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Fig. 3. Effects of vaccination. (a) Critical levels of vaccine coverage needed to prevent the spread of infection within a ward are
shown for three strategies, along with the prediction from standard models in which there is no population structure. (b) The
effects on the distribution of ward ry values of three vaccination strategies. These distributions are calculated at individual
level since ward-level results are slightly biased by the trend for less populated wards to have smaller household sizes. The
box-whisker plots show the mean, 1 and 2 standard deviations and outliers. (¢) The ward-level effects of vaccinating depen-
dent children. (d) Comparison of the ward-level effects of vaccinating dependent children and heterogeneous random vac-
cination, in which the same proportion of each ward is vaccinated. The nine exceptional wards in which heterogeneous
random vaccination outperforms vaccinating dependent children are highlighted (red circles) in plots (¢) and (d).

areas may mean that pandemic influenza (or any
other novel pathogen) is likely to enter such wards
early in a national epidemic.

Control by vaccination

Prophylactic vaccination may be a key epidemiologi-
cal tool in combating any future UK epidemic,
either to eliminate completely the risk of a large-
scale epidemic or to be used in conjunction with
other methods such a social distancing, antivirals or
contact tracing [24]. For simplicity, we assume that an

effective vaccine is available. Reducing this efficacy
does not change our qualitative results but will make
any vaccination strategy less effective. Figure 3a
considers three methods of targeting the delivery of
vaccination within wards, with the results for each
ward displayed as a point. The results of our house-
hold model agree with previous findings in terms of
the critical level of vaccination coverage required to
prevent an outbreak [25]. Vaccinating entire house-
holds at random (green) is an inefficient means of
targeting. This is because effective herd immunity at
the household level can be achieved without the need



to vaccinate all household members; in essence vac-
cine is being wasted on individuals who already have
some protection through being in partially vaccinated
households. Vaccinating individuals at random (red)
is a simpler and better strategy, and is found to out-
perform the expected vaccination threshold (black
line) predicted by simpler unstructured models [19,
20, 26]. The improvement over the prediction from
unstructured models is because random vaccination
of individuals effectively biases vaccination towards
larger households, thereby targeting control at these
most epidemiologically important units. However, an
ideally targeted strategy [25] — prioritizing individuals
in households with the most susceptibles — has even
greater benefits with the required level of critical vac-
cination never exceeding the random-mixing predic-
tion of 50 %. We see overall that ideal targeting can
reduce by about 40 % the amount of vaccine required
nationally.

Unfortunately, the optimal method of targeted
vaccination is both impractical and unworkable.
Therefore we seek an alternative proxy that in-
corporates insights from the ideal strategy and readily
allows vaccination to be targeted towards a pro-
portion of individuals in the larger households. From
Figure 15 we predict that vaccinating children biases
protection towards the larger households, yet does
not waste vaccine immunizing all members; in ad-
dition it is likely to be both ethically and socially
acceptable. With this in mind, we consider three forms
of vaccination at the ward level: (1) vaccination
of dependent children (who account for about 23 %
of the GB population); (2) heterogeneous random
vaccination, where individuals are vaccinated at
random with the proportion vaccinated equal to
the proportion of children within the ward; and
(3) homogeneous random vaccination, where in-
dividuals are vaccinated at random in every ward,
such that the proportion vaccinated nationally
matches the proportion of dependent children.
Alternatively, we can consider heterogeneous and
homogeneous vaccination as randomizations of the
vaccination of dependent children; heterogeneous
vaccination randomizes the distribution of vaccine
within each ward, whereas homogeneous vaccination
randomizes the distribution of vaccine over the whole
of Great Britain. As such, comparing these three
strategies allow us to access the impact of targeting
children, both in terms of efficient deployment within
a ward and also as a means of proportioning vaccine
between wards. Even though all three strategies
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ultimately vaccinate the same number of individuals
(around 23% of the population), it is clear that
targeting has advantages (Fig. 3b). We measure the
efficacy of vaccination through ry (the equivalent of
re, but after vaccination). Vaccinating dependent
children causes a 35% drop in this reproductive ratio
(from =2 to =~ 1-3), whereas both homogeneous and
heterogeneous vaccination only cause a reduction of
around 25%.

Comparing homogeneous and heterogeneous vac-
cination in more detail allows us to assess the impact
of targeting wards with the most children, without
targeting large families within those wards. The
histograms and box-whisker plots of ry show that the
targeting inherent in heterogeneous vaccination offers
negligible mean benefit over homogeneous vacci-
nation (Fig. 3b). However, this ward-level targeting
does significantly reduce the variability in epidemic
growth rates bringing those wards with extremely
high growth rates under greater control.

Figure 3(c, d) considers the behaviour at the ward
level, with particular focus on r, before vaccination
and the equivalent measure ry after a proportion
of the population has been vaccinated. In general
targeting vaccination towards dependent children not
only reduces the average reproductive ratio (ry) but
also significantly reduces much of the variability
(Fig. 3¢). Wards that originally had high r, values due
to large average household sizes with many children
are now brought much closer to the average. In only
nine wards (red circles) out of over 10000 is hetero-
geneous random vaccination predicted to outperform
vaccination targeted towards children — meaning that
at a local as well as a national scale vaccinating chil-
dren is overwhelmingly effective. The precise socio-
demographic characteristics of these nine outliers is
explored more fully in the Supplementary material,
but all these wards have either large student or older
adult households, breaking the general rule that
large households are associated with many depen-
dent children.

DISCUSSION

There are a wide range of regional heterogeneities
within Great Britain which it may be very important
to capture or appreciate if detailed mathematical
models are to be effectively used in containment
planning. Our results follow the general epidemio-
logical tenet that such heterogeneities can be used
to target control measures efficiently. However, ideal
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targeting is impractical and socially unacceptable;
instead we show that targeting prophylactic vacci-
nation towards dependent children may be an effec-
tive (and acceptable) means of targeting intervention
towards the largest and therefore most epidemiologi-
cally important households, without the disadvan-
tages associated with vaccinating entire households.
We have also found an interesting demographic pat-
tern in the small number (<0-1%) of wards that do
not obey this rule, which are dominated either by
student or older adult socio-demographic categories.

Our model is obviously a simplification of the
complex reality of pandemic ’flu transmission in
Great Britain; however, our model is sufficiently de-
tailed to highlight the role that household structure
can play and the implications of geographic hetero-
geneities recorded in the 2001 census. The simplifying
assumptions that we believe to be most relevant
when considering extensions to our work are as fol-
lows. First, we assume a compartmental paradigm
where individuals are either susceptible, infectious or
recovered. In reality, pathogen levels and infectious-
ness vary during the course of infection and also be-
tween individuals. Second, we have assumed that
the strength of contacts between individuals within
a household and between members of the general
population are independent of household size. Fi-
nally, we have ignored other geographic diversities
in assuming that the general rate of transmission in
the population is the same across Great Britain, when
in fact it is likely to be higher in areas with higher
population density, bigger workplaces and busier
transport links, which will probably inflate the vari-
ation already observed.

Bearing these limitations in mind, we believe that
modelling offers a good tool for understanding socio-
demographic patterns and their epidemiological
consequences. In particular, our work on household
structure offers the robust conclusion that vaccination
of children is expected to be an effective approach to
control of emergent infectious diseases, since it targets
vaccine towards both wards and households with
the greatest transmission risk. Furthermore, vacci-
nating children is likely to be socially acceptable and
although not sufficient to prevent an epidemic may
help to support other control measures such as
social distancing, antimicrobial drugs or quarantine.
Finally, we believe that insights from our work can
be useful in evaluation and planning of schemes
for control of disecases with existing childhood
vaccination schemes (such as measles) where the

geographic diversity in epidemiologically relevant
quantities that we have considered here may prove
important for prioritization of efforts to maintain and
increase uptake of vaccine. In this context it is inter-
esting to note that the numbers of GP surgeries and
statistical wards in the UK is approximately equal,
leading to equivalent levels of geographic diversity.
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