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Transmissible Spongiform Encephalopathy Risk Assessment:

The UK experience
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Transmissible spongiform encephaiopathy {T5E) risk ascessments undertaken in the United
Fingdom bave rusinly had the objective of determining the risks posed to humans from ex-
posure t the causal agents associated with bovine spongiform encephalopathy (BSE) and
vanant Crentzield-Yakob disease {(viZ¥13}. In this aryicle, I cxamine 19 of these nisk assess-
ments published to date and consider how their resubls might be infinenced by underlying
model assumptions and methodology. Three separate aspects common 1o all the agsessments
are mfective load estinuation, exposurs pathway ientification, and risk estimation. These are

each discussed in detail.
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L INTRODUCTION

Transioissible  spongiform  encephalopathies
(TSEs) are fatal discases characterized by spongiform
tissue that develops in the brain, Confronted with
mapy uncertainties on TSE transmission, the need for
guantitative assessent of the risks associated with
exposure to TSE cauvsal agents bas achieved global
importapee.tD Ultimately, all guantitative TSE risk
assessiments must iranslate into an estimated proba-
bility of TSE infection by a specificd exposure route
and thereby provide input into the T3E management
decisivn-making process.

Rovine spongiform encephalopathy (BSE) and
vCIT {also known as human BSE) are new TSEs that
exnerged in the United Kingdors during the mid-1960s
anud mid-1990s, respectively. BSE has recognized po-
tential to cross from cattle to other mammals and the
BSE causal agent in cattle has been causally Hoked
with vCJ12 in humans.®¥ This disease has received
the overwhelmiog 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 assessrment of
risks 1o humans specifically posed by exposore to the
BSE causal agent.

BSE 5 generally thought to have been prop-
agated i the production of meat and bone meal
{(MBM) derived from cattle afier changes in UK ren-
dering practices during the 1970¢ led to more favor
able circumstances for its promotion.® The MEM
was fed o cattle and to 2 lesser extent probably to
sheep, as 2 protetnerich dietary supplement, through-
out the United Kingdom before the ban on runsinant-
derived MBM in July 1988. Some of the MBM would
have been contaminated with the BSE agent, thus re-
subting inoral exposure to BSE infectivity of ruminant
livestock and the postolated source of the UK BSE
epidemic

With the ezception of Sweden, BSE has now been
confirmed in cattle populatons based in all 25 BEU
couniries, in addition to others a3 distant as Japan
and Canada.® In the period since the disease was
first recognized in 19867 to June 30, 2004, 2 total of
183,972 BSE cases have been reported in the Usited
Kingdom {http/ferww.oleinteny/info/cn . eshru tm).

Q272-433X0S/0Y B (810822.8071 © 2005 Society for Risk Analysis

NCRUO0000158_065_0001




528

This is still the largest global recorded BSE epidemic,
which peaked in 1992 with 37,280 reported cases in
the United Eingdom that year. The annuval mumber
of LK cases has continued to fall since then, reaching
its howest bevel of 189 reporied cases as of June 30,
2004 {httpyiiwww.oieinteng/info/en sshro him).
Since vCID was first recopnized in the United
¥ingdom in 1995, the disease Bas not only been de-
tected in other parts of Europe (vOJD fact sheet,
hftpiiwww.cdegov) but also in the United Statas®
as well as Canada P As of Tuly 5, 2004, there have
een 147 recorded cases of definite or probable
v D3 in the Uhgited Kingdors, 142 of whom have
died (roonthly viCIDb disease statistics, bripi/iwarw.
dh.gov.uk/Publications AndStatistics). Tae vumber of
apnual reported cases peaked in 2000 in the United
¥ingdom with 28 cases and has fallen each year
since then, with only three cases repotied in the
United Kingdom in 2004 up to July 5 (monthly v(ID
disease statistics, httpu//www.dh.gov.uk/Publications
AxdSiatistics}. The duration of the lncubation perioad
for vCIE» s unkoown but has been suggested to be
of the order of many years or decades (vOID fac
shigel, hutpfiwwrw.ode.govy, and hence the current sta-
tus of the UK ovtbreak remsing uncertain, Ferguson
ef al % estimated that the total number of predicted
v IEr deaths from 2001 to 2080 will e between 40
and 30,000 as 3 result of bovine axposure, but the up-
per bound conld be s kigh as 150,000 deaths through

eyist

inclusion of a worse-case ovine soegaric if i turmns out
that BSE has entered the UK sheep flock,

In this article { consider 19 quantitative TSE nsk
assessrnents, henceforth referred 1o as the UK assoss-
ments, peblished i the United Kingdom since 1997,
which specifically focus on the assessiaent of the ricks
posed by BSE and vCI3 Fourtesn of these wers
pesformed by the consultancy Det Noweke Veritas
{(BIV) and are henceforth referred 1o a5 the DY as-
sessmenis. 8 Thres other publications, henceforth
referred 10 as the Gale assessments, were by {ale
and Stanfield, 0 Gale, M1 and Gale o7 ol @2 with rwo
separate studies by Ferguson &f oLU% and the Eeo-
nomic Operational Research Division of the UK De-
partment of Health.® A sumamary of the sperific ~
areas together with the key assumptions and mnd-
eling approach used i zach assessment is shown in
Table 1.

The large majority {18} of the UK assessments
forused on the risks posed 1o humans from expo-
sure to TSE infectivity through environmental path-
ways or the food chain. As an cxception o this,
the risk assessment DNV 1998079 focused on the es-
timation of the potential risks to UK sheep fom
exposure to B5E through contuminzted MBM as
a feed suppiement.®® Only two LK assessments
considered atrogenic risks 1o humans from vCID,
respectively, from biood transfusion®™ and surg-
cal imstrurnents.®® Some other risk asscssments

Tabie & Snmwnary of ey Assumptions and Maodehng Approaches used i the UK Assessments

T8E Source Exposurs Erssasating Rask Estimason
Risk Assesement Agent batoriat Pathways from Risks to Appridach
1 IDNY (19972} BIE Cattle Envivonment {overview) Hupnans  {overview)
2 DY (19970 BSE Cattie Environment Rendering plant Humans  Probabilistic MC
3DNY 19970 BSE Cattle Environment Burning Humans  Probabiliste MC
LNV (39973 BRE Catthe Ervironment Incinerators Humans  Probabiliske MC
SNV {1997} BSE Catle Environment Landiitls Humans  Probabilistge MC
G NV (19976) BSE Cattle BRG Humar food chain Beef Humans  Probabilistic MC
TNV (1997 BSE Cattle Human food chain Meat products Humans  Probabibistic MC
& DINV (1998) BSE MABEM Sheep food chain Sheep feed Sheep Probabilistic MC
TNV (1999 wiZi} Human bicod Blood transfusion Human blood Homans Probabilistic MO
100 DNV {2001 3) HSE Cartle S OENEnY SEM incinerators  Humans  Probebilistic MC
1L DNV {2001b} B8E ML cattie Carcass disposal Humans  Probabilistic MO
12 DNV (2001c) BIE® Sheep Humaxn food chain Meat products Humans  Probabefistic M
13 DNY (2001 BRE* Bheep Environment Carcass disprsal Humans  Probabilisge MC
LN (2002) BRE" Shesp intzstine Humare food chnin Sansage casings Humans  Frobabifistic MC
13, Gale (199€) BSE Catile Envijonment Groundwarer Humass  Determdnistic
16, Gale er ol (1992) RSE Canle Enviroument Growndwater Humass  Deterministic
17. Gale and Stanfieid (2001}  RSE Cattle Fonment Sewage siudpe Humans  Deterministic
18, Ferguson er al. (2662} BSE® Sheep Human food chain Meat products Humans  Dynamic model
10 EOR (200 v(CID> Human tissue Surgical instruments  Surgery Humans  Dynamic model

Key: M = Monte Carlo simalaiion.
* == asswming B3E has entered the UK sheap flock.

NCRUO0000158_065_0002



TRE Rick Azsessment

performed outside the United Kingdom have also
considered risks from vID through medical routes,
such as bovine graft material wsed for dental
application. @

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, & TSE causal agents are more widely
considered to be malformed proteins (PrP%), con-
cisely referred 1o as “prions,” which accumulate in
a host by a process of catalytic conversion of normal
cellular PrPY protein. S Ultimately, this resulis in the
onset of dliness and vntimely death.

Early chindeal sympioms of TSE diseases are, in
peneral, vague of variable, making diagoosis difficult.
Additionally, the typically leng lncubation perisg—
the interval beiween infection and the wnset of discase
symptires—and variation of individual susceptibility
has constrained attempts o understand transmissi-
bility both within and across species. 1o this context a
“species barrier” is encountered, which refers to the
relative difficelty in transmitting a disease between
different species. With TS8Es this is rypically exhib-
ited as & prolongation of the lenpth of the incubation
pariod when durations between successive infections
of different species are compared.”” The twin con-
cepts of species barrier and incubation period are thas
closely related :

In humans there is a large gap in owr knowl-
edge of the vCID incubsation period as well as the
vCID rapnsmission risks associated with various hu-
man fissue, organ, and blood transfusions®® Re-
cent conserns for public heaith have been height-
ened by the demonstration that the vOID causal
agent bas been found in human tdssie taken from
the highly vascularized lympho-recticular system.™
Although thers is currently no definitive evidence
that vOID can be contracted directly by blood trans-
fusion between humans, the findings of BSE stud-
ies on exogenous sheep models, which demoustrate
that BSE can be transmissible by blood transfusion
in sheep,B% bave resulted in vCIES risks now be-
irsg taken into account in humas bood safety bssues
worldwide 92

in the context of ThEs, the concept of a species
barrier is made opague by the fact that certain indi-
viduals or species may act as causal agent “reservoin”

523

without displaying any choical TSE discase symp-
toras, as derpoustrated (for examplie) by certain fypes
of mice experimentally infected with BSE.SY The
reservoir property could also include situations where
the incubation perind exceeds 3o infected ndivid-
gal's patural ifespan. In the case of vCIDY, it bas been
acknowledged that the existence of such suhchinical
forms of prion infection could have important public
health toxplications, especially in raising the worry-
ing possibility that the typical vCID incubation pe-
riod could be very long. ®Y When combined together,
these aspects ensure thai guantitative assessment of
TSE risk is an endeavor necessarily fraught with
uncertainty.

Drata from animal experiments bave demon-
strated thal depending on species and breed, there
can be striking variability in TSE discase outcome be-
vween different individuals, even when “chalienged”
with the same initial dose. This is observed especially
in the variability of incubation period.®™ However,
it has not yet been established how much of the vard-
ance is simply due to practical difficulties in ensur-
ing that identical orat doses are ingested by different
individuals. Experimental studics with bovines sug-
gest that the level of BSE infectivity peaks around
the time when disease symptoms first appear, that is,
at the end of the incubation period.®® This observa-
tion provides a retrospective justification for the 1986
UK “Orver Thirty Month Scheme” (OTH3} bovine
safeguard rule, which directs that ondy younger cat-
the, perceived as less infectious, should be allvwed to
enier the buman food chain.

The fransmussion dynamics of TSES are poorly
gnderstood. 7 However, in the case of BSE itis clear
that both transmission and exposure to the causal
agent are dependent on several factors, in particu-
lar the management of young livestock. (% Indeed,
changes 1o the diets of young calves {especially dairy}
in the United Kingdom during the 1970 resulted in
MBM being regularty ineluded % Since bovine sus-
ceptibility to BSE infection ismors likely at a younger
aget4 thic would have contributed to the exposure
1o the dissase in UK cattde,

Although there is no evidence of horizontal trans-
mission of BSE in cattle through contact or pasture, 9
amoors recent study bas suggested that ruaternal trans-
ipdssion is Himited to the last S months of the incubation
periad of the dam, with a transpeission probability of
around 0.5% .Y This i also consistent with placental
trgnsmission having been proposed as a likely route
for transmmission of the long-established TSE disease
scropie in sheep. 44
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It is cwrrently unknown wheiber the BSE
pathogen has entered the UK sheep flock either
through the feed-borme route or by any other
route. %5 The main diffioulty is cansed by the fact
that syruptoms of BSE in experimentally chalienged
sheep are not distinguishable from those of scrapie. 47
The latter disease bag pever been demponsirated o
cause disesse in humans. @8 Surveillance stadies are
currenty underway to determine whether BEE may
therefore be “masked as serapie” in a percemtage of
the UK sheep fiock. Co s wider Buropean scale, active
surveiflance to determine the prevalence of both
BSE and scrapie in sl ruminent populations at lo-
cal and pational levels s now ongoing throughout the
European Linion. 495

Considering BSE in the UK sheep flock as a pos-
sible eventuality,“? some of the UK assessments fo-
cused on sstimating human exposure risks potentially
sssociated with sheep meat products 8371 Breed
and category of shieep (owland, upland, bill would be
an important risk determinant in this context becauss
of differences in sheep mavagement. [n particalar,
the diet of lowland sheep is more freguentdy sup-
plemented with pellets and therefore lowland breeds
winkd e expected to have incurred greater historical
exposure to BSE infectivity, (124550

It is generally presumed in huwwans that all the
Epown mdividual cases of v{J13 acguired the disease
through the oral route through consumption of tis-
sties or meat products that were derived from BSE-
infected cattle 52

Risk refers to the probability or lkelibood that
something “unpleasant™ will happen.™ There are
three parts to any TSE risk assessmuent, which lead to
the guantification of such an cuteome {or not). These
are, respectively, estimation of infectve load, expo-
sure pathway identification, and risk estimation. Each
will now be considered separately.

3 INFECTIVE LOAD

The most fundamental part of agy TSE risk as-
sessxnent 35 the estivpation of the amount of THE in-
fectivity contained in the sonrce under consideration.
This quantity is referred to as the infective load. The
infective load is usually expressed o Infectious Daose
30 {¥s) unils where an D5 vuit is the estimated
raass of infected tissue that cach ndividual in a popa-
lation would peed 1o ingest for 50% of the population
1o beeome infecied. Equivalently, an IDsg ie the es-
timated guantity of tissue that ap average individusl
would need to ingest to have a 30% probability of be-
coming infected (the choice of 30% is tradigional, bt

Grisd

completely arbitrary). Throughout this article, unless
otherwise stated, an [sp unit is expressed in terms of
an oraf dosage.

More formally, the estimnated infective load £ in
the bovine of ovine soures vader considerationcan be
expressed in human oral 10, vnits by the equation:

&= mpti{1/s), {1}

whers n is the mungber of source srdmals under consid-
eration in the risk assessment [dimensioniess], p is the
prevalence of infection in the cohort under consider-
ation [dimensionfess], 7 is the mass of infected tssue
per animal {gl, § is infectivity in bovine {or ovine) orat
{D3x umits per gram of infected tissue [¥D, g1, and
s is the bovine- {or oving)-to-bumnan species barrier
factor [dimensionless],

331, Prevelencs of Infection p

MNotable efforts have been meade to determine val-
ues for prevalense p (the proporiion of 2 population
that is TBE imfectzd) both for scrapie and BRE at
regional and national Jevels YLESL AR such esti-
mations are heavily reliant on the import of accurste
epidemiological data U954

But progress in the guantification of the param-
eter p has been hindered by several factors fypical
of T5E discase swveillapce. Most obviously these
are difficulties in accurate diagnosis of disease symp-
toms and underreporting of disease incidence S Dif-
ficultics in establishing TSE prevalences have been
confounded further by problems in developing diag-
nostic tests to desired levels of specificity and sen-
sitivity. >} Progress has also been hindered by UK
government establishiment errors that st times have
reached farcical dimensions, 3s with the notorious
‘brains blunder’ case involving the UK government
Yeterinary Laboratories Agency (VL AY, where cattle
and sheep brains were mived up o experiments ¢sti-
roated 1o have cost the UK taxpayer 217,000 pounds
sterling®®. The study aimed at determining whether
the BSE causal agent had passed to the UK sheep
fiock, but resulis were rendered uscless as a direct
result of en apparently simple labelling error.9

Theoretical modeling studies have been con-
strained through difficudties in establishing whether
2 roinimrs threshold dose exists 1o ensnre the onset
of disease in a given species. In addition, TSE dis-
case incubation period is subject to variability both
within and across species. Under oral challenge ex-
periments, BSE disease symptoms in cattle uspally
take 4 10 6 vears with a mean incobation period est-
mated a3 5.2 yearst®™ wheress in sheep they nsually

NCRUO0000158_065_0004



FTEE Risk Asseecment

appesr earlier, most frequently between ¥ and 4 years
in age.®% An in-depth statistical analysis of scrapie
titration experiments conducted on mice has shown
that while incubation period decresses as dose i
incressed, individual variability becomes greater with
lower doses. 9

Throughout the DNV and Gale risk assessments,
prevalence of BSE in UK catile was assuroed to be
around the estimated level of 8.54% calenlated for
OTMS cattle in 1896 by Anderson e al'* For sheep,
a ceiling prevalence value of 2% was used {or scrapie,
with scenarios for proportions of scrapie as BSE rang-
g from a minimum of 0.01% to 2 maximur of 1%
of scrapie in the ovine UK risk sssessments, 003719

3.2, Infective Ticsue ¢ig}

The UK assessments make conservalive assamp-
tions of the potential infectivity contained in tissue.
They thus emphasize worse-case scenarios, thereby
simplifving the uacertaintics connected with incu-
bation period. This is achieved by assuming that a
perceived upper bound on the proportion {and some-
times al} of the animal carcaeses from which infective
tissue originates sre maximally infective and there-
fore each contains the infectivity of a fully symp-
tomatic individual, 4

3.2.1 Canle

Results from experimental studies performed on
catile have demonstrated that BSE infectivity may be
detected in the distal ileum as eaxly as § months post-
oral exposure.®® However, at the end of the incu
bation period when clinical disease signs fst appear,
infectivity is kaows 10 accunmdate only in the central
nervous systera ({15}, For this reason, estimation of
the wal infectivity comiained in tissue taken from a
sympiomatic infected bovine has been assumed 10 be
directly proportional 1o the mass of its brain and con-
nected spinal tHssue U

3.2.2. Sheep

For sheep, the situation is more complicated be-
capse both BSE and scrapie infectivity have been
shown 10 spread extensively into a variety of tissues
during the course of pathogenesis. 58 TSE infectiv-
ity in sheep tissue is therefore dependent on tissue
type and age {as well as sheep genotype), so ¢ oust
somehow be summed over all tissue and age cate-
gories that may contain infectivity.

The early pathogenesis vestigations by Had-
low'® demonstrated that scrapie enters several tis-

823

sues in sheep bul especially the lympbatic systom
scon after mfection. In the absence of available in-
formation on BSE pathogenesis in sheep, these data
sets were mcorporated nto the respeciive UK assess-
mments 1o estimate the potential proporticns of BRE
infectivity in different ovine tissue types 911 an
underiying assumption was made that pathogenesis of
BSE in sheep is the same as for scrapie and relevant
parameters were grouped into three main categories
for tissue type (. brain and spinal cord; I ismmph
node, spleen, tonsil; T stomach, liver, thymes} and
four meain groups by age at slaugbter (Jambs under 6
months, bonbs 6 to 12 months, boggetts 1 to 2 years,
coll ewes older than 2 years).

Experimental studies conducted more 1ecently
with both scrapie and BRE on sheep have shown the
existence of a wide range of genetic susceptibility to
TSE dissase. 5% This susceptibility can be charac-
terized at the genetic level in terms of 15 rain sheep
genotypes through the presence or absence of pairs of
five specific aileles 8 In the most resistant genitype
{homozygous sheep with ARR/ARK alleles), there is
Bo evidence 1o date that cither scrapie or BSE can
be imduced by an oral challenge. 5% However, it
has been shown that the ARR/ARR penotype may
become infected by intracerebral chalienge, ™ thus
raising the poesibility that they may stil act as poten-
tial TSE causal agent carriers. To forther complicate
matters, different genotypes are pot uniformly dis-
tributed among the nwoerows UK sheep breeds ®5
In the face of such complex uncertainties, VK risk
assessments have proseeded by simply assunsing that
sheep cansasses are either composed of gl of the most
susceptibie genotype't ™% or that a worse-case upper
proportion {such as one thivd of the UK sheep popula-
tion, as in Ferguson ef al. "9} is of that genotype. If less
conservative assamptions on susceptibility were made
wwould tmply that the estimated TSE risks would also
he fess, although depending on the visk model choice,
not necessarily Hoearly reduced.

3.3, Infectivity f1Ds g}

Analysis of expertmental TSE studies on animals
hras shown that the likelthood of successfidly induc-
ing TSE infection increases with the dose of infege-
ticus material P53 However, it has not been estab-
lished whether or not there is a minimum “thyeshold”
dose that is required to initiate nfection in a given
specien. Applying a worse-case stenano, the UK as-
sessmenis have generally assumed there is no thresh-
old dose and that infectivity { accumulates in an indi-
viduat in direct proportion to the armount of infected
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tissue inpested by an individust over a period of time.
This implies that aoy dose, no matter how small, may
cause deaths in an sxposed population through indi-
vidual variability of:

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

Following advice by the Spongiform En-
cephalopathy Advisory Comntitee (SEALC), 2 valug
of 1 bovine oral {3 unit was set at 0.1 grams (g}
of BSE-infected bovine ONS tissue in the majority of
the DNV assessments. Thic value was based on avail-
able data gquoted in Anderson™ obtained from an
ongoing howine oral challenge experiment that had
commenced in 1992 at the Central Veterinary Labora-
tory, LK. The [Ds was calculated using the compuier
program “OUAD,” which empdoved a logit moded fie-
ted 1o the mortality proportivas incurred uander the
different oral exposure dosage levels {which were 1,
10, 100, 300 2 of BSE-infected bovine brain tissue).
The “delta method” was used to devive confidence
intervals. % This generated an estimate of 0.38 g for
1 bovine oral {3:p unit with a wide 95% confidence
mterval of 0.03 g o 5.27 g The 8.38 g point estimate
was rounded down conservatively to (L1 g after SEAL
LXpelt opinion,

However, the fitting of any such dose-response
masdel 1o these sparse experimental data would be
subject to high uncertainty. In particular, it would not
be possible to estimate the BSE risks associated with
small fractions of an D onit with any meaningful
confidence. Throughout the DNV risk assessiosnts i
was simply asswrsed that BSE infectivity comtained
in exposare doses of between § g and 0.1 g of BIE-
infected tissue wouwld be proportional to the respec-
tive fractional quantity of an Il unit logested.

Gale et 2l &Y adopted 2 different approach to es-
timaie TSE risks associated with suaall fractions of an
e unit. This was achieved by considering the num-
ber of PrP* molecules that might make up 1 s
unit. Lleing a species-adapted scrapic model, a value
of 10° Pre™ molecules had been previousty estimated
to make up 2 hovine intracerebral bovine [D6.%7 On
the basis that the oral route is 10° times less sfficient
than the intrzcerebral challenge, 5% together with the
sesumptions that the nuember of PrP® molecudes in an
1134, unit is fixed within @ species and that the cow-10-
humag species barrier is 1,000, the suthors estimated
that I buman oral TEE sy unit would therefore con-
tain 10° x 167 x 1,000 = 109 PrP™ molecules

{rrist

The authors went on to consider beta-Poisson
and negative-cxponestial distribution models fitted
1o dose-response data obtained for BSE infectivity in
inbred mice™ and the latter model curve provided
a better fit. The mathematical form of the negative-
exponential model is £ = 1~ exp{ N}, where P is
the probability of infection from A pathogens and ris
a species-specific parameter. For low doses this model
can be approximated by the linear fooction P = rN.
However, it was further claimed that the simpler re-
fationship of 0.5 x {fraction of 1 I35 wnit) ingested
would bold equally well, Thus &t was concluded that
the probability of infection from a minute BSE prion
aggregate made up of 100,000 PrP* molecules would
be equal to 0.5 « 10910% = 0.5 « 107% and hence
would be extremely remots.

3.4, Bpecies Barvder Facler g

Perhaps the least certain parameter in sl the risk
calcutations considered bisre is the cattle {or sheep)-
to-buman “species barrier factor.” Early advice by
SEAC stated that the caitle-to-human species barrier
factor for BSE could be anywhere in the range of 1
to 10008 with 10 a5 a best estimate.”™ The risk as-
sessrnent by Gale e 4l ™Y speculated that it coudd be
as high as 1,000, More recent statistical research bas
indicated that the value is ikely to be orders of mag-
nitude higher than 10,0479

Since no evidence has been found to date of
BSE in the UK sheep 8ock, there are no direct data
available fromm which to estimate the sbeep-to-hurman
species barrier for BSE. Risk assessments undextaken
to address the poteotial rick of human exposure o
BSE infectivity in UK sheep {shoudd itbe found have
procecded with the hypothetical assumption that the
species barrier for BSE from sheep-to-hursan expo-
sure would be the same as for BSE from cattle-to-
human sxposure. 0715

With bovine infectivity assumed at 18 bovine I
umits per gram of BSE-infected ONS tissue and 2
catile~-to-human species barrier of 10, the estimated
infectivity to humans transiztes 10 1 human ¥l urdt
per gram of infected bovine CMS dssoe (= 1) bovine
ID4p/0}. This value was iaken as a best estiznate for
both cattle and sheep BSE-infected W5 tissue across
all the DNV assesspents apart from the single as-
sessment that addressed the potential BSE nisks from
the disposal of sheep 28 In this precmptive risk as-
sessiment, the sheep-to-human species barrier factor
was elevated 1o 50 {(again following the confemporary
SEAL advice), theveby giving a reduced estimate of
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S0 = (0.2 orad buman {05 unit per gram of BRE-
infected sheep CNS tissue.

In suounary, most of the UK assessrasnts have
calculated infective load L as the total mass of in-
fected tissue {mpn} contained in the source term under
consideration multiplied by the estimaled number of
355 units associated with 1 g of infective tissue (/53
The potentisl exposure risks from BSE in sheep wers
addressed by incorporating sepplementary assuigp-
tions that distribution and acoumulation of BSE in-
fectivity in sheep Hssue ocours in an identical pattermn
1o that reported for scrapic by Hadlow, 19.32.17-15.60;

4. EXPOSURE PATHWAY IDENTIFICATION

The perceived risks associated with the infective
ioad in any gquantitative 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 exposurs o
TSE infectivity might be expected to ocouy 1123872}
In the UK assessmaends, the propoyiion of infective
toad to pass through each branch of the event tree
was estimated either as an average value based on
data, expert opinion, oF 2 guess. Such an event fres
provides 3 framework for estimating the individual
and soctetal risk associated with sach exposure path-
way. Bvent trees underliz all the UK risk assessments
znd can be broadly classified as either environmental,
human food chain (meat products}, or other,

4.1, Epvironmentsd Pathways

& comprehensive charting of the environmental
pathways by wiich humans living in Eogland and
Wales might encounter exposure to BSE infectiv-
ity is provided in DRV 1597200 This risk assess-
ment &5 an overview of the results formulated in
the four other envirosunental risk assessients DNV
19875199760 The gensral methodology developed
in the DNV 199781997 compendiur is 2 contin-
nation of an earlicr BRE risk assessment, in which
the BSE risks associated with the waste water ef-
fluent discharged from the Thruxted Mill rendering
plant {(hitp//www.bseinguiry.gov.ulireport/valumnes/
chapt1(4.htm) were estimated.”™ In addition to de-
scriptions of transport and eventual fate of BRE infec-
tivity in the epviromment, estimates of the amounts
likely to be present in cattle waste products were
also provided. Incineration or burning effecis were
assumed 1o act on prions in the same Way as on pro-
teins, by reducing the infectivity content by 3 factoy
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of 10° as discussed in DNV 1997c and 1997490 The
effect of degradation in the ground was assumed {o
produce a 98% reduction in prion infectivity, based
oo sparse experimental data collecied by Brown and
Gaidusek. ™

The DNV 1997a-1957e1Y BSE risk assessment
compendiumn served as a basic template for the DNV
risk assessments perfonmed thereafter. Although the
connection betwesn vCIDD in humans and BRE iz cat-
tle was unproven at that tiras (1997}, the authors made
the key connection that vOID could be caused by in-
gestion of a sufficient quantity of BSE infectivity.

BSE exposure risks from eavirommenial path-
ways were generally estimaied to be exivemely tow,
The societal risk for the whole population of England
and Wales ranged from aslow as 8 x 1074 buman 1Dy
urnits from emissions from a foot and mouth disease
pyre of 100 burning cattle carcasses,® o 3 human
TP units across the entive United Eingdom emitied
from glf environmental sources over the period of the
1996 vear U If located in the worst-case scenario,
the exposurs sk o an individual ranged from less
than 1671 human IDs; units per year from ash gen-
erated from a specified risk material incinerator® 1o
below 167% human 1D units from all environmen-
sal sources over the period of the year 1996.00 The
marimum numnber of expectad v{ZII cases that would
resuit in 3 UK population of 60 million people from
the total BRE infoctivity emitted in 1896 from envi-
ronmentsl sources would therefore be estimated at
0.5 w 60000000 x 107% = 30 cases. However, due
to the upkeown duration of the vIID incubation
period, oo prediction of when these infected indi-
viduals would appear as climical cases is possible.
Statistical decomposition between such anticipated
future cazes and those presumed to bave been caused
from intake of contaminated food would not be
possible.

However, i 2 mininnun threshold level of priv
ons is required to initiate infection, the relevance of
such minnte average values could be seriously guoes-
tioned, GV It s suggested in Gale® that informa-
tion based on the subtle effect of hydrogesiogival and
other physical environmental bariers would Hkely
e more critical in envirommental BSE risk assess-
ments than the magnitude of the catile~-to-man species
barrier. Y

4.2, Haman Food Chain

The pathways by which baman oral exposure (o
BSE infectivity might cocur through the food chamn
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were in gensral thought (o be less complex thap those
emapaiing from an environmental source, But BSE
exposure risks associated with the homan food chain
were estioaied to be generally higher than those
through environmental pathways. Societal risks o the
wiole UK popaaiztion calenlated by Monte Carlo sim-
wlation ranged from 9.05 human sy units for eat-
ing dorsal root ganghia in besf? 1o 2,000,000 human
3ey units from beef products consumed specifically
in 1989, The lower and upper median estimates for
individoal risks ranged from 9 x« 107 human Dy
units for dorsal root gangha consumed in beef3? 1o
G007 burnan Hp unite from sating 2 single meal con-
sisting of 250 g of sausages made with sheep intestinal
casings taken from BSE-infecied sheep 4%

Equivalently, the latter figure transiates to an ap-
proximate risk of infection of 1in 300 (~0.007 x (.5},
which, in the event that cach person in the UK pop-
ulation of 60 milion consumed such a sausege meal,
woold alarmingly imply the expected number of vCIT
wfections to be 200,000 (~60,000,000 x 3.007 x 8.5
Since only 147 vCIH clinical cases have besn reported
in the United Kingdor to date, this hypothetical cal-
culation would therefore, appear to produce a gross
overestimate. However, the caleulation rests on two
underlying assumptions: (1) that BSE is present inthe
UK sheep flock and (2) the prevalence level would be
high cnough to permst 60 million worse-case meals
o be produced and consumed. Despite considerable
active surveiliance, the first assumption continges 1o
remain unproven and (therefore) it also follows that
the second would be extremely unlikely. Hence this
rough estimate of 200,000 for the namber of vID
infections seems likely to be highly inflated, but nev-
ertbedess cannot be fully discounted because of pre-
vailing upcertainties of BSE in the UK sheep flock
together with undnown duration of the v{JD ncu-
bation peried. In fact, the estizpate 5 BoL nCongis-
tent with results of Ferguson ef 22,3 who concluded
that the number of future UK vCI1 cases potentially
could reach 150,000 through inclusion of & worse-Case
seenanio for BSE in the UK sheep flnck {shoudd it be
found).

Together with the pessimistic assurnprion that
epidendology of BSE in sheep resembles that of
scrapie, the risks to bumans posed by meat and prod-
acts derived from sheep were estimated (0 potentially
be grester than those derived from cattie, ™% In this
respect, the UK Food Stapdards Authority bas evi-
dently scted by recommending that sheep intestiog be
added 1w the list of specified risk materials, but para-
doxically, falls short of extrapolating a siroilar risk (o
the more abundant lymphatic tissnes, This may be be-

Grist

cause of infractable practical difficelties that would
inevitably ocour i eosuring thewr complets removal
fromm a sheep carcass.

Risks to humans fromeither bovine or ovine milk,
or milk products, in relation to BSE were consid-
ered negligible, based on the opinion of the European
Commission Yeterinary Committee ) Confirmation
of the presence of infectivity in other body Suids re-
mains inconchusive, %

4.3, Other Patloways

Meither of the two UK vOID risk assess-
ments ™) were able to generate absolute values for
the estimated risks to humans from blood transfusion
07 surgical instruments, respactively,

The burnan blood exposure risk assessment DINY
199919 provided an estimation of the relative risk
of secondary infection, given that the sowrce mate-
risd contained infected blood taken directly from a
donor with vCITy However, prevailing uncertainties
were considered too great (0 permit any estimation of
the absobute vCID risk from hueaa-to-human blood
transfusion,

The atterupt of the BOR risk assessment to de-
termine exposure risks to vOID infectivity from sur-
gical matruments was simlarly constrained by major
deficiencies in indormation. The rish model therefore
incorporated parameter inpots that were based on
serapie in sheep 10 pessimistically assumme that vCJD
infectivity wonld achieve 2 wide distribution through-
out the buman body. It concluded that although sur-
gical trensmassion of vOID could not be ruled out,
a prediction of the potential punaber of future cases
woukd not be feasible. Importantly, however, this nisk
assessment identified high variability in contempo-
rary surgical! decontamination procedures. Assuming
a pessiroistic (but oot worst-case ) surgical instrument
decontaroination scenaris, the authors suggested thag
surgical insrruments could act as a vOID causal agent
vector with a transinission success of between 5% and
16% of the number of individuals that were infocted
in a primary vCI3 cutbreak.

The sheep fecd-borne BSE risk assessment DNV
199803 ayptuated the fow of infected material from
an infected bovine through o its altireale consuop-
tion in infoected feed by sheep. The fotal amount of
BEE infectivity copsumed between 1980 and 1995 was
calculated from the amount of infected maternial esti-
mated to have been fed to the entire UK populationof
sheep apd lambs. This was respectively put at 37,500
and 700 bovipe BSE T, vuts. The authors suggested
that conswpption of the infected material was most
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Bkely 1o bave ocourred in the pericd between 1980 and
1888 before the ban on rumipant-derived MBM pro-
tein m feed was introdoced., Sheep fed on corapound
feed (factory-prepared peliets) woukd be expected o
be exposed to the highest tevels of infected material
The greatest exposrs t infected material was estd-
mated 1o bave been most likely during 1988, when the
guantity of BSE-isfecied material consumed per ewe
was calowlated 1o be 8.7 x 107 bovine T units.

% RISK ESTIMATION

The modeling approach by which risk s estirated
in amy risk assessment is subject to 3 wide choice of
method and level of complexity. Inmost of the UK as-
sessments Monte Carlo stmulation was employed to
derive interval estimates for risk. Some BSE assess-
ments performed cutside the United Kingdom™ ™
have used more complex multitiered simulations in
which each tier {or module] is itself 2 dynamic system
that may either be stochastic or deterministic. 44 such
assesaments have attempied to sxtrapolate potential
BEE exposure risk into situations where few epident-
ological data are available. These studies dexive risk
astimates by considering sirategic “what if” scenarios
rather than through statistical inference. The first task
of the risk assessor therefore is to select sn estimation
approach considersd 1o be the most appropriate for
the situation being assessed.

81 Risk Estimation Approsch

Assessroaent of risk is most simply achieved from
the derivation of point estimates for an assumned risk
scenario. Tuis approach results in a straightforward
magner i @ deterministic risk assessment because
there is no atfempt to incorporate uncertainty. In
recognition of this shoricoming, the approaches of in-
terval analysis (virtpally neglected in all of the UK as-
sessmpenis) and probabilistc risk assessment altempt
to include uncertainty by allowing risk model param-
eters to take any velue within & range perceived as
possible. It is ioportant to observe that the tnterval
estimate generated by each of the two approaches will
in general be different.

Instead of a single caloulation from a set of
fixed parameter estimates, probabilistic rigk was most
cormmonly derived by the computationally iutense
technique of Monte Carlo (M) simulation. This tech-
nigque refies on repeated calculations in which input
parameter values are drawn rasdomdy from proba-
bility distribetions. Output distubutions are thereby
generated for all exposure pathways that are then

8537

used to derive interval {rather thao point) visk esti-
mates. However, any MC interval risk estioate moust
be specified by the risk assessor to an arbitrary level
of confidencs (iypically 95%).

In Moute Carlo simulation, the statistical disizi-
butions assigned to gach input parameter must be
specified in terms of type and shape. These choices de-
termine both the variability and uncertainty imputed
onto each maodel parameter, This influences the form
of the output distributions for each cxposure pathway
and hence also the span of the confidence intervals de-
rived for each MC interval risk estimate.

Given the ubiguitous TSE informational defi-
ciency common 10 all the UK assessments, it {5 sue-
prising that the matbematical fechrique of interval
analysie, 7Y which does not rely on any probabilistic
distributional assumptions, was never used.

Interval snalysis is computationally much sim-
pler than Monte Carle simulation. It employs input
parameter intervals [xy, 1], which are respectivaly
defined by lower and upper limits 1y and x; to repre-
sent the conceivable range that 4 parameter may take.
Ne value within the interval is considered more likely
than any other, so each interval effectively represents
a gap in knowledge {(this is different from assigning a
uniform distribution to a parameter in Maonte Carlo
simulation becavse all values within that distribution
interval are then assuroed o be equally bikely). The
net effect of all such input perameter uncertaintes is
then evainated within the risk model fo obtain non-
probabilistic interval risk estimates for all the event
tree exposure pathways

5.2. Specific Approaches

In the DNV sssessments, point nisk estimates
were accompanied by interval risk estimates derived
by first-order Monte Carlo simalation. By contrast,
the (Gale assessments relied on simple calculations in
which estimates for all parameters and osuiput risks
were obtained from simple deterministic calouiation.
Justification for this encnomic 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 prions) can tmply Bo gain from increased
computativaal corplexity in the context of T8E envi-
ronmental risk assessment. They point out that wacer-
ainty in the ankmal-to-human species barrier would
be more Bkely 1o be an overriding factor in these cir-
sumstances. They suggest that the central question 1o
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be addressed in environmental TRE risk assessment
shondd Bot be what the risk of exposure ty infectiviey
is but, rather, whether it is possible that a person could

be infecied by a given exposure route,

orisd

The Gale assessments do aot incorporate prob-
abilistic risk estimation approaches. Howavesr, these
authors also appedd o key points in thelr arpu-
ments that are unsupporied. In particular, there

is no explanation to support the olalm that the
probabiity P of infection equates to the for
mule P o= 0.5 x fraction of 1 e unit &t
the lowsr part of thelr pegative-cxponential dose-
response surve ftted (o the mice data of Tayhr
e 5.5 Now s it explained why a negative sxponential
relationship shonld necessarily bold for a conglomes-
ate of prions, which, having been described cardier {in
the same text) as 2 novel pathogen, isunlikely tobe a
tvpical water-borne pathogen, Whereas the case for a
simpler approach to enwironmental BSE risk ascess-
ment is put logically by these latter authors, it is hense
aot made fully transparent.

in direct contrast to this computational expedi-
ence, the EOR rsk assessment'™ and that by Fergs-
som et al. 00 incorporate compliex dynamic modeb to
drive epidemictogical simulations that then generate
interval estimates for associated TSE risks, However,
i both these fater studies, deseriptinns of the moded
and methods by which the (very wide) confidence
xbervals wers projected for the fuure roumber of
v{"3E2 cases turned out io be mainly intractabie,

In the DNV asscssments, there e Httle or no sup-
port for the choice of perameter probability distribu-
tioms used in the Monte Carlo analyses. This is scutely
evidenced by the choice of distribotion used v rep-
resend nncertainty in the cattle-to-human spacias bar-
rier factor. The unceriainty is represented by a S-point
probability distribution that is claimed (o reflect the
contemporary SEAL advics that the cartie-to-human
species barrier factor might lie anywhere befween 1
aud 10,000, with 10 as a “best estimate™ {BCSSC,
20003.5% The chosen probability distribution assigns
a probability of 0.01 to the value of 1 and 0.2475 sach
to 10, 300, 1,000, and 10,000, Alarmingty, this implies
there is 3 probability of zero that the cattle-to-lniman
species barrier factor might (ske any other value (for
example, 15, or 131, etc). A pore natural chodoe would
be 1o zesign a trisngular distribution ranging from
1 1o 30,000 with 2 peak at 10 {as used in Cuminins
et ol 0y, Similarly, for uncertainty in the infectivity
of Ch3 tissue, no grounds are provided for the choice
of 3 log-normsl in preference o (say) 2 log-logistic
dose-response model curve. In both cases, distribu-
tion choice would be likely to influence the pereentile
confidence interval derived for each exposure risk es-
timate. All other paramster distributions eroployed
in the Monte Carlo simulations were normal, ofteg
truncated at specific lower and upper lmits without
explanation.

Such wuncations of MC input parameter distri-
butions will, in general, reduce the span of the output
distributions derived for the exposure risk estimates results of thic risk assessment were refuted. Neglig-
This, in nurn, implies the width of the peresotile con- ble risk should never be equated with a probability of
fidence iptervals for the MO risk estimates will be re- zers,
duced. Parameter distribution truncation applied in However, the absence of complete information
Monte Carlo simulation is hence necessarily a pro- on mechanisms by which T8Es may be transmined
cess that must be supported i order for MO results must inevitabdy be brovght into the TSE risk assess-
to be scienufically credible, but this crucial point ap- ment prosese Species popolation ratios and densi-
pears (o have been largely overlooked in the DNV ties of livestock, which vary in different countries, are
&55C88IEnTS. kikely 1o be {as yet) uncharted contributary faciors

£ DISCUSSION

I any risk assessroent, it has been cavtioned that
merely copcluding s risk & "possible” cannot be justi-
fiable.® It has been argued further that the langusge
in the field of TSE research may have advasced fur-
ther than the scientific understanding. @Y To serve as
3 “decision tool,” rick assessmeents must at least de-
fver an estimation of risk in terms of an ascertainable
fikelihood B2

Some of the difficulties associated with guan-
ftative TSE risk assessment have been recently
HighBghied. Gravenor and Kao® emphasized that
wverspecification of exposore pathways may result
in underestimation of frue exposure risk, As 8 case
in point, the authors cite the Canads BRE risk as-
sessment by Motley = al%® where the estimated
likelihood of infectious material being fed 1o indige-
aous cattle was considered 1o be “negligible.” In the
same calculation, the probubility of boporting BSE-
infected catile into Canada was estimated 1o be high
{at 0.007}, but this was mitigated through probable
dissipation of infectivity via & high number of expo-
sure routes With BSE having now been identified in
Canadian cattle, it would be incorrect to infer that the
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try disease transmission and persistence. As a case
in poist, this is Bhustrated by the fact that BSE has
coutinued 1o appear, atbelt in declirdny numbers, in
UK cattle born after the mammalian-derived MEBM
(WVIMBM) ban of March 1996, It has been suggested
this may be connected with continued importation
of contaminated feed from abroad after the MMBM
ban was implemented, ® but a quantification of those
risks bas yet to be made. Poignantly, it has recently
been emphasized that further risk assessment on a
global scale is reguired to evaluate the troe BSE dis-
tribution worldwide (!}

fo the United Kingdom, BSE rxisk assessments
have played a role in identfving major sk reduc-
tion measures. Mnce the UK MBM ban of July 1988,
there has been a continuous tightening of UK controls
on protein feed to ruminants. The specified bovine
offals (SBQY ban in 1989 was followed by a4 speci-
fied risk materials (SRM) ban in 1990, The SEM ban
was extended to inchude the intestines and thymus of
young calves in 1994 and then followed by the com-
plete ban of MMBM 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 Eorope have now introduced a total feed ban
on all types of MBEM to farm animals, 89

There is considerable scope for future diversifica-
ton of BSE risk assessment into a variety of uncharted
exposure risk scenarios as well as utilization of guan-
titative methods that have been adopted widely in risk
analysis. Most notably, Bayesian estimation methods,
increasingly being applied elsewhere in epideminiogy
and risk estimation, ¥ have beex targely neglected
o date.

An aspect dessrving more investigation is the sig-
nificance of varability {o the size of infective tissue
particulates. This aspect has not been fully explored
in any BSE risk asscssment. Especially important in
this respect are the studies by Anil e2a.,® which have
recently confirmed that standard technigues wsed to
stun cattle before slaughter can spread minute parts
of brain tissue around their bodies

In such complex scenarios, whers a large noon-
ber of possible exposure pathways from the source
term exist, the average amound of BEE infectivity ex-
pected to pass through each pathway would be low.
Fowever, if there is high variability in the size of the
particulates, this simple caloulation would easily un-
dercstimate the true exposure risk because the impul
sive effect of larger particulates would ot be taken
into account. This would be especially pertinent i
the esistence of a mirdmem quantal {as opposed to
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cumulative) threshold prion dose is subseguently es-
tablished. The subject conpects with recent practical
inpovations such as development of @ loop saw that
cuts out the spinal cord in the spine before the car
cass ie split at the abattoir.® In particular, Felps
et ol demonstrated statistically significant lower
risk of contamination of meat when both sheep and
cattle carcasses are split with the new loop saw as
conpared with a standard design of saw.

In summary, the generic uncertaintics encon-
tered in TSE risk assessment are:

1. Prevadence levels of TSE -infected individuals
in 3 specified population.

2. Whether or not there is a mintmum {thresh-
old} dose of prions reguired to initiate
infection.

3. Whether or not prions ingesied by an individ-
ua accuroulate in that individual over 2 perind
of thme.

4, The magnitude of the cattie-to-human or

sheep-to-hnman “species barrier” factor.

. The nature of prion transporiatiop and de-

struction through enviroamental pathways,

in

In all the UK assessruents discussed here, prion
infectivity has been consistently assumed to accunuy-
late in <Brect proporton to the amoust ogested by
the host. Thic mplies a hidden assumption: that in-
zestad infociivity does not replicate over that same
time perivd, For TSE diseases, whose incubation pe-
riod has been demonstrably shown to be dependent
on oral dosage P this simplifying assumption can
hardly be justiied. In futoare, it will be necessary (o
address the question of how time dependence can
be roeaningiolly brougbt ints TSE risk assessment
caiculations.
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