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SUMMARY

Simulation models can offer valuable insights into the effectiveness of different control strategies
and act as important decision support tools when comparing and evaluating outbreak scenarios
and control strategies. An international modelling study was performed to compare a range of
vaccination strategies in the control of foot-and-mouth disease (FMD). Modelling groups from
five countries (Australia, New Zealand, USA, UK, The Netherlands) participated in the study.
Vaccination is increasingly being recognized as a potentially important tool in the control of
FMD, although there is considerable uncertainty as to how and when it should be used. We
sought to compare model outputs and assess the effectiveness of different vaccination strategies
in the control of FMD. Using a standardized outbreak scenario based on data from an FMD
exercise in the UK in 2010, the study showed general agreement between respective models
in terms of the effectiveness of vaccination. Under the scenario assumptions, all models
demonstrated that vaccination with ‘stamping-out’ of infected premises led to a significant
reduction in predicted epidemic size and duration compared to the ‘stamping-out’ strategy alone.
For all models there were advantages in vaccinating cattle-only rather than all species, using
3-km vaccination rings immediately around infected premises, and starting vaccination earlier in
the control programme. This study has shown that certain vaccination strategies are robust even
to substantial differences in model configurations. This result should increase end-user confidence
in conclusions drawn from model outputs. These results can be used to support and develop
effective policies for FMD control.
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INTRODUCTION

Disease simulation models are widely used as decision
support tools to aid in planning for disease outbreaks,
predicting or assessing outbreaks in real-time and as
training tools in simulation exercises [1, 2]. Simulation
models can offer valuable insights into the effective-
ness of different control strategies and act as
important decision support tools by comparing and
evaluating outbreak scenarios and control strategies
[3–5]. Decision makers need to have confidence that
advice based on model outputs is reliable if models
are to be used to inform disease control policy. Under-
lying assumptions and model limitations also need to
be made transparent and communicated effectively to
decision makers.

Criticism of the use and value of modelling is not
uncommon [6, 7]. Careful evaluation of a model is
important to ensure it represents the real-life system
appropriately, is fit for purpose, and its operation and
outputs are transparent and well communicated to de-
cision makers. Part of this evaluation includes model
verification, a process that checks whether a model
is correctly implemented and matches underlying
assumptions and specifications relative to the model
concept. This may involve a structured assessment of
the programme, checking the model with experts,
examining model outputs for ‘correctness’, and com-
paring models against others under the same set of
starting parameters [5]. A number of studies have
used this latter approach [1, 2, 8, 9]. Model validation
checks the accuracy of a model’s representation of
the real system. As explained in Dubé et al. [8] ‘an
infectious disease model is said to be internally valid
when its outputs make epidemiological sense given
the underlying population dataset and parameters
used to initiate the simulations. External validity is
assessed when model predictions are comparable with
one or more real epidemics.’

Spanning 2005–2010, members of the Quadrilateral
Group of countries (QUADS: Australia, Canada,
New Zealand, USA) were involved in a study compar-
ing foot-and-mouth (FMD) simulation models [8].
Building on this experience, a new study on the use
of vaccination in FMD control was initiated through
QUADS, and also included the UK and The
Netherlands. The study used a multi-model compari-
son approach to compare different vaccination strate-
gies in a FMD outbreak based on the UK’s 2010
FMD simulation exercise, ‘Exercise Silver Birch’
[10]. Exercise Silver Birch was chosen as it provided

a plausible multi-focal outbreak and ready-to-use
data. Each model was set up and parameterized to
represent the scenario. Parameter input values for
the models reflected UK settings and FMD contin-
gency plans to ensure consistency between models
and their outputs. The study aimed to compare mod-
els under a common scenario, and understand how
these model differences might influence the effective-
ness of vaccination in controlling an FMD outbreak.

The use of vaccination to augment control of an
FMD outbreak in a previously FMD-free country is
increasingly being recognized as a potentially import-
ant component of the response. This is particularly so
when standard zoo-sanitary measures have been un-
successful in eradicating the disease and community
concern over the large-scale slaughter of animals has
grown, as was seen in the recent Korean [11] and
Japanese FMD outbreaks [12]. Recent changes in
the international guidelines on regaining FMD-free
status following an outbreak have also reduced the
time period before countries can regain their FMD-
free status when using vaccination [13]. Many coun-
tries have or are developing contingency plans and
vaccine supply arrangements. However, there is con-
siderable uncertainty as to when and how vaccination
should be used, and how vaccinated animals should be
managed. For countries with significant exports of
livestock and livestock products this is of particular
concern, because under the current conditions the
presence of FMD-vaccinated animals in the popu-
lation could be expected to cause market access diffi-
culties [1]. Under a ‘vaccinate-to-live’ policy, where
vaccinated animals remain in the population, FMD-
free status can be recovered 6 months after the
last reported case, compared to 3 months under a
‘stamping-out’ policy [13]. Although a 3-month recov-
ery period applies in a ‘vaccinate-to-cull’ policy, mar-
ket delays are expected due to the added surveillance
requirements for proof of freedom status and delays
in removing vaccinates following the outbreak [1].
Consequently, this is an important issue for policy
planners and disease managers.

The success of a vaccination programme to control
FMD is expected to vary depending on the approach
taken, response goals and programme management.
A number of recently published articles demonstrate
the various vaccination approaches that can be used
in the control of FMD [1, 14–16]. For this study,
advice was sought from disease managers in the parti-
cipating countries and directly from chief veterinary
officers at the 2012 QUADS Annual Meeting in
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Canada. The key factors that were considered for
a vaccination programme included the vaccination
approach (suppressive vs. protective), timing (when
vaccination is carried out relative to the date of first
detection), species to vaccinate, vaccination zone
sizes, deployment methods, and resourcing. These fac-
tors were used to develop a series of 12 control strate-
gies suitable for each model’s configuration and
requirements. A model comparison approach was
used to evaluate the effectiveness of the strategies in
controlling a FMD outbreak in the UK. The study
also aimed to identify and explain any differences in
results between models.

MATERIALS AND METHODS

FMD models

Models from five countries participated in the study:

(1) AusSpread –Australian Department of Agriculture
[4, 17, 18]. AusSpread is a stochastic spatial simu-
lation model that simulates the spread and control
of FMD in livestock populations at a regional
scale. AusSpread uses the farm as its unit of inter-
est and FMD transmission is modelled through
five discrete pathways: farm-to-farm animal
movements, local spread (infection of farms with-
in close geographical proximity by unspecified
means), indirect contact (via contaminated
fomites or animal products), animal movements
via saleyards or markets and windborne spread.
For FMD control, AusSpread is configured to
support the range of mitigations described in
Australia’s contingency plans for FMD with the
effectiveness of these measures dependent on
resources [19].

(2) NAADSM –North American Animal Disease
Spread Model (NAADSM) Development Team
[20]. NAADSM is a stochastic, spatial, state-
transition simulation model designed to simulate
the spread and control of highly contagious dis-
eases between herds in a population of susceptible
animals. User-established parameters define
model behaviour in terms of disease progression;
disease spread by direct contact, indirect contact,
and windborne dissemination; and the application
of control measures such as quarantine, move-
ment restrictions, depopulation, and vaccination.
NAADSM has been developed through a continu-
ing international collaboration involving research-
ers from the USA and Canada, along with

support, involvement, and advice from a broad in-
ternational pool of subject-matter experts.

(3) InterSpread Plus (IS+). IS+ is a spatial and sto-
chastic simulation model of infectious disease in
domestic animal populations [21, 22]. IS+ is a
state-transition model [23] meaning that the epide-
miological units of interest (farm locations) exist
in either the susceptible, infected and not-at-risk
state at any given time. Similar to AusSpread
and NAADSM, IS+ uses a series of user-defined
parameters to define the spread of infectious
agent from one farm location to another: local
spread, windborne spread, and direct and indirect
contacts. Control measures such as depopulation,
vaccination, and movement restrictions in ad-
dition to varying disease surveillance intensity
can be simulated, with the ability to carry out
each of these activities subject to user-defined re-
source constraints.

(4) Exodis. Exodis-FMD™ is a stochastic, spatial,
state-transition simulation model for FMD out-
breaks in the UK. Virus transmission is simulated
between and within herds, which are represented
to an individual species level. User-defined epide-
miological parameters are used to describe disease
progression and transmission. Control measures
for FMD are explicitly included in the model as
specified in the UK FMD Disease Control
Strategy for Great Britain (Defra, crown copy-
right 2011). Exodis was developed by Risk
Solutions after the 2001 FMD epidemic in the
UK, commissioned by the Department for
Environment, Food and Rural Affairs (Defra),
with the involvement of technical experts.

(5) The Netherlands model (NL) –Central Veterinary
Institute of Wageningen UR [16, 24]. NL is an
individual-based stochastic spatial simulation
model that describes FMD virus transmission on
two levels: between animals and between herds.
Results from vaccination and transmission experi-
ments serve to parameterize the transmission
model between animals, whereas the parameters
for the between-herd model are estimated from
the 2001 FMD epidemic in The Netherlands.
The model distinguishes between cattle, sheep
and pigs, and takes the relative infectivity and sus-
ceptibility of herd types and assortative mixing be-
tween herd types into account.

All models simulate the spread of disease between
farms; however, the Exodis and NL models also
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simulate the spread of disease within farms. The re-
maining models approximated this process by using
prevalence curves for each farm type to represent the
varying infection pressure generated by an infected
farm over time. The first three models can be de-
scribed as micro-simulation models where discrete
spread pathways are used to simulate FMD trans-
mission – including direct animal movements, indirect
contact transmission between farms, local spread, and
windborne spread. For more details on these models
refer to Dubé et al. [8]. The NL model uses a single
spatial kernel where all transmission routes are aggre-
gated with a probability of transmission depending on
the distance between infected and susceptible farms.
Exodis takes a hybrid approach using a spatial kernel
to represent local spread and indirect contact trans-
mission and separate pathways for windborne spread
and direct animal movement transmission.

Three of the models used in this study (AusSpread,
IS+, NAADSM) have been used previously in various
model comparison studies [2, 8–9]. For the remaining
models, this study provided an opportunity to com-
pare models through a relative validation process [9].

Outbreak scenario

Data from the 2010 UK FMD exercise, Exercise Silver
Birch, was used as the basis for the study [10]. The exer-
cise was based on a multifocal outbreak with detailed
outbreak history and documented spread of disease
that could be used by the modelling teams to set up
their respective models. The UK provided population
data and transmission parameter values. During the
set-up phase the capabilities of each model were dis-
cussed and parameter estimates and control strategies
defined so that each team could configure their model
to represent the same set of epidemiological assump-
tions and inputs. Individualmodels attempted to follow
these settings as closely as possible, but due to model
differences it was not always possible to represent the
start-up conditions exactly.Where results varied signifi-
cantly between models these differences are considered
in the Discussion.

The study area represented 38 counties in central
England and Wales. The population data was derived
from the 2006 UK census with almost 65000 premises
comprising dairy, beef, sheep, pigs, and mixed cattle,
sheep and pig farms (Table 1).

Disease transmission occurred via direct contact, in-
direct contact, windborne and local area spread. To
simplifymatching of themodels, long-rangewindborne

spread was not included, because runs of Exodis during
Exercise Silver Birch showed negligible numbers of
cases due to that mechanism. The scenario definition
used in Exercise Silver Birch included an 18-day delay
from introduction until the incursion was detected by
veterinary authorities (silent spread phase), by which
time there were 20 undetected infected holdings in
three separate foci in the study area. At the time of
first detection only one infected premise (IP) had been
confirmed. For consistency, this scenario was used as
the initial outbreak situation for evaluating control
strategies. That is, each team set up their model with
the infection status and histories of these premises and
all subsequentmodelling scenarios began by simulating
forward from the day of first detection.

Control measures

The simulated control programme was consistent with
UK contingency plans [25]. It was assumed that a
national livestock movement standstill would be in
place for the duration of the epidemic. Control mea-
sures included livestock movement restrictions around
IPs (with 100% compliance), surveillance and tracing
operations, and stamping out of all FMD susceptible
livestock on IPs. This approach represented the
stamping-out control strategy with no vaccination
(SO). Estimates of resources to conduct depopulation,
surveillance and vaccination were provided by the
UK. Initial estimates were subsequently reduced be-
cause they were considered overly optimistic com-
pared to expected capacity of the other participating
countries, as well as to take account of recent reduc-
tions in government-supported resources in the UK.

Vaccination strategies

To assess the effect of vaccination on FMD control,
11 vaccination strategies were defined based on a
number of operational factors and taking into account
the contingency plans and policy priorities in partici-
pating countries. These factors included the approach
to vaccination, timing, size of vaccination zones, spe-
cies vaccinated, and deployment of vaccination.

The approach to vaccination may be suppressive
(SV), where at-risk animals are vaccinated within
defined areas around IPs to control the spread of dis-
ease and reduce viral excretion, or protective (PV),
where at-risk animals in defined areas beyond the im-
mediate surroundings of IPs are vaccinated in advance
of potential exposure to protect animals from
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infection [19]. The sizes of the vaccination zones eval-
uated were 1 km, 3 km, or 5 km in radius around IPs
for SV, or a band with a 3-km inner radius and a
7-km outer radius for PV. Three delays in initiation
of a vaccination programme following the first
detection were considered – 1, 2 or 4 weeks. Two
species-related vaccination approaches were compared:
vaccination of all susceptible species or cattle-only.
This was based on advice provided by disease man-
agers. Cattle-only vaccination represents the preferred
UK approach (F. Gauntlett, personal communi-
cation). Under the scenario considered, relatively few
pig farms were infected compared to other species
and culling was considered to be a more effective
approach than vaccination for managing them. Sheep

were considered a lower priority for vaccination due
to their lower infectiousness, susceptibility and value
compared to cattle. The deployment of vaccine could
progress in a random fashion, from the outside of the
ring inwards or vice versa, or vaccination of larger
farms before smaller farms. The other deployment op-
tion was vaccination around all IPs from the onset of
the control programme (retrospective) or only around
newly declared IPs (prospective).

In total, 12 control strategies (one without vacci-
nation and 11 with vaccination) were assessed
(Table 2). The SO strategy was run for comparison
and calibration of the models. It should be noted
that all vaccination strategies operated in conjunction
with standard zoo-sanitary measures including the

Table 1. UK farm population data used in a simulated outbreak of foot-and-mouth disease in the UK

Type of holding No. of holdings

Average animal numbers

Cattle Sheep Pigs

Dairy 423 60 — —

Beef 11993 53 — —

Pigs* 1773 — — 1052
Sheep 20138 — 221 —

Mixed beef/sheep/pig 17325 72 652 13
Mixed dairy/sheep/pig 175 43 294 0
Mixed beef/dairy/pig 8086 161 — 3
Mixed beef/dairy/sheep/pig 4906 141 0 3

Total 64819

*Defined as holdings with >1000 pigs. Holdings with <1000 pigs were classified as mixed based on other species present.

Table 2. Description of the stamping-out (SO) and vaccination scenarios used in simulated outbreaks of
foot-and-mouth disease in the UK

ID
Vaccination
approach

Vaccination zone
size (km)

Timing†
(days)

Species
vaccinated

Retrospective (R) or
prospective (P)

Order of vaccine
deployment

SO — — — — — —

V1 SV 3 14 Alla P Random
V2 SV 3 14 All P Outside in
V3 SV 3 14 All P Large farm size first
V4 SV 3 7 All P Outside in
V5 SV 3 28 All P Outside in
V6 SV 1 14 All P Outside in
V7 SV 5 14 All P Outside in
V8 SV 3 14 Cattle only P Outside in
V9 PV 3–7 14 All P Inside out
V10 SV 3 14 All R Outside in
V11 PV 5–10 14 All P Inside out

SV, Suppressive vaccination; PV, protective vaccination.
*Cattle, sheep, pigs.
†Delay between first detection in the population and initiation of a vaccination campaign.

1260 S. E. Roche and others

https://doi.org/10.1017/S0950268814001927 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268814001927


culling of all FMD-susceptible animals on IPs.
NAADSM could only run six of the strategies due
to limitations in the model’s ability to simulate the
vaccination approach and deployment. For each strat-
egy, 100 iterations were run. Each simulation was run
until FMD was eradicated. The following outputs
from each model were recorded:

(1) number of IPs;
(2) spatial distribution of IPs;
(3) outbreak duration (number of days from the start

of the control programme until the last case is
detected plus 21 days). It was assumed it would
take 21 days following the last case to complete
all decontamination, disposal, surveillance and
vaccination activities;

(4) number of vaccinated farms.

A list of the key parameter inputs for disease spread
and control measures are provided in Table 3.

Statistical and spatial analyses

The size of predicted outbreak areas for each iteration
of each model for the 12 strategies (one SO and 11
vaccination strategies) were quantified by plotting
the point locations of predicted IPs using a geographi-
cal information system (GIS). A 10-km buffer was
created around each point location and contiguous
buffered areas dissolved to create predicted outbreak
areas. The sizes of the predicted outbreak areas
(in km2) were calculated using GIS.

Strategies were organized into five logical groupings
(as shown in Figs 3–7) for comparison. For each strat-
egy group two-way ANOVAs were performed using
the predicted number of IPs, the predicted epidemic
duration and predicted outbreak area as the outcomes.
Model (with five levels) and strategy (with three levels)
were included as explanatory variables. Because out-
comes from the SO strategy were expected to differ
from the vaccination strategies and because it was of
interest to identify differences among vaccination
strategies, SO was excluded in each of the ANOVA
calculations. Each of the outcome variables was
log-transformed to ensure that the error values
from ANOVAs were homogeneous and normally
distributed.

Intensity maps showing the predicted number of
infected farms/km2 were calculated using the spatstat
package [26] implemented in R [27]. These analyses
were performed using a regular grid of 200×200
cells superimposed over the study area with the

standard deviation of the Gaussian kernel (the band-
width) fixed at 10 km.

RESULTS

Descriptive statistics of the predicted number of IPs,
predicted epidemic duration (in days) and the pre-
dicted number of vaccinated farms by strategy and
model are shown in Table 4. Due to the limited num-
ber of strategies completed by NAADSM, results will
focus on the other four models, unless available for
NAADSM.

For the SO strategy, Exodis generated the largest
epidemics in terms of the median predicted number
of IPs whereas IS+ generated the smallest (Table 4).
The NAADSM and NL models generated epidemics
with the widest variation. Vaccination (strategies
V1–V11) reduced the predicted number of IPs, epi-
demic duration, and variability in the outcome com-
pared to the SO strategy (Fig. 1), with the
proportional reduction in each outcome varying
across each of the five models. The spatial distribution
of predicted IP locations for the SO strategy varied
across models (Fig. 2). AusSpread and Exodis pre-
dicted three distinct clusters of infection, IS+ pre-
dicted two, while the NAADSM and NL models
predicted smaller and denser clusters of infection,
with one cluster larger than the others. Similar spatial
patterns were evident for each of the vaccination stra-
tegies; however; the size of the predicted outbreak
areas were reduced (data not presented).

Figures 3–7 are box and whisker plots showing the
ratio of the predicted number of IPs to the median
number of IPs for the SO scenario computed across
all models (Figs 3a–7a) and the ratio of predicted epi-
demic duration to the median epidemic duration for
the SO scenario computed across all models (Figs
3b–7b), by scenario groupings. For all five models
the order of vaccination – random (V1), outside in
(V2) or large farms first (V3) did not significantly dif-
fer in terms of the predicted number of IPs (F2,1293=
0·958, P=0·38, Fig. 3a) and predicted epidemic dur-
ation (F2,1293=0·697, P=0·50, Fig. 3b).

All models predicted smaller numbers of IPs when
vaccination start was at 7 days post-detection (V4),
compared to vaccination start at 14 days (V2) and
28 days (V5) (Fig. 4a). For all models increasing
vaccination start to 28 days (V5) increased predicted
epidemic duration compared to vaccination start at
7 days (V4) (Fig. 4b).
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Fig. 1. Predicted median (5th and 95th probability interval) epidemic length and median (5th and 95th probability
interval) number of infected premises (IPs) for 12 control strategies in a simulated outbreak of foot-and-mouth disease in
the UK. Models: AU, AusSpread; EX, Exodis; IS+, InterSpread Plus; NA, NAADSM; NL, The Netherlands.
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Table 3. Key input parameters used in simulated outbreaks of foot-and-mouth disease in the UK

Operation Parameter Value Reference

Spread Distance (km) for Birch, pers. comm., 2012
(Exodis manual). local spread 3

. indirect spread 80

. windborne spread Varied
Latent period (days) Triangular (2,5,12) or Gamma (shape=3·58,

scale=1·56)
Sanson et al. [9]

Onset of clinical signs from start of infectious period (days) Triangular (0,0,1) except sheep (1,2,3)
Daily probability of detection Cattle 0·6

Pigs 0·5
Sheep 0·25

Infectious period herd-level (days) Triangular
Dairy (14,22,35)
Pigs (7,15,28)
Sheep (15,28,45)
Beef (14,26,40)

Movement controls Protection zone (PZ) radius [area where stringent movement
restrictions apply around infected premises (IPs)]

3 km Defra [25]

Surveillance zone (SZ) radius (area where less stringent movement
conditions apply around IPs)

10 km

Surveillance Surveillance priority Premises in PZ>trace premises>suspect
premises

Birch, pers. comm., 2012
(Exodis manual)

Number of surveillance visits conducted per premises in PZ Week 1: 1/day
Week 2: 1 every other day
Weeks 53: 1/week

Number of surveillance teams Days 1–2: 0
Day 3: 2
Days 4–5: 60
Days 6–7: 89
Days 8–12: 180
Days 13–32: 313
Days 533: 720

Time to complete surveillance visit/team/farm (days) 0·5
Backward tracing period (days) 14
Tracing effectiveness (proportion of contacts able to be correctly
traced)

50% indirect

85% direct
Time to complete trace (days) Betapert (1,2,4)

V
accination

strategies
to
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F
M
D
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Table 3 (cont.)

Operation Parameter Value Reference

Culling Maximum time to complete culling/farm 1 day Birch, pers. comm., 2012
(Exodis manual)Number of culling teams Days 1–2: 0

Days 3–5: 37
Days 6–12: 60
Days 13–17: 80
Days 518: 105

Time to cull one farm/team 2-h set up time+0·016 h/cow 0·006 h/pig
0·0065 h/sheep

Average number of dangerous contact premises generated per IP 2·34

Vaccination* Maximum time to complete vaccination/farm 1 day
Number of vaccination teams Days 1–6: 0

Days 7–13: 50
Days 14–20: 100
Days 521: 150

Time to vaccinate one farm 1 h +2min/animal
Duration of immunity (days) Betapert (180,210,240)
Time to gain full immunity (days) Triangular (4,5,6)
Farm-level susceptibility following vaccination (%) Days 1–3: 100

Day 4: 75
Day 5: 50
Day 6: 0

Reduction in transmission if farm infected at time of vaccination (%) 50

* Resources for vaccination do not compete with those for surveillance and culling operations.
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(a)

(b)

Fig. 3. Box and whisker plots showing: (a) the ratio of the predicted number of infected premises (IPs) to the median
number of IPs for the stamping-out (SO) scenario and (b) the ratio of the predicted epidemic duration to the median
epidemic duration for the SO scenario when vaccination is deployed randomly (V1), outside in (V2) or on large farms first
(V3) in a simulated outbreak of foot-and-mouth disease in the UK. Models: AU, AusSpread; EX, Exodis; IS+,
InterSpread Plus; NA, NAADSM; NL, The Netherlands.
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(a)

(b)

Fig. 4. Box and whisker plots showing: (a) the ratio of the predicted number of infected premises (IPs) to the median
number of IPs for the stamping-out (SO) scenario and (b) the ratio of the predicted epidemic duration to the median
epidemic duration for the SO scenario when vaccination is started 7 days (V4), 14 days (V2), and 28 days (V5) into the
control programme in a simulated outbreak of foot-and-mouth disease in the UK. Models: AU, AusSpread; EX, Exodis;
IS+, InterSpread Plus; NA, NAADSM; NL, The Netherlands.
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(a)

(b)

Fig. 5. Box and whisker plots showing: (a) the ratio of the predicted number of infected premises (IPs) to the median
number of IPs for the stamping-out (SO) scenario and (b) the ratio of the predicted epidemic duration to the median
epidemic duration for the SO scenario when vaccination radii of 1 km (V6), 3 km (V2), and 5 km (V7) are used in a
simulated outbreak of foot-and-mouth disease in the UK. Models: AU, AusSpread; EX, Exodis; IS+, InterSpread Plus;
NA, NAADSM; NL, The Netherlands.

Vaccination strategies to control FMD 1267

https://doi.org/10.1017/S0950268814001927 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268814001927


(a)

(b)

Fig. 6. Box and whisker plots showing: (a) the ratio of the predicted number of infected premises (IPs) to the median
number of IPs for the stamping-out (SO) scenario and (b) the ratio of the predicted epidemic duration to the median
epidemic duration for the SO scenario using a suppressive approach (V2) compared to a protective approach 3–7 km (V9)
or 5–10 km (V11) from identified infected places in a simulated outbreak of foot-and-mouth disease in the UK. Models:
AU, AusSpread; EX, Exodis; IS+, InterSpread Plus; NA, NAADSM; NL, The Netherlands.
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(a)

(b)

Fig. 7. Box and whisker plots showing: (a) the ratio of the predicted number of infected premises (IPs) to the median
number of IPs for the stamping-out (SO) scenario and (b) the ratio of the predicted epidemic duration to the median
epidemic duration for the SO scenario when all susceptible species are vaccinated (V2) compared to vaccinating only cattle
(V8), and when retrospective vaccination is used (V10) in a simulated outbreak of foot-and-mouth disease in the UK.
Models: AU, AusSpread; EX, Exodis; IS+, InterSpread Plus; NA, NAADSM; NL, The Netherlands.
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Table 4. Results for the predicted number of infected premises, epidemic duration, and number of vaccinated farms
for the control strategies used in a simulated outbreak of foot-and-mouth disease in the UK

Strategy Model

Infected premises (n) Epidemic duration (days) Vaccinated farms (n)

[median (5th and 95th probability interval)]

Stamping out AU 151 (76–436) 132 (76–379) —

NA 118 (50–1071) 181 (86–944) —

IS+ 113 (51–364) 116 (55–275) —

NL 151 (56–1005) 160 (69–410) —

EX 258 (114–594) 179 (88–349) —

V1 (3 km random) AU 97 (70–167) 98 (64–153) 1169 (727–2044)
NA 58 (41–77) 77 (61–115) 803 (676–974)
IS+ 98 (44–261) 100 (54–234) 1129 (426–3525)
NL 89 (54–158) 100 (67–148) 1644 (704–3049)
EX 124 (89–188) 100 (76–152) 1770 (1157–2671)

V2 (3 km outside in) AU 99 (62–175) 91 (66–150) 1245 (758–2444)
IS+ 98 (44–300) 103 (51–207) 1141 (423–3922)
NL 87 (45–156) 91 (65–147) 1515 (652–2870)
EX 129 (93–186) 98 (73–155) 1775 (1083–2754)

V3 (3 km large farm priority) AU 100 (65–155) 91 (66–139) 1190 (757–1874)
IS+ 102 (45–225) 101 (55–194) 1290 (418–3267)
NL 89 (44–153) 100 (67–151) 1602 (632–2941)
EX 118 (82–183) 95 (73–146) 1691 (1054–2774)

V4 (7 day start to vaccination) AU 82 (59–148) 85 (56–133) 1233 (875–1968)
NA 54 (39–75) 75 (57–123) 817 (658–1011)
IS+ 90 (42–300) 102 (52–214) 1266 (601–4367)
NL 71 (40–142) 92 (61–151) 1430 (768–3103)
EX 123 (81–173) 95 (72–148) 1993 (1409–2758)

V5 (28 day start to vaccination) AU 117 (77–197) 105 (74–168) 984 (358–1981)
NA 73 (50–109) 96 (74–133) 854 (691–1197)
IS+ 106 (48–273) 110 (61–253) 1041 (95–3227)
NL 100 (48–176) 106 (69–154) 1222 (275–2692)
EX 147 (102–239) 111 (79–161) 949 (330–2081)

V6 (1 km vaccination zone) AU 123 (73–244) 114 (75–242) 247 (131–555)
NA 103 (55–396) 169 (85–541) 268 (159–662)
IS+ 99 (42–317) 104 (57–256) 214 (59–832)
NL 120 (54–349) 135 (71–271) 398 (108–1317)
EX 189 (100–475) 144 (85–290) 397 (208–1033)

V7 (5 km vaccination zone) AU 108 (71–191) 98 (71–143) 2802 (1821–4797)
NA 56 (38–78) 69 (61–88) 1573 (1353–1963)
IS+ 81 (43–211) 86 (55–161) 2060 (812–6124)
NL 83 (41–162) 86 (65–118) 2834 (1287–5544)
EX 140 (94–221) 102 (76–145) 3406 (2292–5162)

V8 (3 km cattle only vaccination) AU 105 (67–190) 102 (66–221) 880 (547–1541)
IS+ 107 (47–321) 112 (56–228) 1315 (362–4195)
NL 84 (43–176) 100 (64–158) 942 (346–2037)
EX 156 (89–450) 126 (78–279) 1352 (805–2596)

V9 (3–7 km protective vaccination) AU 118 (71–188) 116 (69–175) 4485 (2719–6851)
IS+ 86 (45–160) 91 (53–145) 3062 (1296–6331)
NL 81 (44–133) 90 (62–128) 4324 (2070–7157)
EX 118 (84–174) 91 (72–149) 4747 (3490–6543)

V10 (3 km retrospective) AU 107 (69–172) 100 (68–170) 1525 (962–2579)
IS+ 129 (60–290) 121 (68–246) 1802 (798–3914)
NL 88 (44–139) 94 (66–132) 1838 (973–3122)
EX 119 (82–189) 99 (70–138) 1987 (1443–2934)
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All five models predicted that a 1-km radius vacci-
nation zone (V6) was less effective than a 3-km radius
vaccination zone (V2), (Fig. 5a, b). In all models ex-
cept IS+, increasing the radius of the vaccination
zone to 5 km (V7) produced little or no benefit in
terms of a reduction in the predicted number of IPs
or a reduction in predicted epidemic duration. For
all models, a 3-km vaccination radius (V2) resulted
in, on average, between four and five times the num-
ber of vaccinated farms compared with a 1-km vacci-
nation radius (V6) and half the number of vaccinated
farms compared to a 5-km vaccination radius (V7)
(Table 4).

For the suppressive (V2) and protective (V9) vacci-
nation strategies, the predicted number of IPs varied
across models (Fig. 6a). Compared to SV (V2) all
models except AusSpread predicted smaller numbers
of IPs for the PV strategy (V9). For all models,
more than twice the numbers of farms were vaccinated
when the PV approach was used since vaccination
areas were larger than those used with SV (Table 4).
There was no benefit in increasing the PV radius
from 3–7 km (V9) to 5–10 km (V11) with all models
predicting similar numbers of IPs (Fig. 6a).

Compared to retrospective vaccination (V10),
AusSpread and IS+ predicted a smaller number of
IPs when a prospective vaccination (V2) strategy was
applied. Exodis predicted a larger number of IPs
whereas the NL model predicted similar numbers of
IPs (Fig. 7a). The differences in predicted numbers
of IPs across scenarios were statistically significant
(F2,1194=6·49, P<0·01).

Vaccination of cattle only (V8) did not significantly
increase the predicted number of IPs compared to vac-
cination of all species (V2) in all models except
Exodis. Exodis predicted a greater number of IPs
and epidemics of longer duration for V8 compared
to V2 (Fig. 7a, b). Predicted epidemic durations
were similar across strategies V10, V2 and V8 for
AusSpread, IS+ and NL models.

DISCUSSION

Modelling the use of vaccination as an adjunct to the
control of FMD has been a widely published topic
in the recent scientific literature [1, 14–17]. The take-
home message from many of these studies is that the
decision to vaccinate and choice of vaccination strat-
egy will depend on the nature of the outbreak, avail-
ability of resources, and socioeconomic factors such
as trade and public opinion. While the findings from
modelling studies can provide guidance to disease
managers on when and how to vaccinate, they also
need confidence in the modelling tools when making
these decisions. In this study we sought to explore
the situations under which vaccination may be of
benefit in a FMD outbreak and used five modelling
platforms to test how various approaches to vacci-
nation performed in a UK setting.

Under the UK scenario examined in this study, it
was clear that vaccination used in conjunction with
SO resulted in significantly smaller epidemics than
for SO alone. Not only was the median size of an out-
break smaller, but all models also showed that the
probability of more severe epidemics was significantly
reduced under the vaccination strategies compared to
SO on its own. These findings support the value of
vaccination as an adjunct to zoo-sanitary measures
in FMD control [28]. Vaccination can limit local
disease spread around IPs, and despite the delay in
development of immunity, can be effective in helping
to contain an outbreak. This is particularly the case
when disease is widespread or fast spreading, or
when authorities anticipate significant resource issues
[14, 17, 29, 30]. Backer and co-workers [16] modelled
FMD transmission in a dense livestock region in The
Netherlands and concluded that vaccination or pre-
emptive ring culling was needed as an adjunct to stan-
dard control measures. Similar findings have been
seen in modelling studies of FMD outbreaks in
Denmark [1] and Australia [17].

Table 4 (cont.)

Strategy Model

Infected premises (n) Epidemic duration (days) Vaccinated farms (n)

[median (5th and 95th probability interval)]

V11 (5–10 km protective vaccination) AU 125 (78–225) 111 (75–216) 7528 (4725–11574)
IS+ 100 (49–221) 96 (62–156) 5509 (3122–10997)
NL 80 (44–126) 94 (66–133) 6495 (3350–10183)
EX 118 (78–176) 93 (72–139) 6348 (4334–7405)

AU, AusSpread; NA, NAADSM; IS+, InterSpread Plus; NL, The Netherlands; EX, Exodis.
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All models showed that the earlier vaccination is
implemented in a control programme the more
effective it is likely to be in reducing the size of an
outbreak. For this study, the earliest period before
vaccine would be available for deployment in the
UK was assumed to be 7 days [31]. Our findings
are consistent with other modelling studies that show
the length of time before vaccination is used in the
field is critical to its effectiveness [15, 32]. Porphyre
et al. [15] showed that a daily delay in using vaccination
linearly reduced its effectiveness in terms of numbers of
IPs, duration of epidemics, and numbers of vaccinated
animals in the population.

Another common finding across the models was
that among the vaccination zone sizes simulated,
3-km vaccination zones around IPs resulted in the
most benefit in terms of minimizing epidemic size,
duration and number of vaccinated farms in the popu-
lation. Increasing vaccination zone size to 5 km did
not always reduce epidemic size or duration but
required the vaccination of approximately twice the
number of vaccinated farms in the population. It is
important to appreciate the assumptions applied in
this study: that a national livestock movement
standstill was in place for the duration of the control
programme and that there was 100% compliance
with movement controls of livestock. This means
that effectively local and indirect spread were the
most important mechanisms by which disease trans-
mission could occur. In the models this is implemen-
ted either by spatial kernels (Exodis, NAADSM and
NL models) or distance bands (AusSpread, IS+) that
are parameterized so that a large number of the new
infections tended to occur within 3 km of an IP [33],
and the further a susceptible farm is from an IP the
less likely it is to become infected. Given this, it is
probably not surprising that vaccinating in 3-km
rings around IPs proved to be effective with little
benefit seen in vaccinating beyond these areas. If
farms over a wider area are at risk of infection, then
the use of wider rings might need to be considered.
Three out of four models suggested that PV was asso-
ciated with smaller outbreaks than SV, although at the
cost of vaccinating more farms in total. Available
resources for vaccination may have also influenced
these outcomes. Some models (e.g. AusSpread and
Exodis) implemented vaccination in strict accordance
with the UK resource settings (Table 3) based on an-
imal numbers on farms, with multiple teams allocated
to large farms to ensure vaccination would be com-
pleted in a single day. As a result, using larger

vaccination zones such as 5-km suppressive rings or
5-km protective bands, a backlog of farms waiting
to be vaccinated could build up which would take
some time to clear. This had the potential to reduce
the benefits of vaccination. By contrast, other models
used a simpler approach based on average numbers of
farms able to be vaccinated per day.

Three of four models predicted that a cattle-only
vaccination strategy was as effective as vaccinating
all susceptible species. For these models epidemics
were similar between strategies with less farms requir-
ing vaccination under the cattle-only approach. This
translates into significantly fewer animals vaccinated
as many farms were mixed so only a proportion of
the animals on these farms required vaccination. The
value of such a strategy is that it significantly reduces
the total number of animals vaccinated without com-
promising the size or length of the epidemic. Similar
findings have been reported elsewhere [32]. There
are clear advantages to using this strategy as less vac-
cine is needed and fewer resources are required to vac-
cinate stock and manage vaccinated animals over the
post-outbreak phase. Restrictions in trade and man-
agement of vaccinated animals following a FMD out-
break have historically limited the use of vaccination.
FMD-free status can be recovered 3 months after the
last reported case under SO or a ‘vaccinate-to-cull’
strategy, where vaccinates are removed from the popu-
lation, or 6 months if vaccinated animals remain in the
population and surveillance to demonstrate absence of
FMD circulation is undertaken [13]. In a vaccination
strategy where fewer animals are vaccinated, removal
of vaccinated animals or post-outbreak surveillance
will be simpler and less expensive.

This study provided a means to compare different
models and to assess if control strategies produced
similar outcomes. This approach provides a relative
validation methodology that can enhance end-user
confidence in model outputs [2, 8]. For a disease man-
ager it can be disconcerting when different models
generate different outcomes for the same type of
study scenario. Where the findings are consistent,
irrespective of the model used, one can have greater
confidence that the outcome is not an artefact or
consequence of a specific modelling team’s conceptual
approach or implementation. From this perspective
there is value in model diversity, particularly given
differences in modelling objectives, data availability
and approaches to parameterization. On the other
hand, where differences do occur it is important to
understand why these have occurred, recognizing
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that all models will have their individual strengths and
limitations. Provided these are made clear, the user is
then in a better position to assess the findings in terms
of his or her particular context.

In our study the process of relative validation was
not a trivial one, and Sanson et al. [9] provides a
good discussion of the challenges in parameterizing
and comparing different models. Developing para-
meters that align with each model’s requirements
forced each of the modelling teams to assess the way
core functions were implemented in their models,
and generated some useful insights. For example,
partial immunity on mixed farms that house cattle
and sheep in a cattle-only vaccination strategy was
modelled differently between models. In AusSpread,
Exodis and NL models, cattle and sheep populations
on a mixed farm are discrete populations and vacci-
nation can be implemented separately, so that mixed
farms acquire a partial immunity. In IS+ partial
immunity was not fully implemented in the version
of the model used, and mixed farms defaulted to a
susceptibility equal to the most susceptible animals
on the farm, which would be the unvaccinated
species. Therefore, in IS+ cattle-only vaccination
only benefited cattle-only farms, where there would
be full immunity applied.

All models except NL predicted three clusters of
infection that reflected diffusion-like spread from the
three focal points of the starting scenario. The NL
model predicted only a single cluster of infection
that coincided with the highest animal density. This
was because the transmission kernel extends over
large distances, with higher infection probabilities at
shorter distances, resulting in scattered but density-
driven transmission patterns. NAADSM predicted
large uncertainty intervals in epidemic size and dur-
ation for the SO strategy, which was attributed to
the time to detection remaining constant throughout
the epidemic, whereas time to detection diminished
over time in some of the other models. The study
also suggests that resources for vaccination and the
way these are managed are likely to be issues particu-
larly when larger vaccination zones are considered.

Vaccination may not always provide benefits over
SO depending on the nature of the epidemic and avail-
ability of resources to control it. Vaccination may
compete with SO activities for resources and interfere
with the effectiveness of SO when resources are limited
[17]. In well-resourced outbreaks or areas with low
livestock density SO may be more effective than vac-
cination as the time to develop immunity is longer

than the period to complete culling operations
[14, 34]. In this study, the findings regarding the effec-
tiveness of vaccination were sensitive to the human
resource settings and the way control measures were
implemented in the individual models. An example
of this is the way models represent surveillance and
vaccination. The UK assumptions about the resource
capacity to cull, vaccinate and perform surveillance
activities and the speed at which this capacity is
reached are unlikely to be accurate for countries
with larger farm sizes and more extensive production
systems such as Australia, Canada and USA.
Vaccination and culling operations were assumed
to be completed on each premise within 24 h. In
geographically large countries farm sizes can be sign-
ificantly larger and completion of these activities with-
in 24 h is likely to be very optimistic. The implications
of this 24-h assumption need to be explored further. In
addition, should resource availability in the early
stages of an outbreak in the UK be reduced further,
the effectiveness of SO and the relative effectiveness
of vaccination strategies could change.

The decision to vaccinate and choice of strategy
will ultimately depend on the nature of the epidemic,
available resources to control it, and objectives of
the control programme. A policy of eradication and
minimization of the number of animals culled may
warrant a different control policy to that of eradi-
cation in the quickest time. Time out of markets
may drive the choice of control measures where the
management of vaccinated animals in the population
post-outbreak may prolong market access due to
OIE guidelines on the time to regain FMD-free status
[13]. Of additional consideration, beyond the scope of
this study, are the implications of post-outbreak sur-
veillance and proof of freedom on farms that were
both vaccinated and exposed to infection [24]. When
considering control costs and export losses, vacci-
nation may not always be the most cost-effective ap-
proach [1, 14].

Despite the differences in absolute numbers of IPs
or epidemic durations between models, the individual
models tended to demonstrate similar patterns of
effectiveness between the vaccination strategies evalu-
ated. All models predicted that vaccination as an ad-
junct to standard zoo-sanitary measures resulted in
smaller epidemics compared to SO alone. In general,
it was also clear that there were advantages in vacci-
nating cattle-only rather than all species, using 3-km
vaccination rings immediately around IPs, and start-
ing vaccination earlier in the control programme.
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Although these patterns may not hold true in other
study scenarios or for other countries with different
animal demographics and resources, the study high-
lights that certain control strategies are robust despite
different model configurations. These findings can be
used to support and develop more effective policies
for FMD control.
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