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Estimating the Human Health Risk from
Possible BSE Infection of the British Sheep Flock

N. M. Ferguson et al.

The neurodegenerative disease bovine spongiform encephalopathy (BSE) was first recognized in
British cattle in the 1980s. The government’s response was to monitor herds closely and restrict
beef sales to ensure that organs known to harbour BSE were not sold. Nevertheless, an outbreak
occurred in the late 1980s, leading to the culling of British cattle and a European ban on British
beef exports. BSE is believed to trigger a similar, fatal disease in humans called Creutzfeldt-
Jakob disease, of which more than 160 people have died following the 1980s BSE outbreak. Here
epidemiologist Roy Anderson and colleagues model the likely course of the human epidemic and
predict future deaths to be in the range 50-50,000.

Following the controversial failure of a recent study' and the small numbers of animals yet
screened for infection?, it remains uncertain whether bovine spongiform encephalopathy (BSE)
was transmitted to sheep in the past via feed supplements and whether it is still present.
Well grounded mathematical and statistical models are therefore essential to integrate the
limited and disparate data, to explore uncertainty, and to define data-collection priorities.
We analysed the implications of different scenarios of BSE spread in sheep for relative
human exposure levels and variant Creutzfeldt—Jakob disease (vVCJD) incidence. Here we
show that, if BSE entered the sheep population and a degree of transmission occurred,
then ongoing public health risks from ovine BSE are likely to be greater than those from
cattle, but that any such risk could be reduced by up to 90% through additional restrictions
on sheep products entering the food supply. Extending the analysis to consider absolute
risk, we estimate the 95% confidence interval for future vCJD mortality to be 50 to 50,000
human deaths considering exposure to bovine BSE alone, with the upper bound increasing
to 150,000 once we include exposure from the worst-case ovine BSE scenario examined.

HE aim of this study was not to evaluate the probability that BSE has entered the

sheep flock, but rather, given the pessimistic assumption that infection has occurred,
to explore its potential extent and pattern of spread. In this, we used epidemiological
parameter estimates from experimental BSE infections of sheep, and, where data are
unavailable, assumed (given the observed similarities in BSE and scrapie pathogenesis in
sheep) that other aspects of disease epidemiology resemble those of scrapie. Analyses were
constrained to be consistent with the failure to detect the BSE agent in a small sample of
180 brains® collected between 1996 and 2000 from sheep diagnosed with scrapie (giving
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Estimating the Human Health Risk from Possible BSE Infection of the British Sheep Flock

an upper bound for BSE prevalence within apparently scrapie-affected sheep of 2%; Fig.
la), and are also broadly consistent with an assessment of historical exposure of the ovine
population to meat and bonemeal (MBM)’.
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Fig. 1. Epidemiological inputs to transmission model. a, Relationship between sample size and detectable
prevalence in screening studies. b, Infectiousness of sheep as a function of time from infection (see
Methods). Sheep and human profiles are separately normalized to give maxima of 1. ¢, Survival
probability of sheep as a function of age, and assumed incubation period distribution (IPD) of BSE in
sheep. The survivorship function was estimated from annual data from the June census, slaughter, export
and disappearance statistics, and data on the seasonality of lamb slaughter. d, Before mid-1988, both
reported and unreported clinical BSE cases could be used for food (red-shaded curve). After that time,
BSE was made notifiable and cases were destroyed, so we assume none entered food. The blue-shaded
curve represents the rate of slaughter (per year) of pre-clinical infected cattle weighted by infectiousness
relative to disease onset, assuming infectiousness grows at the exponential rate of 4 per year. The over-
30-month scheme ended most bovine exposure in 1996, with estimates of residual levels (inset) being
dependent on the extent of maternal transmission of BSE. The solid black curve represents the estimated
infection hazard to cattle and sheep posed by infectivity in contaminated feed, relative to the maximum
level reached in 1988.

Key to our analysis is estimates of the infectivity in animal tissues during disease
incubation. Data are limited for BSE in sheep acquired by oral challenge, but using new
experimental results and published data from studies of both scrapie”” and sheep BSE"’
pathogenesis, we constructed an infectiousness profile. This profile was based on temporal
changes in the density of the agent in different tissues, weighted by the proportion of such tissue
in the host’s body (Fig, 1b). This profile differs from that of BSE in cattle'”", with a more rapid rise
in overall infectivity early in the incubation period in a wide range of tissues (for example, spleen
and lymph nodes). The sheep—human infectiousness profiles (Fig. 1b) adjust for tissue-specific
usage in food'” and the effect of the 1997 specified risk materials (SRM) ban in sheep.
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The distribution of the BSE incubation period in sheep 1s not well characterized, but on
the basis of the limited available data, we used an offset gamma distribution with a mean
of 3 years (Fig. 1¢) and substantial variance (intended to capture variation caused by
dose dependency and host genotype) both for sheep infected by feed and those infected
horizontally. Pathogenesis and susceptibility are dependent on the genetic background of
the host'™", and genotype frequencies of the key polymorphisms vary considerably within
and between flocks of different breeds'™"”. Collation of limited available data suggests that
roughly one-third of sheep in Great Britain (England, Scotland and Wales) have BSE-
susceptible genotypes (see Supplementary Information). Exposure of the sheep flock to the
BSE agent via contaminated feed (Fig. 1d) is assumed to mirror (albeit at a much lower level)
that of British cattle, as estimated in back-calculation analyses of the BSE epidemic'"".
Exposure is likely to have occurred as far back as the early 1980s, before the disease was
identified in cattle'™". As for BSE in cattle®, host survivorship is important given the long
incubation period of the disease. Best estimates (see Supplementary Information) are
presented in Fig. 1c (giving a mean life expectancy of 1.5 years), although more precise data
are urgently required, perhaps based on a sheep equivalent of the British Cattle Tracing
System (http://www.bcms.gov.uk).

Capturing the information in Fig. |1 requires a framework that integrates the temporal
evolution of BSE pathogenesis in the individual host (incorporating age-dependent
susceptibility and exposure) into a mathematical model of transmission within (including
seeding and spread) and between flocks. This model builds on previous analyses of

within- and between-flock transmission of scrapie”*

, and consists of a set of nonlinear
partial differential equations detailing the transmission dynamics of the agent and the
demography of the sheep flock under time-dependent exposure to BSE-contaminated
feed. The dynamics of disease transmission within the sheep population are determined
by the magnitude of the respective basic reproduction numbers of the agent within a flock
(R?) and between flocks (R)). The reproduction numbers define the average number of
secondary cases or flocks generated by one primary case or infected flock in a susceptible
flock or population of flocks. We considered three representative scenarios: (I) Rf > 1,
R{ < 1—self-sustaining transmission within a flock but not between flocks; (II) R§ > 1,
R{ > 1—the worst-case scenario for future spread, with spread within and between flocks
inducing an expanding epidemic; and (III) R3 < 1, R§ < 1—the best-case scenario, with
non-self-sustaining transmission both within and between flocks (see Fig. 2 for precise
parameter values).

For each scenario, the level of flock infection due to MBM exposure was adjusted to give
BSE prevalence below 2% of scrapie prevalence at present (consistent with the results of
ongoing studies screening sheep brains). Judgements of scenario consistency therefore
depend on the estimated prevalence of scrapie in British sheep, with such estimates being
based on limited data from detailed surveys of specific flocks (using clinical criteria for
diagnosis) and a postal survey of farmers intended to characterize national historical
patterns of scrapie incidence”*!. The uncertainties in interpreting these data (giving
estimates of infection prevalence anywhere between 0.1% and 1%, see Supplementary

6
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Estimating the Human Health Risk from Possible BSE Infection of the British Sheep Flock

Information) make large-scale (Fig. 1a) screening of the national flock for transmissible
spongiform encephalopathies (TSEs) a priority. In constructing the scenarios, we assumed
a scrapie prevalence of about 0.3%, with scenarios II and III then corresponding to a BSE
prevalence of 0.5% that of scrapie, and scenario I to a prevalence of about 2% that of
scrapie. Scenario I was thus intended to represent something of a worst case in terms of
the numbers of animals infected to date, although we cannot exclude the possibility of even
larger epidemics given the limited data currently available.

Figure 2 displays the epidemiological characteristics of these scenarios in terms of within-
flock and overall prevalence (Fig. 2a—c), and their implications for human exposure via
food (Fig. 2d—f). The estimates of exposure incorporate data on human consumption of
ovine material (see Supplementary Information), which indicate that 67% of lambs and
83% of sheep older than 12 months slaughtered for consumption in 1999 were consumed
domestically in the UK. Very few live sheep are imported into Great Britain, and most
imported lamb meat originates from New Zealand, which has never detected signs of BSE
or scrapie infection in either its bovine or ovine populations. Thus the potential risk from
BSE-infected sheep arises from home-bred animals.
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Fig. 2. Epidemiological characteristics of BSE transmission scenarios in sheep. R =2, Rf =0.8 and
Br=0.2% per year for scenario I; Rt = 2, Rf = 1.5 and s = 0.025% per year for scenario II; R = 0.8, R{
= 0.5 and Bz = 0.2% per year for scenario III; where B is assumed flock infection incidence rate per unit
of feed risk profile shown in Fig. 1¢. By comparison, B values of 0.2% and 0.025% represent per-animal
infection hazards about 50- and 400-fold less than that experienced by cattle. a, Proportion of flocks
affected through time for scenarios I-III. b, Proportion of carcasses entering the food supply infected (at
any incubation stage) with BSE. ¢, Prevalence in affected flock as a function of time since initial entry of
infection into the flock. d—f, Estimated infectivity (in units of maximally infectious carcasses) entering the
food supply under scenarios I, IT and III, respectively, derived from the infectiousness profiles shown in
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