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Abstract
We present a model of the transmission of measles in a Western European country
parameterised from recent data on contact patterns, and pre-vaccination serological
data (from Denmark). Health outcomes are measured in terms of cases, deaths,
complications, and QALYs gained. Data from the US from 1987-2000 are used to
estimate complication rates. We use the model to explore the impact of increasing
measles vaccine coverage. We note that there is a non-linear relationship between
the level of coverage achieved and the benefits of the programme, and that for a 1dose policy, or a 2-dose policy with low or intermediate levels of coverage increasing
coverage further results in increasing marginal returns. This is partly as a result of
age-dependency in the risk of infection, and age-dependency in the risk of
complications and deaths following measles vaccine coverage. That is, as coverage
increases, the average age at infection increases, resulting in fewer cases in young
children and therefore fewer QALYs lost. At high levels of coverage with a 2-dose
policy there are decreasing marginal returns at levels of immunisation close to the
threshold needed for elimination. The incremental benefits of a second dose are
smaller than the incremental benefits of a first dose. If coverage is uneven in the
population, then increasing coverage in either groups has a similar impact on the
overall level of disease in the population. However, increasing coverage in the highuptake part of the population increases inequalities in health, whereas, increasing
coverage in the low-uptake areas decreases health disparities.
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1. Introduction
Many immunisation services, such as the UK vaccination programme, are based
around the idea of universal coverage. However, this is never achieved in practice.
Coverage may be lower in certain ethnic, socio-economic, religious, or geographical
groups, or may vary due to the beliefs of the parents of the children concerned.
Increasing coverage in these harder-to-reach populations almost certainly comes at
an increased cost (though there is little quantitative information on this). Hence, an
alternative strategy might be to ensure high coverage in the remainder of the
population, reducing disease in the hard-to-reach groups, via indirect protection (herd
immunity). This paper explores these issues: under what circumstances is it better to
increase coverage in the hard-to-reach groups, and under what circumstances is it
better to target resources to the easier to reach sub-populations? We use the
example of measles vaccination in the UK, and use a model that is parameterised
based on recent European data on underlying contact patterns. There are two
scheduled opportunities to receive measles vaccine in the UK, and many other
countries: during the second year of life (at around 15 months of age) and at school
entry (at around 4 years of age). The secondary aim of this study is therefore to
assess the relative benefits of increasing first or second-dose coverage.

2. Methods
2.1 Mathematical model of measles transmission and disease
We adapt a realistic age-structured mathematical model of measles transmission,
first put forward by Schenzle [1].The model is adapted to reflect the current UK
population structure (data from 2003 is used), and the underlying contact structure is
given by a recent survey of contact patterns in UK and seven other European
countries [2]. For the purposes of modelling age-specific contact patterns, 10
different age groups were used (<2, 2-4, 4-10,11-16,17-21,22-24,25-34, 35-44, 4564, 65+), which were chosen to broadly reflect important epidemiological and
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educational changes (the younger age groups reflect school and college
organisation). The Schenzle model was adapted to reflect a situation of (potentially)
heterogeneous mixing across social or geographical groups (i.e. the model is a
realistic age structured transmission dynamic meta-population model). For ease of
exposition there are only two population groups of equal size, one with higher
coverage than the other. For ease of reference the two population subgroups will be
referred to as Low (L) and High (H) to reflect groups with Low and High vaccine
coverage. The force of infection (the per-susceptible rate of infection) acting on agegroup i in sub-group L at time t, λiL(t), can thus be described as:

λiL (t ) = α ∑ β ij Y jL (t ) + (1 − α ) ∑ β ij Y jH (t )
j

(1)

j

where α , which takes a value between 0 and 1, is the amount of within sub-group
mixing, βij is the effective contact rate between susceptibles of age group i and
infectious individuals of age group j (derived from POLYMOD data) and YjL(t) and
YjH(t) are the numbers of infectious individuals at time t in age group j and population
subgroup L and H respectively. A similar equation for the High vaccine coverage
group is simple to derive. In the initial part of the paper, a value for α of 0.5 was used
(implying that the two subgroups mix equally well both within and between each
other). Higher values of this parameter are used in the second part of the paper to
assess the impact of unequal coverage on subgroups that do not mix homogenously
(for instance, a value of 0.8 implies that 80% of contacts are made within an
individual’s own population subgroup and only 20% of contacts are made outside that
group).

We first examine the effect of increasing first and second dose coverage, assuming
that the two groups mix freely with each other both within and between groups
(effectively this means that there is no difference in coverage between the two
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groups, as they are not epidemiologically identifiably different). This model is used to
assess the benefits (in terms of long-term reduction both in cases of disease and
cases with serious consequences) of increasing coverage. Specifically, the model is
used to assess the relative benefits of increasing first and second dose coverage,
given that a certain base-line level of coverage has already been achieved.

The model is then extended to reflect a situation in which one group in the
population consistently has higher level of coverage than another. The model is then
used to assess under which circumstances it is better to increase coverage in the
low-uptake group, and when it is best to increase coverage in the high vaccine
coverage group.

2.2 Model parameterisation
Rates of measles infection (prior to immunisation)
The pre-vaccination force of infection (the age-dependent risk that susceptibles are
infected by measles) was estimated from age-specific pre-vaccination data from
Denmark [3]. Denmark was the last country in Western Europe to introduce universal
measles vaccination (in 1988), and this serological survey was taken at this time. It
therefore represents the most recent data on the epidemiology of measles in Europe
in an undisturbed state (though the data is now two decades old). We assume that
the age-related patterns of sero-prevalence reflect age-related cumulative exposure,
as the system is at endemic equilibrium (that is the incidence is stable through time
prior to the introduction of vaccination). Data on the contact patterns among
individuals of different ages were collected as part of the POLYMOD project and
were used to parameterize the mixing patterns assumed in the model. A general
base-case Who-Acquired-Infection-from-Whom matrix (Mij) was derived using all
contacts that were reported by the UK study population and a measles-specific
transmission coefficient q was estimated by fitting the model to the sero-prevalence
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data by maximum likelihood, assuming time-dependent equilibrium. Multiplying Mij
by q gives the effective contact rate, βij (see equation 1) [4]. To take account of
uncertainty in the contact patterns and uncertainty in the sero-prevalence data, 1000
bootstrap samples of both were drawn and the fitting repeated to give a bootstrap
sample for the resulting βij matrix.

The best fitting age-specific force of infection, and the resulting fit to the ageserological profile is given in Figures 1a and 1b respectively, along with associated
95% bootstrap confidence intervals. The age-specific proportion sero-positive by age,
taken in Denmark just prior to vaccine introduction [3], is also shown in Figure 1b.
Note that only those under the age of 18 years were tested in the sero-survey. The
force of infection in adults can, however, be derived from the contact pattern, given
that q is estimated and assumed to be constant with respect to age. The increased
contact that adults aged 25-44 years have with young children results in an increase
in the force of infection in these age groups. Note, also that the model produces a
slightly higher estimate of the force of infection (or cumulative proportion with
evidence of infection) than the data suggest for the youngest age groups. This may
be because of changes in mixing patterns over time (that is, children are more likely
to attend day-care centres in contemporary Britain than they were in Denmark 20
years ago), giving a higher force of infection than was observed.

Clinical features and complication rates
Not all measles infections are clinically apparent. A review of the literature [5]
suggested that 22.5% (range 0-45%) of measles cases did not seek medical
attention, and are assumed here to be asymptomatic. The remaining cases are
assumed to present with an array of symptoms including rash and fever that typically
last 7-10 days. Measles is also associated with a wide array of complications, the
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frequency of which varies by age (see later). Amongst the common complications are
pneumonia, otitis media, diarrhoea, and febrile seizures. Less common
complications include death, encephalitis, and subacute sclerosing panencephalitis,
a fatal degenerative neurological disease that is a consequence of persistent
measles infection. Case-fatality and complication rates for measles are dependent
on socio-economic conditions, and so to estimate the benefits of improving measles
coverage in a Western European context requires estimates of these rates to be
taken from contemporary sources from developed countries. Perry and Halsey [6]
have published a review of the clinical features of over 67,000 measles cases
reported to the US Centres for Disease Control and Prevention (CDC) over the
period 1987-2000. The data from this review is used to determine age-specific
complication and death rates with associated uncertainty. These and other
parameters are summarised in Table 1. Figure 2 shows the mean age-specific
complication and death rates from this review. Note the typical U shaped curve, with
complications being more prevalent in young children and adults.

Health related quality of life detriments for health states associated with measles and
measles complications were difficult to identify in the literature. Findings from studies
of similar diseases were applied. The QALY loss associated with an uncomplicated
measles cases was assumed to be similar to that for chickenpox [7] allowing for the
longer duration of illness typical for measles (10 days as opposed to 7 days). The
QALY loss associated with diarrhoea was taken from studies of rotavirus
gastroenteritis [8], pneumonia and otitis media from studies of pneumococcal disease
[9], and acute encephalitis from studies of HIV positive patients with toxoplasma
encephalitis [10] (it was assumed to last 1 week). If no measure of statistical variation
was provided for these health states, the SD was arbitrarily assumed to equal 0.25*
mean, and normal distributions were assumed for the mean QALY losses associated
with each state (truncated at zero). Early deaths associated with measles were
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assumed to lose the average quality-adjusted life-expectancy for that age, where the
life-expectancy was generated from ONS data, and the quality adjustments from a
study of the general UK population (we assumed that children had an average utility
of 0.9) [11]. A discount rate of 3.5% per annum was used to calculate discounted
quality-adjusted life-years lost from early death. The QALYs attributable to rare, but
serious long-term sequelae of measles (e.g. from SSPE) were ignored to a lack of
data. It is, however, unlikely that this will seriously affect the conclusions of this work,
these complications are very rare [5]. The average costs of hospitalised and nonhospitalised measles cases were taken from a recent international review [5]. Costs
to the health system were used, and were inflated to 2007 using the Hospital and
Community Health Services Pay and Prices Index [12]. All future costs and QALYs
gained were discounted at 3.5% (as recommended).

MMR coverage and vaccine efficacy
In England MMR vaccine coverage is recorded routinely at 2 years of age and 5
years of age, by primary care trusts (PCTs), and collated by the HPA. Some children
are vaccinated late, so the recorded coverage at 5 years is a better measure of the
overall proportion receiving at least one dose, though such data are obviously less
contemporaneous (that is most of those having received one dose would have been
vaccinated at least 3 years earlier). Recorded coverage at 5 years of age is currently
87% for the first dose and 74% for the second dose. There is considerable
geographical variation in this [13]. Reported MMR coverage (measured at 5 years of
age) varies between 50% and 95% for the first dose of MMR, and 36% and 90% for
the second dose of MMR (based on the 135 PCTs that reported data). Most of the
poorly performing PCTs are in London, with an average first dose coverage of 75%
(range 50-91%) and an average second dose coverage of 53% (range 36-79%) at 5
years of age (Figure 3). It is uncertain to what extent these figures underestimate
vaccine coverage due to programmatic difficulties (changes in child health computer
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systems etc), and private provision of measles vaccine (partly as a result of concerns
about the safety of MMR some parents opted to use single antigen measles vaccine,
which would not be recorded in these data). We use these data as a guide, and
explore the impact of increasing measles vaccine coverage from 50% to 100% (first
dose and second dose). Although there is variation in the timeliness of measles
vaccine delivery, we assume that these doses are all given at 18 months or 4 years
of age for the first and second doses respectively. We assume, that only those
receiving the first dose receive a dose at the second opportunity (at 4 years), We
relax this assumption for specified simulations, and assume that there is no
correlation between those receiving vaccine at the first and second opportunities
(that is, that it is random).

Most estimates of measles vaccine efficacy in developed countries suggest that a
single dose given in the second year of life provides long-term (probably lifelong)
protection to over 90% of vaccinees [14-15], and that two doses offers approximately
99% protection [15], although lower estimates of efficacy are apparent in the
literature [16]. We assume that the each dose provides complete protection for 90%
of those that receive it and are susceptible. Vaccination of infected or immune
individuals has no effect.

3. Results

3.1 Increasing first or second dose vaccine coverage
Figure 4 shows the estimated long-run number of cases, complications deaths and
QALYs lost, resulting from a single dose strategy at different levels of vaccine
coverage. It is clear that there is a roughly inverse linear relationship between
coverage and the incidence of infection (and therefore clinical cases), as would be
expected from the solution to the homogenously mixed version of this model (see, for
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instance, [17]). The relationships are not exactly linear, however, due to the increase
in the age at infection following vaccination (both the force of infection and the
likelihood of developing severe disease following infection are dependent on age
(Figures 1 and 2 respectively)).

The addition of a second dose clearly reduces the incidence further, though the
additional benefits are small. Figure 5 shows the incremental benefits (in terms of
both QALYs gained and treatment costs avoided) from increasing coverage by 10%,
according to the base-line coverage. The dotted lines are for a 2-dose policy and the
solid lines are for a single dose policy. Note that the second dose is assumed to be
given at the same level of coverage as the first dose, and an increase in a 2-dose
policy between (say) 30% and 40% coverage involves the use of twice as much
vaccine as an increase from 30% to 40% coverage of a single dose policy. It is clear
that there are increasing marginal returns derived from increasing measles coverage
until very high levels of coverage are achieved. At these levels of coverage (around
90%+), there is decreasing marginal returns, such that increasing coverage by a
fixed amount (10% in this case for both doses) results in decreased additional
benefits. At levels of coverage over the threshold for elimination there are no
additional long-run benefits derived from further increases in coverage (not apparent
from figure 5).

3.2 Unequal coverage by population subgroup
If coverage is unequal, then should efforts be put into increasing vaccine uptake in
the low coverage area, or increasing uptake in the higher coverage area, with the aim
of protecting the low-coverage area indirectly? Figure 6 shows the estimated long-run
impact of increasing coverage in the high coverage area (left hand side) or the low
coverage area (right hand side). In both cases the starting level of coverage is 50%
in the low uptake area and 70% in the high uptake area. The green lines give the
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number of QALYs lost in the low uptake area, the red lines the number of QALYs lost
in the high uptake area, and the blue lines are the sum of the overall QALYs lost .
The solid lines are for the situation when the two areas mix freely with each other,
and the dotted and dashed lines are when 75% or 95% of mixing is within-group
respectively (the remainder of contacts being made with the other group). Clearly
increasing coverage in the high uptake area improves the health of this subpopulation, and to a lesser extent that of the low uptake group, leading to increasing
health disparities between the two sub-populations (Figure 6). Increasing coverage in
the low coverage area, on the other hand, leads to reducing health inequalities (until
coverage in the “low” area exceeds that in the “high” area). If mixing is more
assortative (like-with-like), then the smaller is the impact on the other group of
increasing coverage in one of the groups. When mixing is random between the
subgroups, then increasing coverage in one of the subgroups has the same impact
on both subgroups. When mixing is assortative, then the increase in health derived
from increasing coverage in the low risk groups is slightly greater than the increase
derived from targeting the low risk group, though the differences are very marginal.

4. Discussion
We have used a model of measles infection and disease to assess the impact of
changes in coverage on the long-run outcome of disease. The results suggest that
there may be increasing marginal returns at low to intermediate levels of coverage,
but that as the level of immunisation approaches the threshold for elimination, then
the additional benefits gained from increasing coverage fall away. The increasing
marginal returns arise, in part, from the increase in the average age at infection
following immunisation, from infancy into early to middle childhood. (Further
increases in average age will increase the adults contracting measles (as a
proportion of all measles cases) and therefore the average severity of cases.) In
general, greater benefits arise from increasing first dose coverage, as opposed to
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second dose coverage. This is because susceptibility is maximised at the younger
ages, and a fraction of those given a second dose are already immune, either from
previous vaccination, or from infection. If the population is stratified into groups which
differ in their vaccine uptake rates, then the model suggests that the overall health
benefits arising from either targeting the high or low uptake groups are similar,
though targeting the low-coverage groups will serve to reduce health inequalities.

The model was parameterised using contemporary contact pattern data, and prevaccination serological data from the last country in Western Europe to introduce
measles vaccination (Denmark). The likelihood of complications following apparent
measles infection is taken from a large study of measles cases reported to CDC over
the period 1987-2000. The model is therefore parameterised from high-quality
contemporary data from industrialised countries, and is therefore an improvement on
other measles models available in the literature [1,3,17-19]. There are, however, a
number of drawbacks to the data used. The serological data are two decades old,
and mixing patterns may have altered over this period (indeed, the model tends to
overestimate the force of infection in the youngest ages, perhaps due to an increase
in contact amongst these age groups due to increasing use of child-care).
Furthermore, the data on complications are based on reported cases, and may,
therefore, overestimate the complication rate, if the most sick individuals are more
likely to be reported. On the other hand, we assumed that those infected individuals
who are not in contact with the health services do not suffer any adverse health
consequences (i.e. have no QALY loss) due to their measles infection (in essence
we assume that they are asymptomatic), though this seems unlikely to be the case.

To keep analysis reasonably straightforward, the results are presented in terms of
the equilibrium impact (i.e. the long-run impact on the distribution of disease in the
community, as a result of a change in the immunisation coverage level). In reality it
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may take many years for these changes to unfold. As the dynamics may have an
important bearing on the cost-effectiveness of changes to the programme, the results
(as presented here) can only be used to calculate the cost-effectiveness of changes
to immunisation coverage if these changes are small (so the system is assumed to
move rapidly to the new equilibrium).

The second dose is modelled here as a second dose – that is, only those that
received the first dose, receive a second one at four years of age. This
underestimates the effectiveness of the second opportunity, as some children will
receive their first dose at this age. To obtain a more accurate assessment of the
effectiveness (and cost-effectivness) of the second opportunity, further work is
needed to establish what proportion of children receive a first dose at this age.
Nevertheless the results presented here are a reasonable description of the (lon-run)
effectiveness of a second dose. That is, as approximately 90% of those who are
vaccinated with measles containing vaccine are immunised after a single dose, the
second dose is far less effective (by an order of magnitude) than the first. The
second dose may well, however, represent a worthwhile public health investment as
the burden of measles is high in the absence of good control, and the costs of the
vaccination programme comparatively low. Further work is underway to establish
this.

As with all modelling studies, the results of these analyses are contingent on the
assumptions inherent in the model. We have adapted a well-used model of measles,
and used contemporary parameter values estimated from developed countries.
Although a number of uncertainties remain, we believe the results presented here
give a reasonable basis on which to make decisions about improvement of measles
(or MMR) vaccine coverage in industrialised countries.
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7. Tables
Table 1: Parameter values used in the model
Disease outcom
Clinical diseas Death
<5yrs
77.5%
0.3%
5-9 yrs
77.5%
0.3%
10-19 yrs
77.5%
0.1%
20-29 yrs
77.5%
0.3%
30+ yrs
77.5%
0.7%

Diarrhoea EncephalitisOtitis medPneumoniaHospitalisa Any
10.4%
0.1%
12.6%
7.9%
20.9%
29.0%
5.6%
0.1%
4.2%
3.0%
8.7%
15.3%
3.3%
0.1%
1.8%
1.8%
8.0%
11.7%
7.6%
0.2%
1.7%
5.6%
18.5%
22.4%
9.2%
0.2%
2.0%
8.4%
21.8%
25.4%

QALY loss
<5yrs
5-9 yrs
10-19 yrs
20-29 yrs
30-44
45-64
65+

Diarrhoea
0.002024
0.002024
0.002024
0.002024
0.002024
0.002024
0.002024

General Meas Death
0.005343852
23.55
0.005343852
23.00
0.005343852
22.00
0.005343852
20.45
0.005343852
17.78
0.005343852
12.51
0.005343852
3.04

Costs
£
Measles case
Hospitalisation

EncephalitisOtitis medPneumonia
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151
0.0057374 0.00616 0.006151

195.22
1220.182
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8. Figure Legends
Figure 1: Best-fitting estimate of (a) the force of infection and (b) % seropositive with
respect to age in the absence of vaccination. 95% bootstrap confidence intervals are
shown. The seroprevalence data (b) are from Denmark in 1988.
Figure 2: Age-specific complication and death rates from measles, as reported to
CDC 1987-2000 (Perry and Halsey 2004). Deaths and encephalitis are shown on the
right-hand axes.
Figure 3. Reported first and second dose MMR coverage by PCT in England.
Coverage measured at 5 years of age. Data from Jan-March 2008 (www.hpa.org.uk).
Dotted line shows line of equality.
Figure 4. Estimated long-run incidence of clinical cases, complications (severe
cases), deaths and QALYs lost resulting from a one-dose measles immunisation
policy at different levels of coverage. Results are for a population of 100,000
individuals. Clinical outcomes are shown undiscounted, QALYs are discounted at
3.5% per annum.
Figure 5. Estimated incremental long-run benefits in terms of discounted QALYs
gained (right hand axis) and treatment costs avoided (left hand axis) from increasing
vaccine coverage by 10% from an initial level of coverage (shown on horizontal axis).
Model results are shown for both a one-dose policy (solid lines) and two-doses
(dotted lines). Coverage of the second dose is assumed to be equal to coverage of
the first dose. An increase in coverage of a 2 dose policy results in twice the use of
additional vaccine to the equivalent increase in 1-dose coverage. Results are for a
population of 100,000 individuals.
Figure 6. Estimated equilibrium impact (on QALYs lost) of increasing coverage in
either a high-coverage area (left hand side) or a low coverage area (right hand side).
The initial distribution of coverage is 50% and 70% in the low and high coverage
areas respectively. The solid lines are for the situation in which mixing is random
between the two groups (α = 0.5) and the dotted and dashed lines are for increasing
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degrees of assortative mixing (α = 0.75 and 0.95 respectively). The dark green lines
are the low coverage area, and the red lines the high coverage area, the blue lines
give the overall QALYs lost. The population of both areas is 100,000. Single dose
policy only.
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Figure 1.
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Figure 4.
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Figure 6
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