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Abstract Transmissible spongiform encephalopath-
ies (TSEs) are a group of fatal neurological condi-
tions affecting a number of mammals, including
sheep and goats (scrapie), cows (BSE), and humans
(Creutzfeldt-Jakob disease). The diseases are widely
believed to be caused by the misfolding of the normal
prion protein to a pathological isoform, which is
thought to act as an infectious agent. Outbreaks of the
disease are commonly attributed to contaminated
feed and genetic susceptibility. However, the impli-
cation of copper and manganese in the pathology of
the disease, and its apparent geographical clustering,
have prompted suggestions of a link with trace
elements in the environment. Nevertheless, studies of
soils at regional scales have failed to provide
evidence of an environmental risk factor. This study
uses geostatistical techniques to investigate the
correlations between the distribution of TSE preva-
lence and soil geochemical variables across the UK
according to different spatial scales. A similar spatial
pattern in scrapie and BSE occurrence is identified,
which may be linked with increasing pH and total
organic carbon, and decreasing iodine concentration.
However, the pattern also resembles that of the
density of dairy farming. Nevertheless, despite the
low spatial resolution of the TSE data available for
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this study, the fact that significant correlations are
detected indicates there is a possibility of a link
between soil geochemistry, scrapie, and BSE. It is
suggested that further investigations of the prevalence
of TSE and environmental exposure to trace metals
should take into account the factors affecting their
bioavailability.
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Introduction

Transmissible spongiform encephalopathies (TSEs)
are a group of fatal neurological conditions affecting
a number of mammals. They include: scrapie, which
affects sheep and goats; bovine spongiform enceph-
alopathy (BSE), which affects cows; chronic wasting
disease (CWD), which mainly occurs in deer and elk;
and Creutzfeldt-Jakob disease (CJD), which affects
humans. The diseases are widely believed to be
caused by the misfolding of the normal prion protein
(PrP) to a pathological isoform (PrP5), which is
thought to act as an infectious agent (Prusiner 1982).
While there is evidence that PrP acts as a superoxide
dismutase in normal tissue (Brown et al. 1999), there
is no evidence of a means of transmission; a number
of researchers are therefore contesting this belief with
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alternative theories. Such propositions include the
involvement of a bacterial agent (e.g. Broxmeyer
2004; Ebringer et al. 2005; Bastian 2005), while
Manuelidis (2007) is a strong proponent of the theory
that TSEs are caused by a unique class of “slow”
viruses. Others (e.g. Purdey 1998; Gordon et al.
1998) have suggested that the agricultural use of
organophosphate pesticides is implicated. Georgsson
et al. (2006) collected evidence that suggested the
infectious agent may persist in the environment for
more than a decade. A link between TSEs and trace
metals in soils (e.g. Purdey 2000) has also been
suggested, and this has prompted the investigation
reported in this paper.

Interest in environmental geochemistry as a risk
factor for TSEs arose partly from indications of
geographical clustering. For example, scrapie in
Iceland is known to occur on certain farms or valleys
and not others (Sigurdarson 2000). Clusters of TSEs
have also been reported for variant CJD in Leices-
tershire, UK, BSE in Switzerland (Doherr et al.
2002). and CWD in the Rocky Mountains. Tongue
et al. (2006) identified three statistically significant
clusters with a relatively high risk of scrapie for
sheep flocks in the central south, north-east, and far
north of England, and low-risk clusters were located
in north-west Scotland, north-west Wales and south
Yorkshire.

While clustering is often attributed to genetic
factors, exposure to contaminated feedstuffs, and
differential reporting, a link with trace metals is
supported by evidence that on replacement of copper
with manganese as the metal ligand of the prion
protein, the protein’s structure is altered (Brown et al.
2000). Moreover, Wong et al. (2001) reported a
tenfold increase in manganese and a 50% reduction in
copper in the brains of victims of CJD. More
recently, Hesketh et al. (2007) found that elevated
levels of manganese occur in the blood and central
nervous system of sheep and cows prior to the onset
of clinical signs of scrapie and BSE.

Attempts to link TSEs with trace elements in the
environment were initiated by Purdey (2000), who
sampled soils from TSE-affected areas across the
world. While localised studies indicated lower levels
of copper and higher concentrations of manganese
on scrapie-affected farms in comparison with scra-
pie-free farms, Chihota et al. (2004) found no
evidence for such a relationship occurring on a
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regional scale across the British Isles. An investi-
gation into the possible connection between scrapie
in Iceland and the levels of selenium in hay also
proved inconclusive (Johannesson et al. 2004).
However, preliminary results from a study of trace
metals in soil samples from scrapie-affected areas in
Iceland indicated high amounts of bioavailable
manganese and low amounts of soluble and free
copper (Ragnarsdottir and Hawkins 2006). On
investigating potential biogeochemical risk factors
for a CWD cluster in Wisconsin, McBride (2007)
found high levels of sulfur in a willow species often
used for forage; this may have contributed towards
copper deficiency.

Despite the interest in the involvement of envi-
ronmental factors in the epidemiology of TSEs, no
geographical correlation between the occurrence of
the different TSEs has ever been established. The
individual diseases are commonly associated with
specific traits which may serve to mask any epide-
miological correlation. For example, scrapie is known
to have a higher prevalence among specific genotypes
(in particular the ARR allele), and for this reason the
National Scrapie Plan, designed to reduce and
eventually eliminate scrapie by selective breeding
(focussing on the VRQ allele), was introduced in the
UK in 2001 (DEFRA 2006a). Variant CJD has also
been found to occur exclusively in victims who share
the MM codon 129 genotype, and this has been found
in around 64% of cases of sporadic CJD to date
(National CJD Surveillance Unit 2007).

Although a slight genetic susceptibility of cattle to
BSE has recently been demonstrated (Juling et al.
2006; Haase et al. 2007), it is assumed to be
associated primarily with dairy farming, because of
exposure of non-grazing ruminants to meat and bone
meal (MBM). Approximately 81% of BSE cases to
date have occurred in dairy cattle (DEFRA 2006b).
After the implementation of the MBM feed ban in
1988, ongoing occurrences of BSE were linked with
cross-contamination with feed intended for non-
ruminants (e.g. Stevenson et al. 2005). However,
the cases occurring after the reinforcement and
extension of the ban to include all offal, in 1996,
have yet to be explained. Because of the timing of its
emergence, new-variant CJD has been linked with the
consumption of contaminated beef. Nevertheless, it
remains possible that a common environmental factor
presents an additional risk.
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In 2003, a European Commission-funded project
(FATEPriDE, QLK4-CT2002-02723) investigating
whether environmental factors influenced the occur-
rence of TSEs commenced. The main objective of the
project focussed on the possible role of trace
elements and, in particular, the balance between
manganese and copper (Brown 2007), and involved
laboratory experimentation, field studies, and com-
puter modelling. This included an analysis of the
geographical distribution of manganese, copper, and
other trace elements across Europe and a comparison
of the resulting geochemical maps with those indi-
cating high TSE incidence rates. This study used
geochemical data recently collected by the FORum of
European Geological Surveys (Salminen et al. 2005)
from topsoils and other media across 26 participating
European countries, at a resolution of around
72 x 72 km?>. Part of this investigation focussed on
the British Isles, because of the availability of
regional incidence data. This paper describes the
research undertaken in this study and discusses
inferences from the results.

Materials and methods
Data

The data on scrapie and BSE incidence in the 65
administrative counties of Scotland, England, and
Wales were obtained from DEFRA. Data on
confirmed cases of scrapie in sheep and goats were
available through the Scrapie Notifications Database
covering the period from January 1998 to September
2002. The total numbers of BSE cases per county
confirmed by passive surveillance were also avail-
able, covering the emergence of the disease in
November 1986 up to the 6 January 2006. Unfor-
tunately these data do not reveal the changing
geographical distribution of BSE over time detected
by Stevenson et al. (2005) and attributed to the
feed-ban abatement measures. However, they do
preserve the prevailing north—south trend. The
scrapie and BSE data were converted to annual
incidence rates using the agricultural census data
from each county for the year 2000. The census data
were also used to calculate the percentage of the
cattle in each county that were used for dairy
production.

Numbers of deaths from definite and probable
sporadic (sCJD) and new-variant (vCJD) CJD per
county from 1 January 1990 to 31 December 2004
were obtained from the National CJD Surveillance
Unit (2005). These were converted to incidence rates
per county using national census data collected in
2001.

The incidence rates calculated for the four TSEs in
each county were compiled in a GIS database and
mapped, along with the percentage of dairy cattle
(Fig. la—e). The maps were plotted according to a
decile classification.

Soil geochemistry data were obtained from the
FOREGS database (Salminen et al. 2005). This
dataset was compiled following a standardised sam-
pling and analysis campaign across Europe. As such,
its spatial resolution is somewhat coarse (roughly one
sample per 5,000 km?), with a total of 845 topsoil
samples collected throughout the 26 participating
countries. The survey was aimed at establishing
baseline levels of a wide range of major and minor
elements (except selenium), pH, and organic content
of soils, stream waters, stream sediments, and humus.
Topsoil samples, which were taken from a depth of 0
to 25 cm, have been used in this study. For more
information regarding the sampling and analysis
techniques consult Salminen et al. (1998).

Care was taken during the FOREGS sampling
campaign to avoid selecting locations that may have
been subject to anthropogenic contamination, and
preference was given to forested and unused lands,
pastures, meadows and agricultural land (Salminen
et al. 1998). Multivariate geostatistical research con-
ducted on the entire FOREGS topsoil data has
demonstrated that they are representative of regional
background soil geochemistry, as governed by parent
material geology and soil-formation processes, over
local, intermediate, and long-range spatial scales
(Imrie et al. 2008).

The trace elements included in this study were
copper (Cu), manganese (Mn), zinc (Zn), molybde-
num (Mo), iodine (I), iron (Fe), and sulfur (S). These
elements were selected on the basis of a comprehen-
sive literature review and the concurrent research and
findings in the FATEPriDE project. The concentra-
tions of the elements were analysed using exhaustive
extraction methods (aqua regia digestion followed by
measurement with inductively coupled plasma (ICP)
mass spectrometry for Cu, Mn, Zn, Fe, and S, and
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«Fig. 1 Distribution of incidence rates of scrapie (a), bovine
spongiform encephalopathy (b), variant Creutzfeldt-Jacob
disease (c), and sporadic Creutzfeldt-Jacob disease (d), and
the percentage of cattle used for dairy production (e), across the
British Isles

mixed acid digestion followed by ICP atomic emis-
sion spectrometry for I and Mo), and so can be
assumed to represent their total concentration. Addi-
tional variables included were total organic carbon
(TOC), pH, and the clay fraction (CF: percentage of
soil particles <0.002 mm in diameter). These vari-
ables are known to affect the “bioavailability” of
trace elements in the soil and hence their uptake by
vegetation. For more information regarding the
analysis of the variables see Salminen et al. (2005).

Methods

As noted above, various independent factors are
associated with the incidence of scrapie, BSE, and
vCJD. Such factors are likely to mask correlations
between the TSEs unless they can be filtered out. If it
may be assumed that the geographical distributions of
genetic and feed-based causative factors are unrelated
to the geographical distribution of trace element
levels across the British Isles, then a multivariate
spatial analysis of the data can be used to isolate their
individual contributions.

Multivariate geostatistics enables the spatial anal-
ysis of two or more collocated variables, whereby the
cross-correlations between pairs of variables can be
estimated according to the various spatial scales
identified in the dataset. For example, it would be
possible for two geochemical variables to be posi-
tively correlated in the micro-scale spatial range
because of a common sampling or analytical bias, and
negatively correlated over longer ranges because of
differing geochemical attributes (for example affinity
for organic carbon, or relative concentration in a
certain parent material geology).

The spatial autocorrelation of a variable is repre-
sented graphically by a variogram, as described in
more detail in the Appendix. A variogram model may
consist of one or more structures with different spatial
scales (ranges), including a nugget effect which
represents variation occurring at a range shorter than
the sampling density. Variograms are used to assign
weights to neighbouring samples in order to provide
unbiased estimates of the mean value of variable at a

location of interest. This estimation, known as kriging,
may also be used to find mean values of a variable over
a regular grid (block kriging) or over irregular shapes
(polygon kriging).

A linear model of coregionalisation (LMC) is a set
of variograms and cross-variograms calculated for
two or more collocated variables. For each spatial
scale identified, a covariance matrix may be gener-
ated, from which correlation coefficients between
variables can be estimated. The methods are
described in more detail in the Appendix.

The methodology followed in this study is briefly
outlined below.

1. Collocation of datasets: To create an LMC the
data need to be collocated. Because the geo-
chemical data are derived from point samples
and the TSE incidence data are available at
county level, the mean values of geochemical
data must be estimated for each of the adminis-
trative divisions. This is done using polygon
kriging.

2. Identification of spatial structures: Variograms
are calculated and modelled for each of the
variables, using the centroid of each county to
define the locations of the data. The number and
ranges of the common spatial structures are
identified.

3. Linear model of coregionalisation: An LMC is
fitted to the set of variograms and cross-vario-
grams, according to the number and ranges of the
spatial structures identified. The model is fitted
using a weighted least-squares approach.

4. Calculation of correlation coefficients: A covari-
ance matrix is obtained for each spatial structure,
and used to calculate structural correlation coef-
ficients between each of the variables.

Spatial analysis and results

The FOREGS geochemical database includes soil
samples taken from 56 sites across the British Isles.
Although this is less than the number of administra-
tive divisions, research based on the FOREGS data
has shown that there is significant spatial continuity
in topsoil geochemistry across the whole of Europe
(Imrie et al., 2008). Variograms were calculated and
modelled for each of the selected variables. Polygon

@ Springer



138

Environ Geochem Health (2009) 31:133-145

kriging was then used to estimate the mean concen-
trations of the variables in each of the counties.
Example maps of the distribution of pH, TOC, CF,
Cu, I, and Mn, plotted according to a decile
classification, are provided in Fig. 2. Unfortunately
it was necessary to omit the Shetland, Orkney, and
Western Isles from this analysis because of the lack
of soil samples taken from these areas and the high
uncertainty in the kriging estimates.

Inspection of the maps in Fig. 1 shows that there is
a strong north—south trend for BSE, and similar but
weaker trends for scrapie and the percentage of cattle
used for dairy (PCD). The distributions of the
variables in Fig. 2 show similarities between some
of the soil constituents, such as I and total organic
content. Cu, Mn, pH, and the clay fraction show a
general north—south trend, although there are some
longitudinal variations.

Variant and sporadic CJD are more randomly
distributed in comparison. The global correlation
coefficients were calculated between the TSEs, the
PCD and the geochemical levels for each county, and
these are provided in Table 1. The variables were first
log transformed where necessary to reduce the
skewness of the data.

Table 1 reveals significant correlations between
BSE and soil pH, Cu, Zn, and PCD. Weaker
correlations are observed for scrapie and I, TOC,
and PCD, and there is a weak correlation between
scrapie and BSE (0.371). There is little correlation
between these TSEs and sporadic and variant CJD.

A full set of variograms and cross-variograms
was calculated and a linear model of coregionalisa-
tion was fitted. Three spatial structures were
identified: a nugget effect, a short-range structure
with a range of 130 km, and a long-range structure
(range >130 km). The structural components were
fitted using spherical variogram functions. Examples
of the variograms of scrapie and I, and their
covariogram, are provided in Fig. 3. The LMC
was then used to compute a variance—covariance
matrix, from which correlation coefficients corre-
sponding to each spatial scale were calculated. The
results are given in Table 2.

It is also important to consider the amount of
variance that is contained within each spatial range
component. For example, most of the variance in
scrapie incidence is contained within the nugget
component (62%) while 17% and 21% are contained
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Fig. 2 Distribution of (a) pH, (b) total organic carbon, (c) clay®
fraction, (d) copper, (e) iodine, and (f) manganese in topsoils
across the British Isles

in the short and long-range components, respectively.
In contrast, the BSE variance is mostly contained in
the long-range component (82%), with 5% and 13% in
the nugget and short-range components respectively.
Correlation coefficients calculated for variables in
which the overall variance is low may be considered
unreliable. The percentages of variances contained in
the respective structural components are given in
brackets in the column headings in Table 2.

The nugget effect on a variogram contains variance
that may be due to measurement error and variation on
a scale smaller than that which can be captured by the
spatial resolution of the data. Variables which have a
particularly high nugget component are scrapie inci-
dence rate, Mo, and vCJD, with sCJD, S and TOC
having lower but still significant nugget components.
Among these variables, scrapie incidence is negatively
correlated with TOC and S.

Iodine is most variable within the short range
(<130 km) spatial component; Mo, S, TOC, pH, PCD,
and sCJD vary to a lesser extent. Although scrapie and
BSE incidence vary by 17% and 13% of their overall
variance, respectively, there is a strong positive
correlation between them (0.705). There is also a
correlation between sCJD and vCJD over this spatial
range. The clay fraction, Cu, I, Mn, Fe, and Mo are all
negatively correlated with both scrapie and BSE, while
pH is positively correlated. BSE has a moderate
correlation with the percentage of cattle used for dairy
production.

Most of the variance in BSE incidence, CF, Cu, Fe,
Mn, Zn, pH, and PCD is contained in the long-range
component (>130 km). There is a strong correlation
again between BSE and scrapie incidence rates
(0.812). Both TSEs are positively correlated with CF,
Cu, Fe, Zn, pH, and PCD, and negatively correlated
with I and TOC. While BSE was positively correlated
with vCJID over the short spatial range, the variables
are negatively correlated over the long spatial range.

Discussion
The results obtained from the linear model of coreg-

ionalisation have indicated a regional correlation
between BSE and scrapie incidence. Relationships
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between these TSEs and sporadic and variant CJD,
however, are less clear.

The lack of significant correlation between scrapie
and BSE in the nugget component may be due to
local variations in genetic susceptibility (breeds of
sheep) and exposure to contaminated feedstuffs
(cattle). The strong correlations observed over the
short and long spatial ranges may have several
causes, including a common geochemical factor. It is,
however, clear that the distribution of the percentage
of dairy cattle shares common features with the soil
geochemistry of the British Isles. This is somewhat
unfortunate, as it is difficult to distinguish any risk
factor from soil geochemistry from that of the
exposure of cattle to MBM with the data used for
this study. However, it seems unlikely that the PCD
should have an impact on the occurrence of scrapie.
A possible explanation for the north—south trend in
scrapie may be related to flock management practices
(such as hill farming in the north) and resulting
differences in disease diagnosis and reporting
(e.g. Tongue et al. 2006).

If incidence rates of scrapie and BSE are influ-
enced by soil geochemistry, the most important
variables would appear to be I, TOC, and pH. While
Mn has a moderate positive correlation, Cu (and Zn)
is also positively correlated in the long-range com-
ponent, which would appear to refute the notion that
Cu deficiency is a factor. However, it is important to
note that the “bioavailable” concentrations of Cu and
other trace elements in soils are dependent on factors
such as pH, clay content, and TOC (e.g. Kabata-
Pendias 2001), while the availability of Mn is also
strongly influenced by redox conditions. In general,
the availability of trace elements for uptake by
vegetation decreases with increasing pH (except Mo)
and clay content. Many trace elements in soils,
particularly I, have a strong affinity for organic
matter. Therefore, it is possible that the correlations
with pH, clay fraction, and TOC are related to trace
element deficiencies.

Iodine is consistently negatively correlated with
scrapie and BSE, as the nugget component of BSE is
too small to be of any significance. Iodine deficiency
has been linked with that of Se with regard to the levels
of glutathione peroxidase produced by the thyroid.
Glutathione peroxidase acts as an antioxidant, and has
been implicated in the pathology of scrapie (e.g. Zeng
et al. 2003; J6hannesson et al. 2004). Todine deficiency
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is less likely to be a contributory factor in dairy than in
beef suckler cases, because dairy cattle routinely
receive supplements of I and other micronutrients in
their feed.

It is difficult to detect any relationships between
CJD and the other variables. However, although
scrapie/BSE and sCJD are uncorrelated over the long
range, sCJD has similar, if weaker, correlations with
topsoil I, pH, and TOC. BSE and vCJD are negatively
correlated except for the short-range component
where little of their variance is contained.

Although the results have indicated a long-range
correlation between scrapie and BSE in the British
Isles, it must be emphasised that the study has been
performed using limited datasets with coarse spatial
resolution. As such, the uncertainties are high and the
estimated correlations must be regarded with caution.
Furthermore, if the Shetland data had been included,
this may have reduced the effect of the north—south
trend in the scrapie data. Nevertheless, the results
indicate that there is a possibility of a link between
scrapie, BSE, and soil geochemistry, and it may be
recommended that future investigations into environ-
mental exposure to trace metals take into account
factors which determine their mobility, such as total
organic carbon, pH, and clay fraction.
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Appendix
A.1 Geostatistical estimation

In brief, geostatistics is a set of tools which exploits
the spatial correlation structure in a dataset to make
unbiased estimates of one or more variables at
unsampled locations. In its simplest form, the corre-
lation structure is assessed using the variogram 7y(h),
calculated by pooling pairs of data x; into specified
intervals of separation distance h. The differences
between the values of the data in each pair are
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calculated, and for each distance category the mean
of the squared subtractions is obtained:

N(h)
1(0) = Sy 2 %) <0+ ) (1

where N(h) is the number of pairs within a separation
distance interval.

A model is then fitted to the experimental variogram
to obtain a smooth function with which to calculate
appropriate weights during the subsequent estimation
procedure. Valid models which are commonly fitted to
the experimental variogram include spherical, Gauss-
ian, and exponential functions. These are characterised
by a sill, which represents the covariance accounted for
by the model, and a range, which signifies the extent of
spatial correlation. The models can be nested, whereby
correlation structures at different scales are represented.
For example, a typical variogram for geochemical data
may comprise the following components:

e anugget effect which accounts for the covariance
in the data arising from measurement and sam-
pling errors, and variation that is on a scale that is
too small to be detected by the sampling density;

e a short-scale correlation structure arising from
local variations, because of factors such as land
use and parent material geology;

e a longer-scale correlation structure or trend aris-
ing from, for example, larger scale geological
features and climate.

In its simplest form, geostatistical estimation is
undertaken using a procedure called ordinary kriging.
A neighbourhood is first specified which determines
the minimum and maximum number of data points to
be used for the estimations, how they should be
distributed around the location, and what is the
maximum separation distance. The choice of these
parameters is generally determined by the amount
and density of the data and the characteristics of the
variogram. The kriging estimate Z* is defined as a
linear combination of the neighbouring data Z,:

A Z 27, (2)

where 1, are weights derived from the variogram
model by minimising the expected estimation error.
A comprehensive description of geostatistical esti-
mation may be found in Isaaks and Srivastava (1989)
and Goovaerts (1997).

While point kriging is used to estimate values at a
point location, block kriging is used to compute an
average value over a volume. Polygon kriging can be
used to estimate average values over an irregular shape.

A.2 Linear model of coregionalisation

A useful tool for analysing regional geochemistry is the
linear model of coregionalisation (LMC). This is
essentially a set of variograms and cross-variograms
calculated for two or more collocated variables. The
cross-variograms are calculated by comparing pairs of
different variables with increasing distance. It is
therefore possible to detect any spatial scales over
which the variables are correlated because of a
common underlying factor.

The theory underpinning multivariate geostatistical
analysis has been published in a number of texts
(e.g. Goovaerts 1997; Wackernagel 1998). A brief
outline is provided below.

Cross-variograms between two variables z, and zg
may be calculated as follows:

N(h)
7ap(h) = T(h);: [(zo(xi)
—zp(x; + h))] (3)

As mentioned above, variogram models may be
nested, so that they represent a number of processes
acting at different spatial scales. Such a covariogram is
a linear combination of N, component functions g"(h):

‘ — 2(x 1) - (zp(x0)

D) = 390 = 3 e (h) (4)
u=1 u=1

where the b, are coefficients which represent the
importance of each spatial scale u to the relationships
between the variables. This LMC can be expressed in
matrix terms:

N\‘

r'(h) => B‘g"(h) (5)

u=1

where I'(h) is the p x p variogram matrix and B” is a
positive semi-definite matrix of the coefficients bj.
A measure of the correlation between the variables Z,
and Zg at the spatial scale u is given by:

= (6)

pzﬁ - U u
\/ Pasiip
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The structural correlation coefficients pj; differ
from the traditional product-moment correlation
coefficients in that they focus on specific spatial
scales, filtering out the processes operating over
different distances. It may also be noted that they are
derived within a probabilistic framework and not
directly from the data pairs.
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