negatively with 1% uranyl acetate on Formvar-coated copper

grids was performed with a Hitachi H-800 electron nricroscope: -

(Hitachi High Technology, Pleasanton, CA). Specimens were
imrounostained using the avidin-biotin complex technique (Vec-
tor Laboratories, Burlingame, CA). An anfi-marmoset AA
murine mAb (24) and a biotinylated sheep anti-mouse Ig anti-
serum (BioGenex, San Ramon, CA) were used as the primary
and secondary reagents, respéctively, and the reactions were vi-
sualized with the Super Sensitive Link-labeled HRP DPetec-
tion System (BloGenex) under conditions specified by the
manufacturer,

Amyloid Extraction and Characterization, Thirty- to 80-gram por-
tions of foie gras were cut into 0.5-cm? pieces and, after defatting
by a series of four acetone washes, were homogenized in 0.15 M
NaCl using an' Omni-Mixer blender (Cmni International, Mari-
etta, GA) and centrifuged (15,000 X g) for 30 min at 4°C. This
step was repeated until the ODzgp of the superpatant was <0.10.
The saline-extracted sediment was similarly homogenized in cold
distilled water, and the resultant pellet was lyophilized. After
reextraction with chloroform and ether, the protein was dis-
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solved in 025 M TrisHCl buffer, pH 80, containing 6 M
guarnidine HC], reduced and alkylated, and purified by reverse-
phase HPLC (25). The peak UV-absorbing fractions were dried -
in 2 vacuum centrifuge, reconstituted in sample loading buffer,
and, after electrophoresis on 109% NuPage SDS/PAGE gels
(Invitrogen, Carlsbad, CA), transferred to a PYDF membrane.
Coomassic blue-stained bands were excised and subjected to
automated sequence apalysis by Edman degradation using an
ABI model 494 pulsed liquid sequencer {Applied BioSystems,
Foster City, CA). The amino™ acid sequences of tryptic peptides
generated from HPLC-purified fibdllar fissue exiracts were
determined by MS/MS using an ion-trap instrument (Thermo
Finnigan, Waltham, MA), as described previously (25). '
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Quantifying the risk frorh ovine BSE and the impact

-of control strategies
Helen R. Fry&"’t:, Matthew Baylis>!, Kumar Sivam® and Angela R. McLean®

 Fnstiture for Emergent Infections of Humans, Jemes Martin 21st Century School, Daparmment of Zoology,
Oxford University, South Pavks Road, Osford OX1 3PS, UK
%Institute for Animal Health, Compton Laboratory, Compton, Newbury, Berkshire RG20 7NN, UK
3Wstsrinary Laboratories Agency, Woodham Lane, Addlestons, Surrey RT15 3NB, UK

Although no naturally infected sheep with bovine spongiform encephalopathy (BSE) has ever been
discovered, it remains possible that BSE once infected the UK sheep population, has been transmitted
between sheep, and is siill present roday. We constructed a mathematical model to assess the current
maximurm theoretical exposure to conswrners from BSE-infected ovine materisl and to estmare the risk
teduction that could be achieved by abattoir-based control options if BSE-infected sheep were ever found
in the nationat flock. We predicr thar, if present, the exposure to consumers from 2 single BSE-infected
sheep wauld be high: anc sheep, close to the end of its incuberion perioed, is likely to contribure 10-100¢
tmes more infectious material than a fully infectious cow, Furthermore, 30% of this cxposure comes from
infectivity residing in lymphatc and peripheral rissue thar cannot be completely removed from a carcass.

We are 95% confident that throughout Grear Britain, no more than four sheep flocks currently harbour
an sngoing BSE epidemic, However, since the exposure from 2 gingle infected sheep is high, the annual .
humsn exposure from four ‘typical’ BSE-infected flocks could be considerable. Small reductions in
exposure could be achicved by strategies based on tissue testing, a 12-month age restriction or expanded
definitions of high-risk tssues. A six-rnonth age restriction is Hkely o be more effectve and genotype-based
stragegies the most effective.

Keywords: oving; bovine spangiform encephalopathy; mathematical model; epid;amioiog:y; risk analysis

1. INTRODUCTION

Since a link was made between bovine spongiform
cncephalopathy (BSE) and wariant CreutzfeldrJakob
disease (vCJD; Collinge et ol 1996; Bruce & al. 1997;
Hill ez al. 1997; Scott et al. 1999), there has been concern
that BSB may have infected sheep which were fid the game
contaminated feed supplements that caused the BSE
epidemic in catte. Speculation has been drven by
experimental results showing thar sheep are susceptble
to BSE infection from intravenous, intracerebral {ic) and
otal challenge (Foster at al. 2001 a,b; Jeffrey er al. 2001;
Houston e ¢f. 2003). Purthermore, a natural case of BSE
infection in a French goat has recently been confirmed
(Proissart 2004}, and prelirhinary results suggest that a
second iofected poat has been located in Scotland
(DEFRA 2005). However, the Veterinary Laborarories
Agency (VLA) has tested 2368 ovine TSE cases from 450
flocks reporting scrapie between 2001 and 2004, and none
has shown a pawemn clearly indicating a case of BSE (Stack
et al. 2006). This s promising, but it must be noted thata
recent study estimated that only 38% of farmers notice
scrapie actually report it (Sivam et ef. 2003, 2006).

Even if BSE did infect e sheep population, it is.

questionable whether further transmisgion from sheep to

* Corresponding author (helen fryer@zoo.ox.ac.uk),
¥ Present address: Veterinary Clinical Science, University of Liverpool,
Leahurst, Neston, Wirral, Cheshire CHG64 7TE, UK.
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Raceived 277 Seprember 2006
Aceepred 13 March 2007

335

1497

sheep would have occurred. Meither goat caze pravides
any insight into the likelihood of ongoing transmission
because both animals were alive before comprehensive
feed bans wers in place in their respective countrics.
However, it has recently been shown thar natural
transmission of BSE can occur between an experimentally
infected mother and her lamb (Bellworthy ez al. 20054).
Scrapic does transmit between sheep and the similarities
it pathogenesis of these two diseases imply that horizonral
transmission of ovine BSE is a real possibility, If further
transmission has occurred naturally, it is most probable
that the epidemic quicldy died out or is still on the decline,
bor there is a remote possibility that we are at the start of
an ovine BSE epidemic that will continue to grow
(Ferguson er al. 2002; Kao ¢ @l. 2002).

Ovine susceptibility t¢ TSHs is largely controlled by
polymorphism 2t the gene encoding the prion protein
(PrT; Clouscard er ol. 1995; Hunter st ol 1996). The
principal mutations associated with suscepribiliy to
disease are located ar codons 136 (alanine (A) or valine
(V)), 154 (arginine (R) or histdine (EI)) and 171
(gluramine (Q), R or F). The genotype most susceptible
to BSE (ARQ/ARQ) is common in British flocks.

Why should we care abourt an ontbreak of ovine BSE?
One of the main concerns centres on the distibution of

_ infecrivity through sheep tssues. While infectivity in cattle

is largely confined to the nervous system (Wells. ez al.
1998), the same is not tue for sheep. BSE infectivity and
disesse-associated prion protein have heen found to be
widespread throughout the bady of an infected sheep

This journal is @ 2007 The Royal Scciety
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Figure 1. (a) Bstimared infections dose entering the food chain
from one theep over the course of an infection. () Infermred
infectiousness of sheep by genotype. Infectivity entering the
food chain per sheep is estimated by considering tissue weight,
the proportion of each tissne that enters the food chain and
infectivity in each tissue. Tissue infectivity is estimated from
resnlts of mouse bioassay experiments end tests for disenze-
specific PxP in shesp with niatural scrapie and experimental
BSE (Hadlow ¢ g, 1982; Andreolerti ez al. 2000; van XKeulen
et al. 2000, 2002; Foster et al. 2001; Bellworthy ez al. 20055},
Aggerisle, the processing of the manure-stripped duodenum
and jejunum into sausage casings is assumed to result in a
reduction in infectivity in these dssues before consumption.
The magnitude of that veduction is comtrovessial Two
scenarios are considered: a further.reduction in infectivity by
2 factor of 10 and a further redwmetion by a factor of 100, In
figure (b}, the conservative factor 10 reduction is nsed.

{Foster er al. 2001b; Jeffrey er al. 2001; Pergnson e¢ al.
2002; Bellworthy ez al. 20058; Gonzalez gt af, 2005), even
in the carly stages of infection, Furthermore, a number of
tiesues thar have been shown to carry infectivity are
cwrently catent by hwmans and cannot be completely
removed from a sheep carcass.

The aim of this study i& to quantify the exposure to
consumers t¢ BSE-infected sheep mear. We estimate the
maximum number of flocks in Grear Britain that could
currently be harbouring BSB and the total infectious
burden that these flacks could contribute to the human
food chain. We also quantify the probable impactof arange
of control options. This srudy collates data from a wide
range of sources, including the 2002 aponymous scrapie
postal survey {Sivam ez al, 2003, 2006) and the Instivate for
Animal Heslth (JAH) farm-based scrapie flock survey
{Bayhs ez al. 2000), and published data on studies of natural
scraple (Hadlow er 4l 1982; Andreolerd er al 2000;

FProe. R See. B (2007)
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Figure 2. A within-flock model of TSE indéction and disease
progression, Syrepresents the number of suscepiible sheep in
the flock aged {i. I ; represents the number of sheep in the
flock that ars aged { and have been infactad for dme 7. These
twa state variables ave further subdivided bysex and genatype
as shown in mble 1.
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Figure 3, Size and breeding status of flocks with a scrapie
epidemic. Data fom the 2002 anonymous sctapie postal
survey, conducted by the VLA,

van Keulen e af. 2000, 2002) and experimental BSE
(Foster ez al. 2001 b; Jeffrey er al. 2001; Ferguson ez al. 20025
Houston eLaf, 2003; Bellworthy et al. 2005; Gonzalez eral.
2005). These data are nsed o parametrize a mathematical
model that tracks rising infectivity within infected sheep,
sheep-to-sheep transmission within a flock and the rate at
which sheep leave flocks to enter the food chain.”

2. MATERIAL AND METHODS '

‘The process by which BSE-infected sheep meat could enter
the food chain c¢an be considered at three lewels: the
accumulation of BSE infectivity within a single sheep
(figurc 1); the spread of BSE infection among sheep in 2
single flock (figure 2); and the number of BSR-infected flocks
in Britain (figure 3). We describe a mathematical modal that
gives a dynamic description of the infectious buzden in sheep
in hypothetical infected flocks. This model generates
predictions abont the flow of this infectious burden from
infecred flocks into the human food chain and allows us to
compare the impact of different control options.

336



Controlling ovine BSE risks . R, Fryer ez al. 1499

Table 1. Sheep genotypes: prevalence, susceptibility and incubation petiod.

susgeptibility to intracerchral i
prevalence of genacype® (%) BSE challenge
‘national scrapie  abattoir number positive/ mean incubation périod after BSE
genotype plan screening screening aumber challenged® relative imracerebral challenge® (years)
ARR/ARR 26.3 19.5 3/19 0.1 3.0 '
ARR/Axx 40.8 419 3124 0.14 56
Axx/Axx 25.5 26,5 19/21 1 14
ARR/VRQ "534 8.5 1111 a.14 5.1
Axx/VRQ 3.7 6.2 311 030 26
VRQ/ VR_Q 0.2 0.4 4/10 4.44 2.7
* Tonguce « 2l (2006).

b Teffrey ex of. (2001), Houston er o, (2003} and Bellworthy ¢f ai, (20055). The allele labelled Axx represents alleles ARQ, A¥Q and ARKT,

(a) BSE infectivity in a single sheap aver tha caurse

of an infection ’

To estimate the infectivity In a single sheep over the course of a
BSEinfection, we collated published data on the distribution of
infectivity and abaormat PrP in netural scrapie cases and
experimental BSE cases. Genotype is 2 strong determinant of
the progression of clioical diseasc within an animal, but o
genotype-specific tssue data are availahle; so, in the models
used here, infectivity sccumulates as a fanetion of the average
incubation period. These estimates of tssue infectivity weee
combined with estimates of the tissne weight and the propertion
of each tssue entering the human food chain to calculate the
total exposore to humans from a single infected sheep.

(b) m'thz'mﬁock spread of infectivity

We have creared a difference equation model that simul-
maneously encapsulates both within-sheep and within-flock
dynamics of shccp TSEs. The model has full age structureand 2
full description of the inheritance and impact of the PrP gene.

We have developed a new classification for TSR alleles that
combings ARG, ART and AH() into one group of alleles which
we call Axx. This simplification of PrP genetics is similar to the
NSP classification, except that it has a separate group for
genatype VRQ//VRQ. Itallows us to model the genetics of TSE
susceptibilicy as a single-locus, threc-allele gystem, where the
three plleles are ARR, Axx and VRQ. Propertics of the six
resulting genotypes are described in table 1 and figure 1.

‘The mode! has three independent vadables; time, ¢; age, £
and tme since infection, j. There are two state varables:
X, ;,.{1), the number of susceptible sheep of genotype g, age 7
and sex 5 st dme & and Y4 ;,(4), the number of infected sheep
of genotype g, age i, infected for ime jand sex s at time 1. ‘The
model consists of a descripton of disease mansmission and
progression that is superimposed on a model of Mendelian
inheritance of the PrF gene and the demography of a flock.
Data on the age (Mclean et of. 1999) and genotype
distribution of sheep in surveyed focks were used to
parametrize the gepetics and demography. Sheep leave the
fiack to be sleughtered at an age and time-specific rate that
was obmined from publithed shaughter swatistics (DEFRA
2002). The auxiliary variable Y75%(:) describes infected
sheep that enter the humian food chain of genotype g, age 1,
infected for dme jand sex 5 at time £ Variables, pavameterz
and eguations describing the model in more detail are presented
in §% 4 and 5 of the eleclronic supplementary material,

“The model allows for both horizontal and vertical (including -

perinatal) crensmission of BSE. Dara on amack rates affer
experimental challenge of sheep with BSE were used 1o set the

_ Proc. R Soc. B (2007)
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relative susceptibility of differcnt genotypes (table 1) and the
absolute transmission rate was set o give a within-flock
epidemic thar would yield 10 clinical cases of BSE in a flock
of 1067 sheep in the ninth year 6F an epidemic. This sizc of
epidemic is consistent with observarions of scrapie-affected
flocks (see figure £ of electronic supplementary material).
Publizhed results on the incubation peried after intracer-
cbral BSE challenge were used to infec an incubation periad
for each genotype (Jeffrey er ol. 2001; Houston o al. 2003;
Bellworthy ez al. 20058). By analogy with scrapie (gee table 4
of clectronic supplementary material), we assume that natural
BSE incubation periods are equal to the mean incubation
period after intracerebral challenge plus 1 year (tble 1). The

.distributions of incubation periods for each genotype follow a

gamma distribution with shape parameter 7.3, which is cqual
to that calevlated for che discribudon of the age of reported
scrapie cascs (data from the VLA). This Is consistent with the
model’s assumption that most sheep get infected in the first
few months of life. The rate of accumuladon of infectivity
within an iofeeted sheep is inferred from the infecrivity data in

" figure 14 2nd the incubation periods in wmble 1,

The modet's equadons and parameters and detailed
deseriptions of parameter estimates are given in the electronic
supplemenrary matcnal. The madel peocrates a dynamic
description of the total burden of infectivity generated from
ane hypothetical flock into the buman food chain as a BSE
epidemic progresses.

(c) The nurmiber of BSE flocks

The clinical signs of scrapie and ovine BSE are indistinguish-
able, and it has been suggested that BSE has never been
discovered in sheep because the endemic scrapie problem is
magking BSE, The VLA tests reported sheep TSE cazses for
BSE. Samples from 2368 cases from 450 flocks (detng from
1Janmary 1698 to 31 May 2004) have been tested and none has.
shown a pattern clearly indicating BSE. This ranslatms to abest
estimate that no flocks are infected with BSE, but also provides
an upper 95% confidence limit for the proportion of flocks wirh
TSE cases that could be BSE as 0.66% (Stack az al. 2006).

Tt s important to distingnish focks with an ongeing TSE
epidemic (sither BSE or scrapic) from those that have bought
a TSE-infected animal that did not go on to ignite a within-
flack epidemic. To estimate the number of flocks that could
be hatbouring an ongoing BSE epidemic, we analysed data
from the 2002 scrapie postal survey. Such a flack is defined
here 2s a holding that has had ax least one case of homebred
scrapie over the last year or at least two cases of scrapie in the
last 5 years, of which at least one was homebred, We cstimate
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that, at present, there are approximarely 580 flocks with an
ongoing TSE epidemic (figur¢ 3). In additon, there are
another 1000 flocks that have seen scrapie over the last
5 years, but only in bought-in animals,

By combining these two calcalations, we conclude that the
" upper95% confidence interval (CI) for the maximum number
offlocks harbouring a BSE epidemicis four. In swharfollows, we
cxplore the impact of various tisk reduction strategies if they
were applied to four different BSE-infacted flock models, The
size and underlying demography of each of the four flocks are
chosen o mimic four typical scrapis-affected flocks and are
described in teble 2 of the electmonic supplementary material.

3. RESULTS

(a) The exposure from a single sheep

Collated data from experimental BSE infections and
narural scrapie infactions imply that the infectious burden
in shecp infected with either TSE rises rapidly after
infection and is high in peripheral tissues (sea figure 1a
and the electronic supplementary material, §3.3). Data
from experimental BSE infections are largely qualirative
and for quantitative measures, Hadlow’s data on natural
scrapie infections {Hadlow £z al. 1982) remain the besat
available source of information. Although extrapolation
from scrapie to BSE mntroduces inaccuracies, ir is clear

that BSE-infected sheep carry a large burden of infectivity

in & wide array of dssues, Many of the tissues that carry
infectivity currently enter the human food chein (see
table 10 of electronic supplementary material) and somie
of the most heavily infacted tissucs arc located within the
muoscle tissue that could not congeivably be wholly
removed from a carcass, Recent gtudies indicate that
there is also pathogenic prion protein (PrPS9) in blood
(Houston et al. 2000; Hunter &t al. 2002; Siso er al. 2006)
and muscle tssuc (Andreoletti ez al. 2004).

Current legislation prevents certain ovine specified risk
material (SRM) from entering the food chain. The tiasues
currently banned are the brain, eyes, spinal cord and
tonsils of sheep over 12 months, and the spleen and ileum
of all sheep. Some of the remaining tissues that carry
infectivity are not used in human focd. However, a
number of tissues thar would carry infectivity do enter
the human food chain—the lymph nodes, liver, pancreas,

peripheral nervous system (PNS), the duodenum and

jejunum of the small intestine, and the rumen and
reticulum of the stomach. It is the potential for such
tissues to carry ovine BSE into the human food chain that
we estimate here. This report does not consider the
exposure from blood or muscle tissne as the infectivity of
such tissizes has never been quantified.

We have estirnated that one infected sheep, two-thirds
" ofits way through the incubation period, would contribute
around 2,3 million murine ic ID50s to the food chain

under current SRM legislation. The majority of this can be '

atributed ro the exposure from lymph nodes (1.1 million)
and intestines (1.2 million). At 8ix months post-infection,
the cxposure from a single sheep of genotype Axd/Axx is
0,23 millien murine ic ID50s. At this stage, the inteatines
(129 009 ic TD50s), lymph nedes (62 000 ic ID50s) and
the liver (11 000 ic TD50s) are the most infecticus.

How does this compare to the human exposuce from
cartle? One report {(Comer & Huntly 2004) states thag, at
present, the exposure from one fully infectious cow would

Proc. R. Soc. B (2007)

be approximately 27 bovine oral ID50s, Titration

experiments, challenging mice (intracerebrally) and caple |

(orally) with CNS tdssue from narurally infected catde

© provide some guide w0 the conversion rate between bovine

oral ID50s and murine ic ID50s. Murine ic titres have

" been shown to vary between 10% and 10° ID50s g~!

CNS rissue and bovine oral titres are estimated to be 10
ID50s g~ * CNS tissue (SSC 2000), These figures suggest

‘that to convert from bovine oral ID50s to murine ¢ ID50s

requires an increase by 2-4 orders of magnitade. Even if
we assumc the most conservative estimate, an increase by
four orders of magnitude, the infectivity from one cow

- corrasponds to (.27 million murine ic TD50s. Thia is 10

times less than the cxposure from the sheep, To further put
these figures into perspective, the totnl exposure from
carde in 20006 is estimared ar sround 50 bovine oral ID50s
{Ferguson & Donnelly 2003; 0.005-0.5 milljon murine ic
ID50s). Comparisons of this sort must be viewed in light
of the uncertainties that remain in estimating not only the
conversion rate between bovine and murine titres, but also
the absclute exposure fom catte.

(b) Exposure from four BSE-infected flocks

Based upon resules from testing reported scrapie cases for
BSE, and from data provided in the scrapic posta] survey,
we rcport that the ypper 95% CI estimate for the number
of flocks in Great Britain with a BSE epidemic is four.
Tsing our model, four “typical’ TSE-infacted flocks would
contribute arovnd 20-30 million murine ic H50s to the
food chain each year (table 2)."The vast majority of this
comes from the single largest flock (see table 2 of
elactronic supplementary material). The estimated total
exposure from cattle gince 1980, of 54 million bovine otal
ID50s {(Comer & Huntly 2004; 5400-540 000 million
emurine ic ID50s), indicates thar the yearly exposure from
BSE-infected sheep flocks is 0.005-0.5% of the total
exposure from carde since 1980 if it is present at all.

{c) Impact of rvisk veduction strategies on four
infected flocks

If BSE were discovered in the national sheep flock, what
more could bé done to protect comsumers? In what
follows, we consider the impacr of various srrategies that
conld be implemented at the abattoir level: PrPS< tests, age
restrictions, tghter tissuc-based controls and genotype-
based exclusion (tabie 2). Of these options, PrP>° testing,
tightened SRM legislation and a 1 2~-month age restriction
petform the worst A six-nonth age restiction has
intermediate impact, snd genotyping straregies that
involve exclusion of all but the most resistant genotypes
(thosc carrying an ARR allele} perform the best. Even
under these controls, the exposure from four sheep flocks
is likely 1o be equivalent to the current exposure from the
UK cattle population.

We have also estimated the risk reducrion achieved
under combinations of these strategies, the most effective
of which would be a tight genotype and age-based
restriction combined with stricter SRM legislation.

() PrPS westing (strasegies 1 and 2)

Strategics 1 and 2 involve testing sheep braing for PrP=°,
Inevitably, the impact of such a strategy is directly linked
to the sensitivity of the test used. Published data on testing
infected sheep brains for PrP° indicate that such tests
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Table 2. The effect of risk reduction strategics on the infectious dose cntering the food chain frem four sxample flocks

harbonring a BSE epidemic.,
infectious dogc entering food chiin per year
(millions of murine ic ID50s)
risk reduction strategy ARR/ARR resismnt ~  ARR/ARR susceptible®
current legislation 23.9 27.1
1 tese all for Prp%e 9.01 9.83
2 test alf over 12 months for PrP¥® 10.1 - 11.0
3 current SRM extended to all ages plus intestines, stomach, livet, 6.66 ) 7.58
thymus and 30% lymph nodes )
4 only eat lamb under 12 months 9.07 9.84
5 anly eat famb under 6 months 1.64 1.76
6 eat ARR/VRQ and ARR/Axx under 12 months and all ARR/ARR  0.05 ) 1.80.
7 . (6) plus eat [% of all other shecp under 12 months 0.14 1.90
8 (6) plus ¢at 5% of all other sheep under 12 months 0.5 2.28
9 cat ARR/ARR under 18 months, and ARR/Axx and ARR/VEQ 0.01 0.10
under 6 months
10 ¢(3) plus only eat lamb under 12 meonths _ 1,99 2.17
11 °(3) plus only eat lamb under 6 months - 0.40 0.43
12 (6} plus (3) 0.01 0.57
13 (9) plus (3) 0.003 0.03

* ARR/ARR sheep have a refative susceptibifity of 0.1 and mean incubaton period of 4 years,

perform poorly in the early stages of infection; the earliest
that PrP* has been detected in 8 TSE-infected brein is at
9-10 months post-infecdon (Andreoletti & al. 2000; van
Keulen ez al. 2002), while in the same experiments, Pri%
was detected in lymph nodes at only 2-3 months post-
infecton. Based oun published data (Jeffrey et of, 2001;
van Keulen er &/, 2002; Bellworthy er aZ. 200958), we make
conscrvative, estimares of test sensitivity (see table 7 of
‘electronic supplemenrary material) that are reflected in
poor performance from these strategies, reducing the
infectious load entering the food chain from four flocke by
around 60%.

(i) Tighter SRM (straregy 3)
We have considered the impact of tightening the SRM
legislation to span a wider range of tissues thar pose a
potentinl sk to consumers at present. In practice, not ail
infectious tissues could be removed from a carcass, The PNS
and the Ilymphoretioular syseem extend dhroughout the
carcass and full zemoval would be costly, if not impossible.
Here, we model the risk reduction that is achieved by
adding the liver, pancreas, stomach, intestines and 30% of
the lymph nodes to the st of SRM. Under this assumption,
the exposure from a single sheep, two-thirds of its way
through an infection, would drop from 2.3 to 0.8 million
murine ic ID50s. Most of thisreduction is attributable to the
further removal of the intestines and lymph nodes. The
exposure from a six-month infected Acod/Axx sheep would

" drop from 0.20 to 0.04 million murine ic ID50s. At this age,

removal of the liver is also significant,
The exposure from four flocks, nnder this tghrened

'SRM straregy, is reduced by 72%. The residual 28%

results from the difficulty in removing the PNS and all the
lymph nodes, both of which have a high level of infectivity,
pecticularly larer on in the meubation period. :

(iil) Age restrictions (serategies 4 and 5)
We modeiled the impact of age restrictions that prevent
sheep over 12016 months from enrering the human food
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chain. These strategies would reducc the infections load
from four flocks by 63 and 93%, respectively. These
strategies perform poorly because Axx homozygous sheep
(27% of the UK flock) are casily infected and have a short
incubation petiod, They are therefore lfikely to bear a
heavy burden of infectvity by six months of age. Ar 12
months of age, these shecp are likely to be nearly halfway
through their incubadon pericd and harbouring 1.1
million murine ic TD50s.

(iv) Genoryping combined with age restrictions
Sheep genotype confers suscepiibility to TSE infection
and affects the time from infection to onser of clinical
disease. Sheep of different genotypes thans pose different
levels of risk to consumers. Possible control options could
restrict the genotypes that may enter the food chain.

Baronly ARRIARR (all ages) and ARRI/—under 12 tnonths
(strategies 6-8). The ARR allele has long been associated
with resistance to ovine TSEs. No ARR homozygous sheep
has yet been discovered with clinical scrapie, though a
number of atypical scrapie infections have been found in
sheep with this genotype (Everest er al. 2006), and
experiments suggest they are also the least susceptible to
BSE. We have madelled the impact of a control option that
involves aliowing only ARR homozygous sheep (all ages)
and ARR heterozygous sheep that are under 12 months old
into the food chain. In the event that ARR homozygotes are
completely resistant, therc is a 99.8% rsk reduction,
making it one of the more effective strategies considered
here. It is, however, still not perfect because ARR
heterozygates are susceptible and could pose a risk, even
before 12 months of age. '

1t is debarable whether or not ARR homozygous sheep
would, in facr, be resistant ro BSE under natural
circumstances as oral and inrracesebiral challcoges have
proved successful (Houston ez al. 2003; Gonzalez ¢ al.
2005; Andreoletti ez af. 2006). Clearly, this contrel option
is less effecrive if ARR homozygotes are susceptible to
natural infection. This is reflected in a less promising



