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Foot-and-mouth disease (FMD) in the UK provides an ideal
opportunity to explore optimal control measures for an infectious
disease. The presence of fine-scale spatio-temporal data for the
2001 epidemic has allowed the development of epidemiological
models that are more accurate than those generally created for
other epidemics1–5 and provide the opportunity to explore a
variety of alternative control measures. Vaccination was not
used during the 2001 epidemic; however, the recent DEFRA
(Department for Environment Food and Rural Affairs) contin-
gency plan6 details how reactive vaccination would be considered
in future. Here, using the data from the 2001 epidemic, we
consider the optimal deployment of limited vaccination capacity
in a complex heterogeneous environment. We use amodel of FMD
spread to investigate the optimal deployment of reactive ring
vaccination of cattle constrained by logistical resources. The
predicted optimal ring size is highly dependent upon logistical
constraints but is more robust to epidemiological parameters.
Other ways of targeting reactive vaccination can significantly
reduce the epidemic size; in particular, ignoring the order in
which infections are reported and vaccinating those farms closest
to any previously reported case can substantially reduce the
epidemic. This strategy has the advantage that it rapidly targets
new foci of infection and that determining an optimal ring size is
unnecessary.

The control of infectious diseases is often a compromise between
the desire for large-scale implementation of control measures and
what is logistically or economically feasible. Therefore, it is important
that control measures are optimally targeted so as to minimize the
adverse population-level impact of a disease. Optimal targeting will
in general depend in a complex nonlinear fashion on disease
dynamics, host demography and logistical constraints. Well-para-
meterized mathematical models of infectious disease spread are
therefore a necessary tool for determining optimal control strategies,
because a vast range of policies can be rapidly tested by simulation.
One important aspect of optimal control is the balance between
maintaining local control of outbreaks while attacking new foci of
infection.

During the course of the 2001 FMD epidemic a range of control
measures were implemented to try to reduce the transmission of
infection; these included movement restrictions preventing long-
range transportation of livestock, increased farm bio-security, rapid
culling of livestock on infected premises (IPs) to limit virus excretion,
and the reactive culling of livestock on ‘at risk’ farms to eliminate
potential new cases. Reactively culled farms fell into two main

categories (see Methods): dangerous contacts (DCs) and contiguous
premises (CPs). Reactive vaccination was considered during the later
stages of the 2001 epidemic but was dismissed for several reasons
(detailed in ref. 7), including concerns that the limited vaccination
campaign that was logistically feasible at the time would have little
impact on the epidemic.

The recently published European Union Directive8 suggests reac-
tive vaccination as a preferred means of intervention should a foot-
and-mouth disease outbreak occur in any member state. This is
reflected in the UK by the new FMD contingency plan published by
DEFRA6. However, neither document suggests a specific design for
reactive vaccination programmes. Here, we concentrate on develop-
ing an optimal reactive and responsive vaccination programme based
on the 2001 UK epidemic, assuming vaccination-to-live so that
vaccinated animals do not have to be culled. Vaccination of cattle
is combined with localized culling (following EU and DEFRA
recommendations6,8) in which all livestock on infected premises are
culled within 24 hours of reporting and farms considered by
epidemiological investigation to be at increased risk (DCs) are culled
within 48 hours. By default, simulations do not include CP culling.
The model closely follows that developed in refs 1 and 2; we use the
farm census database from June 2000 to incorporate farm-level
heterogeneities into our model while the epidemiological parameters
are obtained by fitting to the 2001 spatio-temporal epidemic profile
(see Methods and Supplementary Information).

We begin by assuming that vaccination (of cattle only) takes place
within an annulus (defined by an inner and outer radius, R inner and
Router) around each IP3,9 such that all farms within a given distance of
every IP will be identified for vaccination (see Methods). Vaccination
of these farms is then prioritized in the order that the associated IPs
were reported and, for those farms identified on the same day,
priority is given to those furthest from the IP. Thus vaccination
within each annulus is performed from the outside in. Protection of
cattle is influenced by several factors. We assume a vaccine efficacy of
90% so that 10% of vaccinated cattle remain susceptible10,11; in
addition there is a four-day delay between vaccination and protec-
tion. Finally, although farms within an annulus are targeted for
vaccination two days after the IP is reported, it may take longer
before they are vaccinated owing to the logistical constraint that only
a limited number of cattle can be vaccinated per day.

Varying R inner and Router, we seek the vaccination annulus that
minimizes the epidemic impact—defined as the number of farms
that are infected (IPs) or culled as part of the control (DCs þ CPs if
appropriate). For a plausible vaccination capacity (defined as the
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number of cattle that can be vaccinated per day), the model predicts
that the optimal policy is to vaccinate in a complete ring with the
inner radius set to zero (Fig. 1a). Extensive simulations have shown
that this is true for all the situations examined here, indicating that—
despite the delays involved—vaccination is still in general a locally
effective control measure. This finding could be refined using
predictive vaccination2, where (on a case-by-case basis) the use of
predictive simulations indicates that it may be optimal to ignore
some local farms if they are likely to become infected before
vaccination would confer immunity.

We focus on the behaviour of the model when the inner radius is
fixed at zero (Fig. 1b and c), and observe several important patterns.

Increasing the vaccination capacity reduces the average epidemic
impact (Fig. 1b and c), although there is considerable variation
between simulations. The optimal vaccination ring increases with
vaccination capacity. However, the number of animals within
the optimal ring is not proportional to the number that can be
vaccinated per day; instead it increases more rapidly, compensating
for overlapping vaccination rings. This highlights the fact that
calculation of the optimal ring size is a complex nonlinear problem
that requires detailed spatial models. Finally, we note that optimal
reactive ring vaccination at 35,000 animals per day (together with IP
and DC culling) is a far better strategy, in terms of reducing the total
number of farms lost, than a policy of CP culling (together with IP
and DC culling but no vaccination) even if all the culls are performed
promptly (Fig. 1b).

Armed with these insights, we then explore the effect of varying

Figure 1 | Epidemic impact (number of farms infected and culled).
a, Epidemic impact as inner vaccination radius (R inner) and width of the
vaccination annulus (Router – R inner) vary. The white dot marks the optimal
strategy. b, Epidemic impact for various outer radii (R inner ¼ 0); points
represent individual simulations, lines give a smoothed average for different
vaccination capacities with large dots marking the optimal ring size. The
dashed black line gives the average epidemic impact with prompt CP and DC
culling but no vaccination. c, Epidemic impact (red) and optimal radius
(blue) as the daily vaccination capacity is varied (with 95% confidence
intervals for each point).

Figure 2 | The optimal vaccination radius and the associated epidemic
impact. Results were determined (together with 95% confidence intervals)
using an outside-in vaccination strategy and vaccination capacity of 35,000
cattle per day. a, The number of farms infected before vaccination begins is
varied—capturing early or late detection and start of vaccination. b, The
total number of doses of vaccine available is varied. c, The efficacy of the
vaccine is varied. R inner is zero in all simulations. Each point represents the
results of 40,000 epidemic simulations. Similar results for the shortest-
distance prioritization are given in the Supplementary Information.
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other logistical and biological factors on the optimal vaccination
radius and corresponding epidemic impact (Fig. 2). Figure 2a
measures the delay before the disease is first detected combined
with the delay before the onset of vaccination in terms of the average
number of farms infected before vaccination begins. Prompt detec-
tion of the epidemic and a rapid decision to vaccinate allows larger
vaccination rings to be implemented around each IP and substan-
tially reduces the epidemic size, echoing more general principles1,12.
Any supply of vaccine will be limited because of the impracticality of
storing large amounts of vaccine for each virus type; also, vaccine
efficacy will vary between strains and may be considerably reduced if
there is a discrepancy between the invading strain and the closest
available vaccine. Both of these have implications for the success of
any vaccination campaign13–15. When the supply of vaccine is below
three million doses, the vaccine ring must be reduced in size to
prevent premature exhaustion of this supply, which in turn increases
the epidemic impact (Fig. 2b). In contrast, although a reduction in
vaccine efficacy (which may act as a surrogate for the farm-level
effects of vaccination) also leads to a greater epidemic impact, it has a
more limited effect on the optimal ring size (Fig. 2c).

The epidemiological characteristics within the model have been
parameterized using the data from the 2001 epidemic. However,
should foot-and-mouth disease enter the UK in future, it will not
necessarily be the same strain and so its epidemiological character-
istics could be substantially different. We therefore calculate the
optimal vaccination ring (for the simple outside-in prioritization)
while varying the susceptibility and transmissibility of cattle and
sheep, and the width of the dispersal kernel, by a factor of two
(Table 1). Although the average epidemic size is highly dependent
upon these epidemiological parameters, the effect on the optimal
radius,Router, is very small. We stress that these results are illustrative,
because the true variation in strain characteristics has yet to be
quantified, but do reflect the general robustness of the optimal ring
size. We note, however, that strains that are effectively transmitted
as air-borne plumes may give rise to dramatic changes to the

transmission kernel, and thus could invalidate the use of localized
vaccination.

Ring vaccination is a form of targeted control that uses spatial
proximity as a risk factor, but other refinements to the targeting
could be used16,17. Table 2 shows that whether vaccination is priori-
tized outside-in or inside-out within each day has very little effect on
the optimal ring size or the associated epidemic impact. Surprisingly,
if all prioritization is completely ignored and farms within a given
radius are vaccinated at random there is a slight improvement over
outside-in. This is because local herd-immunity (the threshold
population level of immunity needed to prevent disease spread)
around each IP is reached more quickly as it does not require the
vaccination of all cattle. Identifying farms within a given radius, but
prioritizing vaccination towards those farms with the largest num-
bers of cattle or livestock (rather than prioritizing in chronological
order) again increases the optimal ring size and decreases the
epidemic impact. This improvement mirrors the general epidemio-
logical tenet that targeting of control measures can provide a
substantial increase in effectiveness.

A variety of previous models have shown the success of CP culling
in the absence of vaccination1,4,5 and this is confirmed by our
simulations. However, for all vaccination priorities investigated
here the inclusion of additional CP culling leads to the total loss of
more farms (though not necessarily more livestock). We postulate
that this loss of efficiency is because a high proportion of farms that
are CP culled are (at least partially) protected by vaccination, and
therefore the effect of CP culling on the spread of the infection is
diminished compared to a situation with no vaccination. This means
that the reduction in cases owing to CP culling is smaller than the
number of additional culls performed, and we therefore conclude
that CP culling is not advantageous when combined with
vaccination.

We next turned to new strategies for optimizing the balance
between managing existing and new foci of infection. A simple and
very successful strategy is that of prioritizing farms for vaccination
purely by their proximity to any previously infected premises, while
vaccinating at capacity every day. The resultant epidemic impact is
smaller than for all other prioritizations investigated (Table 2). This
strategy has two main advantages. Firstly, an optimal ring size does
not have to be determined, because this strategy utilises the full
logistical resources that are available on any day. Therefore any
change in logistical constraints does not necessitate a change in the
vaccination policy. Secondly, vaccination in the immediate vicinity of
a new IP is rapid, thus focusing control on those farms that are at the
most immediate risk. The benefits gained from this targeting
approach are not particularly sensitive to the precise ordering of
vaccination, the number of cattle that can be vaccinated per day or
the initial seeding of the epidemic. A further improvement is
achieved if the prioritization is in terms of the shortest distance to

Table 1 | Effect of strain variation on optimal vaccination radius

Optimal ring size (km)

Risk factor Halved Doubled

Sheep transmissibility 8.5 (7.3–0.8) 7.5 (6.8–8.1)
Cattle transmissibility 7.0 (6.0–8.5) 7.0 (6.3–7.5)
Sheep susceptibility 7.5 (6.5–8.4) 8.0 (6.5–10.0)
Cattle susceptibility 8.0 (6.3–11.0) 6.5 (5.8–7.6)
Kernel width (keeping total transmission

constant)
6.0 (4.5–7.5) 8.0 (7.0–9.3)

The effect of varying epidemiological parameters, mimicking variation due to alternative
strains, upon the optimal position of the outer vaccination ring. 95% confidence intervals are
shown in parentheses.

Table 2 | Effect of control strategies on optimal vaccination radius

Vaccination priority Optimal ring size (km) IPs þ DCs þ CPs Total animals culled (millions)

Earliest IP reporting date (outside-in) 8.5 (7.8–9.6) 1,752 (928–2544) 2.07 (1.04–3.23)
Earliest IP reporting date (inside-out) 8.6 (8.0–0.5) 1,791 (994–2469) 2.10 (1.04–3.30)
Random order 9.0 (7.8–11.2) 1,688 (883–2475) 2.02 (0.94–3.13)
Largest cattle farms 10.5 (8.8–11.9) 1,535 (745–2339) 1.74 (0.71–2.85)
Largest mixed farms 12.5 (10.3–15.4) 1,343 (696–2025) 1.42 (0.61–2.28)
Shortest distance to any IP NA 1,254 (664–1954) 1.50 (0.67–2.46)
Shortest distance to any IP or DC NA 1,192 (626–1860) 1.42 (0.65–2.35)
Shortest distance to any IP or DC identified within previous ten days NA 1,088 (582–1726) 1.28 (0.60–2.17)

No vaccination (þCP culling) NA 4,220 (2149–6431) 3.58 (2.32–5.02)
Earliest IP reporting date (þCP culling) 8.0 (6.6–9.8) 1,955 (1176–2803) 1.65 (0.80–2.54)
Largest mixed farms (þCP culling) 11.3 (9.7–22.5) 1,607 (1033–2277) 1.27 (0.72–1.93)
Shortest distance to IP (þCP culling) NA 1,528 (895–2272) 1.69 (0.73–2.70)

The effect of vaccination priority and additional control strategies upon the optimal position of the outer vaccination ring together with the associated epidemic impact (IPs, and also DCs and
CPs if appropriate) and the total number of animals culled. 95% confidence intervals are shown in parentheses.
NA, not applicable.
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any IP or DC identified within the past ten days, as this also targets
vaccination around DCs that are suspected of being infected and
ignores regions of the country that no longer pose any risk.

We have shown that reactive vaccination could be a very powerful
tool for combating FMD, and potentially other locally transmitted
pathogens, when combined with efficient IP and DC culling and
animal movement restrictions. As ever, rapid implementation is
essential. A policy that prioritizes vaccination in terms of the shortest
distance to any reported infection or DC has strong epidemiological
benefits over traditional fixed-radius policies, especially in terms of
balancing local and regional control and making full use of the daily
vaccination capacity. It would also be easy to achieve practically,
because optimization for a particular set of logistical constraints is
unnecessary. This specific result echoes a more general trend, that
detailed data-driven models are becoming an increasingly important
tool in determining optimal epidemic control policies.

METHODS
TheModel.The probability that a susceptible farm i is infected on a given day,D,
is given by the equation:

Pi;D ¼12 exp 2SðiÞ

j[InfectiousðDÞ

X
Tð jÞKðdijÞ

0
@

1
A

SðiÞ ¼scown
ðiÞ
cow þ ssheepn

ðiÞ
sheep Tð jÞ ¼ tcown

ð jÞ
cow þ tsheepn

ð jÞ
sheep

ð1Þ

where S (i) and T (j) refer to the susceptibility and transmissibility of uninfected
farm i and infectious farm j, respectively. These farm-level measures are in turn
calculated from species-level parameters where sA and tA refer to the suscepti-
bility and transmissibility of species A, and nðiÞA is the number of species A on
farm i. These animal-level parameters are estimated from the 2001 data by
matching to the cumulative number of cases and culls in five distinct regions
(Cumbria, Devon, Wales, Scotland and the rest of England). The best-fit
parameters for Cumbria exemplify the general pattern: t cow ¼ 7.7 £ 1027,
t sheep ¼ 5.1 £ 1027, s cow ¼ 10.5, s sheep ¼ 1 (see Supplementary Information
for full parameters and confidence intervals). Pigs have been ignored in this
model for simplicity because there is insufficient data from the 2001 epidemic to
determine precise parameter values or even to show that the parameters are
significantly different from zero. K is the infection kernel and dij is the distance
between susceptible farm i and infectious farm j. The kernel is calculated from
the contact tracing performed by DEFRA during 2001 after movement restric-
tions, which provides a distribution of distances between infecting farms2. We
note that at present in the UK, only the residential position of the owner of the
farm is recorded, which could be separate from the farm itself and also distant
from where livestock is kept. However, large discrepancies in position affect only
a small fraction of the total data and sensitivity analysis shows that the general
results are unaffected by small errors in the positional data.

This epidemiological framework is coupled with the prompt culling of
livestock on IPs (within 24 hours) and on DCs (within 48 hours). The model
therefore mimics the rapid speed and significant levels of local control that were
attained during the latter part of the 2001 outbreak, representing what it is hoped
could be achieved from the detection of an epidemic in the future. The
simulations are initialized with the exact conditions of 23 February 2001
(including infected, infectious and reported farms); in any future outbreak it
is hoped that the disease will be detected earlier so that the spread is less
disseminated (Fig. 2a).
Calculation of dangerous contacts and contiguous premises. In practice, DCs
are identified for each IP on a case-by-case basis, and are based on veterinarian
judgement of risk factors and known activities, such as the movement of vehicles.
In our model, DCs are determined stochastically, accounting for infection risk
factors and known transmission events (see Supplementary Information) and
parameterized to match the best sustainable levels achieved during 2001.

CPs are determined by a comprehensive knowledge of the farm geography
and are defined as farms that share a common boundary—in practice, this is
again determined on a case-by-case basis using local maps and knowledge.
However, the data on farms within the UK only identifies the location of the
owner of the farm. We approximate CPs by tessellating around each point
location, taking into account the known area of each farm, to obtain a surrogate
set of adjacent farms. Clearly this set of farms will not necessarily be the set of
true CPs1,2, but this approximation will capture many of the elements of local
proximity.
Vaccination assumptions.There are a set of standard assumptions that are made

throughout the paper about the characteristics of vaccination. First, we assume
that only cattle are vaccinated—vaccination of other species, such as sheep,
would substantially limit the number of farms that could be vaccinated per day
and therefore limit the effect of vaccination (see Supplementary Information).
Unless otherwise stated, the vaccine efficacy is taken to be 90%, and a four-day
delay from vaccination to immunity is assumed. Therefore, after four days, 90%
of cattle on a given farm become totally immune and the remainder are totally
susceptible. We make the pessimistic assumption that during the four days
between vaccination and immunity, all cattle are completely susceptible and if
infected, the disease progresses in the same way as for non-vaccinated cattle. A
farm in which 90% of the cattle are immune has the same transmission and
susceptibility properties as a farm with 10% of the number of cattle. In general,
we assume that 35,000 animals can be vaccinated per day (unless otherwise
stated) and there is no limit on the number of farms that can be vaccinated per
day. This assumption results in vaccination of 260 farms per day (on average) for
shortest-distance ring vaccination. The latest DEFRA estimates suggest that a
maximum of 300 farms could be vaccinated per day, so our limit of 35,000
animals per day is reasonable. Vaccination is assumed to begin five days after the
disease is first detected, in agreement with the DEFRA contingency plan6.
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