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Transmissible sptmgiform en repl:,slopauiye ('I'S;=:) risk a CSSmextts undertaken in .he United 
Kingdom have mainly 'lad the objective. of determining the risks posed to humans from ex-
posure to the causal agents associated with bovine spongiform encephalopathy (BSE) and 
variant d:retatcleld-Jakob disease (vCJD). In this article, I examine 19 of these risk assess-
rttents published to date and consider how their results night be intuenced by underlying 
model assumptions and methodology. Three ieparate aspects common to all the assessments 
are infective load estimation, exposure pathway identification, and risk estimation. These are 
each discussed in detail. 
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1. N1RODUCTON 

Transmissible spongiform encephalopathies 
(TSEs) are fatal diseases characterized by spongiform 
tissue that develops in the brain. Confronted with 
many uncertainties on TSE, transmission, the need for 
quantitative assessment of the risks associated with 
exposure to TSE causal agents has achieved global 
ixnportaxtce."3) Ultimately,all quantitative TSE risk 
assessments must translate into am estimated proba-
bilrt?y of TSE infection by a specified exposure route 
and thereby provide input into the TSE management 

decisio3-mukixtg process. 
Bovine spongiform encephalopathy (8SF) and 

vCJD (also known as human ESE:) are new TSEs that 
emerged in the United Kingdom during the mid-1980s 
and mid-1990s, respectively. 858 has recognized po-
tential to cross from cattle to other mammals and the 
ESE causal agent in cattle has been causally linked 
with vC_Jli3 in humans.t2j3J '113.is disease has received 
the overwhelming attention in. most of the TSE risk 
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assessments performed to date in the United King-
dom, which have mainly focused on assessment of 
risks to humans specifically posed by exposure to the 
}ISE causal agent. 

.1388 is generally thought to have been prop-
agated is the production of meat and bone meal 
(NIBM) derived from cattle after changes in UK ren-
dering practices during the 1971)s led to more favor-
able circumstances for its promotion.(4•51 The MIlM 
was fed to cattle and to a lesser extent probably to 
sheep, as a protein-rich dietary supplement:. through-
out the United Kingdom before the ban on ruminant-
derived 'NIB.M in July 1988, Some of the MB last would 
have been contaminated with the 858 agent, thus re-
sulting moral exposure to 888 infectivity of ruminant 
livestock;: and the postulated source of the UK BSE 
epidemic. 

W, -h the exception of Sweden, BSE has now been 
confirmed in cattle populations based in all 25 EU 
countries, in addition to ethers as distant at; Japan 
and Canada.(' ) In the period since the disease was 
first recognized in 1986(1) to June 30, 2004, a total of 
183,972 ESE cases have been reported in the United 
Kingdom (http3fafw w oie.ini engiixsfo;e.ta.e slar3x,lxtzax). 
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This is still the largest global recorded. BSE epidemic. 
which peaked in 1992 with 37,280 reported cases in 
the United Kingdom that year. The annual number 
of UK cases has continued to fall since then, reaching 
its lowest level of ;i.69 reported cases as of Mine 30, 
2004 (http,il ^ .pie.rn%erztirtfoienesbru.htrn. 

Since vC,.TD was first recognized € i the United 
Kingdom in 1995, the disease has not only been de 
tected in other parts of Europe (vCJD fact sheet, 
httpalwww.cdcognv) hut also in the United States,sn
as well as C'axhada As of July 5, 2004, there have 
been 147 recorded cases of definite or probable 
vC',ID in the United Kingdom, 142 of whom have 
died (monthly vGlD disease statistics, http:I/www. 
d€h,g€ v.nk, tbIicationsAraalStatisir ).'The th3.mther of 
annual reported cases peaked in 2(W in the United 
Kingdom with 28 cases and has fallen each year 
since then, With only three cases reported in the 
United Kingdom in 2004 up to July 5 (monthly vCJD 
disease statistics, http:,iwww.dh.gov.ukiPublications 
And Statistic;s ). The duration of the incubation period. 
for vCJD is unknown but has been suggested to be 
of the order of many years or decades (vCJD fact 
sheet, http:(Iwww.cdc.gev), and hence the current sta• 
tus of the UK outbreak remains uncertain. Ferguson 
et aL " estimated that the total number of predicted 
vCJD deaths from 2001 to 209) will lie between 40 
and 50,00 as a result of bovine e~:posnre, but the up-
per bound could be as high as :€ 500)00 deaths through 
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inclusion of a worse-case ovine scenario if it turns out 

that BSE has entered the UK sheep flock. 
In this article I consider 19 quantitative TSE risk 

assessments, henceforth referred to as the UK assess-
meets, published in the United Kingdom since 1997, 
which specifically focus on the assessment of the risks 
posed by ESE and vC'.OD. Fourteen of these were 
performed by the consultancy Det Norske Veritas 
(DNV) and are henceforth referred to as the DNV ;hs-
sessment s.(i i493 Three other publications, henceforth 
referred to as the Gale assessments, were, by Gale 
and Staxhfit ld,rzo) Gale,(2t) and Gale ei al. (22) with two 
separate studies by Ferguson et aLii°) and the Eco-
nomic Operational Research Division of the UK. De-
partment of Health.( ) A summary of the specific .. 
areas together with the key assumptions and mod-
eling approach used in each assessment is shown in 
Thle 1. 

The large majority (18) of the UK assessments 
focused on the risks posed to humans from expo. 
sure to TSE infectivity :through environmental path-
ways or the food chain. As an exception to this, 
the risk assessment DNV 1995(.x3 focused on the es-
timation of the potential risks to UK sheep from 
exposure to BSE through contaminated A,MI Mi as 
a feed supplement,(i 3) Only two UK assessments 
considered iatrogenic risks to humans from vCJD. 
respectively, from blood transfusion' ̀ ') and surgi-
cal instruruents.(~3) Some other risk assessments 

"tshte 1. Suatrnary of Fey Ass=p?Fun:; asd M: deling Approeches used in the UK A nse!:smerts 

TSE; Source E.'xl.Tosuro Emanating Risk Estincalian 
Risk Anessrment Agent Material F'ht web ",.JS from Risks to Apl-oach 

1. A3' €'(l iii) BSE Cattle C ioccuent (overview) Humans (overview) 
2. DNV (1997b) BSE Cattle ; o iron;raent R ncderirrg plant Humans Prnbsbilistic MC 
S. DNV (2 997) BSE Cattle f. o.nrc,:,riteat Ensuing Humans Probabelistic MC 
4. L)t-V (1 9975) ESE Cattle EF,-irc anent ineaaeiatots Humans Probabiiirstic MC 
5. DNV (199?c) BSE: Cattle Emironmest UnrlfiOs Humans Probabilistic MC 
5- DNV (1997f) ESE Cattle DRG Human food chi n Beef Humans Pre: hhsbiiistic )'AMC 
7. DNV (1997g) ESE Cattle Human food chain. Mast iTr';turn Humans Prc:?;sbiistic NIC 
8 DNV (1993) ESE 1s BM Sheep food chain Sheep feud Sheep Probabilistic MC 
9. DNV (1999) vCJD Human blood Blusf transfusion Human blood Humans Probabilistic MC 
10. DNV (7_.0O a.) ESE Cattle Init; roncne ni SPAI iii incratcrr: i-1iaunans Probabilistic MC 
11. DNV (200Th) 13SE FMD cattle Uavrrccnroont Carcass d?sposal Humans ProbabilisticMC 
12. 1)Nb' i 001c) BSE" Sheep Human food th em Meat produce Human.. Pr•obah'ilistir MC 
13. 1)N\ (20015) ESE" Sheep F: ;-irunriatnt Carcass disposal Humans Prababilistic MC 
14. iNt' is 002) ESE, Sheep intestine Human fund shah.. Satesare casrrps Humans F rt, ahrtiuic MC 
15. (Sale (1993) ESE. Cattle E .ru c,orsreat (Yi"eiticdcs'&ter Humans Deterministic 
16. (lair  er of (I 998) ESE Cattle Env ocmment Ground ma ter Humans Det-_Emiaisuc 
17. Gale end xtat- field (2001) ESE Cattle Env! ra:t !ent Sewage Mudge Humans Detenrinisnc 
15, Feryusctn eras. (2002) 13511 Sheep Human f:~od chain Meat products Humans Dynamic model 
14. k t xGr (2001) vCJ1.) 

---
Human tissue .Sell' -el lasttur ierts Surgery Humans Dynamic model 

Key:  MC == Monte Carlo simulation. 

scant-rungscant-rung 1351 has entered the UK sheep flock. 
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TSE Risk Assessment 

performed outside the United Kingdom have also 
considered risks from vCJD through medical routes, 
such as bovine graft material used for dental 
application t 

Before considering the quantitative approaches 
that were employed, it is essential to provide a general 
background on the current knowledge of the nature 
of TSE, causal agents. 

2. ISE CAUSAL AGENTS 

Although some authors contend that TSEs are 
viral in nature -5 1 'I'SE causal agents are more widely 
considered to be malformed proteins (Pr?), con-
cisely referred to as "prions,„' which accumulate in 
a host by a process of catalytic conversion of normal 
cellular prP - protein Ultimately, this results in the 
onset of illness and untimely death. 

Early clinical symptoms of TSE diseases are, in 
general, vague or variable, making diagnosis difficult. 
Additionally, the typically long incubation period----
the interval between infection and the onset of disease 
syitmptoms-m-and variation of individual susceptibility 
has constrained attempts to understand transmissi-
bility both within and across species. In this context a 
"species barrier" is encountered, which refers to the 
relative difficulty in transmitting a disease between 
diffe ent species. With TSEs this is typically e:rhib-
ited as a prolongation of the length of the incubation 
period when durations between successive infections 
of different species are compared-{~ Jl The twin con-

cepts of species barrier and incubation period are thus 
closely related. 

In humans there is a large gap in our knowl-
edge of the vCJD incubation period as well as the 
vCJD transmission risks associated with various his-
man tissue, organ, and blood transf asions.t2s} Re-
cent concerns for public health have been height-
ened by the demonstration that the vCJts causal 
agent has been found in human tissue taken from 
the highly vascularized ly tupho-recticular system!"')
Although there is currently no definitive evidence 
that vCJD can be contracted directly by blood trans-
fusion between humans, the findings of ESE stud-
ies on exogenous sheep models, which demonstrate 
that ESE can be transmissible by blood transfusion 
in sheep,;.tat.; i} have resulted in vCJD risks now be-
ing taken into account in human blood safety issues 
worldwi.de.i32) 

In the context of TSEs, the concept of a species 
barrier is made opaque by the fact that certain indi-
viduals or species may act as causal agent "reservoirs" 
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without displaying any clinical TSE disease syirip•. 
toms, as demonstrated (for example) by certain types 
of mice experimentally infected with BSE ,t33 The 

reservoir property pert:,y could also include situations where 
the incubation period exceeds an infected indMd-. 
uaf"s natural lifespan. In the case of vCJD, it has been 
acknowledged that the existence of such subclinical 
forms of priori infection could have important public 
health implications, especially in raising the worry-
ing possibility that the typical vCJD incubation pe-
riod could be very long.t34; When combined together, 
these aspects ensure that quantitative assessment of 
TSE risk is an endeavor necessarily fraught with 
uncertainty. 

Data from animal experiments have demon-
strated that depending on species and breed, there 
can be striking variability in. TSE disease outcome be-
tween different individuals, even when "challenged" 
with the same initial dose. This is observed especially 
in the variability of incubation period.fs5t However, 
it has not yet been established how much of the vari-
ance is simply due to practical difficulties in ensur-
ing that identical oral doses are ingested by different 
individuals. Experimental studies with bovines sug-
gest that the level of BSE infectivity peaks around 
the time when disease symptoms first appear, that is, 
at the cad of the incubation pica ad F-'d) This observa-
tion provides a retrospective ;ust_iication for the 1996 
UK "Over Thirty Month Scheme" (O'1'MS) bovine 
safeguard rule, which directs that only younger cat.. 
tie, perceived as less infectious, should be allowed to 
enter the human food chain. 

The transmission dynamics of TSEs are poorly 
underst od,0 However, in the case of BSF it is clear 
that both transmission and exposure to the causal 
agent are dependent on several factors, in particu-
lar the management of young livestock.t Indeed, 
changes to the diets of young calves (especially dairy) 
in the United Kingdom during the 1970s resulted in 
MBM being regularly included.t38l Since bovine sus-
ceptibility to B SE infection is more likely at a younger 
ea e(41111) this would have contributed to the exposure 

to the disease in UK. cattle, 
Although there is no evidence of horizontal trans-

mission of BSE i-a cattle through contact orpasture,"4 } 
a more recent study has suggested that maternal trans-

mission i liinitedto the iast6tnonthsof the incubation 
period of the dam, with a transmission probability of 
around 0.5 %Y ) This is also consistent with placental 
transmission having been proposed as a likely route 
for transmission of the long-established 'TSE disease 
scrapee in sheep.{oar 
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It is currently unknown whether the ESE 
pathogen has entered the UK sheep flock either 
through the feed-borne route or by any other 
route.(15,' ; The main duifculty is caused by the fact 
that symptoms. of BSE. in experimentally challenged 
sheep are not distinguishable from those ofserapie.t'c' )
The latter disease has never been demonstrated to 
cause disease in humans.t' l Surveillance studies are 
currently underway to determine whether BSE may 
therefore be "masked as scrapie" in a percentage of 
the UUK sheep flock. Or awiderEuropear3 scaleactiva 
surveillance to determine the prevalence of both 
BSE and scrapie in all ruminant populations at lo-
cal and national levels is now ongoing throughout the 
European I~ 7taion,E~9,5c+j 

Considering BSE in the UK sheep flock as a pos-
sible even tiaality A ') some of the UK assessments fo-
cused on estimating human exposure risk, potentially 
associated with sheep meat product-, i ''"' Breed 
and category of sheep (lowland, upland, hill) would be 
an important risk determinant in this context because 
of differences in sheep management. In particular, 
the diet, of lowland sheep is more frequently sup-
plemented with pellets and therefore lowland breeds 
would be expected to have incurred greater historical 
exposure to BSE infe> tivity ir1°'as,5r) 

It is generally presumed in humans that all the 
known individual cases of vCll:) acquired the disease 
through the oral route through consumption of tis-
sues or meat products that were derived from BSE-
infected Cattle,{52.53) 

Risk: refers to the probability or likelihood that 
something "unpleasant" will happen .i5) There are 
three parts to any TSE risk assessment, which lead to 
the quantification of such an outcome (or not). These 
are, respectively, estimation of infective load, expo-
sure pathway identification, and risk estimation. Each 
will now be considered separately. 

3 INFECTIVE LOAD 

The most fundamental part of any TSE risk as-
sessment is the estimation_ of the amount of TSF in-

fectivity contained in the source under consideration. 
This quantity is referred to as the infective load. The 
infective load isusually expressed in Infectious Dose 
50 (ID) units where an iD .% unit is the estimated 
mass of infected tissue that each individual in a popa -
lat:ion would need to ingest for 50% of the population 
to become infected. Equivalently, an [sea is the es-
timated quantity of tissue that an average individual 
would need to ingest to have a 50% probability of be-
coming infected (the choice of 50% is traditional, but 
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completely arbitrary).1broughout this article, artless 
otherwise stated, an Il ; , unit is expressed in terms of 
an oral dosage. 

More formally, the estimated i afecctive load L in 
the bovine or ovine source under consideration ion can be 
expressed in human oral II -A units by the equation: 

L.— npti(IIs), (l-) 

where n is the number of source animals under consid-
eration in the risk assessment [dimensionless?.,p is the 
prevalence of infection in the cohort under consider-
ationairrzensionlessy, t is the mass of infected tissue 
per animal [g], i is infectivity in bovine (or ovine) oral 
Il3x units per gram of infected tissue [ID g''3 ], and 
s is the bovine- (or ovixie)-to-burnan species barrier 
factor [dimeosiooless], 

3.1. Prevalence of Infection p 

Notable efforts have been made to determine val-
ues for prevalence p (the proportion of a population 
that is TSE infected) both for scrapie and ESE at 
regional and national levels t41,4.S.51,54j All such esti-
mations are heavily reliant on the import of accurate 
epidemiological dat&t30,.i4.'5) 

But progress in the quantification of the param-
eter p has been hindered by several factors typical 
of TSE disease surveillance. Most obviously these 
are difficulties in accurate diagnosis of disease symp-
torns and underreporting of disease incidence,(") Dif-
ficulties in establishing TSE prevalences have been. 
confounded further by problems in developing diag-
nostic tests to desired levels of specificity and sen-
sitivity.(5' Progress has also been hindered by UK 
government establishment errors that at times have 
reached farcical dimensions, as with the notorious 
"brains blunder' case involving the UK government 
Veterinary Laboratories Agency (VLA), where cattle 
and sheep brains were tanned up in experiments esti-
mated to have east the UK taxpayer 217,M) pounds 
sterhaag 61. The study aimed at determining whether 
the BSE causal agent had passed to the UK sheep 
flock, but results were rendered useless as a direct 
result of an apparently simple labelling e,rror.t'4) 

Theoretical modeling studies have been con-
strained through difficulties in establishing whether 
a minimum threshold dose exists to ensure the onset 
of disease in a given species. In addition, TSE dis-
ease incubation period is subject to variability both 
within and across species. Under oral challenge ex-
periments, BSE disease symptoms in cattle usually 
take 4 to 6 years with a main incubation period esti-
mated as 5.2 yeatst'y3 whereas in sheep they usually 
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appear earber, most frequently between 2 and 4 years 
in age.c551 An in-depth statistical analysis of scrapie 
titration experiments conducted on mice has shown 
that while incubation period decreases as dose is 
increased, individual variability becomes greater with 

~ lower dQse$,fi_.) 

Throughout the DNV and Gale risk assessments, 
prevalence of BSE in UK cattle was assumed to be 
around the estimated level of 0.54% calculated for 
11TMS cattle in 1996 by Anderson er a0'0 ) Fox sheep, 
a ceiling prevalence value of 2% was used for scrapie, 
with scenarios for proportions of scrapie as BSE rang-
ing from a minimum of 0.01% to a maximum of 10% 
of scrapie in the ovine UK risk assessrrzents. 3 t'' Ev} 

3.2. In1eetive Tissue tog] 

'The "L3@{ assessments make conservative assump-
tions of the potential infectivity contained in tissue. 
They thus emphasize wo3-se•case scenarios, thereby 
simplifying the uncertainties connected with in.cu-
bation period. This is achieved by assuming that a 
perceived upper bound on the proportion (and some-
times all) of the animal carcasses from which infective 
tissue originates are rnaaxima ly infective and there-
fore each contains the infectivity of a fully symp-
tomatic individual,(] 1) 

12i, Cettle 

Results from experimental stE_dies. performed on 
cattle have demonstrated that BSE infectivity maybe 
detected in the distal ileum as early as 6 months post-
oral exposure.t2tit However, at the end of the incu. 
bation penod when clinical disease signs first appear, 
infectivity is known to accumulate only in the central 
nervous system (c S). For this reason, estimation of 
the total infectivity contained in tissue taken from a 
symptomatic infected bovine has been assumed to be 
directly- proportional to the mass of its brain and con-
nected spinal tassale.ts-i] 

3 ",2. Sheep 

For sheep, the situation is more complicated be-
caus., both 13.SF and scrapie infectivity have been 
shown to spread extensively into a variety of tissues 
dun--kg the course a'l';i3;a9:1i<3ges3esas ( f°) TSE infectiv-
ity in sheep tissue is therefore dependent on tissue 
type ;rid age (as well as sheep genotype), so r must 
somehow be summed over all tissue and age c:ante-
gorieFs that may contain infectivity. 

The early pathogenesis investigations by Had-
lowt64l demonstrated that sc:la}lie enters several tis-
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sues in sheep but especially the lymphatic system 
soon after infection. In the absence of available in-
formation on 1-ISE pathogenesis in sheep, these data 
sets were incorporated into the respective UK assess-
ments to estimate the potential propcaa-tio31s Of 858 
infectivity in different ovine tissue types.t10-17,11) An 
underlying assumption was made that pathogenesis of 
I3SF in sheep is the same as for scrapie and relevant 
parameters were grouped into three main categories 
for tissue type IL brain and spinal cord; II. lymph 
node, spleen, tonsil; III. stomach, liver, th3mus) and 
four main groups by age at slaughter (lambs under is 
months, Iambs 6 to 12 months, hoggetts 1 to 2 years, 
cull ewes older than 2 years). 

Experimental studies conducted more recently 
with both scrapie and 1358 on sheep have shown the 
existence of a wide range of terietic susceptibility to 
TSE disease.r5e,61) This susceptibility can be charac-
terized at the genetic level in terms of 15 main sheep 
genotypes through the presence or absence of pairs of 
five specific alleles.t62} In the most resistant genotype 
(homoz)ygous sheep with AR:I 'ARR. alleles), there is 
no evidence to dates that either scrapie or ESE can 
be induced by an oral 63a.11enge_t63,M1 However, it 
has 'been shown that the ARR/ARR genotype may 
become infected by intracerebral challe zge,t 1 thus 
raising the possibility that they may still act as poten-
tial TSE causal agent carriers. To further complicate 
matters, different genotypes are. not uniformly dis--
tributed, among the numerous UK sheep b:reeds.t 51

In the facts of such complex uncertainties, UK risk 
assessments have proceeded by simply assuming that 
sheep carcasses are either composed of all of the most 
suscepti ie genotvpet:E7"`9; or that a worse-case upper 
proportion (such as one third of the UK sheep popula-
tion, as in Ferguson. et at.tn°)) is of that genotype. if less 
conservative assumptions on susceptibility were made 
it would imply that the estimated TSE risks would also 
be less, although dependiru. on the risk model choice, 
not necessarily linearly reduced. 

13. Infectivity i[ 1' .% g~"n ] 

Analysis of experimental TSE studies on animals 
has ,;town that the likelihood of successfully induc-
ing TSE infection increases with the dose of irnicc-
tiotts matet?ai. ' } However, it has not been estab-
lished whether or not there is a minimum threshold" 
dose that is required to initiate infection in a ,given 
specie: Applying a worse-case scenario, the UK as-
sessments have generally assumed there is no thresh-
old dose and that infectivity i accumulates in an indi-
vidual in direct: proportion to the amount of infected 
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tissue i Bested by an ir;dividual over a period of time. 
This implies that any dose, no matter how small, may 
cause deaths in an a::)posed population through indi--
vidual variability of., 

1. susceptibility to infection, 
2. infectivity in tissue, 
3. infectivity movements through the gut wall. 

Following advice by the Spongifotcn En-
cephalopathy Advisory Committee (SEAC), a value 
of I bovine oral IDO wait was set at 0,1 grams (g) 
of ESE-infected bovine CNS tissue in the majority of 
the DNV assessments. This value was based on avail-
able data quoted in Anderson(403 obtained from an 
ongoing bovine oral challenge experiment that had 
commenced in 1992 at the Central Veter na,^ Lzbora._ 
tort', UK. The ID was calculated using the computer 
program "QUAD," which employed a logit model fa.t•-
ted to the mortality proportions incurred under the 
difl'erer3t oral exposure dosage levels (which were 1, 
10, 1(X), 300 g of BSE-infected bovine brain tissue). 
The "delta method" was used to derive confidence 
intervals-r'> This generated an estimate of 0.38 g for 
I bovine oral I13w unit with a wide 95% confidence 
interval of 0.03 g to 5.27 g. The 0.38 g point estimate 
was rounded down conservatively to 0.1 g after SEAC 
expert opinion.. 

However, the fitting of any such dose-response 
model to these sparse experimental data would be 
subject to high uncertainty. In paxtieulaar, it would not 
be possible to estimate the BSE risks associated with 
small fractions of an 1I3 , unit with any meaningful 
confidence, Throughout the DNV risk assessments it 
was simply assumed that I3SE infectivity contained 
in ersposui'e doses of between 0 g aand 0.I g of BSE-
infected tissue would be proportional to the respec-
tive fractional quantity of art IT3 unit ingested. 

Gale er al.t ='?adopted a different approach to es-
timate TSE risks associated with small fractions of an. 
IDsac unit. - n3is was achieved by considering the num-
ber of PrP& molecules that might make up I fD:.o 
unit. Using a species-adapted scrapie model, a value 
of 1(P Pry molecules had been preciously estimated 
to make up a bovine intraacerebraal bovine s s7? On 
the basis that: the oral route is 1.0 times hiss efficient 
than the ictracerehral chal'enfe,S533 together with the 
assumptions that the number of rrPs` molecules in an
f , unit is fixed within a species and that the cow-to -
human species barrier is 1,000, the authors estimated 
that I human oral TSE ID unit would therefore con. 
taro 100 x 1(ls x 1,0110 = 1013 Prpss molecule-_. 
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The author,  went on to consider beta-Poisson 
and negative-exponential distribution models fitted 
to dose-response data obtained for BSE infectivity in 
inbred micet6s' and the latter model curve provided 
a. better fit. The mathematical form of the negative-
exponential model is F = I -- exp(---rN), where P is 
the probability of infection from N pathogens and r is 
a species-specific parameter. For low doses this model 
can be approximated by the linear function. P :::. r1'ar. 
However, it was further claimed that the simpler re-
lationship of 0.5 x (fraction of I. ff)xa unit) ingested 
would hold equally well. 'mans it was concluded that 
the probability of infection from aminute BSE: prion 
aggregate made up Of 100,000 PrPt molecules would 
be equal to 0 x i0'!1.0' : 0.5 x I0'--s and hence 
would be extremely remote. 

3.A. Species Barrier Factor s 

Perhaps the least certain parameter in all the risk 
calculations considered here is the cattle (or sheep). 
to-human "species barrier faacto:r," Early advice by 
SEAC stated that the cattle-to-human species barrier 
factor for BSE could lie anywhere in the range of I 
to 10,000 with 10 as a best estixuate.t'03 The risk as-
sessmeat by Gale et alt 23 speculated that it could be 
as high as 1.,000. "More recent statistical research has 
indicated that the value is likely to be orders of mag-
nitude higher than 10•(43,7t) 

Since no evidence has been found to date of 
ESE in the UK sheep flock, there are no direct data 
available from which to estimate the sheep-to-banana 
species barrier for BSE. Risk assessments undertaken 
to address the potential risk of human exposure to 
BSE- infectivity in UK sheep (should it be found) have 
proceeded with the hypothetical assumption that the 
species barrier for ESE from sheep-to-human expo-
sure would be the same as for BSE from cattle-to-
ha.axnaan expos e ttO t h93 

With bovine infectivity assumed at 10 bovine ll)stt
units per ,gram of BSE-infected CNS tissue and a 
cattle-to-human species barrier of 10, the estimated 
infectivity to humans translates to I human IF) unit 
per gram of infected bovine CNS tissue (:::: It) bovine 
1)so/l.0). This value was taken as a best estimate for 
both cattle and sheep BSE-infected CNS tissue )across 
all the, DNV assessments apart  from the su-3gle as-
sessment  that addressed the potential BSE risks front 
the disposal of sheep.{isl In this preemptive risk as-
sessment, the sheep-to-human species barrier factor 
was elevated to 50 (again following the contemporary 
SEAC advice), thereby giving a reduced estimate of 
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10/50 = 0.2 oral human ID.so unit per gram of ESE-
infected sheep CNS tissue. 

In summary, most of the UK, assessments have 
calculated infective load L as the total mass of in-
fected tissue (npi) contained in the source term under 
consideration multiplied by the estimated number of 
Lt),.3 units associated with I g of infective tissue (Us). 
The potential exposure risks from BSE in sheep were 
addressed by incorporating supplementary* assump-
tions that distribution and accumulation of BSE in-
fecti.vity in sheep tissue occurs in an identical pattern 
to that reported for scrapie by Hadlow.;tta.i.a, ts,tas 

4. EXPOSURE PAT'Til•WAY IDEMIFIlCATh)N 

The perceived risks associated with the infective 
load in any quantitative risk. assessment can be con-
cisely described by an "event tree.` In the context of 
TSE risk assessment, an event tree has most often 
been used to identify pathways by which exposure to 
TSE infectivity might be expected to occur.(x1'2 •33,fl)
In the UK assessments, the proportion_ of infective 
load to pass through each branch of the event tree 
was estimated either as an average value based on 
data, expert opinion, or a guess. Such an event tree 
provides a framework for estimating the individual 
and societal risk associated with each exposure path-
way Event trees underlie all the UK risk assessments 
and can be broadly classified as either environmental, 
human food chain (meat products), or other. 

ti. Emv;rou ent al Pnttbwaq's 

A comprehensive charting of the environmental 
pathways by which humans living in England and 
Wales might encounter exposure to BSE infectiv-
ity is provided in DNV 1997a.(i1) This risk assess-
meet is an overview of the results formulated in 
the four other environmental risk assessments DNV 
l997b-•1997e0x)The gexte:Fmnirnethodologydeveloped 
in the DNV 1997a---1997e(1a1 compendium is a contin-
uation of an earlier BSE risk assessment, in which 
the BSE risks associated with the waste water ef-
fluent discharged from the '1"laruxted Mill rendering 
plant (http,/,Iw—A w.bseinquisy.gov.tikireporttvolurE3e6f 

chaptl04.htm) were estimated.j73) In addition to de•-
scriptions of transport and eventual fate of 13SF infec-. 
tivity in the environment, estimates of the amounts 
likely to be present in cattle waste products were 
also provided. Incineration or burning effects were 
assumed to act on pr-ions in the same way as on pro-
teins, by reducing the infectivity content by a factor 

S25 

of I(l' as discussed in DNV 1997c and 1997d.i01) The 
effect of degradation in the ground was assumed to 
produce a 98% reduction in prior infectivity, based 
on sparse experimental data collected by Brown and 
Ga)duse:k:.'4l 

The DNV 1997a-1997e(xx) 13SF risk assessment 
compendium served as a basic template for the DNV 
risk assessments performed therea tcr..Although the 
connection between vCD in humans and BSF in cat-
tie was u€inroven at th at time (1.997), the authors made 
the key connection that vClD could be caused by in-
gestion of a sufficient quantity of BSS; infectivity. 

BSE exposure risks from environmental path-
ways were generally estimated to be extremely low. 
The societal risk for the whole population of England 
and Wales ranged from as low as 6 x :icr 4  human IDxa 
units from emissions from a foot and mouth disease 
pyre of 100 burning cattle carcasses,(x61 to 3 human 
TD m units across theentire United Kingdom emitted 
from all environmental sources over the period of the 
1996 yeaar.(3x;' If located in the worst-case scenario, 
the exposure risk to an individual ranged from less 
than l0--a9 human ID ; units per year from ash gen-
erated from a specified risk material incinerator(15) to 
below 10Te' human IDsai units from all environmen-
tal sources over the period of the year 1996.(it) The 
maximum number of expected vCID rases that would 
result in a UK population of 60 million people from 
the total ESE: infectivity emitted in 1996 from envi-
ronarmutial sources would therefore be estimated at 
0.5 x 60,000,000 x 1O--t  ̀ = 30 cases. However, due 
to the unknown duration of the ('—M incubation 
period, 

c 

o prediction of when these infected indi-
viduals would appear as clinical cases is possible. 
Statistical decomposition between such anticipated 
future cases and those presumed to have been caused 
from intake of contaminated food would not be 
possible. 

However, if a minimum threshold level of pri-
oa,s is required to initiate infection, the relevance of 
such minute average values could be seriously quees-. 
tio3xeci. ,22l It is suggested in Ciale{239 that ialfcirrna-
tiou based on the subtle effect of hydrogeologieal and 
other physical environmental barriers would likely 
be more critical in environmental BSE :risk assess-
ments than the magnitude of the cattle-to-man species 
barrier,(" )

4.2, :Haman Pentad Chain 

The pathways by which human oral exposure to 
1SF infectivity might occur through the food chain 
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were in general thought to be less complex than those 
emanating from an environmental source. But ISE 
exposure risks associated with the human food chain 
were estimated to be generally higher than those 
through environmental pathways. Societal risks to the 
whole UK population calculated by Monte Carlo sim.-
ulation ranged freun 0.05 human .1D units for eat -
in,g dorsal root ganglia in beef03z3 to 2,000,000
U -,e units from beef products coarsurased specifically 
in 1989. The lower and upper median estimates for 
individual risks ranged from 9 x 10W3tt human 1Ds, 
units for dorsal root ganglia consumed in beefd12) to 
0.007 human 1D units from eating a single meal con-
sisting of 250 g of sausages made with sheep intestinal 
casings taken from BSE:-infected sheep.it9t 

Equivalently, the latter figure translates to an ,ap-
proximate risk of infection of 1 in 30 0 ('-0.007 x 0.5), 
which, in the event that each person in the UK pop-
ulation of 60 million consumed such a sausage meal, 
would alarmingly imply the expected number of vCJD 
infectious to be 200,000 ('-'60,000,000 x 0.007 x 0.5). 
Since only 147 vCJD clinical cases have been reported 
in the United Kingdom to date, this hypothetical cal-
culation would therefore, appear to produce a gross 
overestimate. However, the calculation rests on two 
underlying assumptions: (1) that BSE is present inthe 
UK sheep flock and (2) the prevalence level would be 
high enough to permit 60 million worse -case meals 

to he produced and consumed. Despite considerable 
active surveillance, the first assumption continues to 
remain unproven and (therefore) it also follows that 
the second would be extremely unlikely. Hence this 
rough estimate of 200,000 for the number of vCTD 
infections seems likely to bee highly inflated, but nev-
ertheless cannot be fully discounted because of pre-
vailing uncertainties of BSE in the UK sheep flock: 
together with unknown duration of the vCJD incu-
bation period. In fact, the estimate is not ixtEA:t37ais- 

tent with results of Ferguson et a1 ., n) who concluded 
that the number of future UK vCJD cases potentially 
could reach 150,000 through inclusion of a worse-case 
scenario for BSE in the UK sheep flock (should it be 
found). 

Together with the pessimistic assumption that 
epidemiology of BSE in sheep resembles that of 
scrapie, the risks to humans posed by meat and prod-
ucts derived from sheep were estimated to potentially 
be greater than those derived from cattle.(°) In this 
respect, the UK Food Standards Authority has evi-
dently acted by recommending that sheep intestine be 
added to the list of specified risk materials, but para.-
doriicaally, falls short of extrapolating a similar risk to 
the more abundant lymphatic tissues. This may be be-

Grist 

cause of intractable practical difficulties that would 
inevitably occur is ensuring than complete removal 
from a sheep carcass. 

Risks to humans from either bovine or ovine milk, 
or milk products, in relation to BSE were consid-
ered negligible, based on the opinion of the European 
Commission Veterinary C.ommittee.t r' Confirmation 
of the presence of infectivity in other body fluids re-
naains inconc1usi 'e t 3 4

4.3. Other Pathways 

Neither of the two UK vCJD risk assess-
ments{ae,r s) were able to generate absolute values for 
the estimated risks to humans from blood transfusion 
Or surgical instruments, respectively. 

'The human blood exoosure risk assessment DNV 
1999(14) provided an estimation of the relative risk 
of secondary infection, given that the source mate-
rnal contained infected blood taken directly from a 
donor with vCJD. However, prevailing uncertainties 
were considered too great to permit any estimation of 
the absolute vCJD risk from human-to-human blood 
transfusion. 

The attempt of the EO~R.(n) risk assessment to de-

terrains exposure risks to vCJD infectivity from sur-
gical instruments was similarly constrained by major 
deficiencies in information. The risk model therefore 
incorporated parameter inputs that were based on 
scrapie in. sheep to pessimistically assume that vtJT]:P 
infectivity would achieve a wide distribution through.. 
out the human body. It concluded that although sux•-
gicaal transmission of vCJD could not be ruled out, 
a prediction of the potential number of future cases 
would not be feasible. Importantly, however, this risk 
assessment identified high variability in contempo-
rary surgical decontamination procedures. Assuming 
a pessirnxstat; (but. not worst-case) surgical instrument 
decontamination scenario, the authors suggested that 
surgical instruments could act as a vCJD causal agent 
vector with a transmission success of between 5% and 
10% of the number of individuals that were infected 
in a primary vCJD outbreak. 

The sheep feed-borne BSE risk: assessment DNV 
1998(13) evaluated the flow of infected material from 
an infected bovine through to its ultimate consump-
tion. in infected feed by sheep. The total amount of 
BSE infectivity eonsumedbetween 1980 and 1995 was 
calculated from the amount of infected material esti-

mated to have been fed to the entire UK population of 
sheep and lambs. This was respectively put at 37,500 
and 704) bovine ESE ID55 units. The authors suggested 
that consrunption of the infected material was most 
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lia ciy tai have occurred in the period between 1980 and 
1988 before the ban can inant-derived MMBM pro-
tein in feed was introduced. Sheep fed on compound 
feed (factory-prepared pellets) would be expected to 
be exposed to the highest levels of infected material. 
The greatest exposure to infected :material was esti-
mated to have been most likely during 1988, when the 
quantity of BSE-infected material consumed per ewe 
was calculated to be 9.7 x i0 a bovine ID5e0 units. 

5, RISK ESTIMATION 

The modeling approach by*which risk is estimated 
in any risk assessment is subject to a wide choice of 
method and level of complexity. In most of the UK as-
sessments Monte Carlo simulation was employed to 
derive interval estimates for risk. Some BSE assess-
ments performed outside the United Kingdomt17,78j 

have used more complex multitiered simulations in. 
which each tier (or module) is itself a dynamic system 
that may either be stochastic or deterministic. All such 
assessments have attempted to extrapolate potential 
BSE exposure risk into situations where few epidemi-
ological data are available. These ,studies derive risk 
estimates by considering strategic "what if" scenarios 
rather- than through statistical inference. The first task 
of the risk assessor therefore is to select an estimation 
approach considered to be the: most appropriate for 
the situation being assessed. 

Si Risk Estimation Approach 

Assessment of risk is most simply achieved from 
i_be. derivation of point estimates for an assumed risk,
scenario. This approach results in a straightforward 
manner in a d£ torminutic risk assessment because 
there is no attempt to incorporate uncertainty. In 
reco nitior. of this shortcoming, the approaches of in-
ter vul waalys%s (virtually neglected in all of the UK as-
sessments) and probabilistic risk assessment attempt 
to include uncertainty by allowing risk Model param-
eters to take any value within a range perceived as 
possible. It is important to observe that the interval 
estimate generated by each of the two approaches will 
in general be different. 

Instead of a single calculation from a set of 
fixed parameter estimates, probabilistic risk was most 
commonly derived by the computationally intense 
technique of Monte Carlo (MC) simulation. This tech-
nique relies on repeated calculations in which input 
parameter values are drawn randomly from proba-
bility; distributions. Output distributions are thereby 
generated for all exposure pathways that are then 
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used to derive interval (rather than. point) risk esti-
mates. H wever, any MC interval risk estimate roust 
be specified by the risk assessor to an arbitrary  level 
of confidence (typically 95%). 

In 'Monte Carlo simulation, the statistical distri-
butions assigned to each input parameter must be 
specified 

in 

terms of type and shape. These choices de-
termine both the variability and uncertainty imputed 
onto each model parameter. This influences the form 
of the output distributions for each exposure pathway 
and hence also the span of the confidence intervals de-
rived for each NIC.. interval risk estimate. 

Given the ubiquitous TSE informational defi-
ciency common to all the UK assessments, it is sur-
prising that the mathematical aal technique of interval 
analysis,{' °̀' which does not rely on any probabilistic 
distributional assurmptions was never used. 

Interval analysis is computationally much sim-
pler than Monte Carlo simulation it employs input. 
parameter intervals [-xi s x,j, which are respectively 
defined by lower and upper limits .x'3 and X2 to repre-
sent the conceivable range that a parameter may take. 
No value within the interval is considered more likely 
than any other, so each interval effectively represents 
a gal) in knowledge (this is different from assigning a 
uniform distribution to a parameter in. Monte Carlo 
simulation because all values within that distribution 
interval are then assumed to be equally likely). The 
net effect of all such input parameter uncertainties is 
then evaluated within the risk model to obtain non-
probabilistic interval risk estimates for all the event 
tree exposure pathways. 

Set. Sp e;a iiac Approach s 

In. the DNV assessments, point risk estimates 
,were accompanied by interval risk estimates derived 
by first--Dale r Montt Carlo simulation.. By contrast, 
the Gale assessments retied on simple calculations in 
which estimates for all parameters and output :risks 
were obtained from simple deterministic calculation. 
Justification for this economic approach is provided 
largely in philosophical terms. The latter authors es-
sentially argued that the combination of very high 
uncertainty (through environmental pathways) with 
very low levels of TSE infectivity (through minute 
amounts of priors) can imply no gam from increased 
computational complexity in the context of "'SE, envi-
ronmental risk assessment. They point out that uncer-
tainty in the animal-to-human species barrier would 
be more likely to be an overriding factor in these cir-
cumstances. They suggest that the central question to 
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be addressed in environmental. TSE. risk assessment 
should not be what the risk of erposaa_re to infectivity 
is but, rattier, whether it is possible that a person could 
be infected by a given exposure route. 

In direct contrast to this computational expedi-
ence, the EOR. risk assess rtertt s1 and that by I;ergu-
son et at.t:rrl incorporate complex dynamic models to 
drive epidemiological simulations that then generate 
interval estimates for associated TSE, risks. However, 
in both these later studies, descriptions of the model 
and methods by which the (very wide) confideu.ce 
intervals were projected for the future number of 
v 'JT) cases darned out to be mainly intractable, 

In the DNV assessments, there is little or no sup-
port for the choice of parameter probability distribu-
tions used in the Monte Carlo analyses. This is acutely 
evidenced by the choice of distribution used to rep-
resent uncertainty in the cattle-to-human species bar-
rier factor. The uncertainty is represented by a 5-point 
probability distribution that is claimed to reflect the 
contemporary SEAC advice that the cattle-to-human 
species barrier factor might lie anywhere between 1 
and 10,000, with 10 as a "best estimate" (ECSSC:, 
20 ). 2 'Me chosen probability distribution assigns 
a probability of 0.01 to the value of 1 and 0.2475 each 
to 10, 100, 1,000, and 10,000, Alarmingly, this implies 
there is a probability of zero that the cattle-to-human 
species barrier factor might take any other value (for 
example, 15, or :i 0.1., etc). A more natural choice would 
be to assign a triangular distribution ranging ixtirai. 
I to 10,000 with a peak at 10 (as used in Cummins 
et raf,rsrsa), Similarly, for uncertainty in the infectivity 
of CNS tissue, no grounds are provided for the choice 
of a log-normal in preference to (say) a log-lo tic 
dose-response model curve. In both cases, distribu-
tion choice would be likely to influence the percentile 
confidence interval derived for each exposure risk es-
timate. All other parameter distributions employed 
in the Monte Carlo simulations were normal, often. 
truncated at specific lower and upper limits without 
explanation. 

Such truncations of MC input parameter distri-
butions will, in general, reduce the span of the output 
distributions derived for the exposure risk: estimates. 
This, in turn, implies the width of the perceutlle con-
fhdeuce intervals for the MC risk estimates will be re-
duced. Parameter distribution truncation applied in 
Monte Carlo simulation is hence necessarily a pro-
cess that must he supported in order for MC results 
to be scientifically credible, but this crucial point ap-
pears to have been largely overlooked in the DNV 
assessments. 

Grist 

The Gale assessments do not incorporate prob-
abilistic risk estimation approaches. However, these 
authors also appeal to key points in their argu-
ments that are unsupported. In particular, there 
is no explanation to support the claim that the 
probability P of infection equates to the for-
mula P = 0.5 x fraction of 1 IDsri unit at 
the lower part of their negative-exponential dose--
response curve fitted to the mice data. of Taylor 
er Nor is it explained why a negative exponential 
relationship should necessarily hold for a conglomer•-
ate of praous, which, having been described earlier (in 
the same text) as a novel pathogen, is unlikely to be a 
typical water-borne pathogen. Whereas the case for a 
simpler approach to environmental ESE risk assess.. 
meat is put logically by these latter authors, it is hence 
not made fully transparent. 

b, DISCUSSION 

In any risk assessment, it has been cautioned that 
merely concluding a risk it; "possible" cannot be justi-
faablec St) It has been argued further that the language 

in die field of TSE research may have advanced ffur-
ther than the scientifi€, understatnding. -51 To serve as 
a "decision tool," risk assessments must at least de-
liver art estimation of risk in terms of an ascertainable 
likeizhood.ts23

Some of the difficulties associated with quan-
titative TSE risk assessment have been recently 
highlighted. Graven or and Kaao(5s1 emphasized that 
overspeciicaati€art of exposure Pathways may result 
in underestimation of true exposure risk, As a case 
in point, the authors cite the Canada BSE risk as-
sessment by Morley at a21.( ) where the estimated 
likelihood of infectious material being, fed to in dige-
nous cattle was considered to be "negligible," In the 
same calculation, the probability of importing BSE-
infected cattle into Canada was estimated to be high 
(at 0.007), but this was mitigated through probable 
dissipation of infectivity via a high number of expo-
sure routes. With BSE having now been identified in. 
Canadian cattle, it would be incorrect to infer that the 
results of this risk assessment were refuted. Negligi-
ble risk: should never be equated with a probability of 
zero. 

However, the absence of complete information 
on mechanisms by which '1"SE:s may be transmitted 
must inevitably be brought into the TSE risk assess-
rraeat process. Species population ratios and densi-
ties of livestock, which vary in different countries, are 
likely to lie (as yet) uncharted contributory factors 
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to disease transmission and persist:enc:e. As a case 
in point, this is illustrated by the fact that ESE has 
continued to appear, albeit in declining numbers, in. 
UK cattle borxy after the :man3mal.ian-derived MBM 
(MMBM) ban of Marcia .1996. It has been suggested 
this may be connected with continued importation 
of contaminated feed from abroad after the MMB M 
ban was implemented,E543 but a quantification of those 
risks has yet to be made. Poignantly, it has recently 
been emphasized that further risk assessment on a 
global scale is required to evaluate the true BSE dis--
tribution worldwide.tr3

In the United Kingdom, BSE risk assessments 
have played a role in identifying major risk re.duc-
ti€3n measures. Since the UK MEM ban of July 1988, 
there has been a continuous tightening of UK controls 
on protein feed to ruminants. The specified bovine 
offals (,"0) ban in 1989 was followed by a sped.-
fled risk materials (51(M) ban in 1990, The SRM ban 
was extended to include the intestines and thymus of 
young calves in .1994 and then followed by the com-
piete ban of Ibti IBM in March 1996. In recognition of 
the marked effectiveness of these controls as a risk re-
duction measure in the United Kingdom, most coun-
tries in Europe have now introduced a total feed ban 
on.. all types Of MB:M to farm antiixnals.tss3

There is considerable scope for future diversilica-
tion of B aE risk assessment into a variety of uncharted 
exposure risk scenarios as well as utilization of quan-
titative methods that have been adopted widely in risk 
analysis. Most notably, Bayesian estimation methods, 
increasingly being applied elsewhere in epidemiology 
and risk estimation,t Cr' ) have been largely neglected 
to date. 

An aspect deserving more investigation is the sig.• 
ni&ance of variability in the size of infective tissue 
particulates, This aspect has riot been fully explored 
in any ESE risk assessment. Especially important in 
this respect are the studies by Anil etal., t ss3 which have 
recently confirmed that standard techniques used to 
stun cattle before slaughter can spread minute parts 
of brain tissue around their bodies. 

In such complex scenarios, where a large nano- 
her of possible exposure pathways from the source 
term exist:. the average arrogant of ESE infectivity ex-
pected to pass through each pathway would be low. 
However, if there is high variability in the size of the 
particulates, this simple calculation would easily un-
derestimate the true exposure risk because the iiripul-
sive effect of larger particulates would not be taken 
into account, This would he especially pertinent if 
the existence of a minimum quantal (as opposed to 

529 

cumulative) threshold prior dose is subsequently es-
iablisiaed. The subject connects with recent practical 
innovations such as development of a loop saw that 
autos out tt3.e spinal cord in the spine before the car-
cass is split at the abattoir ts) In particular, Helps 
et ai.0 1 demonstrated statistically significant 'lower 
risk of contamination of meat when both sheep and 
cattle carcasses are split with the new loop saw as 
compared with a standard design of saw. 

In surmnary, the generic uncertainties encoun-
tered in. TSE risk assessment are: 

1. Prevalence levels of TSE-infected individuals 
is a specslhed population. 

2. Whether or not there is a minimum (thresh-
old) dose of priors required to initiate 
infection. 

3. Whether or not: prices ingested by am individ-
nal accumulate in that individual. over a period 
of time. 

4. The magnitude of the cattle-to--human or 
sheep-to-human "species barrier" factor. 

5. The nature of pride transportation and de-
strut ion through environmental pathways. 

In all the UR assessments discussed here, prior 
infectivity has been consistently assumed to accumu-
late in direct proportion to the amount ingested by 
the host-. This implies a hidden assumption: that in-
gested infectivity does not replicate over that same 
time perird. For TSE diseases, whose incubation pe-
riod has been demonstrably shown to be dependent 
on oral dosage.,tn) this simplifying assumption can 
hardly be justified. In future, it will be necessary to 
address the question of how thee dependence can 
be meaningfully brought into TS.F., risk assessment 
Calculations. 
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