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SUMMARY

Scrapie is endemic in the sheep flocks of many countries, but good epidemiological information

on this disease is scarce. Data on the initial stages of an epidemic are even more rare. We describe

the ongoing epidemic of scrapie in Cyprus that has been tracked since it began in the mid-1980s.

The early stages of the spread of scrapie from farm to farm, between 1985 and 2000, is analysed

with a simple mathematical model. The flock-to-flock basic reproductive number (R0) for the

spread of scrapie was estimated at between 1.4 and 1.8. The impact of interventions on the

control of the epidemic are discussed from an epidemiological and economic point of view. Early

identification of scrapie cases on farms can have a large impact on the number of farms affected.

The long period before detection of disease in a flock means that policies based on whole-flock

slaughter can be inefficient in preventing spread. Under a range of scenarios, a concentration of

resources on early detection and quarantine may be more effective in terms of both the costs and

control of the epidemic.

INTRODUCTION

Scrapie is a fatal disease of sheep and goats. It is a

member of a group of diseases known as transmissible

spongiform encephalopathies (TSE) that include

bovine spongiform encephalopathy (BSE) and human

Creutzfeldt–Jakob disease (CJD). The infectious pro-

cess, in which the infectious agent itself is believed

to be a modified host protein [1], has yet to be fully

characterized but results in progressive debilitating

neurological illness after a prolonged asymptomatic

incubation period. Infection can pass from sheep to

sheep via horizontal and vertical routes [2]. Trans-

mission might also occur from contaminated pasture

[3].

Scrapie has been reported worldwide [4]. Losses in

affected flocks are highly variable ranging from 1%

annual mortality to over 20%. Although there has

always been some stigma associated with incidence of

scrapie, death of individual animals has until recently

been the main measure of loss. However, scrapie in-

fection can now limit the international trade in live

sheep and other ovine products. Affected farms and

areas suffer losses due to decreased value of breeding

stock and the need for eradication or control pro-

grammes. In the wake of the BSE epidemic in the

United Kingdom, there is a greater drive for produ-

cers, and if possible countries, to become scrapie free.

Control of scrapie is hampered by the incubation

period, often several years long. Pre-clinical testing

is available [5] but not widespread. Imported sheep

and goats may require certification of a scrapie-free* Author for correspondence.
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history, and undergo an extended quarantine and

monitoring period. Scrapie control within a flock is

also complicated by the long incubation period, and a

lack of understanding of the relative importance of

the transmission routes. Control has traditionally in-

volved slaughter of the infected and related animals

[6]. Measures now focus on the important role of

susceptibility genes [7] and the role of the placenta as a

source of the infectious agent [8]. Certain common

polymorphisms in the PrP gene are associated with

strong resistance to scrapie whilst others appear to be

highly susceptible [9]. Breeding programmes are now

the preferred method for scrapie control [10, 11] and

it is advised that lambing premises are promptly

cleansed.

Models for the within-flock spread of scrapie have

been proposed, and data from individual and

speciallymaintainedflocks analysed [12–18].However,

there have been limited opportunities to describe the

early stages and development of a new epidemic on

a large scale. Prior to 1985, scrapie had never been

recorded in Cyprus. Two cases were confirmed in

February 1985 (described in [19]). It soon became

clear that these cases marked the beginning of an

epidemic of scrapie on the island, and the number of

affected farms increased exponentially. By the year

2000, 201 farms had been infected. Here, these years

of the epidemic are analysed with a simple mathemat-

ical model that allows an estimate of the rate of spread

of scrapie between farms. We focus on control strat-

egies that involve whole-flock slaughter and ask why

extensive efforts over the first 14 years were unable to

control the epidemic. Control options are discussed

in terms of their impact on the epidemiology, and

their relative costs in the future.

MATERIALS AND METHODS

Scrapie in Cyprus

The data analysed here consists of monthly incidence

of affected farms over the period 1985–2000. It

remains unclear exactly when and how the disease

entered Cyprus. Indigenous wild Cypriot sheep may

be relatively resistant (G. Neophytou, unpublished

results), and it is possible that scrapie was introduced

during the recent importation of live animals as an

attempt to upgrade sheep flocks. No information is

available on scrapie in the north of the island.

The predominant transmission route between

farms is likely to be the trade in live animals. Due to

the long incubation period, scrapie-infected animals

that appear healthy can be bought and sold. Trade in

live sheep occurs regularly between all five districts of

Cyprus. Sheep from one farm may potentially infect

sheep from another farm if grazing grounds are

shared, however neighbouring farms tend not to mix

in this manner.

Control of scrapie in Cyprus

Over the period analysed here, control of scrapie is

based around preventing spread from farms with

confirmed cases. An on-going information campaign

followed the initial detection of the disease in 1985.

Both farmers and government veterinarians received

information on identification of clinical symptoms of

scrapie. All suspect sheep are confiscated, slaughtered

and tested for scrapie using histopathology [19]. Full

compensation is paid for all confiscated animals.

Following confirmation, a case farm is banned from

trading in live animals for at least 3 years after the last

case was detected. It is not compulsory to slaughter

the whole flock. Within-flock control is based on

continual removal of all suspect animals and culling

of animals related to cases, a traditional means of

scrapie control. This may lead to slaughter of the

whole flock (in some cases of high within-flock inci-

dence), and when this occurs the farm may not be

restocked for a period of at least 3 years, though in

practice this period may be much longer.

On a national scale, more recent control efforts

have focused on the use of genotyping to identify

resistant stock and introduction of breeding pro-

grammes using these animals. A ‘bank’ of resistant

rams is being developed, and these animals are used as

replacements in scrapie-affected flocks. Prior to 2000,

few genotyping results were available, and control

efforts were uniform over time (hence our choice of

years for the analysis of the initial rate of spread).

Since then, although some genotype information has

been collected, it has not reached large-scale levels.

The impact of genotyping will be continually assessed

over the coming years, but it is not expected to have a

substantial impact until 2004 and beyond.

A mathematical model of the initial outbreak

The following model is a simplified description of the

spread of scrapie between Cypriot farms. The total

number of farms at-risk is divided into four cate-

gories : unaffected with scrapie but susceptible to the

introduction of disease (X) ; affected with scrapie but
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not identified as such due to incubation of the disease

in sheep or misdiagnosis (Y) ; and farms with con-

firmed cases of scrapie (Z1 and Z2). When a case of

scrapie is confirmed on a farm, either the whole flock

is slaughtered (Z1) or the flock is banned from trading

animals while control methods are employed (Z2).

The model is illustrated in Figure 1 and the following

equations describe the rate of change of the four

populations.

dX

dt
=xX(b1Y+b2Z2)+m1Z1+m2Z2,

dY

dt
=X(b1Y+b2Z2)xaY,

dZ1

dt
=paYxm1Z1,

dZ2

dt
=(1xp)aYxm2Z2:

Here the farm is the unit of study, and the total

number of farms is a constant N. Predominantly,

farms become affected from buying infected sheep

from farms that harbour infection but have not yet

detected it (Y). Infection may possibly pass from

flocks that have confirmed cases and have not been

entirely culled (Z2), either through direct contact

(shared grazing) with neighbouring farms or if the ban

on trading live animals is not adhered to.

Mixing of farms with respect to buying and selling

sheep is assumed to be homogenous, and infection

occurs at a rate proportional to the product of sus-

ceptible and affected farms. The constant b is a

transmission coefficient and characterizes the degree

of infectiousness of an affected farm. Since the main

route of infection is from farms that have not detected

scrapie, b1 is likely to be greater than b2. If quarantine

measures are 100% effective, b2=0 (i.e. if farms with

confirmed cases never spread scrapie). It is assumed

that flocks that acquire an infected sheep, but recover

completely before any cases are detected have a neg-

ligible impact on the between-farm spread.

When a first clinical case of scrapie is detected,

the farm moves to one of the confirmed categories.

This occurs at a rate a, hence ax1 is the average time

between the first infected animal appearing in a flock

and confirmation of the outbreak. A proportion,

p, of confirmed case flocks are slaughtered entirely,

the remaining 1xp are banned from trading live

animals. Following confirmation of cases, there is a

period before the farm eliminates scrapie (culling

infected animals and certain bloodlines). For slaugh-

tered flocks this is the average time for restocking

(m1
x1), for quarantined flocks this is the average time

for elimination of infection and trading to restart

(m2
x1). In practice the time for elimination of disease

and resumption of trading is expected to be con-

siderably more than 3 years.

UNINFECTED FLOCK

X

Y

AFFECTED FLOCK

Scrapie present but undetected

End of 
quarantine

Re-stocking

Entire flock slaughtered Under quarantine

Detection of clinical
scrapie

Acquire
infected sheep

Z2Z1

SCRAPIE CONFIRMED FLOCK SCRAPIE CONFIRMED FLOCK

Fig. 1. Schematic of model structure. The category that a flock belongs to changes between four classes. Unaffected and
susceptible flocks (X ) acquire scrapie animals by trading (at random) with affected flocks. Initially an affected flock remains

undetected (Y ). Detection of a case occurs at a rate a, following passive surveillance by farmer and government vets. A
proportion (1xp) farms are quarantined and can still in theory spread scrapie (Z2). All sheep in a proportion of p scrapie-
confirmed farms are slaughtered. Flocks return to the unaffected category at the rates m1 (restocking following slaughter) and

m2 (after quarantine period).
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Here, R0 is the average number of flocks that ac-

quire scrapie from the first affected flock (type Y) in

an otherwise entirely scrapie-free farm population. In

order for the epidemic to be controlled, R0 must be

less than 1, and the magnitude of R0 determines the

degree of difficulty in controlling an outbreak. In

terms of the model parameters,

R0=
b1N

a
+(1xp)

b2N

m2
:

The small size of the farming community and the well

integrated nature of trading networks has underlined

our assumption of homogenous mixing. (Also, the

initial spread of the disease did not appear to be

localized.) However, detailed spatial information on

the epidemic is currently being collected that will

allow the testing of the model assumptions, and ex-

pansion of the model to include a spatial component.

In particular, information on trading networks is

being collected that may be used to analyse recent

patterns in the epidemiology.

Estimation of parameter values

The model parameters can be estimated by fitting the

model to the time-series of monthly cases observed

in Cyprus or if possible from independent data. The

behaviour of a model simulation is determined by the

parameter values and the number of farms in each

model compartment at the start of the epidemic.

At t=0, the number of confirmed cases is 0 (Z1(0)=
Z2(0)=0). The number of undetected affected farms

at the start of the epidemic (Y(0)) is unknown and

must be estimated from the data in addition to the

unknown parameters. It follows that the initial

number of susceptible farms is X(0)=NxY(0).

Independent estimates are available for the par-

ameters, p, and approximately for a. In Cyprus

approximately half of all flocks with confirmed cases

were slaughtered entirely, therefore p was set at 0.5.

ax1 is the average detection period and is therefore

related to the incubation period of scrapie in individ-

ual sheep (approximately 2 years). It is, however,

likely to be shorter if a farm buys a sheep in the latter

stages of infection, longer if animals tend to be

slaughtered or sold before displaying symptoms or if

symptoms are overlooked. For a new disease it is

unlikely that the average detection period will be

significantly less than the disease incubation period,

and it is also likely to have a highly variable distri-

bution (here an exponential is implied). We explored

the fit of the model for a range of detection period

(ax1) values of between 2 and 5 years.

Using the assumed values of a and the known

value for p, the fit of the model simulation to the

cumulative monthly incidence data was explored for

combinations of values of b1, b2 and Y(0). A numerical

optimization routine was used to provide the

maximum-likelihood estimates for b1, b2 and Y(0),

assuming Poisson-distributed observations. Over the

period of interest, few farms had resumed trading

following slaughter or quarantine, and baseline values

of 0.1 were used for m1 and m2. Sensitivity of output to

this assumption was tested by repeating the analyses

for mi=0.2–0.07. Results reported below were not

found to be sensitive to these parameter values.

Long-term behaviour of the epidemic and control

With the estimated parameter values, the model was

used to explore the long-term behaviour of the epi-

demic. After an initial rise, the numbers of farms in

each category tend towards equilibrium values, where

the proportion of farms affected is 1x1/R0. In the

model, control of the disease is based around adjusting

the values of three parameters. The proportion of

farms slaughtered ( p), the efficacy of preventing

spread from quarantined farms that are not fully

slaughtered (inversely related to b2) and the time taken

to detect cases on affected farms (ax1). The relative

effects of interventions that target these parameters

were explored as follows. The model was fitted to the

data up to the year 2000 as described above, model

simulations were then run into the future with all

combinations of parameters from the following ran-

ges : 0.0fpf1.0, 1fax1f2, and 0fb2/b1f0.17.

Primary output from the model, for each combination

of parameters, was R0 and the cumulative number of

farms affected with scrapie over the next 5 years. b1

and Y(0) were always fixed at the estimates described

above, and initial conditions used for the extended si-

mulations were the predicted values ofX,Y,Z1 andZ2

at the beginning of 2000.

Estimating costs of control methods

It is possible that an intervention that significantly

reduces the number of affected farms is prohibitively

expensive. If estimates can be made of the cost of

control measures, these can be combined with the

estimates of the impact on the epidemic to minimize

the size of the epidemic for a given expenditure.

Precise estimation of costs is not possible, however
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for a range of assumptions suggestions for optimal

strategy can be generated. The aim here is to compare

the merits of slaughtering whole flocks with interven-

tions that reduce the detection period, after which

quarantine and selective slaughter only is maintained.

Compensation costs are relatively easy to estimate,

but still require a number of assumptions. At the end

of the period of interest (in this case 5 years), for a

given combination of parameters let the cumulative

number of farms having detected scrapie (since 2000)

be Ztot. Compensation is paid for all animals in those

farms in which the whole flock is slaughtered (pZtot)

and all suspect animals confiscated from the rest

of the affected farms [(1xp)Ztot]. We estimate com-

pensation for whole-flock slaughter simply from

the average number of sheep in an affected flock

(nsheep=130). Compensation on farms with sheep

under quarantine is more likely to be paid over a num-

ber of years, as suspect sheep are gradually detected.

Let nconf be the average number of suspect sheep

confiscated from a flock under quarantine. If compen-

sation paid is a Cypriot pounds (£CYP) per sheep, the

total compensation paid is apZtotnsheep for whole-flock

slaughter, plus a(1xp)Ztotnconf for quarantined farms.

The number of sheep confiscated from quarantined

farms can potentially increase indefinitely, so that in

some cases the compensation paid may exceed the

amount that would have been paid on whole-flock

slaughter at the detection of the first case. One flock

that at any one time consisted of around 140 sheep

in fact lost 191 suspect animals over the period

1993–1998. In general however, the majority of cases

are found only in the first few years of quarantine, and

scrapie is eliminated through slaughter of breeding

lines (that may involve genotype information). Using

the farms initially affected up to 1993 only, we esti-

mated that the number of confiscated sheep on quar-

antined farms is on average 56% of the flock size at

first detection of scrapie. Based on an average flock

size of 130, we therefore use a value of 73 sheep for

nconf. All costs here are expressed in £CYP. In 2000,

the average compensation paid per sheep is a=60.

Interventions that reduce the detection period are

based on the inspection of farms by government vets

and increasing scrapie awareness, and are much more

difficult to cost. Here we investigate three scenarios.

First, since government veterinarians already visit all

farms for purposes other than scrapie control and

education campaigns have already been implemented,

the costs for keeping the detection period (ax1) atB2

years (status quo) are not considered. Secondly, the

costs of reducing the detection period to 18 months

are assumed equivalent to one additional visit to all

farms where scrapie has not been detected. Thirdly, it

assumed that two additional visits per farm per year

are required to reduce the detection period to 1 year.

The costs are based on a 4-h visit by one government

vet at £CYP 8.50 per hour.

Given these assumptions, costs were calculated for

model simulations with each of the parameter com-

binations described above. The costs of maintaining

b2 at a particular value are not considered here.

RESULTS

Scrapie in Cyprus

There are over 2000 sheep farms in Cyprus. The dis-

tribution of farm size is an important demographic

characteristic in Cyprus. Most farms hold small

numbers of sheep (Fig. 2a). Although often in very

close proximity, they remain distinct units. Since

sheep are used for milk and meat industries, the typi-

cal age-structure of a flock shows a relatively high

proportion of older animals (Fig. 2b), which may
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Fig. 2. (a) Distribution of sheep flock sizes on Cypriot farms

(estimated in 1998). (b) Average age structure of a Cypriot
sheep flock (estimated in 1998, from a sample of 20).
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aid the detection of clinical scrapie. The number of

scrapie-affected farms per year up to the beginning

of 2000 is given in Figure 3. Cases had appeared in

all five districts of Cyprus within 7 years, and even

in the early years, cases would appear simultaneously

on different areas of the island. Although affected

farms tended to be slightly larger than the overall

mean farm size, there were no significant changes in

the size of affected farms as the epidemic progressed.

There appears to be a peak in 1996, when 1.7% of

susceptible flocks had a confirmed case, but cases

have since remained consistently high.

Goats

Of the sheep farms, 1352 also keep goats, and there

are an additional 2086 goat farms in Cyprus. Scrapie

infection in Cypriot goats was first confirmed in 1986

[20]. The epidemiology of scrapie in goats is not con-

sidered here. However, we note that the dynamics of

the disease in goats is likely to be highly dependent on

sheep scrapie. Of the 37 farms detecting cases in goats

only 2 did not keep sheep (x2
1 d.f.=48, P<0.001). It is

possible that these infections resulted from trans-

mission from sheep rather than trade in infected

goats. If this is true, R0 for goats is likely to be less

than 1 in the absence of sheep.

Estimates of R0

The best fit of the model to the epidemic was found

for relatively low average detection periods (ax1=
2 years). Parameter estimates (with 95% confidence

intervals) were b1=31.4r10x5 (28.8–32.7), b2=3.4%

of b1 (0–17) and Y(0)=6 (5.4–6.6). Therefore, at the

time of the first confirmed case, there was an esti-

mated six other farms harbouring scrapie-infected

animals. These parameters generate an R0 of 1.5

(1.4–1.8). The fit of the model to the data with this

baseline parameter set is shown in Figure 4. We note

that the above values of b1 and Y(0) are consistent with

those obtained from a fit of a simplified version of the

model to the very first few years’ data (prior to 1990),

when all cases were very likely to have arisen from

undetected affected farms and during which it could

be assumed, therefore, that b2=0. The impact of

spread from farms with confirmed cases can only be

seen later in the epidemic. The small estimate for b2/b1

suggests quarantine measures are fairly effective, but

the upper confidence limit for this ratio (17%) shows

that this group of farms could still have an impact.

Even with a low value of R0, the equilibrium pre-

dicted number of farms confirmed with scrapie, and

under quarantine or slaughter is high (586). This

equilibrium however, will take a very long time to be

reached [21] and is based on the premise that par-

ameter values in the future are not influenced by

control measures. It should be regarded only as a

maximum estimate, particularly after changes to

control due to genetic information, and model fore-

casts of this kind should only be made over short

time-periods. Of more interest is the prediction of the

number of non-case farms that currently harbour

undetected scrapie. At the early stages of the epidemic

the majority of infections are in this farm category.

Even in 2000, there are predicted 78 undetected scra-

pie farms. Even if all transmission between flocks was

halted in 2000, the minimum size of the outbreak

would be almost 300 farms.
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Long-term behaviour of the epidemic : impact of

control strategies

Using the baseline estimates of b1, b2 and Y(0), we

explored the effect of varying the parameters p and a

on the total numbers of farms affected after a given

period of time. Figure 5 (line a) plots the expected

number of farms affected over the next 9 years. Also

plotted are three different hypothetical control stra-

tegies implemented in 2000. The proportion of whole

flocks slaughtered could be increased to 100% (Fig. 5,

line b), or increased active surveillance could reduce

the detection period to 1 year (Fig. 5, line c). Both

these measures are implemented in Figure 5 (line d).

Figure 5 suggests that increasing the culling policy

to above the current 50% has a small impact on the

magnitude of the epidemic, whilst a reduction in the

detection period may have much greater effect.

Doubling p reduces the number of flocks affected after

9 years to only 95% of the expected number, whilst

halving the detection period reduces it to 32%.

Although the mixed policy has the greatest impact

on the epidemic, the result of culling all affected flocks

has little extra effect above that of reducing the de-

tection period. These observations can be explained

by the impact of changes in parameters on R0. In the

absence of a reduced detection period, increasing

the proportion of slaughtered flocks cannot reduce

R0 below 1. With p set at 0.5, a halving of the average

detection period reduces R0 to 0.8. Even in the

absence of a flock-slaughter policy (P=0), an R0 of

less than 1 can be achieved by reducing the detection

period to 1 year.

Long-term behaviour of the epidemic: cost

considerations

Figure 6 compares the impact of equivalent control

strategies on both the size of the epidemic and the

estimated yearly cost of the strategy. Combinations of

a and p are considered at two values of b2/b1. From

the model simulations, the cumulative number of

newly affected farms and the cost of their control were

calculated over 5 years. The graphs are contour maps

on the p and a plane, the contours represent equal

numbers of affected flocks (top) and equal costs per

year (bottom).

In Figure 6 (left-hand panels), simulations were

run using the best estimate of b2/b1 (0.034). Since b2

is very small, whatever the value of the detection

period, the affected farm contours are almost parallel

with the p axes. Increasing the proportion of whole

flocks slaughtered therefore has little effect on the

epidemic size (top), but greatly increases the expen-

diture (bottom). In contrast, increasing the detection

rate serves to reduce the cumulative affected farms

from 260 to 180. This is achieved for a relatively

small increase in costs, and achieves an R0 value of

less than 1 (0.68).

In Figure 6 (right-hand panels), b2/b1 is set at its

upper confidence limit (17%). In this case, for a fixed

value of a slaughtering all flocks has some impact on

the size of the epidemic. Again, however, it comes at a

high cost, and even for slaughter of all flocks (p=1),

R0 always remains above 1 unless the detection period

is also reduced to 19 months (a=0.63).

For a fixed available expenditure, the farm and cost

contours can be superimposed (not shown) to suggest

the policy that has the greatest impact on the epi-

demic. At a low b2/b1, the returns for extra expendi-

ture above the policy of minimum detection period

(a=1) and minimum slaughter (p=0) are negligible.

Even with a high b2/b1 for low- or mid-range budgets,

the number of affected farms is minimized by choos-

ing a policy with a high detection rate and low pro-

portion of whole flocks slaughtered. Optimal

combinations of p and a at the highest expenditure

can be obtained from the graphs, but the returns for

the extra cost of slaughter diminish rapidly.
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Fig. 5. Modelling future trends in confirmed case farms un-
der different control policies. Control measures introduced
in 2000. (a) No change. (b) Increased whole-flock slaughter,
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DISCUSSION

Following the BSE epidemic in cattle, there is a press-

ing need in a number of countries for efficient control

and ultimately eradication of scrapie from sheep

flocks. Previous, often intensive control programmes

have foundered, and we cannot point to a clear-cut

example of successful large-scale scrapie control. One

reason for this is that, outside the laboratory, scrapie

remains an obscure disease. Its epidemiology is not

well documented or understood. Recent efforts in the

United Kingdom have concentrated on estimating

basic parameters such as prevalence [22], farm-level

risk factors [23–25] and force of infection [26, 27].

These factors apply to an approximately endemic

situation, where scrapie has been present for hundreds

of years. The on-going collection of data on Cyprus

provides an important source of information on the

initial development of an epidemic, and the impact of

control measures based on whole-flock slaughter.

A recent increase in scrapie cases does not necess-

arily reflect a new epidemic. This pattern may be due

to increased awareness of TSEs. Subsequent decreases

in scrapie incidence may similarly be associated with

increasing stigma associated with this group of dis-

eases. A number of factors lead us to believe the

Cyprus epidemic is not such an artifact. Most im-

portant are the structures of the sheep and veterinary

industry. Despite thousands of positive sheep con-

firmed in Cyprus, no cases have yet been documented

in indigenous breeds. The introduction of foreign

breeds began recently in an attempt to increase yield,

and a large number of animals were imported from

countries where scrapie has been recorded. Veterinary

support for almost all Cypriot farms is supplied from

centralized government services. Surveillance is aided

further by the size of the island and the number of

farms, many of which are in close proximity.

In the first 15 years since scrapie was first recorded,

over 9% of Cypriot sheep flocks experienced a case.

The rate of increase implies a flock-to-flock R0 of ap-

proximately 1.5. We estimate that in 2000 around

80 farms harboured infected but undetected animals,

and that the increase in incidence should therefore
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Fig. 6. Contour maps to compare costs and impact of different control strategies. The control strategy is defined by a
combination of p (proportion of whole scrapie flocks slaughtered) and a (detection rate per month, where ax1 is the average
detection period in months). Contours represent combinations of p and a that lead to equivalent cumulative affected farm
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continue. The fit of a simple epidemic model suggests

that quarantine measures (that include confiscation of

large numbers of suspect animals) are effective once

the disease has been detected on a farm.

After collating the most up-to-date data, the model

predictions have proved accurate. The highest yearly

incidence was in 2003, and by the beginning of the

year the cumulative incidence had reached 378 flocks.

This is very close to the extrapolations from the fit to

the early data generated here, and assuming no

changes to the control policy (see Fig. 5, line a). The

apparent reduction in incidence from 1997 to 1999

proved short term, and as suggested by the model

(Fig. 4), large numbers of flocks must have been

harbouring undetected scrapie infections at this time.

Over the period of this study, scrapie was not under

control in Cyprus despite extensive efforts. This is

likely to be due to a prolonged period during which

scrapie-infected sheep are present on a farm but re-

main undetected. During this time the disease can

spread to other flocks via trade and possibly direct

contact. The modelling exercise suggests that slaugh-

tering whole flocks may have little impact on the

spread of scrapie, and at a considerable expense. At

present, even the slaughter of all flocks with detected

cases does not reduce R0 below 1, hence the detection

period must be reduced.

Our cost estimations give only a rough indicator of

the economics of scrapie control. There are likely to be

hidden costs in both the estimates of a slaughter policy

and detection period reduction (for example transport

and laboratory costs). Further, predictions too far into

the future using such simple models will be unreliable.

However, we are interested here in general conclu-

sions. During a large outbreak it is clear that the costs

of compensation for confiscated sheep will rapidly

escalate and there are at best diminishing returns to

increasing the proportion of whole flocks slaughtered.

Previous experience, in the United States for instance

[28, 29] also suggests caution with this approach,

particularly when budgets are limited.

The scenarios that describe reductions in the de-

tection period are hypothetical. Passive surveillance,

via veterinary visits and education campaigns should

have some impact, but there is no guarantee that some

of the low values for detection time used here are

attainable. The recent advances in pre-clinical testing

for scrapie offer the potential for active surveillance

[30] and the greatest hope for reducing the detection

period. Experiments have shown that in certain gen-

otypes the signs of infection can be detected in the

tonsils of live sheep more than 18 months before

clinical signs normally appear. Costs for this ap-

proach might be considerable but could be recovered

by reductions in the proportion of whole-flock

slaughter. Random sampling could be improved

upon by taking samples from farms identified as high

risk, or possibly the use of sentinel animals of highly

susceptible genotypes. Costs aside, in many circum-

stances this may offer the best opportunity of reduc-

ing R0 significantly below 1.

In line with recent experience with foot-and-mouth

disease [31–33] the interval between a flock becoming

infected and detected is critical. But in contrast to

foot-and-mouth disease, the long scrapie incubation

period means whole-flock slaughter will be highly in-

efficient since the disease is likely to have already

spread from the flock before detection. Selective cull

remains necessary during the quarantine period. Its

efficiency could be greatly increased if genotype

information is available, by identifying susceptible

animals and removing those potentially incubating

the disease. Such genetic information will of course

have an impact wider than the individual farm level,

if the animals can be used to increase the level of

resistance of the national flock. The new breeding

programmes will be monitored in Cyprus over the

coming years.

ACKNOWLEDGEMENTS

Thanks are due to Dr P. Economides and Dr N.

Hunter for helping to initiate this work and to R. Kao

for advice that was always helpful. This work was

supported by BBSRC (BS4/10539, BS3/09857).

REFERENCES

1. Prusiner SB. Molecular biology of prion diseases.

Science 1991; 252 : 1515–1522.
2. Hourrigan JJ, Klingsporn AL. Scrapie : studies on ver-

tical and horizontal transmission. In : Gibbs Jr CJ, ed.

Bovine spongiform encephalopathy: the BSE dilemma.
New York: Springer, 1996: 59–83.

3. Pálsson PA. Rida (scrapie) in Iceland and its epidemi-

ology. In: Prusiner SB, Hadlow WJ, eds. Slow trans-
missible diseases of the nervous system. New York:
Academic Press, 1979: 357–366.

4. Detwiler LA. Scrapie. Rev Sci Tech Off Int Epiz 1992;

11 : 491–537.
5. Schreuder BEC, van Keulen LJM, Smits MA,

Langeveld JPM, Stegeman JA. Control of scrapie

eventually possible? Vet Quart 1997; 19 : 105–113.
6. Hoinville LJ. A review of the epidemiology of scrapie in

sheep. Rev Sci Tech Off Int Epiz 1996; 15 : 827–852.

Scrapie in Cyprus 759



7. Hunter N. Molecular biology and genetics of scrapie in
sheep. In : Piper L, Ruvinsky A, eds. The genetics of

sheep. Wallingford: CAB International, 1997: 225–240.
8. Race R, Jenney A, Sutton D. Scrapie infectivity

and proteinase K-resistant prion protein in sheep

placenta, brain, spleen and lymph node: implications
for transmission and antemortem diagnosis. J Infect Dis
1998; 178 : 949–953.

9. Dawson M, Hoinville LJ, Hosie BD, Hunter N.

Guidance on the use of PrP genotyping as an aid to the
control of clinical scrapie. Vet Rec 1998; 142 : 623–625.

10. DEFRA. National scrapie plan for Great Britain.

Department of Environment, Food and Rural Affairs,
2001.

11. Kao RR, Gravenor MB, McLean AR. Modelling the

national scrapie eradication programme in the United
Kingdom. Math Biosci 2001; 174 : 61–76.

12. Woolhouse MEJ, Stringer SM, Matthews L, Hunter N,

Anderson RM. Epidemiology and control of scrapie
within a sheep flock. Proc R Soc Lond B 1998; 265 :
1205–1210.

13. Woolhouse MEJ, Matthews L, Coen P, Stringer SM,

Foster JD, Hunter N. Population dynamics of scrapie in
a sheep flock. Phil Trans R Soc Lond B 1999; 354 :
751–756.

14. Stringer SM, Hunter N, Woolhouse MEJ. A math-
ematical model of the dynamics of scrapie in a sheep
flock. Math Biosci 1998; 153 : 79–98.

15. Matthews L, Woolhouse MEJ, Hunter N. The basic
reproduction number for scrapie. Proc R Soc Lond B
1999; 266 : 1085–1090.

16. Hagenaars TJ, Donnelly CA, Ferguson NM, Anderson
RM. The transmission dynamics of the aetiological
agent of scrapie in a sheep flock. Math Biosci 2000; 168 :
117–135.

17. Matthews L, Coen PG, Foster JD, Hunter N, Wool-
house MEJ. Population dynamics of a scrapie outbreak.
Arch Virol 2001; 146 : 1173–1186.

18. Hagenaars TJ, Ferguson NM, Donnelly CA, Anderson
RM. Persistence patterns of scrapie in a sheep flock.
Epidemiol Infect 2001; 127 : 157–167.

19. Toumazos P. First report of ovine scrapie in Cyprus.
Brit Vet J 1988; 144 : 98–100.

20. Toumazos P. Scrapie in Cyprus. Brit Vet J 1991; 147 :
147–154.

21. Woolhouse MEJ, Coen P, Matthews L, et al. A cen-
turies-long epidemic of scrapie in British sheep? Trends

Microbiol 2001; 9 : 67–70.
22. Hoinville L, McLean AR, Hoek A, Gravenor MB,

Wilesmith J. Scrapie occurrence in Great Britain. Vet

Rec 1999; 145 : 405–406.
23. McLean AR, Hoek A, Hoinville LJ, Gravenor MB.

Scrapie transmission in Britain : a recipe for a math-
ematical model. Proc R Soc Lond B 1999; 266 :

2531–2538.
24. Hoinville LJ, Hoek A, Gravenor MB, McLean AR.

Descriptive epidemiology of scrapie in Great Britain :

results of a postal survey. Vet Rec 2000; 146 :
455–461.

25. Baylis M, Houston F, Goldmann W, Hunter N,

McLean AR. The signature of scrapie : differences in the
PrP genotype profile of scrapie-affected and scrapie-free
UK sheep flocks. Proc R Soc Lond B 2000; 267 :

2029–2035.
26. Gravenor MB, Cox DR, Hoinville LJ, Hoek A,

McLean AR. Scrapie in Britain during the BSE years.
Nature 2000; 406 : 584–585.

27. Gravenor MB, Cox DR, Hoinville LJ, Hoek A,
McLean AR. The flock-to-flock force of infection for
scrapie in Britain. Proc R Soc Lond B 2001; 268 :

587–592.
28. King TL. The scrapie problem in the United States.

In : Report of scrapie seminar. Washington, DC: US

Department of Agriculture, 1964: 367.
29. Linn PL. The scrapie problem in the United States.

In : Report of scrapie seminar. Washington, DC: US

Department of Agriculture, 1964: 368–378.
30. Schreuder BEC, van Keulen LJM, Vromans MEW,

Langeveld JPM, Smits MA. Tonsillar biopsy and PrPsc
detection in the preclinical diagnosis of scrapie. Vet Rec

1998; 142 : 564–568.
31. Haydon DT, Woolhouse ME, Kitching RP. An analysis

of foot-and-mouth-disease epidemics in the UK. IMA J

Math Appl Med Biol 1997; 14 : 1–9.
32. Howard SC, Donnelly CA. The importance of im-

mediate destruction in epidemics of foot and mouth

disease. Res Vet Sci 2000; 69 : 189–196.
33. Woolhouse M, Donaldson A. Managing foot-and-

mouth. The science of controlling disease outbreaks.
Nature 2001; 410 : 515–516.

760 M. B. Gravenor and others


