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Abstract
Background: Previous studies suggest that the spatial distribution of classical sheep scrapie in
Great Britain is uneven and that certain flock characteristics may be associated with occurrence of
the disease. However, the existence of areas of high and low disease-risk may also result from
differences in the spatial distribution of environmental characteristics. In this study we explored the
spatial pattern of classical scrapie in Great Britain between 2002 and 2005 and investigated the
association between disease occurrence and various environmental and farm-related risk factors.

Results: Exploratory spatial analysis: South Wales was found to have a higher density of scrapie-
positive farms than the rest of Great Britain. In addition, a small cluster of high-risk farms was
identified in the center of this region in which clustering of scrapie-positive farms occurred up to
a distance of approximately 40 km.

Spatial modelling: A mixed-effects regression model identified flock-size and soil drainage to be
significantly associated with the occurrence of scrapie in England and Wales (area under the curve
(AUC) 0.71 ± 0.01, 95% CI 0.68 - 0.74). The predictive risk map based on the estimated association
between these factors and disease occurrence showed most of Wales to be at risk of being
confirmed positive for scrapie with areas of highest risk in central and south Wales. In England,
areas with the highest risk occurred mainly in the north and the midlands.

Conclusion: The observed distribution of scrapie in Great Britain exhibited a definite spatial
pattern with south Wales identified as an area of high occurrence. In addition both flock (flock size)
and environmental variables (soil drainage) were found to be significantly associated with the
occurrence of the disease. However, the model's AUC indicated unexplained variation remaining
in the model and the source of this variation may lie in farm-level characteristics rather than
spatially-varying ones such as environmental factors.

Background
Classical scrapie, a transmissible spongiform encephalop-
athy (TSE) of small ruminants, has been endemic in Great

Britain for at least 250 years [1]. As the occurrence of
scrapie was known to be associated with certain family
lines of sheep the disease was originally believed to be
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genetic and non-infectious [2]. However, classical scrapie
is now known to be an infectious disease and it is accepted
that for an animal to develop scrapie it has to have both a
susceptible genotype and be exposed to the agent.
Although there is evidence in support of scrapie being
associated with the conversion of the host-encoded prion
protein PrPC to a misfolded, partially proteinase-K resist-
ant isoform called PrPSC, the precise nature of the agent is
still being investigated.

Classical scrapie was made a notifiable disease in January
1993 as required by European Union legislation [3] and
since 1998 data for all statutorily reported clinical cases of
scrapie in Great Britain must be recorded in the Scrapie
Notifications Database (SND). The National Scrapie Plan
(NSP) was introduced in 2001 in an attempt to eradicate
the disease from Great Britain by increasing the preva-
lence of scrapie-resistant genotypes in the national flock.
Since 2002 a new prion disease of sheep has been
reported in the UK; atypical scrapie. This disease is distinct
from classical scrapie as not only do the two diseases have
different spatial patterns [4] but atypical scrapie occurs in
sheep known to be genetically resistant to classical scrapie
[5].

Some studies have suggested that certain flock characteris-
tics may be associated with the occurrence of classical
scrapie. In Great Britain, an analysis of data collected via a
postal questionnaire found geographical region, flock-
size and flock type to be significant risk factors for the
occurrence of classical scrapie [6]. Large flocks and those
with purebred sheep were at greater risk of experiencing
the disease than small flocks or those with crossbred
sheep. The same flock characteristics (size, and whether
crossbred or purebred) and broadly-defined geographical
regions were identified as risk factors by the follow-up sur-
vey of 2002 [7,8].

The geographical variation in risk of disease is supported
by a more recent study which, working at a higher level of
resolution (using the point location of the farm), identi-
fied certain regions in Britain as having a higher or lower
than average risk of disease [9]. This last study used data
from the period prior to the 2001 UK foot and mouth dis-
ease (FMD) epidemic, which had a large impact on the
structure of the livestock sector in the UK. Since then the
number of farms reporting to the SND has decreased con-
siderably [10].

Studies conducted in Norway [11], Ireland [12], France
[13] and Iceland [14] identified a series of factors associ-
ated with an increased risk of occurrence of classical
scrapie: purchase of female sheep from scrapie-infected
flocks, sharing of rams and sharing of pastures between
flocks [11], large breeding-flocks, purchase of replace-
ment sheep from markets, the spreading of sheep com-

post on land [12], using concentrates and milk
replacements [13] and the ratio of iron-to-manganese in
forage grown on scrapie-affected farms [14]. Binding of
the scrapie causal agent to some basic elements, such as
copper [15], led to investigations of the association
between the occurrence of the disease and the presence of
soil trace elements. Although a British study found no
such relationship [16], Gudmundsdottir et al. [14] found
that in Iceland both the concentration of iron, and the
ratio of iron-to-manganese in forage was greater in
scrapie-affected than non-affected farms. Imrie et al. [17]
has shown the spatial distributions of bovine spongiform
encephalopathy (BSE) and classical scrapie to be similar
in Great Britain and suggested this might be associated
with increased soil pH and total organic carbon, and
decreasing soil iodine concentrations.

The available evidence therefore suggests that certain flock
characteristics may be associated with the risk of classical
scrapie and that the geographical distribution of the dis-
ease is uneven. The existence of areas of high and low risk
of disease may be the result of differences in the spatial
distribution of environmental influences or regional vari-
ation in farms' characteristics. In addition farmers' report-
ing behaviour may influence estimates of frequency of
disease, and thereby the detection of areas of high or low
risk [18].

The aim of this study was twofold: firstly, to visualize and
explore the spatial pattern of classical scrapie in Great Brit-
ain between 2002 and 2005 and secondly, to investigate
the association between selected environmental and farm-
related risk factors and the occurrence of the disease. It is
expected that a better understanding of the spatial distri-
bution of the disease and of the factors underlying the
observed spatial patterns may provide useful information
for the targeting of surveillance and control efforts.

Methods
Study area, study population and study design
The study area comprised Great Britain. All sheep farms
included in the 2004 Agricultural Census and identified
by a unique CPH (County, Parish, Holding) number were
included in the analysis as the baseline population (n = 78
157). 1882 (2%) farms were excluded from the baseline
population as they lacked a valid CPH. The 78 157 farms
included in the study were subdivided into those reported
to the SND between 1st January 2002 and 31st December
2005 (n = 666) and those not reported to the SND (n = 77
491). The 666 farms that had been reported to the SND
were classified as being either scrapie-positive when at
least one submission tested positive (n = 411) or scrapie
negative otherwise (n = 255).

For the purpose of this study we carried out a retrospective
comparison of case and non-case farms. Cases were
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defined as all farms reported to the SND between 1st Jan-
uary 2002 and 31st December 2005 and were and where at
least one submission tested positive for scrapie. Non-case
farms were defined as farms that did not report any
instances of suspected scrapie to the SND between 1st Jan-
uary 2002 and 31st December 2005. For the purpose of
analysis a sample of non-case farms was randomly
selected from all non-case farms. For all analyses in this
study the ratio of case to non-case farms was 1:4.

None of the randomly-selected sample of non-case farms
had been detected positive by the fallen stock surveillance
scheme between 2002 and 2005. However, as a result of
traceability issues it was not possible to check whether
farms detected positive by the abattoir surveillance
scheme were amongst the randomly-selected sample of
non-case farms.

Data sources
Farm location
Farms were assigned Cartesian coordinates based on their
CPH in the 2004 UK Agricultural Census. If no CPH was
available farms were assigned the coordinates of their
postcode (if available). Coordinates derived from CPHs
or postcodes were checked to ensure they fell within the
correct parish as indicated by the farm's CPH number. If
neither CPH nor postcode were available, farms were
assigned the coordinates of their parish centroid. A total
of 65 632 farms (84.1%) were assigned coordinates based
on either CPH or postcode, and 12 417 (15.9%) were
assigned the coordinates of the parish centroid.

Farm-level data
For all farms included in the study the flock-size (number
of adult sheep on the farm) and farm-area (ha) were
extracted from the 2004 UK Agricultural Census. Farm
altitude (meters above sea level) was extracted from a dig-
ital terrain map with a 50 m grid derived from Ordnance
Survey landform data. Stocking density was calculated as
the number of adult sheep divided by the area of the farm.

Disease data
The following data were extracted from the SND for each
farm that had reported at least one suspect case to the
SND: date of first report and date of first confirmed posi-
tive case. No information was available on the genotype
of the flocks.

Environmental data
Environmental variables were selected for inclusion in the
model based on data availability and biological plausibil-
ity of a relationship with scrapie. For all farms in the study
population the following data were extracted from their
respective geographic data sources: mean annual rainfall
(mm) for 2002 to 2005, mean annual temperature (°C)
for 2002 to 2005, soil drainage, soil texture (i.e. clay, sand,

loam or peat), soil fertility, and land cover characteristics.
Mean annual rainfall and temperature data for 2002 to
2005 were obtained from the United Kingdom Met Office
5 km × 5 km gridded data sets http://www.metof
fice.gov.uk/climatechange/science/monitoring/ukcp09/.
The raster maps showing mean monthly temperature (or
rainfall) from January 2002 to December 2005 were
summed and divided by 48 resulting in a map of the mean
annual temperature (or rainfall) for Great Britain for the
period 2002 to 2005. The location of all farms in the study
population was superimposed on the temperature and
rainfall maps and the mean annual temperature and rain-
fall for 2002 to 2005 extracted for each farm using the
intersect-point tool available as part of Hawth's Analysis
Tools for ArcGIS http://www.spatialecology.com/htools/
tooldesc.php. Land cover data were obtained from the 1 ×
1 km resolution raster Land Cover Map 2000 http://
www.ceh.ac.uk/sections/seo/lcm2000_home.html in a
similar manner. Soil drainage, texture and fertility data
were extracted from the 1:250 000 NATMAP SoilScapes
map for England and Wales http://www.landis.org.uk/
data/natmap.cfm by superimposing the location of all
farms in the study population on the SoilScapes map and
using the point-in-polygon tool available in ArcGIS 9.2 to
extract the soil attributes for each point. For the purpose
of analysis, the 12 original soil fertility categories were col-
lapsed into five categories (high, moderate, low, very low,
lime-rich) and the 6 original soil drainage categories were
collapsed into three (freely draining, impeded drainage,
naturally wet).

Statistical and spatial analysis
Summary statistics and temporal patterns
Descriptive statistics were obtained for all continuous var-
iables under consideration (flock-size, farm-area, farm
altitude, stocking density, mean annual temperature,
mean annual rainfall) using SPSS 16.0 for Windows (SPSS
Inc., Chicago, Illinois, USA). The Mann-Whitney U test of
association was used to identify significant differences
between case and non-case farms for each variable. To vis-
ualize the temporal pattern of reporting to the SND
throughout the study period, the time to reporting was
graphed and compared between flocks reporting to the
SND in England, Scotland and Wales using the Breslow
test of association.

Kernel-smoothed maps of farm density
All maps were produced in ArcGIS 9.2 (ESRI, Redlands,
CA, USA). Kernel-smoothed maps showing the density of
all sheep farms in Great Britain (the baseline population),
and of case farms were produced by applying kernel esti-
mation to the location distributions. Optimum band-
widths for England, Scotland and Wales were estimated
individually by means of the quartic approximation of a
true Gaussian kernel function using least-squares cross-
validation [19] and the normal optimal smoothing
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method [20] implemented using the SM and MASS pack-
ages in R http://www.r-project.org. The bandwidth values
obtained by normal optimal smoothing were consistently
higher than those obtained by least-squares cross-valida-
tion. A conservative approach was adopted as higher
bandwidths that would tend to over-smooth and reduce
the chances of over-interpretation were preferred,
although this reduced our ability to detect small spatial
variations in risk. As the estimated optimum bandwidths
for Welsh case farms differed considerably to those of
farms in England and Scotland, Wales was considered sep-
arately from England and Scotland when generating the
kernel-smoothed maps.

Bandwidths of 20 km were used to create the kernel-
smoothed maps of both case and non-case farms in
Wales, and bandwidths of 60 and 45 km for case and non-
case farms respectively in both England and Scotland. An
output cell size of 2.5 km2 was used.

Kernel density ratio maps
In order to adjust for the underlying baseline population,
maps showing the distribution of the odds ratio of farms
confirmed positive for scrapie were obtained. The kernel-
smoothed surfaces for farms confirmed positive for
scrapie (per square km) were divided by the kernel-
smoothed density surface of the non-case farms (per
square km). Given the overall ratio of cases to non-cases
(1:4) a result of 0.25 for the division of both surfaces was
interpreted as OR = 1.

Clustering and cluster detection
The spatial scan statistic [21] was used to identify signifi-
cant clusters of farms with a high or low risk of being con-
firmed positive for scrapie, and was implemented in
SaTScan v7.0.3 using a Bernoulli probability model, a cir-
cular scanning window set to contain a maximum of 50%
of the population at risk, and Monte-Carlo randomisation
with 999 permutations.

Within the most likely cluster (as identified by the spatial
scan statistic), Ripley's K-function test [22] was used to
identify the scale at which clustering of case farms
occurred, in relation to non-case farms. As Ripley's K-func-
tion test takes into account the distribution of the baseline
population any significant clustering identified by the test
indicates significantly more cases relative to non-cases in
the area of interest. Monte-Carlo randomisation with 99
simulations was used to randomly permute the locations
of case and non-case farms, and the upper and lower
bounds of these permutations were plotted together with
the observed difference function. The analysis was imple-
mented using the SPLANCS package [23] in R 2.7.1 http:/
/www.r-project.org.

Spatial modelling
Identification of risk factors
The spatial modelling focused on England and Wales as,
at the time of the study, no digitized soil map comparable
to the SoilsScapes map for England and Wales was availa-
ble for Scotland. The dataset for the spatial modelling
therefore contained 224 scrapie-positive farms (England n
= 119; Wales n = 105). All continuous variables were con-
verted to categorical ones based on quartiles. To identify
risk factors for farms being confirmed positive for scrapie
in England and Wales a mixed-effects logistic regression
model was fitted to the data using the GLIMMIX proce-
dure available in SAS 9.2 (SAS Institute Inc, Cary, NC,
USA). Initially, the following potential predictor variables
were individually assessed in a univariable binomial
logistic regression model: flock-size, farm area, stocking
density, whether the production system was sheep only or
cattle and sheep, altitude, mean annual rainfall, mean
annual temperature, soil texture, soil drainage, soil fertil-
ity, land cover, region and county. All variables that
achieved an alpha level of 0.2 in the univariable logistic
regression model (apart from region and county) were ini-
tially included in the multivariable mixed-effects model.
As the variable region was more strongly associated with
the outcome than the variable county (p = 0.05 versus p =
0.08), region was included in the model as a random
effect to account for large-scale (first-order) spatial varia-
tion in the data. Proc GLIMMIX uses quasi-likelihood
methods for estimation [24] which results in a log-pseudo
likelihood and therefore standard likelihood ratio tests
and information criteria are not considered valid indica-
tors of model fit. Variable selection for the final multivar-
iate model was therefore based on a manual backward
selection procedure (alpha level of 0.05) in which each
variable was removed in turn starting with the variable
with the highest p-value. The effect of removing each var-
iable was considered by examining the change to the esti-
mates, standard errors and p-values of the remaining
variables. All first-order interaction terms of the variables
remaining in the final model were similarly assessed for
significance. The stability of the final model was assessed
by returning eliminated variables to the model individu-
ally and examining the change to the estimates, standard
errors and p-values of the final model variables.

In order to determine whether there was any small-scale
(second-order) spatial variation in the data the final mul-
tivariate model with region as a random effect was then re-
run with an exponential spatial covariance structure incor-
porated. For both models, semivariograms of the model
residuals with a simulation envelope based on 99 Monte
Carlo permutations were produced using R and the geoR
and geoRglm packages [25]. These were visually appraised
to determine the existence of significant spatial depend-
ency and the distance up to which case-farms were corre-
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lated. As inclusion of the exponential spatial covariance
structure had no effect on the model estimates, standard
errors and p-values, or the semivariogram of the residuals,
the model without the exponential spatial covariance
structure was retained as the final model.

For the final model, directional semivariograms at angles
of 0, 45, 90 and 135° (with a tolerance of 22.5°) were
plotted to determine whether the spatial distribution of
the model residuals varied with direction. The predictive
ability of the model was assessed by producing a receiver
operating characteristic (ROC) curve comparing the actual
and predicted status of farms, and by calculating the area
under the curve, its associated standard error and 95%
confidence interval.

Risk mapping
The final model resulting from the mixed-effects logistic
regression was fitted to all sheep farms in England and
Wales thereby obtaining a risk value for all point loca-
tions. As the directional semivariogram showed the spa-
tial distribution of the model residuals did not vary with
direction, ordinary kriging was used to convert the point

risk-values into a continuous risk surface, with an associ-
ated standard error map.

Results
Descriptive statistics
Of the 411 farms confirmed positive for scrapie during the
study period 245 (60%) farms reported to the SND for the
first time while 166 (40%) farms had previously reported
confirmed cases to the SND. 56.2% (n = 231) were in Eng-
land, 35.8% (n = 147) in Wales, and 8.0% (n = 33) in
Scotland. Summary statistics for the 411 case and 1644
randomly-selected non-case farms are presented in Table
1. In all instances scrapie-positive farms had significantly
larger flocks and a larger farm area than scrapie-negative
farms.

The temporal pattern of farms reporting to the SND (irre-
spective of whether or not they were confirmed positive
for scrapie) differed significantly between England, Scot-
land and Wales (Breslow test: P < 0.001). Although report-
ing patterns were similar for England and Scotland
throughout the study period, Wales had a relatively low
reporting rate between 2002 and mid-2004 with only
20% of reported cases occurring during this period, but

Table 1: Summary statistics and univariable comparisons using the Mann-Whitney U test, for the variables flock-size, farm-area, 
density, altitude, mean annual temperature and mean annual rainfall for farms confirmed scrapie-positive (n = 411) and a random 
sample of scrapie-negative farms (n = 1644) in Great Britain between 1st January 2002 and December 2005.

Variables Scrapie positive
(n = 411)

Scrapie negative
(n = 1644)

P-value
(Mann-Whitney U test)

Median IQR* Median IQR*

Altitude (masl)
England 140 124 140 136 0.41
Scotland 86 128 137 151 0.006
Wales 282 139 241 199 0.002

Flock size (no. sheep)
England 312 452 61 196 <0.001
Scotland 330 479 98 315 <0.001
Wales 861 764 193 456 <0.001

Farm area (ha)
England 78.8 105.6 22.4 77.6 <0.001
Scotland 129 224.4 36.5 152.7 0.001
Wales 117.5 101.43 42.5 81.9 <0.001

Density (sheep/ha)
England 4.2 5.5 2.9 4.8 <0.001
Scotland 2.7 3.7 2.6 4.7 0.637
Wales 7 3.7 5.2 4.6 <0.001

Mean temperature 2002 - 2005 (°C)
England 10 1.32 10.1 1.06 0.306
Scotland 8.7 0.55 8.8 1.01 0.544
Wales 9.5 1.18 9.8 1.23 0.014

Mean rainfall 2002 - 2005 (mm)
England 73.4 37.6 69.6 31.2 0.204
Scotland 82 19.59 98.7 39.4 <0.001
Wales 112.1 46.72 103.9 35 0.006

* IQR = interquartile range
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from 2004 onwards the Welsh reporting rate accelerated
(Figure 1).

Risk of farms being confirmed positive for scrapie
Kernel smoothed density surfaces for Wales and England-
Scotland are presented in Figures 2a and 3a respectively
while kernel density ratio surfaces displaying the distribu-
tion of the odds ratio of farms being confirmed positive
for scrapie in Wales and England-Scotland, are presented
in Figures 2b and 3b respectively. These maps identified
south Wales as a high-risk region (Figure 2b). In contrast,
the risk of farms being confirmed positive for scrapie in
England-Scotland was lower (Figure 3b).

Cluster detection
The spatial scan statistic identified one significant cluster
(relative risk = 2.892; p = 0.001) of farms with a high risk
of being confirmed positive for scrapie in central Wales
and one significant cluster of farms with a low risk of
being confirmed positive for scrapie in northern Scotland
(relative risk = 0.049; p = 0.001). Their locations are
shown in Figure 4 and their characteristics are presented
in Table 2. The results of Ripley's K-function test estab-
lished that, within the most likely disease cluster there was
significant small- to medium-scale clustering of scrapie-
positive farms (between 8 and 42 km; Figure 5).

Identification of risk factors for farms confirmed positive 
for scrapie
The final multivariable mixed-effects logistic regression
model identified flock-size and soil drainage to be signif-

icantly associated with occurrence of scrapie (Table 3).
Compared to large flocks (>335 sheep), smaller flocks
were all less likely to be confirmed-positive for scrapie,
although this relationship was not linear. In addition,
farms on naturally wet soils were almost twice as likely to
be positive for scrapie than those on freely draining soils
(OR 1.80, 95% CI 1.02 - 3.17) yet those on soils with
impeded drainage were slightly less likely to be positive
for the disease (Table 3). The area under the ROC curve
(AUC) used to validate the model's predictive ability and
the associated standard error was 0.71 ± 0.01 (95% CI
0.68 - 0.74). An empirical semivariogram of the model
residuals is presented in Figure 6; all points are within the
simulation envelope indicating no significant spatial
dependency among the model residuals.

Risk map for occurrence of scrapie in England and Wales
Using the regression model presented in Table 3, a risk
map was produced based on the estimated association
between the identified risk factors and disease occurrence
in England and Wales. This showed most of Wales to be at
risk of being confirmed positive for scrapie with areas of
highest risk in Powys, Gwynedd and Clywyd (Figure 7). In
England, areas at risk of being confirmed positive for
scrapie occurred mainly in the north (Cumbria, Northum-
berland and North Yorkshire) and in the Midlands
(Leicestershire, Northamptonshire, Warwickshire, and
Hereford and Worcester) and East Anglia (Cambridge-
shire, Bedfordshire and Suffolk), with small pockets of
high risk in the south-west (parts of Devon, Somerset and
Cornwall; Figure 7). As illustrated in Figure 8 the standard
errors associated with the risk values covered a small range
(1.55 - 1.75) and were generally higher in the east than in
the west of the study area, where the risk values were
based on fewer point locations.

Discussion
Risk factors for scrapie
Unlike infectious diseases which display very marked spa-
tial and temporal trends as they spread rapidly between
locations, any spatial or temporal trend displayed by a dis-
ease such as scrapie, with a low between-flock transmis-
sion [26], is possibly due to the existence of common risk-
factors at the farm-level. This study identified flock-size
and soil drainage to be significantly associated with the
occurrence of scrapie. Although we are not the first to
identify large flocks to be a risk factor for the occurrence
of scrapie [4,6,8,27] the interpretation of this result is dif-
ficult as the association between flock-size and the occur-
rence of scrapie may be direct or indirect. A larger number
of sheep implies an increased number of susceptible ani-
mals, but on the other hand flock-size may be a proxy for
a variety of management or biosecurity factors such as
type of production system. Furthermore, in accordance
with the work of del Rio Vilas et al [27], this study showed

Time-to-reporting for 443 farms in England, Scotland and Wales, reporting to the Scrapie Notifications Database (SND) for the first time between January 2002 and Decem-ber 2005Figure 1
Time-to-reporting for 443 farms in England, Scotland 
and Wales, reporting to the Scrapie Notifications 
Database (SND) for the first time between January 
2002 and December 2005.
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the relationship between occurrence of scrapie and flock-
size to be non-linear.

The results of this study showed there to be an association
between occurrence of scrapie and certain soil characteris-
tics, in particular soil drainage. Other studies have also
pointed to the existence of an association between soil
geochemistry and scrapie although the findings have been
inconsistent [16,17,28-30]. Imrie et al [17] suggested that
the relationship may be an indirect one; the result of trace
element deficiencies caused by decreased bioavailability
of certain of these elements with increasing soil pH, total
organic carbon and clay fraction. However, the results of
Johnson et al's [31] laboratory-based experiments provide
another possible explanation for the association. Johnson
et al [31]established that prion proteins adsorb tightly to
clay particles but less readily to sand particles, suggesting
that prion proteins could remain in the upper levels of
clay soils and thus be readily ingested by sheep and other
animals, while those in sandy soils are more likely to be
leached away. Although the results of this, and other stud-
ies, suggest that soil may act as an environmental reservoir
of the disease the exact mechanism remains to be deter-
mined.

Despite this and other studies pointing to the existence of
an association between soil and scrapie this apparent rela-

tionship needs to be interpreted with caution bearing in
mind certain limitations. Most importantly, we assigned
soil attributes to the farm's georeference (either the farm's
CPH, postcode or the parish centroid) which is a limita-
tion of this study especially when using the parish cen-
troid as the georeference or when the farm is composed of
widely-spaced parcels of land. In addition, the apparent
relationship between soil and scrapie may also be influ-
enced by the time the animals spend grazing or exposed
to the soil which may change between production types,
breeds or seasons.

Epidemiological studies which attempt to identify risk fac-
tors associated with disease occurrence without account-
ing for the correlated nature of the data may obtain
inaccurate results and wrongly conclude that an associa-
tion exists between a potential risk factor and the outcome
[32]. Spatial variation can occur at either, or both, the
large- (first-order effects) or small-scale (second-order
effects). Regional differences in the occurrence of scrapie
have been observed in this and previous studies
[6,7,9,27]. However, rather than model the actual differ-
ences in disease occurrence between regions we chose
instead to include region as a random effect thereby
accounting for large-scale variation in the spatial distribu-
tion of scrapie. The semivariogram of the model residuals
showed there to be no unaccounted-for small-scale spatial

(a) Kernel-smoothed map showing density of sheep farms confirmed positive for scrapie (20 km bandwidth) and (b) kernel-density ratio surface displaying the odds of a farm in Wales being scrapie-positiveFigure 2
(a) Kernel-smoothed map showing density of sheep farms confirmed positive for scrapie (20 km bandwidth) 
and (b) kernel-density ratio surface displaying the odds of a farm in Wales being scrapie-positive.
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variation in the remaining unexplained component of
disease risk. This suggests that, after adjusting for the var-
iation between regions and the effects of flock-size the
source of the remaining unexplained variation in our
model may lie in farm-level characteristics rather than in
spatially-varying ones such as environmental factors. For
example, as scrapie is known to be more prevalent among
specific genotypes, it would be interesting to include this
farm-level characteristic to determine how much of the
variation in our model is explained by this variable.

Spatial analysis versus risk mapping
This study shows that the distribution of cases of scrapie
in Great Britain exhibits a definite spatial pattern. South
and central Wales were identified as areas with a generally
higher occurrence of the disease than the rest of Great Brit-
ain and a small cluster of high-risk farms was identified in
this area. While the maps displayed in Figures 2b, 3b and
7 can all be seen as 'risk maps', Figures 2b and 3b show
areas of high and low risk based on the actual spatial dis-
tribution of scrapie-positive farms while Figure 7 shows
areas of predicted high and low risk based on the esti-

mated association between the identified risk factors and
the occurrence of disease. The fact that both the actual and
predictive risk maps identify Wales to have the highest risk
for scrapie suggests that the factors we identified as being
associated with the occurrence of scrapie-positive farms
are plausible.

However, in contrast to this study previous studies have
found Wales to have a low-risk for scrapie [6,7,9,27]. This
apparent contradiction may be largely due to the signifi-
cantly different levels of reporting between England, Scot-
land and Wales during the study period. In England and
Scotland almost half the cases were reported in the first
half of the study period, yet during the same period only
20% of the Welsh cases were reported. Cases in Wales thus
represent mainly the period 2004 to 2005. It is unlikely
that such a sudden and dramatic increase in the level of
Welsh-reporting is indicative of a correspondingly large
increase in the occurrence of disease. The increased rate of
reporting is more likely to be a reflection of a change in
circumstances which encouraged a sudden increase in
reporting from Welsh farmers. The launch of the Compul-

(a) Kernel-smoothed map showing density of sheep farms confirmed positive for scrapie (60 km bandwidth) and (b) kernel-density ratio surface displaying the odds of a farm in England-Scotland being scrapie-positiveFigure 3
(a) Kernel-smoothed map showing density of sheep farms confirmed positive for scrapie (60 km bandwidth) 
and (b) kernel-density ratio surface displaying the odds of a farm in England-Scotland being scrapie-positive.
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sory Scrapie Flocks Scheme (CSFS) in July (England and
Scotland) and November (Wales) 2004 [33], coincided
loosely with the increased rate of reporting in Wales. The
compensation packages paid at the start of the CSFS might
have influenced the reporting behaviour of farmers. If the
increased rate of reporting from Welsh farmers in 2004
was the result of implementing the CSFS, it is unclear why
a similar response was not observed in the reporting rates
of farmers from England and Scotland.

Informing surveillance
Spatial epidemiological studies such as this one having
the potential to inform targeted surveillance systems as
extraction mapping and cluster detection tests can be used
to identify high-risk areas in which to focus surveillance

efforts. On the basis of this study it would seem logical to
focus surveillance efforts for scrapie in Wales, in particular
in the high-risk areas and disease cluster we identified.
However, it should be borne in mind that previous studies
have found Wales to be a low-risk area for scrapie and the
reason for this discrepancy needs to be explored in greater
detail before the results of this study can be confidently
used to inform scrapie surveillance in Great Britain.

Limitations and biases
A major limitation of studies aimed at identifying associ-
ations between potential risk factors and disease lies in the
difficulties and likely biases inherent in the identification
of cases. This study is no exception. Inclusion of cases of
scrapie in the SND database relies on cases being reported
and therefore the results of this study have to be inter-
preted taking into consideration the source of the disease
data and the associated, unmeasured reporting bias. For
example, schemes and initiatives such as the NSP, Volun-
tary Scrapie Flocks Scheme (VSFS) and the CSFS may well
have a spatially heterogenous impact on reporting rates
which could influence estimates of disease frequency and
the detection of areas of high or low risk. Previous studies
that identified possible spatial heterogeneities in the fre-
quency of the occurrence of scrapie in Great Britain have
also been subject to reporting bias [6,7,9]. In fact, an
American study concluded that over 80% of the variability
in the incidence of scrapie in the United States was the
result of reporting artefacts [18].

Position of significant (p < 0.05) clusters of farms in Great Britain with a high or low relative risk of being confirmed positive for scrapie (RR = relative risk)Figure 4
Position of significant (p < 0.05) clusters of farms in 
Great Britain with a high or low relative risk of being 
confirmed positive for scrapie (RR = relative risk).

Difference between K-functions for case (scrapie positive) and non-case farms within the most likely cluster identified by the spatial scan statistic (as illustrated in Figure 4)Figure 5
Difference between K-functions for case (scrapie pos-
itive) and non-case farms within the most likely clus-
ter identified by the spatial scan statistic (as 
illustrated in Figure 4).
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Three commonly used methods of georeferencing were
used in this study; CPH, postcode and parish centroid. In
principle, a method of georeferencing that assigns the cen-
troid of a polygon as the point location of a farm may cre-
ate problems (misclassification bias). However, for
studies such as ours, performed at a low level of resolution
(regional or national level) it has been shown that a ran-
dom point in the parish is likely to be a sufficiently accu-
rate method for the purpose of statistical analyses [34].
Another possible source of misclassification bias occurred
when the soil texture and drainage categories were col-
lapsed. However, as this misclassification was non-differ-
ential it would have reduced the strength of the
association between soil drainage and fertility and the
outcome [35].

Potential edge effects have not been formally addressed in
the spatial analysis as it would have been computationally
intensive and unlikely to have influenced the main pat-
terns that were identified. However, the density maps

should be interpreted with this in mind, especially for
areas near the coastline.

Conclusion
The results of this study show that the distribution of
scrapie in Great Britain exhibits a definite spatial pattern
with Wales, in particular south and central Wales, having
a generally higher occurrence of the disease than England
or Scotland. Flock-size and soil drainage were significantly
associated with the occurrence of scrapie in England and
Wales, and a risk map based on the estimated association
between these factors and disease occurrence showed
Wales and parts of England (the north and midlands) to
have the highest predicted risk for scrapie. However, there
is unexplained variation remaining in our model, the
source of which may lie in farm-level characteristics rather
than spatially-varying ones such as environmental charac-
teristics. Future research might consider investigating this
source of variation further, or conducting small-to
medium-scale studies or performing similar analyses
using data from the active surveillance programme in an
attempt to confirm the results of the current study. How-
ever, the low numbers of farms detected though the active
surveillance programme would make this comparison dif-
ficult at the current stage.

Table 2: Characteristics of the significant (p < 0.05) high- and low-risk clusters in Great Britain, as identified by the spatial scan statistic 
based on a Bernoulli probability model and using a circular scanning window to include 50% of the population at risk (as illustrated in 
Figure 4)

Cluster Observed Cases Expected Cases Total holdings in cluster Relative risk P-value

Most likely cluster 104 43 216 2.892 0.001
Secondary cluster 2 37 186 0.049 0.001

Empirical semivariogram with Monte Carlo simulation enve-lope (dotted lines) of the residuals of the mixed-effects logis-tic regression presented in Table 3Figure 6
Empirical semivariogram with Monte Carlo simula-
tion envelope (dotted lines) of the residuals of 
the mixed-effects logistic regression presented in 
Table 3.

Table 3: Variables associated with farms in England and Wales 
being confirmed positive for scrapie

Variable Value OR 95% CL P-value

Flock-size 1 - 19 0.29 0.21 - 0.40 < 0.0001
20 - 89 0.13 0.09 - 0.19
90 - 335 0.35 0.26 - 0.47
> 335 reference

Soil drainage Freely draining reference 0.045
Impeded drainage 0.89 0.64 - 1.24
Naturally wet 1.80 1.02 - 3.17

Soil texture Sand reference 0.119
Loam 0.57 0.28 - 1.14
Peat 0.92 0.41 - 2.10
Clay 1.08 0.30 - 3.86

Soil fertility High reference 0.173
Moderate 1.38 0.59 - 3.22
Low 1.14 0.53 - 2.47
Very low 0.52 0.16 - 1.71
Lime-rich 0.68 0.26 - 1.82
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