different and the projected outcomes will be disease and scenario specific.   73 

 74 

A.2.2 Outcomes across different diseases 75 

Our initial aim in undertaking this work was to develop relevant transmission model for each infectious disease included in the current routine 76 

childhood vaccine schedule in the UK: Polio, Diphtheria, Tetanus, Pertussis, Haemophilus influenzae B (Hib), Rotavirus, Measles, Mumps, 77 

Rubella, Pneumococcal disease (Pneumococcal), Neisseria Meningitides Group C (Men C) and Meningitides Group B (Men B).  78 

 79 

For some of these diseases, modelling groups within Public Health England (PHE) and across different university in the UK already undertake 80 

extensive modelling analysis for individual diseases (as outlined in Figure S1). These models (for pertussis, Hib, rotavirus, measles, pneumococcal, 81 

Men C and Men B) have SEIR/SIR structure and stratified into different age and/or risk groups, are parametrised for England or England and 82 

Wales and calibrated against available historic data for each disease. The calibrated models are then used to evaluate different vaccination 83 

strategies. For the purpose of this work, and in collaboration with the relevant experts who develop and use these models, where possible we 84 
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applied the available validated models to England to project the relevant burden for that diseases as the annual number of disease cases across all 85 

age groups at different levels of effective coverage against the relevant disease over the first 5 years of life. For some of the diseases (Men C and 86 

pertussis) the available models are currently reassessed and re-calibrated against the more recent data and as such these models were not available 87 

for us to use within the timescale of this project. In this case, in agreement with the experts, we used the available historic data, and regression 88 

models, to make our disease burden and effective vaccine coverage projections. For some diseases, we needed to extend existing models to account 89 

for recent vaccine changes that have not been incorporated in the previous models (e.g. Hib) or develop a new model (e.g. measles). For some of 90 

the diseases for which vaccine uptake in England is high and the diseases are currently near elimination (polio, diphtheria, tetanus, rubella) the 91 

burden is already very low. As a consequence, no modelling work is currently ongoing nor is necessary to explore different optimal strategies to 92 

reduce burden. For the purpose of this work, for these diseases we used publicly available data, and regression models, to quantify disease burden 93 

at different levels of effective vaccine coverage.  94 

 95 

In Figure A1 we highlight the key modelling experts for each of the 12 diseases included in the current routine childhood vaccination programme 96 

in the UK and we indicate the approach (model or data synthesis) that we utilised to quantify disease burden. In the sections A.4-A.14, we then 97 

give more details on specific methodology we used and the projections we obtained.  98 
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Tetanus

Pertussis

Hib

Men C

Measles

Mumps

Rubella

Pneumococcal

Men B

Rotavirus

Polio

↵

Developed a bespoke model calibrated to England 

and Wales  in collaboration with Dimitris 

Voulgarelis (UCL) and Sebastian Funk (LSHTM). 

However, the model projections were not used as 

the calibration needed improvement, and  instead 

historic data were used. 

Used a model developed 

by Matt Keeling’s Warwick 

group. Collaboration with 

Tinevimbo Shiri (Warwick 

University).

Used available 

historic data on 

disease burden and 

effective vaccine 

coverage

Used an established model 

in collaboration with 

Katherine Atkins (LSHTM).

Used available historic data 

on disease burden and 

effective vaccine coverage

Used available historic data 

on disease burden and 

vaccine uptake as the 

established model from 

Caroline Trotter (University of 

Cambridge) is currently being 

re-calibrated to recent data. 

Used a bespoke model 

calibrated to England and 

Wales data on historic 

burden. Collaboration with 

Hannah Christensen 

(University of Bristol) and 

Caroline Trotter (University 

of Cambridge).

Used a mathematical model. 

Extended and recalibrated 

previous model in collaboration 

with Jodie McVernon 

(University of Melbourne) and 

Stefan Flasche (LSHTM)

Potential to, in future, use a 

model from Public Health 

England in collaboration with 

Yoon Choi. Currently, the 

model is being re-calibrated 

to most recent data .

Diphteria

Used available historic 

data on disease burden 

and effective vaccine  

coverage
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Figure A1: Schematic of the methodology (model or historic data) used to quantify disease burden at different levels of effective coverage over 100 

the first 5 years of life against the twelve diseases included in the current immunisation programme in the UK. For each disease we list the 101 

collaborating groups we have worked with and the lead modellers within each group and we highlight whether we used model or data synthesis 102 

for our projections. 103 

 104 

A.3 Calculating the time-averaged effective vaccine coverage 105 

A.3.1 Effective vaccine coverage  106 

With the current immunisation programme in the UK, protection is given against twelve infectious diseases, with associated vaccines 107 

administered at different times over the first 5 years of life (see Table 1 in the main text). Data from the Cover of vaccination evaluated rapidly 108 

(COVER) programme (https://www.gov.uk/government/statistics/cover-of-vaccination-evaluated-rapidly-cover-programme-2015-to-2016-109 

quarterly-data ) reports the uptake levels for different vaccines at 12, 24 and/or 60 months and the Electronic Medicines Compendium (EMC) 110 

(https://www.medicines.org.uk/emc/ ) reports the efficacy of the vaccine product against associated diseases in different age cohorts (as per 111 

Table S1). Combining these we can calculate, at a time point, the effective vaccine coverage against each disease as a product of vaccine uptake 112 

level and efficacy of the vaccine product used. This effective vaccine coverage varies over the first 5 years of life depending on when the 113 

vaccine is administered and what its’ efficacy is in that age cohort.  114 

Mathematical models, including the SEIR/SIR models described in section A.2, tend to apply a single level of effective coverage to the 0-5 years 115 

old.  116 

A.3.2 Disease burden  117 

The burden of infectious diseases for England and Wales is reported either annually or per quarter of the year as the number of disease cases 118 

(either notifications or laboratory confirmed) as collected by Public Health England (https://www.gov.uk/government/collections/notifications-119 

of-infectious-diseases-noids).  120 

 121 
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As mentioned in section A.2, models for transmission of infectious disease are calibrated against such historic data and can then be used to 122 

quantify the impact of immunisation by, for example, projecting future disease burden for different levels of effective vaccine coverage.  123 

 124 

A.3.3 Relating effective vaccine coverage against a disease with disease burden 125 

In this work, we want to understand the relationship between disease burden and effective vaccine coverage over the first 5 years of life across 126 

all 12 disease included in the current immunisation programme in the UK. To do this, as per Figure A1, we use either validated mathematical 127 

model projections or synthesised historic data to determine a relationship between effective vaccine coverage (EC) against the infectious disease 128 

over the first 5 years of life and the associated disease burden in all ages.  129 

 130 

If we use a mathematical model, we calculate the annual number of disease cases in all ages for different levels of effective coverage to the 0-5 131 

years old and determine an average over 10 years post vaccination start. 132 

 133 

If we use historic data, then for each reported year we need to choose an appropriate time point at which to link the product of reported vaccine 134 

uptake and efficacy with disease notifications for the disease in question. This can be the time point when primary (e.g. 12 or 24 months) or 135 

booster (e.g. 40 months) vaccine doses are completed, but these can differ across different vaccines. To keep consistency and uniformity across 136 

the twelve diseases in the current UK childhood immunisation programme, instead of calculated the effective vaccine coverage at one time point 137 

in a year, we calculated the time-averaged effective vaccine coverage against each disease over the first 5 years of life for that year (see section 138 

A.3.4). We then linked this to the associated disease burden value quantified by the annual number of disease cases across all ages for that year. 139 

 140 

A.3.4 Calculating time-averaged effective vaccine coverage against a disease 141 

To illustrate how we calculate this, let’s consider a disease A that has a primary vaccine administered at time 𝑇B(<12 months) and a booster 142 

vaccine given at  𝑇C (>12 months). Let’s assume the uptake level for this vaccine is reported at the completion of the primary dose (>𝑇Bmonths) 143 
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to be 𝑐Band the uptake at completion of booster dose (>𝑇C months) is reported to be 𝑐C. This means that the uptake of the vaccine against disease 144 

A is 𝑐Bfor the time period (𝑇B, 𝑇C) months and it is 𝑐C for the time period (𝑇C, 60) months.  145 

 146 

The efficacy of different vaccine products is related to the strength of the immune response and it is often reported for two age cohorts (e.g. up to 147 

1 year old and over 1 year old). For the purpose of this work we will assume that the efficacy of the vaccine product used against disease A is 148 

𝑒B	for the time from primary to booster vaccination i.e. (𝑇B, 𝑇C) and it is 𝑒C after administration of the booster vaccine i.e. for (𝑇C, 60).  149 

 150 

Then the effective coverage (EC) against disease A is 𝑒B ∗ 𝑐Bfor the time period (𝑇B, 𝑇C) months and it is 𝑒C ∗ 𝑐C for the time period (𝑇C, 60) 151 

months.  Then the time-averaged effective coverage against disease A over the first 5 years of life is then calculated as: 152 

𝑇𝐴.JK =
LM
NO
× 0 × 𝑒B +

LQRLM
NO

× 𝑐B × 𝑒B +
NORLQ
NO

× 𝑐C × 𝑒C  (7) 153 

Using this formula we calculated the annual time-averaged effective vaccine coverage (henceforth effective vaccine coverage) for different years 154 

and across different infectious diseases using the reported uptake values for England (https://www.gov.uk/government/collections/vaccine-155 

uptake). This allowed us to derive a single value for the effective vaccine coverage per year per disease across the twelve infectious diseases we 156 

considered.  157 

A.4 Projection for Poliomyelitis 158 

Poliomyelitis (polio) is an acute illness that follows invasion through the gastrointestinal tract by one of the three (1,2 and 3) serotypes of polio 159 

virus [1]. The virus then replicates in the gut and spreads via the bloodstream to susceptible tissues or to the central nervous system. Since infection 160 

is clinically not apparent and symptoms are very variable (ranging from fever or paralysis), polio is often difficult to diagnose [1]. Prior to routine 161 

vaccination against polio, in the 1950s there was a polio epidemic with as many as 8,000 annual polio infections reported in England and Wales 162 

[1,2].  163 

 164 
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Routine vaccination with inactivated polio vaccine (IPV-Salk) [1] started in the UK in 1956.  In 1962 this vaccine was replaced with a live 165 

attenuated oral polio vaccine (OPV-Sabin) [1], and in 2004, this was replaced with a combined 5-in-1vaccine which in addition to containing 166 

inactive polio product also has vaccine products against tetanus, diphtheria, pertussis (whooping cough) and Hib. As part of the primary childhood 167 

immunisation schedule in the UK, this 5-in-1 vaccine is given at 2,3 and 4 months as two alternative products: Pediacel or Infanrix. In addition, a 168 

preschool booster vaccine against polio is also given as a combined 4-in-1 product protecting in addition against diphtheria, tetanus and pertussis 169 

and given at 40 months as two alternative products: Infranrix or Repevax.  170 

 171 

Vaccination against polio is reported to be highly effective with results from several randomised controlled trials showing that 96-100% of infants 172 

given the polio vaccine at two, three and four months of age develop protective levels of antibodies against polio [1]. Furthermore, the Electronic 173 

Medicines Compendium (EMC) reports a value of 100% efficacy for all polio vaccine products in all age cohorts ([7] and as per Table S1). 174 

 175 

The uptake level of polio vaccination in England and Wales (1966-1977) and England (1978-2012) at completion of the primary course (at 24 176 

months) is reported in [4] whereas the levels of polio vaccine coverage at 12, 24 and 60 months for the years 2004/05-2015/16 are reported in 177 

[5,6]. Combining these uptake levels with the efficacy levels of vaccination against polio, we used the method in section A.3.4 to calculate the 178 

time-averaged effective coverage over the first 5 years for each year 1966-2015.We plot this in Figure A2(a) (dashed line) 179 

 180 

As a result of the routine vaccination against polio, the number of polio infections in England fell rapidly (from 7,054 in 1950 to 4 in 1973 [2]- 181 

rescaled to England only). In the UK, the last polio outbreak occurred in late 1970s, whereas the last case of a natural polio infection acquired in 182 

the UK was in 1984 [1]. The annual polio notifications for England and Wales across all age groups are available separately for the period 1912-183 

1981 and 1982-2014 [2]. Using the most recent population sizes for England and Wales versus England only from the Office of National 184 

Statistics (https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates) we rescale these notifications 185 

for England only and plot over the period 1966-2014 line in Figure A2(a) (full line). 186 
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Since routine vaccination against polio has been very effective in dramatically reducing and almost eliminating the burden of polio, there has 187 

been no need for mathematical modelling of different vaccination strategies. Therefore, to determine a relationship between polio burden and 188 

effective vaccine coverage against polio we link the data from Figure A2(a), together with a constraint that pre-vaccination levels of polio are 189 

4,427 for England (calculated as a 10-year pre-vaccination average number from [2] and rescaled to England only) and assuming that at 100% 190 

effective coverage polio will be eliminated. We use the Curve Fitting Toolbox in MATLAB to determine the best-fit (𝑅C = 1) curve as an 191 

exponential function 𝑦 = 4025𝑒RO.OYZ[\]  and project the polio burden at different levels of EC in Figure A2(b) as the black, solid curve. We 192 

understand that due to lack of effective coverage values below the 70% value, there are uncertainties around fitting the correct decreasing 193 

function in this region [0%,70%] effective coverage in Figure A2(b) and various different curves might equally well fit the historic data points. 194 

However, these curves would all fit the dataset in the range [70%,100%] effective coverage almost identically as the exponential function we 195 

have used, and we arbitrarily chose to use this exponential fit. 196 
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 197 
Figure A2(a)-(b). (a) Projections of polio burden (full line) and calculated time-averaged over first 5 years of life polio effective vaccine coverage 198 

(dashed line) for the period 1966-2015 for England using publicly available data. (b) Relationship between historic polio burden and effective 199 

vaccine coverage. The historic data (‘x’) from (a) are fitted to an exponential function (𝑓(𝑥) = 4025 ∗ 𝑒RO.OYZ[\∗]with 𝑅C = 1 using the Curve 200 

Fitting Toolbox in MATLAB. 201 
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 218 

A.5 Diphtheria 219 

Diphtheria is an acute infectious disease caused by infection with toxigenic bacterium Corynebacterium diphtheriae or Corynebacterium ulcerans 220 

and often spread by coughing of an infected person [1]. Prior to vaccination against diphtheria, in the 1940s, diphtheria was a common disease: 221 

in 1940 there were more than 61,000 notified diphtheria cases and 3,283 notified deaths in England and Wales [1,2]. 222 

 223 

Vaccination against diphtheria in the UK started in 1948 with a combined 3-in-1 vaccine protecting against diphtheria, tetanus and pertussis [1].  224 

In 1996 this was extended to a 4-in-1 vaccine by including protection against Hib [1,2]. Since 2004 this vaccine also includes immunisation against 225 

polio, with the combined 5-in-1 vaccine available as two alternative products:  Pediacel or Infanrix. The primary immunisation course is 226 

administered at 2,3 and 4 months of age. In addition, a pre-school booster is also given at 40 months old as a 4-in-1 (diphtheria, tetanus, pertussis 227 

and Hib) vaccine and as an alternative product: Infranrix or Repevax. The efficacy of the historic 3-in-1 and 4-in-1 vaccine against diphtheria has 228 

been shown to be similar, with studies suggesting that both vaccines had 100% of infants develop protective bodies against diphtheria [3]. The 229 
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efficacy of the 5-in-1 vaccine products against diphtheria are age dependent and available from the Electronic Medicines Compendium (EMC) [4] 230 

and summarized in Table S1.   231 

 232 

The historic level of diphtheria vaccination uptake is reported at completion of primary course (24 months) for period 1966-2012 in [5], with more 233 

recent (since 2004) uptake levels at 24 months and 60 months, reported in [6,7]. Combining these uptake levels with the efficacy of the vaccines 234 

used, and using the method from section A.3.4 we calculate the annual time-averaged effective coverage against diphtheria for children under 5 235 

years old in the period 1966-2015 and plot it as a dashed line in Figure A3(a).  236 

 237 

Implementing a routine national immunisation against diphtheria dramatically reduced the number of toxigenic cases and deaths from the disease: 238 

in 1940, more than 61,000 cases with 3,283 deaths were notified in England and Wales, compared with 38 cases and six deaths in 1957, and only 239 

4 deaths over the last twenty years with all occurring in unvaccinated individuals [2,8]. Nowadays the burden of diphtheria is low: in the period 240 

1986-2014 there were only 200 cases of toxigenic diphtheria and two deaths in England and Wales [1,8]. As a consequence, there isn’t an ongoing 241 

modelling work on diphtheria vaccination. Following discussion with diphtheria experts, we have decided to refer to historic data to relate effective 242 

vaccine coverage with diphtheria burden. However, we note that although the current burden of diphtheria is negligible, continual vaccination as 243 

part of the childhood vaccination schedule is necessary since in the last two years two unvaccinated children have died of diphtheria in Europe 244 

(one in Spain in 2015 [9], and one in Belgium in March 2016 [10]). 245 

 246 

The historic burden of diphtheria in England and Wales is reported as annual notifications until 1985 and as laboratory confirmed cases since 247 

1986 across all age cohorts [8]. Using the most recent population sizes for England and Wales versus England only from the Office of National 248 

Statistics (https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates) we rescale the historic number 249 

of diphtheria cases for England only and plot these for the period 1966-2015 line in Figure A3(a) (solid line). In Figure A3(b) (‘x’) we combine 250 

the data from Figure A3(a) to plot the historic diphtheria burden in all ages against different levels of time-averaged effective coverage against 251 
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diphtheria in children under 5 years old. To quantify the pre-vaccination burden of diphtheria we calculated the number of diphtheria 252 

notifications in the 10 year-period before vaccination started from [8], scaled to England only (36,839 notifications). Using this as a constraint at 253 

0% effective coverage and assuming that at 100% effective coverage diphtheria it will be eliminated, we use the Curve Fitting Toolbox in 254 

MATLAB to determine the best-fit (𝑅C = 1) curve as the exponential function 𝑦 = 3.986𝑒RB.\YC]  (solid curve in Figure A3(b)). We understand 255 

that due to lack of effective coverage values below the 70% value, there are uncertainties around fitting the correct decreasing function in this 256 

region [0%,70%] effective coverage in Figure A2(b) and various different curves might equally well fit the historic data points. However, these 257 

curves would all fit the dataset in the range [70%,100%] effective coverage almost identically as the exponential function we have used, and we 258 

arbitrarily chose to use the exponential fit. 259 

 260 
Figure A3(a)-(b). (a) Projections of the historic burden of diphtheria (solid line) and the time-averaged effective vaccine coverage against 261 

diphtheria in 0-5 years old (dashed line) over the period 1966-2015 using historic data [6]-[8]. (b) Projection of the relationship between 262 
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diphtheria burden and effective vaccine coverage in children under 5 years old for England using the data from (a) (‘x’). The data is fitted to an 263 

exponential function as the best-fit curve (with 𝑅C = 1) sing the Curve Fitting Toolbox in MATLAB. 264 
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A.6 Tetanus 288 

Tetanus is an acute disease caused by the action of tetanus toxin, released following infection by the bacterium Clostridium tetani [1]. Tetanus 289 

spores are present in soil or manure and may be introduced into the body through a puncture wound, burn or scratch and this often may go unnoticed 290 

for a long time. The tetanus bacteria grow anaerobically at the site of the injury and have an incubation period of between four and 21 days [1]. 291 

 292 

Prior to introduction of a routine vaccination against tetanus, the burden of this disease was large with reported around 200 annual deaths due to 293 

tetanus in England and Wales. The number of notified cases in England are only available since 1969, but the USA Centre for Disease Control 294 

(CDC) reports that the death-to-case ratio is 10% [2] suggesting that pre-vaccination level was about 1800 annual tetanus cases in England and 295 

Wales.  296 

 297 

Routine vaccination against tetanus was introduced in 1961 as a combined 3-in-1 vaccine against diphtheria, tetanus and pertussis [1,3]. In 1996, 298 

this was extended to a 4-in-1vaccine to also include protection against Hib, and since 2004 tetanus vaccination is part of the combined 5-in-1 299 

vaccine protecting against diphtheria, pertussis, polio and Hib and administered at 2,3 and 4 months of age. In addition, since 2004, a pre-school 300 

4-in-1 booster-vaccine protecting against diphtheria, tetanus, pertussis and polio is also given at 40 months. The efficacy of the vaccination against 301 

tetanus is reportedly very high ([4] and as per Table S1).   302 

 303 

The historic level of tetanus vaccination uptake is reported at completion of primary course (24 months) for period 1966-2012 in [5], with more 304 

recent (since 2004) uptake levels reported at 24 months and 60 months [6,7]. Combining these uptake levels with assumed 100% efficacy of the 305 

vaccines used [4], we use the method from section A.3.4 to calculate the annual time-averaged effective coverage against tetanus in children under 306 

5 years old in the period 1966-2015. We plot this as a dashed line in Figure A4(a).  307 
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The implementation of routine vaccination against tetanus has almost diminished tetanus in the UK and hence there has not been a need to employ 308 

mathematical modelling work for tetanus vaccination. Following discussion with experts, we decided to use the historic projections and collated 309 

the number of notified tetanus cases across all ages available annually for the period 1969-2015 [8,9] and plot this data in Figure A4(a) (solid 310 

curve). 311 

 312 

In Figure A4(b) (‘x’) we combined the data from Figure A4(a) to plot the historic tetanus burden in all ages at different levels of time-averaged 313 

effective coverage against tetanus in children under 5 years old. The burden of tetanus in the pre-vaccination era was estimated assuming 10% 314 

death-to-case ratio from [3] and using the estimation of around 1800 annual cases of tetanus in England and Wales (or 1655 when rescaled to 315 

England only) from [2]. We used this as a constraint at 0% effective coverage and assumed that at 100% effective coverage tetanus will be 316 

eliminated. Using the Curve Fitting Toolbox in MATLAB we determined the best-fit curve to this data (with 𝑅C = 0.998) to be the exponential 317 

function 𝑦 = 1655𝑒RO.ONB\N]  (solid curve in Figure A4(b)). We note that due to lack of effective coverage values below the 70% value, there are 318 

uncertainties around fitting the correct decreasing function in this region [0%,70%] effective coverage in Figure A2(b) and various different 319 

curves might equally well fit the historic data points. However, these curves would all fit the dataset in the range [70%,100%] effective coverage 320 

almost identically as the exponential function we have used, and we arbitrarily chose to use the exponential fit. 321 

 322 

 323 
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 324 
Figure A4(a)-(b). (a) Projections of the historic (1965-2015) burden of tetanus (solid line) and historic level of effective vaccine coverage against 325 

tetanus (1966-2015) (dashed line) using the publicly available data [5]-[9]. (b) Combining the historic data from (a) and subject to constraints at 326 

0% (1655 tetanus cases) and 100% (0 tetanus cases) effective coverage levels, we fit the data from (a) (as ‘x’) to an exponential function as the 327 

best fit curve (with 𝑅C = 0.998) using the Curve fitting toolbox in MATLAB. 328 
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 347 

A.7 Pertussis 348 

Whooping cough (pertussis) is a highly infectious disease that is usually caused by Bordetella pertussis bacteria [1]. Although England and Wales 349 

have experienced an extended period of high vaccine coverage and as a consequence disease incidence has fallen dramatically, pertussis remains 350 

the most common vaccine-preventable cause of hospitalisation and death in infants [2]. Prior to introduction of immunisation against pertussis 351 

there were around 100,000 annual pertussis cases in England and Wales [1,3].  352 

 353 

Routine vaccination against pertussis started in 1957 with a whole-cell pertussis (wP) vaccine from 3 months of age. This dramatically reduced 354 

the annual pertussis cases with reported 2,069 notifications in 1972, when vaccine coverage was around 80% [3]. Public anxiety about the safety 355 

and efficacy of the wP vaccine reduced the level of this vaccine uptake in the 1970s and 1980s with reported vaccine uptake falling to around 30% 356 
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by 1978. As a consequence, pertussis resurged and there were two major pertussis epidemics the UK in 1977–79 and 1981–83 characterised with 357 

around 65,000 pertussis notifications and 12 deaths [3]. To deal with the anxiety surrounding the wP vaccine and an increasing pertussis burden, 358 

but also to accommodate the change of oral to inactivated polio vaccine that could only be combined with acellular pertussis component, in 2004 359 

an acellular pertussis (aP) vaccine was introduced made from highly purified selected components of the Bordetella pertussis organism. The 360 

reported incidence of local and systemic reactions is lower with aP vaccines than with the wP vaccine [4-6]. 361 

 362 

Currently the aP vaccine in the UK is part of the combined 5-in-1 primary vaccine administered at 2,3 and 4 months of age and the pre-school 4-363 

in-1 booster vaccine given at 40 months. Historical levels of uptake of the vaccine against pertussis at 2 years old (i.e. at completion of the primary 364 

course) are reported annually for the period 1966-2015 in [7]. In [8] the uptake levels for both the primary wP (1957-2003) and aP (2004-2015) 365 

vaccines as well as the aP booster vaccine are also reported. The efficacy of protection against pertussis is different for the wP and the aP vaccines. 366 

For the wP vaccine 87% efficacy against pertussis infections was reported in [9] over the epidemic periods (1977-79, 1981-83) and 93% efficacy 367 

in non-epidemic periods (1968-2004 apart from the 1977-79, 1981-83). Within the mathematical model in [8], this protection against pertussis was 368 

varied in the fitting process. To be within the 5% of the best-fit model projection, protection of 80% for the wP vaccine was suggested, whereas 369 

the protection for the aP vaccine varied between 50-90% (Figure 4 in [8]). In other studies, the efficacy of the aP vaccine was suggested to be 370 

higher and between 92-95% across different settings: Sweden [10,11], Denmark [12,13] or USA [14]. Finally, the efficacy reported by Electronic 371 

Medicines Compendium (EMC) in [15] and previously used in our work (Table 4 in [16]) was 96.7% for the aP vaccine (using Pediacel product 372 

which has been solely used from 2004 until June 2014 in England and Wales). Taking in account all of these pertussis vaccine efficacy values we 373 

have decided to use the 87% efficacy from [8] for the wP vaccine and the 96.7% efficacy from [15,16] for the aP vaccine. Combining these efficacy 374 

values with the reported annual values of vaccine uptake, we use the method from section A3.4 to calculate the time-averaged effective coverage 375 

of vaccination against pertussis in children under 5 years old for the period 1966-2015. We plot these in Figure A5(a) – dashed curve. 376 

 377 
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Yearly notified number of pertussis cases in all ages for the period 1954-2015 are available in the Appendix of [8] and can be used as a proxy for 378 

pertussis burden. We plot these for the period 1966-2015 in Figure A5(a)- solid curve. 379 

 380 

To correlate the burden of pertussis with the effective coverage against pertussis, we can combine these historic data or implement a mathematical 381 

model for pertussis transmission and vaccination such as the model in [8]. At the time of undertaking this work, the lead modeler Yoon Choi was 382 

still developing the model and calibrating it to the latest available data for England and Wales (Y.Choi, personal communication). Therefore, the 383 

model was not in a state to be readily used within the timeline of our study. There is a potential that this model may be used in future, but for the 384 

purposes of this paper, and on advise of Y.Choi, we decided to use historic data on pertussis burden in all ages and the time-averaged effective 385 

coverage against pertussis in the first 5 years of life. We plot the pertussis burden against the effective coverage against pertussis in Figure A4(b)(as 386 

‘x’). Using constraints for the pre-vaccination level: as an average of the yearly notifications over the three years before the vaccination started 387 

(92,467 cases and as per [8] and rescalled to England population – 81,430 cases) and assuming that at 100% effective coverage pertussis will be 388 

eliminated, we used the Curve Fitting Toolbox in MATLAB to fit a Gaussian function 𝑓(𝑥) = 22250𝑒(Rc
def.ghM
i.jjQ k

Q
) to this data (Figure A5(b)) 389 

(𝑅C = 0.9433), giving us a relationship between pertussis burden and effective coverage against pertussis. 390 
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 391 
Figure A5(a)-(b). (a) Historic projections for the annual pertussis notifications in all ages (solid black line) and effective vaccine coverage levels 392 

of the vaccine against pertussis (including both wP and aP vaccine- dashed line) over the period 1965-2015 using publicly available data from 393 

[7]-[9] . (b) Projections of pertussis burden at different levels of effective vaccine coverage using the data from (a) (plotted as ‘x’) are fitted to a 394 

Gaussian function (solid black line) with 𝑅C = 0.9433 using the Curve Fitting Toolbox in MATLAB.  395 
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A.8 Haemophilus influenzae Type B (Hib) 429 

Haemophilus influenza type B is a bacterial invasive illness that affects the brain and may lead to meningitis, bloodstream infections, pneumonia 430 

and other serious diseases [1]. Hib is spread through coughing, sneezing or close contact with an infected person. In England and Wales Hib cases 431 

are identified by Public Health England through laboratory reports of confirmed disease infections. Before the introduction of routine immunisation 432 

against Hib in England and Wales, the estimated annual incidence of invasive Hib disease was 34 per 100,000 children under five years of age, 433 

about four in every 100 pre-school children carried the Hib organism and one in every 600 children developed some form of invasive Hib disease 434 

before their fifth birthday [2,3]. Vaccines against Hib were first produced in the early 1970s containing purified capsular polysaccharide. These 435 

vaccines were effective in children over 18 months of age, but failed to protect younger children, in whom the risk of disease was highest [4]. 436 

Introduction and usage of conjugate Hib vaccines overcame this problem and in 1992, Hib conjugate vaccine was introduced into the routine UK 437 

immunisation schedule [4]. In 1996, the single Hib vaccine was incorporated in a combined 4-in-1 vaccine also protecting against diphtheria, 438 

tetanus and pertussis and since 2004, this was extended to a combined 5-in-1 vaccine which additionally protects against polio and is part of the 439 

routine childhood immunisation programme given at 2,3 and 4 months of age [1]. An additional booster vaccine with combined protections against 440 

Hib and Men C was introduced into the routine childhood immunisation programme in 2006 and is given at 12 months of age. 441 

 442 

The routine use of vaccines to protect against Hib since 1992 has dramatically reduced the incidence of Hib, with disease incidence falling almost 443 

four-folds [1-3]: in 2014 there were only 12 reported cases of invasive Hib across all ages in England and Wales compared with respective 849 444 

cases in 1992 [8]. The historic number of laboratory confirmed cases of invasive Hib infections across all ages are publicly available in [8] for the 445 

period 1990-2014 and we plot these in Figure A6(a) (solid line). 446 
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The historic levels of uptake of the Hib vaccine at 2 years old (i.e. at completion of the primary course) are also publically available [9] and suggest 447 

that after the initial year low (75%) vaccine uptake, since 1991 the uptake level of Hib vaccination has been high and at least 91%. The efficacy 448 

and safety of the conjugate Hib vaccines have been demonstrated in large field trials in Finland, the United States and England and Wales, where 449 

efficacy ranged from 83 to 100% [5,10-12]. In addition, studies comparing different vaccines, used in the current UK primary schedule, have 450 

shown that 90 to 99% of children developed protective levels of antibodies following three doses of vaccine [5]. In our previous study, we used 451 

the efficacy values of 99.1% (Pediacel) or 99.7% (Infranrix Hexa) as per Table S1. Taking an average of these two values, we assume the efficacy 452 

levels against Hib infection to be 99.5%, and use the reported uptake levels at 2 years and at 60 months to calculate the time-averaged effective 453 

coverage against Hib for the period 1993-2014 using the method from section A3.4. This is plotted it in Figure A6(a) (dashed line).  454 

 455 

Combining the data from Figure A6(a), and using two constraints: at 0% effective coverage 849 reported Hib cases across all ages pre-456 

vaccination (in 1991) [8] and at 100% effective coverage we assume Hib will be eliminated. Using the Curve Fitting Toolbox in MATLAB we 457 

determine a best-fit decreasing curve to the data ‘x’ to be the exponential function 𝑦 = 101.5𝑒RO.\lN\]  with 𝑅C = 0.8461 (Figure A6(b) solid 458 

line). 459 

 460 
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 461 
Figure A6(a)-(b). (a) Projections of the historic (1993-2014) burden of Hib disease in all ages (solid line) and the effective vaccine coverage (as time-462 
averaged over the first 5 years of life) against Hib (dashed line) using publicly available data. (b) Combining the data from (a), we correlate the burden of Hib 463 

and the effective vaccine coverage against Hib. Historic data (x) are fitted to a decreasing best-fit curve (𝑅C = 0.8461) using the Curve Fitting Toolbox in 464 
MATLAB.  465 

Mathematical model for Hib transmission 466 

SEIR/SIR models for Hib transmission provide a useful framework for exploration of the impact of Hib vaccination [13-15]. In this section, we 467 

illustrate how we adapt and use a previously published model for Hib transmission and vaccination in England and Wales [13] to project the burden 468 

of Hib disease at different levels of effective coverage against Hib. The model is an age-structured deterministic SIR model with initial conditions 469 

and model parameters chosen to reflect the England and Wales setting (details in Appendix 1 from [13]). All infections in the model were episodes 470 
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of oropharyngeal carriage. Invasive disease cases, which are rarer in comparison, were not explicitly described but were calculated as a proportion 471 

of colonization events. In [13] the model was calibrated against Hib carriage prevalence in US by age for 1976 and Hib antibodies in English 472 

children for 1990-1991 (Figure 2 in [13]). To calculate the number of Hib cases quasi-steady state approximations were used (Appendix 4 of [13] 473 

and the method of characteristics was used to find a solution to the PDE system in Model Maker Version 4 (Cherwell Scientific, UK).  474 

The model [13] only included the primary vaccination and not the additional vaccine boosters that were introduced in in England and Wales in 475 

2003 (to everyone <4 years old) and in 2006 (as additional booster within the routine childhood vaccination programme administered at 12 months 476 

old) in response to the resurgence in Hib invasive cases between 1999-2003. To account for these changes, we extended the model from [13] to 477 

include these boosters and explored their impact on Hib incidence. The model equations were re-coded in MATLAB and recalibrated to available 478 

Hib incidence data from Public Health England until 2014 [8]. The model was calibrated against yearly reported Hib incidence per 500,000 people 479 

for England and Wales over the period 1990-2014 (Figure A7(a)). Further details of the calibration and re-evaluation of the Hib vaccination for 480 

England and Wales will be published elsewhere (Sillifant L, McVernon J, Flasche S, Panovska-Griffiths J. The impact of booster vaccination on 481 

the burden of Haemophilius influenza type B in England and Wales, in preparation) and including the equations and the parametrisation of the 482 

calibrated model here will deduct from the novelty of that work.  483 

For the purpose of this work, we used the calibrated model (as per Figure A7(a)) to project Hib burden at different levels of effective coverage 484 

against Hib (Figure A7(b)). To achieve this, we simulated a change in the vaccine uptake in 2016 and projected the Hib incidence over the period 485 

2016-2013. We then scaled this incidence to the 2016 midpoint population for England and Wales to calculate the number of invasive Hib cases 486 

per year. We then calculated an average yearly number of invasive Hib cases over the period 2016-2030 for each effective coverage value (Figure 487 

(A7(c)). Vaccine efficacy was taken to be 99.5% as before, and we used the constraints that pre-vaccination there were 849 invasive Hib cases in 488 

all ages and that at 100% effective coverage Hib will be eliminated. Using the Curve Fitting Toolbox in MATLAB we determined that the 489 

exponential function 𝑦 = 72.05𝑒RB.NnN]  is the best-fit to the data (𝑅C = 0.962). 490 
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 492 
Figure A7(a)-(c): (a) Calibration of the extended model from [13] showing the fit of the model projections (orange) to historical data (blue) on 493 

annual Hib incidence for England and Wales over the period 1990-2014. 𝑅C =0.99 for the fit. (b) Projections using an extended version of the 494 

model from [13] of the number of Hib invasive cases over time (1990-2030) when vaccine uptake levels change in 2016. (c) Using the Hib 495 

burden projections from (b) at different levels of average uptake of the Hib over the first 5 years of life, and assuming 99.5% efficacy of the 496 

vaccine product, we calculate and plot burden of Hib against the effective coverage against Hib (‘x’). We then use Curve Fitting Toolbox in 497 

MATLAB to fit an exponential function (solid line) to these values (‘x’). 498 

References: 499 
1. Hib Green book chapter 16, assessed 05/12/2016 500 

http://webarchive.nationalarchives.gov.uk/20130123165216/https://www.wp.dh.gov.uk/immunisation/files/2012/07/chapter-16.pdf 501 

0 10 20 30 40 50 60 70 80 90 100
Effective vaccine coverage against Hib (%)
(time-averaged over the first 5 years of life)

0

100

200

300

400

500

600

700

800

B
ur

de
n 

of
 H

ib
 

(a
nn

ua
l n

um
be

r o
f i

nv
as

iv
e 

H
ib

 c
as

es
 in

 a
ll 

ag
es

)
(c) Burden of Hib at different levels of effective coverage against Hib



 

 32 

2. Trotter C, Ramsay M, Slack M. Rising incidence of Haemophilus influenzae type b disease in England and Wales indicates a need for a second catch-502 
up immunisation campaign. Communicable Disease and Public Health 2003 ; 6 : 55–58  503 

3. Booy R, Hodgson S, Carpenter L et al. (1994) Efficacy of Haemophilus influenzae type b conjugate vaccine PRP-T. Lancet 344 (8919): 362–6. 504 
4. McVernon J, Howard AJ, Slack MP and Ramsay ME (2004) Long-term impact of vaccination on Haemophilus influenzae type b (Hib) carriage in the 505 

United Kingdom. Epidemiol Infect 132 (4): 765–7. 506 
5. Ramsay ME, McVernon J, Andrews NJ, Heath PT, Slack MP. Estimating Haemophilus influenzae type b vaccine effectiveness in England and Wales 507 

by use of the screening method. J Infect Dis. 2003;188:481–5. doi:10.1086/376997  508 
6. Adegbola RA, Secka O, Lahai G, Lloyd-Evans N, Njie A, Usen S, et al. Elimination of Haemophilus influenzae type b (Hib) disease from The 509 

Gambia after the introduction of routine immunisation with a Hib conjugate vaccine: a prospective study. Lancet. 2005;366:144– 50. 510 
doi:10.1016/S0140-6736(05)66788-8  511 

7. Singleton R, Hammitt L, Hennessy T, Bulkow L, DeByle C, Parkinson A, et al. The Alaska Haemophilus influenzae type b experience: lessons in 512 
controlling a vaccine-preventable disease. Pediatrics. 2006;118:e421–9. doi:10.1542/peds.2006-0287  513 

8. Hib notifications by age and quarter 1990-2014 (assessed 10/10/2016). 514 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/407090/Laboratory_reports_of_Haemophilus_influenzae_infection_by515 
_serotype_and_year_England_1990_to_2014.pdf  516 

9. Hib vaccine uptake levels (assessed 10/10/2016) 517 
http://webarchive.nationalarchives.gov.uk/20140629102627/http://www.hpa.org.uk/Topics/InfectiousDiseases/InfectionsAZ/VaccineCoverageAndC518 
OVER/EpidemiologicalData/coverVaccineUptakeData/ 519 

10. Black SB, Shinefield HR, Fireman B et al. (1991a) Efficacy in infancy of oligosaccharide conjugate Haemophilus influenzae type b (HbOC) vaccine 520 
in a United States population of 61,080 children. Pediatr Infect Dis J 10: 97–104. 521 

11. Black SB, Shinefield H, Lampert D et al. (1991b) Safety and immunogenicity of oligosaccharide conjugate Haemophilus influenzae type b (HbOC) 522 
vaccine in infancy. Pediatr Infect Dis J 10: 2. 523 

12. Eskola J, Kayhty H, Takala AK et al. (1990) A randomised, prospective field trial of a conjugate vaccine in the protection of infants and young 524 
children against invasive Haemophilus influenzae type b disease. NEJM 323 (20): 1381–7. 525 



 

 33 

13. McVernon J, Ramsay ME and McLean AR. Understanding the impact of Hib conjugate vaccine on transmission, immunity and disease in the United 526 
Kingdom. Epidemiol. Infect. (2008), 136:800-812. 527 

14. Jackson ML, Rose CE, et al. Modelling insights into Haemophilus influenza Type B disease transmission and vaccine programs Emerg. Infect. Dis. 528 
(2012), 18: 13:-20. 529 

15. Trotter CL, et al. Antibody to Haemophilus influenzae type b after routine and catch-up vaccination. Lancet 2003 ; 361 : 1523–1524.  530 

A.9 Rotavirus 531 

Rotavirus infection is the primary cause of gastroenteritis (RVGE) in children [1]. Worldwide there are annually 138.5 million reported RVGE 532 

cases, more than 2 million hospitalizations and 453,000 deaths in children under 5 years [2]. In England and Wales, rotavirus infection is seasonal 533 

occurring mostly in winter and early spring, with most infections in children between one month and four years old (see Figure 2 in [1]). 534 

Approximately 130,000 children visit their GP with RVGE symptoms and approximately 12,700 children with RVGE are hospitalised every year 535 

in England and Wales [3]. Although, deaths from rotavirus infection in England and Wales are rare, these numbers are difficult to quantify 536 

accurately with reports suggesting 3-4 rotavirus associated deaths a year [4,5]. 537 

 538 

Rotavirus infection is highly contagious with most transmission occurring via the faecal-oral route [1], although respiratory transmission may also 539 

occur [3]. It usually lasts 3-8 days and is characterised by mild fever with severe diarrhoea, vomiting and/or stomach cramps. Since these symptoms 540 

are similar to those of a number of other viruses, rotavirus infection is difficult to diagnose. In addition, many people with RVGE don’t present 541 

themselves to the health services and hence laboratory checks cannot always be done. This makes it difficult to estimate the exact burden of 542 

rotavirus infection. Recent studies have shown that the burden of rotavirus measured as an incidence rate is comparable in developed and 543 

developing countries [6]. For England and Wales, Public Health England quantifies the burden of rotavirus by the number of laboratory confirmed 544 

RVGE cases. These are publicly available for the period 2000-2016 in [7] and are plotted in Figure A8(a). 545 

 546 
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Vaccination is considered the most promising public health measure for reducing the burden of rotavirus disease. There are currently two licenced 547 

vaccines Rotarix® (manufactured by GSK Biologicals) and RotaTeq® (manufactured by Sanofi Pasteur MSD) [8]. Rotarix is the vaccine offered 548 

as part of the UK national childhood vaccination programme since July 2013 and is administered orally as two doses at 2 and 3 months old.  The 549 

level of rotavirus vaccine uptake in England and Wales since the start of the immunisation programme to July 2016 are publicly reported in [9] 550 

and summerised in Table S2. In clinical trials Rotarix® has been shown to be 100% effective against severe rotavirus cases and 74% effective 551 

against mild rotavirus – this on average 87% effective against any rotavirus infections as per [10] and Table S1. In England and Wales, the 552 

vaccination against rotavirus started in July 2013 and to date uptake levels of this vaccine are available for the period October 2013-July 2016. 553 

These are summarised in Table S2. These historic data (2013-2016) are not sufficient to determine a correlation between the rotavirus burden and 554 

the effective vaccine coverage against rotavirus, and therefore we will utilise a mathematical model to make these projections. 555 

 556 

Mathematical model for evaluation of rotavirus vaccination   557 

 558 

Dynamical modelling has previously been used to inform policy decisions on the use and implementation of rotavirus vaccination in England and 559 

Wales [4,5,11]. Since there is an ongoing research on this, for the purpose of our projections, we collaborated with Katherine Atkins at London 560 

School of Hygiene and Tropical Medicine (LSHTM) and utilised the model developed in [11] to quantify the rotavirus burden at different levels 561 

of effective coverage against rotavirus. Rotavirus burden in the model is proxied by the number of annually reported RVGE cases across all ages. 562 

The model comprises differential equations to track the epidemiological status of the total population over time, stratified by age, and mass 563 

vaccination was assumed to be given to vaccine-eligible infants from October 2011 (week 40 within the model). The seasonality and other 564 

parameters within the model were estimated by fitting to weekly age-stratified rotavirus incidence data on laboratory-confirmed RVGE infections 565 

between 1999-2009 from [7] and Figure A8(a) (see appendix of [11] for details of the calibration and the best-fit scenario). 566 

For the purposes of our analysis, we used the calibrated model from [11] and only changed vaccine coverage (0-100%), vaccine efficacy (two 567 

values: 87% overall efficacy (100% against severe RVGE and 74% against mild RVGE) or 100% overall efficacy (100% efficacy against both 568 
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mild and severe RVGE)) and waning of vaccine immunity (three values: 1 year as in [11], 1.5 years and 2 years). For each parameter scenario, we 569 

projected the number of RVGE cases over time in all ages and we illustrate these profiles for three different scenarios in Figures A9(a)-(c). We 570 

used the results as per Figure A9(a)-(c) to calculate an annual number of reported severe RVGE cases in all ages at different levels of effective 571 

coverage against rotavirus, by calculating an average number of cases over 10 years since the start of the vaccination (Oct 2011- Oct 2021 within 572 

the model).  The results for different efficacy and waning scenarios are shown in Figure A8(b) and suggest that the relationship between effective 573 

vaccine coverage against rotavirus and rotavirus burden is linear when the vaccine immunity wanes after 1 year regardless of vaccine efficacy 574 

(solid and dashed lines in Figure A8(b)). The relationship becomes non-linear with burden of rotavirus diminishing at a threshold effective vaccine 575 

coverage only if the vaccine immunity wanes over longer time (see Figure A8(b)). Further discussion of these results will be published elsewhere 576 

(Panovska-Griffiths J, Atkins KE, How can burden of rotavirus infections in England and Wales be reduced with further vaccination? in 577 

preparation). But for the purposes of our study, and to project rotavirus burden at all ages for different levels of effective vaccine coverage, we 578 

will use the solid line on Figure A8(b) assuming that immunity from the rotavirus vaccination wanes after a year and the efficacy is 100% against 579 

severe and 74% against mild cases.  580 
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 581 
Figure A8 (a)-(b): (a) Historic (2000-2016) burden of rotavirus in England as laboratory confirmed number of annual cases of RVGE across all 582 

ages using data from [7]. (b) Projections of the burden of rotavirus infections at different levels of effective coverage of the rotavirus vaccine using 583 

a dynamic model from [11]. Results are extracted from plots equivalent to Figure A9(a)-(c) for the different vaccine scenarios i.e. assuming 584 

different vaccine uptake and/or efficacy of the vaccine product used. The level of vaccine uptake was simulated as an average over the first five 585 

years of life and we calculated the burden as an average of the reported severe RVGE cases over 10 years since the start of vaccination (Oct 2011-586 

Oct 2021). 587 
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 589 
Figure A9(a)-(c): Projections using the mathematical model in [11] of the number of RVGE cases in all ages for different levels of rotavirus 590 

vaccine coverage, efficacy and immunity of the vaccine waning. The rest of the model parameter are as per the calibrated model in [11]. 591 
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A.10 Measles 613 

Measles is an acute viral illness caused by a morbillivirus of the paramyxovirus family and is spread by airborne or droplet transmission [1]. 614 

Measles is a serious disease with complications of the infections including otitis media, pneumonia, diarrhoea, convulsions or encephalitis. The 615 

case-fatality ratio of measles is especially high in children under one year old. Measles cases have been notifiable in England and Wales since 616 

1940 and are reported annually and available in [2]. More recently, the annual number of laboratory confirmed measles cases in England and 617 

Wales became available for the period 1996-2016 [3-5]. We plot this historical burden for measles as a combination of the number of notifiable 618 

measles cases in all ages for the period 1960-1995 and the number of laboratory confirmed measles cases in all ages for the period 1996-2015 619 

(solid line in Figure A10(b)). 620 

 621 
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Vaccination is the most efficient way to prevent measles infections [1]. In England and Wales, vaccination against measles was introduced as a 622 

single vaccine against measles in 1968. This was replaced by the combined measles-mumps-rubella (MMR) vaccine in 1988 as a single dose given 623 

around 12 months of age. In 1994, following a measles outbreak the previous year, and to prevent a potential delayed measles epidemic, a 624 

vaccination campaign was implemented with over 8 million children aged between 5 and 16 years immunised with measles-rubella (MR) vaccine. 625 

To maintain the control of measles established after the MR campaign, a second dose of the MMR vaccine was included in the routine childhood 626 

programme from October 1996 and is given around 40 months of age.  627 

 628 

EMC reported the efficacy of the vaccine products for measles vaccination to be 90% effective against measles after one dose, whereas the two-629 

dose vaccine offers 99% immunity protection (Table S1). The historic levels of uptake for the measles vaccine (single measles vaccine in the 630 

period 1970-1988 and combined MMR vaccine in the period 1989-2016) at 12, 24 and 40 months are reported in [6,7]. Using these uptake and 631 

efficacy values, we utilise the method from A3.4 to calculate the time-average effective vaccine coverage against measles over the first 5 years of 632 

life and plot this in Figure A10 (a) (dashed line).  633 

 634 

Using the data from Figure A10(a), in Figure A10(b)) we project the burden of measles at different levels of effective coverage. We used two 635 

constraints: prior to measles vaccination (i.e. equivalent to 0% EC) we use reports of about 309,090 annual measles cases in all ages in England 636 

(calculated as an average notifications number between 1960-1968 from [2] and rescalled for England) and we assume that at 100% effective 637 

coverage measles will be eliminated. The best-fit curve to the historic data is determined using the Curve Fitting Toolbox in MATLAB to be the 638 

exponential function 𝑦 = 27080𝑒RO.NYlN]  with 𝑅C = 0.9765	and is plotted in Figure A10(b) (solid line).   639 

 640 

Mathematical model for evaluation of the measles vaccine 641 

 642 
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Mathematical models have previously been used to model measles transmission and understand the impact of vaccination against measles (e.g. [8] 643 

and Chapter 4 in [9]. Based on [8] and using the parametrisation from model 4.7 in [9], we developed a bespoke SIR model to capture measles 644 

transmission and vaccination under the current vaccine strategy in England and Wales. The model was a dynamic SEIR model stratified into 5 645 

ages cohorts (0-12 months old, 12-40 months old, 40-60 months old, 5-15 years and 15 years plus). We parametrised the model with 646 

epidemiological data for measles as per the model 4.7 in [9], and used the POLYMOD contact survey data [10] to describe the contacts pattern 647 

between different age cohorts. The calibration of the model was performed by comparing the yearly number of measles infections across all cohorts 648 

from the model to the historic number of laboratory confirmed number of measles infections 1996-2014. We mainly changed the transmission 649 

probability within the model, and achieved close agreement between the data and model.  Further details of this work can be found in [11]. The 650 

paper based on this work is currently under preparation (D.Voulgarelis, S.Funk and J.Panovska-Griffiths, Re-evaluation of measles vaccination in 651 

England and Wales: insights from a modelling study, Bull.Math.Biol, in preparation) and including the equations and parameters of the calibrated 652 

model here will deduct from the novelty of that work.  653 

 654 

For the purpose of the analysis here, we simulated the calibrated model at different levels of vaccine uptake at 2 years (i.e. at primary MMR 655 

vaccine course completion) and then calculated a time-averaged effective vaccine coverage using the method in section A 3.4. The efficacy of the 656 

MMR vaccine against measles was taken to be 90% after one does and 99% after both doses (as per Table S1), and we used a constraint that there 657 

were around 309,090 measles cases in the pre-vaccination era in England. The model projected the annual number of measles cases in all ages. 658 

Measles epidemic has an oscillatory behavior, with increased burden every couple of years and to overcome this we calculated an average number 659 

of model-projected measles cases over 10 years after vaccination. The model projected relationship between measles burden and effective coverage 660 

against measles was determined to be linear with burden diminishing at EC around 95% (Figure A11(a)). This is different to the data-projected 661 

such relationship and further calibration of the model is required for more accurate projections. This requires further work outside of the timescale 662 

of this project. Therefore, on advice of experts, we have decided to use the relationship from the historic data (solid line in Figure A10(b)). 663 
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 664 
Figure A10 (a)-(b): (a) Projections of historic burden of measles as a combination of annual notifications (1960-1995) and laboratory confirmed 665 

measles (1996-2015)(solid line) and effective vaccine coverage against measles (calculated combining the historic uptake values of measles 666 

vaccine and the vaccine product efficacy using method in A 3.4 -dashed line) (b) Combining the data from (a) we project the burden of measles 667 

at different levels of effective vaccine coverage (‘x’) and fit a best-fit curve using Curve Fitting Toolbox in MATLAB (solid line, with 𝑅C =668 

0.9765). 669 
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(a) Measles historic data on cases and vaccine uptake (1970-2015)
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 670 
Figure A11: Projections from a mathematical model of the burden of measles at different levels of effective coverage against this disease.  671 
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A.11 Mumps 694 

Mumps is an acute viral disease caused by paramyxovirus and spread by airborne or droplet transmission [1]. Before the introduction of the 695 

measles, mumps and rubella (MMR) vaccine in 1988, mumps occurred commonly in school-age children and was the commonest cause of viral 696 

meningitis in children [1,2]. Moreover, more than 85% of adults had evidence of previous mumps infection and mumps was the cause of 1200 697 

hospital admissions each year in England and Wales [2].  698 

 699 

Routine immunisation against mumps started in 1988 as a combined measles-mumps-rubella (MMR) vaccine. In October 1996, a two-dose MMR 700 

schedule was introduced based on the findings that a single dose of a mumps-containing vaccine confers between 61% and 91% (78% average) 701 

protection against mumps, whereas the two doses vaccine has 87% efficacy against mumps infection [3]. 702 

Following the implementation of the routine mumps vaccination in the period 1989-1999 the burden of mumps in England and Wales dropped 703 

dramatically, but since 1999, there has been a considerable increase in confirmed mumps cases. Most of these cases have occurred in adolescents 704 
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or young adults who were too old to have been offered MMR when it was introduced in 1988 or to have had a second dose when this was introduced 705 

in 1996 [1]. They had not previously been exposed to natural mumps infection as children and so remained susceptible. In late 2004, a further 706 

increase in clinically diagnosed and confirmed mumps infections was observed. The vast majority of confirmed cases were in those born between 707 

1980 and 1987 and outbreaks occurred mainly in higher education institutions.  708 

 709 

This burden of mumps in England and Wales is quantified by Public Health England by the total number of laboratory confirmed cases of mumps 710 

and is publicly available for the period 1996-2015 [4,5]. We plot this burden for all ages in Figure A12(a) (solid black curve). Historic levels of 711 

uptake for the mumps vaccine are reported in [6,7] and EMC reports the efficacy of the MMR vaccine against mumps to be 64% after one dose 712 

and 87% after 2 doses. We use these values and utilise the method from section A3.4 to determine the averaged over the first 5 years of life 713 

effective vaccine against mumps and plot this in Figure A12(a) (dashed curve).  714 

 715 

To correlate the burden of mumps with the effective coverage of the mumps vaccine we can use SIR models such as [8] or [9].  The development 716 

of such models is not complicated, but the parametrisation and the calibration to settings such as England requires more time than available within 717 

the timescale of this project. After discussion with experts within PHE and LSHTM we decided that linking historic data is sufficient to quantify 718 

the relationship between mumps burden and effective vaccination levels in England.  719 

 720 

Combining the results from Figure A12(a) we project the burden of mumps at different levels of effective coverage against mumps (Figure A12(b)). 721 

We note that in addition to the data from Figure A12(a) we used the constraint of around 500 cases per 100,000 population in the pre-vaccine era 722 

from [12]. This scales to 265,000 cases of mumps at 0% effective coverage against mumps or 232,730 cases when rescalled for England only [1]. 723 

We used the Curve Fitting Toolbox in MATLAB to find a decreasing function that best fits this data and determined that the best fit was the 724 

exponential function 𝑦 = 1920 ∗ 𝑒RB.nN[∗] with	𝑅C = 0.9966.  725 
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 726 
Figure A12(a)-(b). (a) Projections over time of the historic (1996-2015) burden of mumps (solid line) and historic (1996-2015) levels of (time-727 

averaged over the first 5 years of life) effective vaccine coverage (dashed line) using publicly available data. (b) Combining the historic data 728 

from (a) and assuming around 232,730 mumps cases pre-vaccination we project the burden of mumps at different levels of EC of mumps 729 

vaccine. In (b) The data (‘x’) are fitted to an exponential function in MATLAB (solid line) that gives the best fit to the data with 𝑅C = 0.9966. 730 
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 753 

A.12 Rubella 754 

Rubella is a mild disease caused by a togavirus and spread by droplet transmission [1]. Often a rash is a symptomatic of the disease but it can be 755 

fleeting and maybe not be specific to rubella, this making clinical diagnosis often unreliable. Before the introduction of routine rubella 756 

immunisation, rubella occurred commonly in children, and more than 80% of adults had evidence of previous rubella infection [2]. Rubella is 757 

dangerous in pregnancy where it may result in fetal loss or in congenital rubella syndrome (CRS) characterised with multiply defects of the fetus. 758 

To prevent rubella infection in pregnancy, immunisation against rubella was introduced in the UK in 1970 for pre-pubertal girls and non-immune 759 
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women of childbearing age. In October 1988, this vaccine was replaced with a combined immunisation against measles, mumps and rubella 760 

(MMR) vaccine and included in the routine childhood vaccination programme administered at 12 months of age. In October 1996, a second dose 761 

of the MMR vaccine was also included as part of the routine childhood immunisation programme in the UK and is given at around 40 months of 762 

age. 763 

 764 

A considerable decline in rubella in young children followed the introduction of the MMR vaccine, with a concomitant fall in rubella infections in 765 

pregnant women – from 167 in 1987 to one in 2003 [1]. Annual confirmed laboratory cases of rubella for England and Wales for all ages are 766 

reported for the period 1996-2015 [3]-[4] and we plot these rescaled for England in Figure A13(a) (solid curve). 767 

 768 

The historic uptake levels of this vaccine in England and Wales is publicly available for the period 1989-2015 [5-6]. The efficacy of the rubella-769 

containing vaccine as used in the UK confers around 95 to 100% protection against rubella [1] and EMC reports 99% and 99.9% protection against 770 

rubella after one and two doses of the vaccine respectively. We will use these values and combine it with the reported historic uptake level of the 771 

vaccination against rubella utilising the method from section A 3.4 to derive the time-averaged effective vaccine coverage against rubella over the 772 

first 5 years of life and plot it in Figure A13(a) (dashed line). 773 

   774 

In Figure A13(b) (as ‘x’) we combine these publicly available historic data on rubella burden and effective vaccine coverage against rubella from 775 

Figure A13(a). In addition, we use the number of notified rubella cases in 1988 from [7] as the burden of rubella pre-vaccination – so that at 0% 776 

EC we assume there to be around 227,270 cases of rubella. Furthermore, we assume that at 100% effective coverage rubella will be diminished. 777 

Using the Curve fitting toolbox in MATLAB we determine that the exponential function = 41.27 ∗ 𝑒RB.[On∗] is the best-fit to this data with	𝑅C =778 

0.9986. 779 

 780 
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The current burden of rubella in England is low with only one cases confirmed between Jan-Sep 2016, 5 in 2015 and 1 in 2014 [4,5,8]. This 781 

suggests that the high-uptake levels of the MMR vaccine are able to control rubella burden and there is no need to apply mathematical models and 782 

explore how this vaccine imp-act can be improved. We note that in the past mathematical models for rubella transmission and vaccination have 783 

been developed and used to explore the impact of different vaccine scenarios and in different settings (e.g. [9-11]). But if we were to use any of 784 

these for the purposes of our study, or if we indeed developed a new model we would need to refit it to current England data and this was not 785 

feasible within the timescale of this project. Hence, we will use the historic data (Figure A13(b)) for our projections.  786 

 787 
Figure A13(a)-(b). (a) Projections of the historic (1996-2015) burden of rubella (solid line) and historic effective coverage against rubella (as 788 

time-averaged over the first 5 years of life using the method from A 3.4) (dashed line) rescaled to England using the dat1 from [3]-[7].  (b) 789 

Combining the data from (a) (plotted as ‘x’) and subject to constraints at 0% and 100% EC, we project the burden of rubella at different levels of 790 

time-averaged over the first 5 years effective coverage against rubella. The data (‘x’) are fitted to an exponential function with 𝑅C = 0.9986. 791 
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A.13 Pneumococcal disease 815 

 816 

Pneumococcal infections are caused by the Streptococcus pneumoniae bacteria with more than 90 different serotypes and categorised as invasive 817 

and non-invasive pneumococcal diseases [1]. Non-invasive pneumococcal infections (e.g. bronchitis, otitis media (ear infection) or sinusitis) occur 818 

outside major organs or the blood and tend to be less serious.  Invasive pneumococcal infections (e.g. septicaemia (blood poisoning), osteomyelitis 819 

(infection of the bone), pneumonia or meningitis) occur inside a major organ or the blood, are serious infections and represent the biggest burden 820 

from pnemococcal. 821 

 822 

Vaccination against pneumococcal stereotypes is the most effective way of preventing invasive pneumococcal disease (IPD) cases. Routine 823 

vaccination against pneumococcal in England and Wales started in September 2006 with  a 7-valent pneumococcal conjugate vaccine (PCV7) [1]. 824 

This vaccine offered protection against 7 pneumococcal serotypes and its’ introduction was informed by a dynamic transmission model 825 

parametrised using IPD data and following PCV7 introduction in the USA [2]. The model predicted over time elimination of the IPDs with 826 

sufficiently high uptake of the vaccine and minimal serotype replacement [2]. However, the actual experience in England and Wales post PCV7 827 

suggested a more aggressive serotype replacement [3,4] and additional modelling analysis was undertaken based on the first three years of PCV7 828 

programme [5]. It predicted that the long-time reduction in IPDs is due to replacement of the PCV7 serotypes with other serotypes [5]. As a 829 

consequence, a 13-valent pnemococcal vaccine (PCV13), covering against additional 6 replaced serotypes, replaced the PCV7 vaccine within the 830 

routine childhood vaccination programme in the UK from Sep 2010.  Further modelling analysis of the impact of PCV13 on both serotypes replaced 831 

by PCV7 and PCV13 as well as on the overall number of pneumococcal IPD followed [6]. Results of this analysis suggest a continual vaccination 832 

with pneumococcal conjugate vaccine is necessary to prevent a dramatic increase in pneumococcal IPD cases. Furthermore, the model in [6] 833 

suggested that replacement of PCV7 with PCV13 would induce biggest overall decrease in IPD cases, but the absolute level of IPD decline will 834 

depend on the replacement level of additional serotypes.   835 
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 836 

As well as continual vaccination with PCV13 in children under 2 years old, since 2007, a pneumococcal polysaccharide vaccine (PPV) offering 837 

protection against 23 pneumococcal serotypes is recommended to healthy adults over 65 years of age. We note that this PPV vaccine is not suitable 838 

for children under 2 years old as it offers poor antibodies response in this age-cohort [1].  839 

 840 

Public Health England (PHE) undertakes enhanced surveillance of the annual IPD cases in different age cohorts and both for strains that are 841 

covered with the PCV13 as well as those that are not [7]. The annual number of IPD cases is available as figures and we used these graphs to 842 

extract the number of IPD cases, for all strains, across all ages between the period 2007-2015. We re-plot these in Figure A14 (a) (full line).  843 

 844 

The uptake level of the pneumococcal conjugate vaccine at 12 months and at 2 years of age for England and Wales is reported for the period 2007-845 

2015 in [8,9]. We use these values, combined with the vaccine efficacy (94.8% against all strains as per Table S1), and employ the method from 846 

A.3.4 to calculate the time-averaged effective coverage against IPD  in under 5 years old. This is plotted for the period 2007-2015 in Figure A14(a) 847 

(dashed curve).  848 

 849 

In Figure A14(b) we combine the historic data from Figure A14(a) (plotted as ‘x’) to determine a relationship showing the decline in pneumococcal 850 

burden with increased effective vaccine coverage against pneumococcal disease. In discussion with epidemiological experts, we use the constrain 851 

that pre-vaccination there were around 30,000 IPD cases annually in England and Wales (rescalling to England only to be consistent across all 852 

disease). Using this as a constraint at 0% effective vaccine coverage (defining the pre-vaccine level of IPD) we use the MATLAB Curve fitting 853 

Toolbox we to determine the best fit curve to the data to be the exponential function 𝑦 = 4718𝑒RO.NB[l]  with	𝑅C = 0.9965 as shown in Figure 854 

A14(b). 855 

 856 

Projections from a mathematical model 857 
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 858 

Within the timescale of this work it was not feasible to use the established mathematical model for pneumococcal disease transmission and 859 

vaccination from [6] as the authors (Y.Choi, personal communication) were at the time undertaking re-calibration of the model to the most recent 860 

IPD data. Instead, we collaborated with Matt Keeling’s modelling team at Warwick University (Tinevimbo Shiri, personal communication) who 861 

recently developed and calibrated to most-recent data (until 2015) a mathematical model to evaluate the impact of 13 strain-vaccine against 862 

pneumococcal diseases (PCV13) on the current pneumococcal burden. This is an individual-based model and a preview of it is available in [11] 863 

and the related website. The full paper is currently in preparation and including the numerical code (in absence of equation for an IBM model) 864 

here will deduct from the novelty of that work, and is therefore not included. For the purpose of our work the calibrated model was simulated by 865 

Tinevimbo Shiri and the incidence number of invasive pneumococcal diseases (IPDs) at different levels of effective coverage of the PCV13 vaccine 866 

(as an average in under 5 years old) was projected. From these incidence values, we calculate the annual number of IPDs by using the population 867 

mid-point estimates from 2015 (i.e. 57.9 million people in England (from [12])). The model projected data is shown in Figure A14(c)(‘x’). We 868 

utilized the Curve fitting toolbox in MATLAB to derive the curve that best fits the points to be the exponential function 𝑦 = 405.5𝑒Rn.BlC] +869 

1035𝑒RO.BYZ\]  with 𝑅C = 0.9879). 870 

 871 

For the purpose of this project we could use either the curve from Figure A14(b) or A14(c). Since our intention was to employ results from 872 

mathematical models where possible, we have decided to use the curve from Figure A14(c). 873 
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 875 

 876 

Figure A14(a)-(c). (a) Projections of the historic (2007-2015) burden of pneumococcal disease (solid line) and the effective vaccine coverage 877 

against pneumococcal disease (2007-2015). The effective vaccine coverage is calculated using the method from A.3.4 and shown as a dashed line 878 

in (a).  (b) Combining the historic data from (a) (as ‘x’) with a constraint of 27,273 IPD cases in England in the pre-vaccine era (i.e. at 0% effective 879 

coverage), we fit an exponential function (solid line) as the best-fit to the data with	𝑅C = 0.9965. (c) Projections of the incidence of invasive 880 

pneumococcal disease at different levels of effective vaccine coverage in under 5 years old from the mathematical model in [11]. The data (‘x’) 881 

are fitted to an 2nd order exponential function with	𝑅C = 0.9879. 882 
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A.14 Neisseria Meningitides Group C (Men C) & Meningitides Group B (Men B) 914 

Meningococcal disease occurs as a result of a bacterial infection by Neisseria meningitides. There are to date 12 identified capsular groups, A, B, 915 

C, E, H, I, K, L, W, X, Y, and Z, of which groups B, C, W and Y have historically been the most common in the UK [1].  916 

 917 

Meningococcal transmission is by aerosol, droplets or direct contact with respiratory secretions of someone carrying the organism and usually 918 

requires frequent or prolonged close contact. The most common presentation of the meningococcal infection is either as meningitis or bacterial 919 

septicaemia, or a combination of both [2]. 920 

 921 

In England and Wales, the incidence of meningococcal disease is highest in children under five years of age, with a peak incidence in infants under 922 

one year of age [1]. There is a secondary peak in incidence in young people aged 15 to 19 years of age [2]. 923 

 924 

Large epidemics of meningococcal disease are mostly caused by capsular group A and coincided with each of the two World Wars, with reported 925 

over 12,000 annual meningococcal notifications in England and Wales [1]. After WWII, disease levels declined but meningococcal epidemics 926 

associated with capsular group B (Men B) were evident between 1972 and 1975 and in 1985. An epidemic associated with the capsular group C 927 

(Men C) started in 1995 and ended with the introduction of the Men C vaccination in the UK from November 1999 [1].  928 

 929 
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In the next two sections, we use publicly available data and/or established mathematical models to project the burden of both Men C and Men B 930 

in all ages at different levels of effective vaccine coverage against these diseases over the first 5 years of life.  931 

  932 

A14.1 Men C projections from the available data 933 

 934 

Following the epidemic associated with the capsular group C (Men C) from 1995, a vaccine against Men C was introduced in England and Wales 935 

in November 1999 [1]. Initially, this Men C conjugate vaccine was given within the routine childhood immunisation programme along with a 936 

catch-up campaign for older children, adolescents and young adults up to 18 years and in January 2002, the campaign was extended to include all 937 

adults less than 25 years of age [1]. Following the Men C vaccination campaign, the number of reported and laboratory confirmed Men C fell by 938 

over 90% in all age groups immunised to around 30-40 annual number of cases [3-5]. It also fell by around 66% in non-vaccinated groups due to 939 

herd immunity. The current burden of Men C is low with Men C infections causing only 2 deaths in children and young people under 20 in the 940 

last 5 years, compared to 78 deaths in the single year before the vaccine against Men C was introduced [3,6]. 941 

 942 

Public Heath England collects annual numbers of laboratory confirmed invasive meningococcal cases stratified by capsular group and age: they 943 

are publicly available for the period 1998/99-2015/16 [6]. We use these reported values to quantify the burden of Men C in all ages in England 944 

and plot this over the period 1998-2015 in Figure A15(a) (solid curve). 945 

 946 

The reported uptake levels of the Men C vaccine for the period 2000-2015 are publically available in [7,8]. The efficacy of the two-dose Men C 947 

vaccine was estimated to be 98–100% [9,10] in agreement to the EMC reported value of 100% (as per table S1). Taking the efficacy of the Men 948 

C vaccine to be 100%, and using the historic level of Men C vaccine uptake from [7,8] we calculate the time-averaged historic effective coverage 949 

against Men C over the first 5 years of life using the method from A3.4. We plot these values as the effective vaccine coverage against Men C 950 

annually for the period 2000-2014 in Figure A15 (a)(dashed line).  951 
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To determine the relationship between the decline in Men C burden in all ages with increased effective vaccination against Men C over the first 5 952 

years of life, we use data from Figure A15(a) together with two constraints: the annual number of Men C cases pre-vaccination (giving us a 953 

constraint at 0% effective vaccine coverage) and elimination of Men C at 100% effective vaccinations coverage. Since vaccination has reduced 954 

the number of Men C cases by over 90%, bringing them down to 30-40 a year in all ages as reported in [3-5], we can scale this up to approximate 955 

that in the pre-vaccination era (i.e. at 0% effective coverage) there will be around 3500 annual Men C cases in all ages. The best fit to the historic 956 

data is the declining exponential function 𝑦 = 64.07𝑒RB.Oln∗]  with 𝑅C = 0.9975 as shown in Figure A15(b)(solid line). 957 

 958 

We note that there is an established model for Men C vaccination in England [5] but this model is currently being calibrated to the most recent 959 

data (C.Trotter, personal communication) and as such was not available within the timescale of this project to determine a relationship between 960 

Men C burden and effective vaccine coverage against Men C. There are plans to undertake this analysis in future.  961 
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 962 
Figure A15(a)-(b): (a) Publicly available historic data on the annual burden of Men C in England (as laboratory confirmed cases of Men C in all 963 

ages) over the period 1998-2015 (full line) and the effective vaccine coverage against Men C in England (as time-averaged effective coverage 964 

calculated using the method in A3.4) over the period 2000-2015. (b) Combining the data from (a) (and plotted as ‘x’ in (b)) we fit a curve to 965 

determine the relationship between the annual burden of Men C across all ages and effective vaccine coverage against Men C. We use the Curve 966 

Fitting Toolbox in Matlab and determine that an exponential function (solid line) is the best fit with 𝑅C = 0.9975. 967 

 968 

A14.2 Men B projections from the available data 969 

 970 
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Vaccination against Men C in England and Wales has been very effective in reducing the burden of Men C, and since 2009 capsular group B has 971 

been responsible for around 85% of all meningococcal cases in England and Wales [6]. To reduce this burden, in January 2013, a four-component 972 

meningococcal B (4CMenB) vaccine was authorised for use by the European Medicines Agency and in August 2015 4CMenB was added to the 973 

routine UK childhood immunisation schedule [1].  974 

 975 

The number of invasive meningococcal cases stratified by capsular group and age are reported by Public Health England annually and are available 976 

for the period 1998/99-2015/16 in [6,14]. We use this dataset to extract the annual number of invasive Men C cases in all ages and explicitly in 977 

children under 5 years old and plot these in Figure A16(a).  978 

 979 

The reported uptake of the Men B vaccine over the first year of Men B vaccination in England and Wales was 95.8% at 1st dose and 94.3% for the 980 

two-dose vaccine [11]. Since vaccination against Men B started recently, there are not sufficient number of historic data points to correlate historic 981 

burden with effective coverage against Men B. Instead, we will apply a dynamic transmission model calibrated to historic data on Men B 982 

hospitalisation and incidence rates for England and Wales. This model was developed and calibrated to England and Wales data by Hannah 983 

Christensen (University of Bristol) in [12] and further applied in [13]. The model is a dynamic age-stratified SIR model and was instrumental in 984 

evaluating the potential impact of the Men B vaccine before it was routinely included in the UK childhood vaccination in the UK. The model is 985 

able to project the number of all meningitis cases, hospitalisation and deaths in children under 5 years old.  986 

 987 

For the purposes of this project this model was run by H.Christensen (University of Bristol) varying the level of vaccine uptake between 10-100%. 988 

The efficacy against Men B was 83.6% in under 5 years old (as used in [13] and also from the subtext in Table S1). The model projected the annual 989 

number of all meningitis cases in under 5 years old. To translate this to number of meningitis cases in all ages we used the statistics from [14] to 990 

calculate that on average 56% of all historic meningitis cases occur in under 5 years old so we adjusted the model projected numbers accordingly. 991 

Furthermore, we translated this number of all meningitis cases to number of Men B cases only, by using the statistics from [6] to determine that 992 
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on average 78% (for 1999/00-2013/14 inclusive; range=[50%,90%]) of all historic meningitis cases are of Men B type. Again, we adjusted the 993 

number of cases accordingly. Finally, for the pre-vaccination levels, we used the historic data on the number of Men B cases from [6] to calculate 994 

an average annual number of Men B cases in under 5 years old (between 1999-2014), and again translated this to annual number of Men B cases 995 

in all ages pre-vaccination in England. In Figure A16(b) we plot these values (as ‘x’) to represent the burden of Men B at the different levels of 996 

effective coverage against Men B. We used the Curve fitting Toolbox in Matlab to fit a decreasing function to this data and determined that the 997 

best-fit curve was the exponential function 𝑦 = 308.5𝑒RC.[lN∗] + 1151𝑒RO.OO[YCC∗] with 𝑅C = 0.9983. 998 

 999 

We note that analogous analysis using the model projected number of meningitis cases in under 5 years old combined with statistics on the data 1000 

from [6] and [14], can be used to project the burden (as number of cases in all ages) of Men C. However, this will only account for Men C 1001 

vaccination with Bexsero and not with other vaccines (e.g. the combined Men C/Hib vaccine) and hence, as we discussed in the previous subsection, 1002 

we instead used the historic data for the Men C projections. 1003 
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 1004 
Figure A16(a)-(b): (a) Projections of the annual burden of Men B in all ages (solid line) and in children under 5 years old (dashed line) in 1005 

England. (b) Projections of the annual burden of Men B across all ages at different levels of effective coverage against Men B. The points ‘x’ in 1006 

here are generated by applying the established model from [12,13], which are then fitted to a decreasing an exponential function (solid line) as 1007 

the best-fit curve with 𝑅C = 0.9983. 1008 
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Infectious disease Model used for burden 

projections 

Data used for burden 

projections 

Historic data available for burden projections 

   Notified annual number of 

cases 

Laboratory confirmed number of cases 

Polio  X 1966-2015  

Diphtheria  X 1966-1985 1986-2015 

Tetanus  X 1966-2015  

Pertussis  X 1966-2015  

Measles  X 1960-1995 1996-2015 

Mumps  X 1989-1995 1996-2015 

Rubella  X 1989-1995 1996-2015 

Men C  X  1989-2015 

Men B X   1989-2015 

Rotavirus X   2000-2016 

Pneumococcal X   2007-2015 

Hib X   1990-2014 

Table S3: Summary of the methods used to project disease burden (historic data or model projections) per disease, across the 12 diseases included in the 1062 
current childhood immunisation programme in the UK. 1063 


