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b-like alleles of S. invicta at four nucleotide positions,
resulting in three amino acid differences (Fig. 2).
Three of these four divergent Sinv.b’ nucleotides are
identical to the corresponding nucleotides in all 8
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The Potential Size and Duration
of an Epidemic of Bovine
Spongiform Encephalopathy in
British Sheep
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Because there is a theoretical possibility that the British national sheep flock
is infected with bovine spongiform encephalopathy (BSE), we examined the
extent of a putative epidemic. An age cohort analysis based on numbers of
infected cattle, dose responses of cattle and sheep to BSE, levels of exposure
to infected feed, and number of BSE-susceptible sheep in the United Kingdom
showed that at the putative epidemic peak in 1990, the number of cases of
BSE-infected sheep would have ranged from fewer than 10 to about 1500. The
model predicts that fewer than 20 clinical cases of BSE in sheep would be
expected in 2001 if maternal transmission occurred at a rate of 10%. Although
there are large uncertainties in the parameter estimates, all indications are that
current prevalence is low; however, a simple model of flock-to-flock BSE trans-
mission shows that horizontal transmission, if it has occurred, could eventually

cause a large epidemic.

BSE in the United Kingdom was spread
through feed containing meat and bone meal
(mbm) contaminated with BSE-infected animal
material (/). Sheep in the United Kingdom
were also fed mbm, and it is known that sheep
can be infected with BSE by the oral route (2).
No field cases of sheep BSE have been ob-
served, but it has been a concern for a number
of years (3), and the Food Standards Agency of
the UK government has recently demanded a
comprehensive search for it (4), in part because
sheep are the natural hosts of scrapie, a trans-
missible spongiform encephalopathy (TSE)
that has clinical signs indistinguishable from
BSE. If BSE is masquerading as scrapie in the
national flock, two independent estimates show
that the current number of BSE cases (ie.,
sheep that live long enough to show signs of
infection) in sheep is likely to be few. First, an
extensive survey of UK flocks found no indi-
cation of an increase in scrapie incidence during
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the height of the cattle BSE epidemic (35, 6).
The sensitivity of this study implies that fewer
than 200 flocks could have been acquiring a
case of BSE per year at the peak. Second, in the
late 1990s, of 156 brains taken from sheep
purported to be infected with scrapie, none
contained BSE, indicating that between 0 and
100 or at most 2% of yearly scrapie cases were
actually BSE at that time (4).

Using a simple age cohort analysis, we ex-
amined the extent of a putative epidemic of
BSE in British sheep and compared our results
with these estimates. Our calculations are based
on the cattle infection rate, the dose responses
of cattle and sheep, their relative yearly con-
sumption of mbm, and estimates of the number
of BSE-susceptible sheep obtained from a sur-
vey of sheep PrP genotypes (7, 8). In the year of
the epidemic peak, the number of cases of
BSE-infected sheep calculated is consistent
with both of the existing estimates. Should there
be horizontal transmission of BSE from sheep
to sheep, a model of flock-to-flock BSE trans-
mission shows that even if current cases are
few, such an epidemic could be in its very early
stages and a substantial epidemic in the future
cannot be ruled out.

The susceptibility of sheep to BSE is strong-
ly associated with the encoding of glutamine
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(Q) at codon 171 in the PrP gene (9); sheep that
are QQ'7! homozygous for this allele are char-
acterized by shorter incubation periods than
QR!7! heéterozygotes (10). Sheep that do not
encode Q at position 171 appear to be resistant
to BSE. The number of susceptible sheep in the
United Kingdom was calculated from a study of
UK sheep farms in which over 10,000 sheep in
36 flocks from 27 breeds have been PrP geno-
typed (11). We restricted our analysis to 4580
sheep born before 1997, because the introduc-
tion of genotyping at this time began to sub-
stantially increase the numbers of TSE-resistant
sheep in our study. These data were combined
with the breed distribution of British sheep
revealed by a recent postal survey (12) to obtain
an estimate of the total genetic contribution of
the various breeds. All flocks were categorized
as either “Hill and Upland” or “Lowland,” and
the genotype profiles for these two sectors were
calculated from the breed proportions. These
sectors were considered separately because of
their different breeding structure and different
per capita consumption of feed concentrate that
was potentially BSE contaminated (3). Aver-
age genotype proportions were assumed for
breeds for which there were insufficient data,
and genotypes of crossbreeds were inferred
from the genotype profile of the sire and dam
breed types. Of about 8.0 million breeding ewes
in the Hill and Upland sectors in 1987, we
calculated that 35% were QQ'”! homozygous,
49% were Q(R/H)'7! heterozygous, and 16%
did not encode Q at position 171. Of 8.6
million breeding ewes in the Lowland sector,
the percentages are 31, 52, and 17%, respec-
tively. We assume equal susceptibility for all
Q7! carriers but (based on experimental
sheep infections) different incubation peri-
ods. Oral exposure of QQ!”! sheep to high
doses of BSE resulted in 30% with clinical
signs after 2 years post infection (ypi) and
another 20% by 4 ypi (14). The experiment is
ongoing, and we assumed that the remainder
would develop clinical signs by the end of
their next ypi, i.e., another 20% at 5 ypi and
the last 30% at 6 ypi. Only one incubation
period is known for QR!7! heterozygotes; at
about 5 ypi, it is consistent with incubation
periods for heterozygotes in intracerebral in-
oculation experiments (/4). We assumed an
incubation period for Q(R/H)'"! heterozy-
gotes that took the same shape as for the
homozygotes but shifted to be 3 years longer.

We calculated the dose response for sheep
using a logistic curve, with a slope estimated
from titrations of scrapie in mice (/5). The
intercept is obtained by noting that 2 of 10
[95% confidence interval (CI): 4 to 56%)] sus-
ceptible sheep developed BSE after consuming
0.5 g of infected cattle brain (i.e., 20% of sheep
developed BSE after being fed an infectious
dose of 0.5 g, or ID,, = 0.5 g) (J0). These
parameters are consistent with the prevalence in
two ongoing experiments of BSE infection ob-
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served in QQ'7! sheep fed 5 g of brain (14, 16).
For cattle, we assumed the same slope and
noted that 70% (95% CI: 35 to 92%) of cattle
exposed to 1 g of brain became infected
(ID,, = 1 g) (I7). The difference between the
two curves (Fig. 1A) represents the species
barrier (7). As the confidence intervals over-
lap, we considered that, at worst, contaminated
mbm is equally infectious to sheep and cattle.

We considered four factors when determin-
ing the exposure of sheep to contaminated
mbm: consumption of contaminated mbm by
cattle, distribution of contaminated material in
mbm, relative consumption of feed concentrate
by sheep compared with cattle, and relative
proportion of mbm in sheep and cattle feed
concentrate. We did not consider the possible,
but unquantifiable effects of scrapie infectivity
also being in mbm, as any effect of competition
between scrapie and BSE strains (/&) would
only be to lower the limit on the number of BSE
infections initiated in sheep.

The first cases of BSE in cattle may have
occurred as early as the 1970s. Because of
recycling of infectivity in feed, the force of
infection of BSE on cattle increased every year,
with cattle born in 1988 at greatest risk of BSE
infection. In that year, the ruminant feed ban

greatly reduced the force of infection, and the
comprehensive ban of mammalian mbm in all
animal feed in 1996 is likely to have virtually
eliminated it (/). It was estimated that 17% of
cattle born in 1988 were infected with BSE and
would have shown clinical signs had they lived
to 10 years of age (19). Dairy cattle were at the
greatest risk, accounting for almost 90% of
cases (/9), implying that 28% of dairy cattle
would have been infected. Although there are
indications that exposure was likely to have
been broad and at low dose (20), we used two
scenarios to calculate the exposure limits. In the
first scenario, we assumed that cumulative
ID,¢’s were fed to 100% of cattle in dairy
herds. In the second scenario, we considered
highly aggregated doses, where 24% of all cat-
tle (or 37% of dairy) are assumed to have
received ID,5 doses. As an additional scenario
to illustrate the range of possible results, we
also calculated the epidemic size for the sit-
uation where 56% of dairy cattle received
ID,, doses. We assumed that aggregation of
infectivity in cattle and sheep feed is propor-
tionate (for example, if all cattle were ex-
posed, this implies that all sheep were ex-
posed), and this resulted in more infected
sheep in the second scenario than in the first,
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ity of infection in sheep. The open sym- Probability of infection (cattle)
bols represent the known data (M, 2 of §100
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where the superscripts represent the re- 107 it SN
spective quantities for sheep and cattle 1986 1988 1990 1992 1994
in the logistic regression equation and y Year

is the relative amount of mbm fed to

sheep compared with cattle. In this figure, 50% of dairy cattle are assumed to have been exposed
to IDgg’s, and sheep concentrate is assumed to contain 50% as much mbm as cattle concentrate.
(€) Probability of infection for sheep and cattle between 1986 and 1995. As the probability of
infection for cattle is known from 1986 to 1995 (79), we can generate the equivalent probability
of infection for sheep. The three lower curves represent low infectivity (®, 100% of dairy cattle
are exposed to ID,g’s, 10% as much mbm in sheep feed as in cattle feed), intermediate infectivity
(A, 50% exposed to ID.'s, 30% as much mbm in sheep feed), and high infectivity (®, 37% exposed

to ID,5's, 50% as much mbm in sheep feed).
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with intermediate values in the third scenario.

The yearly production of feed concentrate
for sheep and cattle in the United Kingdom is
known (21) as well as the number of breeding
ewes and cattle that consumed it. Lowland
sheep consumed the most feed concentrate,
and all lambs consume little. Here we assume
that their consumption is negligible (/3). The
sheep per capita consumption of concentrate
rose slowly in the years of interest. Compared
with cattle, sheep were fed about 100-fold
less concentrate in 1986 and 50-fold less in
1995. Throughout the time frame considered
here, the proportion of mbm in sheep feed
concentrate would have varied but would
have been at most equal to the proportion in
cattle feed concentrate and probably much
less (13, 21, 22). In this analysis, we investi-
gated a range of between 10 and 75% inclu-
sion of mbm in sheep feed compared with
cattle feed. Using these scenarios, we calcu-
lated that, at the peak of exposure in 1988,
between 0.0016 and 0.0046% of susceptible
Hill and Upland sheep and between 0.0067
and 0.19% of Lowland sheep became infect-
ed. Exposures were calculated in a similar
fashion for all years between 1986 and 1995
(Fig. 1C). Exposure through mbm in other
years was assumed to be negligible.

There is evidence for the maternal trans-
mission of natural scrapie in sheep (23), and
it must therefore be considered a possibility
for BSE in sheep. Scrapie infectivity has been
found in the placenta of infected ewes as
early as 477 days before their developing
clinical signs (24). In our analysis, we con-
sidered maternal transmission rates of 0, 10,
and 30% occurring over the entire course of
the infection.

We calculated the time course of the feed-
borne epidemic using an iterative model, updat-
ed in yearly time steps. Variables included in-
fection status, age cohort, genotype, and flock
type (25). For 50% mbm inclusion in sheep feed
compared with cattle, at the epidemic peak in
1990, there were about 210, 110, and under 80
clinical cases, for the scenarios where 37% of
cattle received ID,’s, 58% received ID,,’s, and
all received ID,’s respectively. For 30, 10, and
0% maternal transmission, the number of cases
of BSE in 2001 was calculated to be 19, 4, and
0 for the upper limits of infected feed exposure,
16, 4, and 0 for the intermediate values, and 14,
4, and 0 for the lower limits. Example epidemics
are shown in Fig. 2. The “worst” of these sce-
narios presents a sensible outer limit for param-
eters values. However, data on key parameters
are scarce, and so in Fig. 3, we present the
impact of extreme parameter values, while
stressing that they lie at the limits of consistency
with the best information currently available.
Even for these extreme scenarios, the predicted
number of current cases of BSE in sheep is few.

If BSE in sheep behaves like scrapie, it may
be horizontally transmissible. Furthermore, be-
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maternally transmitted infections. (C) Prevalence of sheep infected with BSE for intermediate (56%
of dairy cattle receiving ID,,'s, 10% maternal transmission and mbm in sheep feed, 30% compared
with cattle feed) values of the epidemic parameters. (D) As for (B), referring to parameters in (C).
For lower values of parameters (100% ID,g's, 0%, 10%), the number of cases is near zero
(maximum of 20 infected sheep in 1990, none in 2001). The white area represents those age 0 to
3 and the diagonally dashed are those aged 3 and above. The proportion of the white area below
the solid lines is the number of maternally transmitted infections.

Fig. 3. Sensitivity
analysis. Comparison
of model output for
changes in various pa-
rameters with an as-
sumed baseline of
58% of dairy cattle re-
ceiving 1D, doses,
slope of the dose re-
sponse curve of B, =
4.5, 30% mbm fed to
sheep as compared
with cattle, ID,, dose
for sheep 1.6 times

Dose-
response

% mbm  Species  Maternal

barrier transmission

the 1D, dose for cattle (species barrier effect), and 10% maternal transmission. Represented on the
figure ‘are changes in (i) the number of infected sheep in 1988 (solid bars, baseline value 295
infected), (i) number of clinical cases in 1990 (horizontal stripes, 38 cases), (iii) number of infected
in 2001 (dot pattern, eight infected), and (iv) number of clinical cases in 2001 (vertical stripes, one
case). Along the x axis, each group of bars represents, from left to right, 28% of dairy cattle receive
IDgs's, B, = 3.5, 75% mbm, no species barrier, and 50% maternal transmission. Changing the
distribution of infected mbm so that relatively few sheep ate large lumps of potentially infectious
mbm had the greatest effect on the early epidemic. Of most current concern is maternal
transmission, which is the most important parameter for prolonging the epidemic and increases the
current number of clinical by more than an order of magnitude.

cause of the high prevalence of the Q'”* codon,
virtually all sheep flocks would have some sus-
ceptible animals and be considered to be at risk.
This is very different from scrapie, for which the
epidemic peaked several hundred years ago,
possibly because of selection against susceptible
genotypes (26), and thus, a BSE epidemic is
potentially much larger than one might infer
from the current low prevalence of scrapie.
TSEs have very long incubation periods, and so
the impact of horizontal transmission may not
yet be felt. A hypothetical scenario based on a
flock-to-flock model of scrapie in sheep (27,
28), which is consistent with existing within-
flock scrapie transmission models (29, 30)
and known large scrapie outbreaks (26),
shows that an epidemic based on horizontal

transmission may yet be in its early stages and
below the detection level of prior analyses
(Fig. 4).

The uncertainties in some parameters leave
wide margins on our estimate of how many
sheep may currently be infected with BSE, but
these analyses provide reassurance that, so long
as BSE is not horizontally transmitted and is
vertically transmitted at rates comparable with
other TSEs, the current population of UK sheep
contains none or at most only tens of individu-
als that are infected with BSE. These are most
likely in the lowland flocks that consume the
majority of feed concentrate. Should horizontal
transmission be occurring at a significant level,
current numbers are still likely to be low, but
they may be rising, emphasizing the importance
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Fig. 4. Flock-to-flock BSE trans- 400 v 400
mission. The model was modi- @ A o
fied from a flock-to-flock model 8§ 300 | \ % - 300 E
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within-flock epidemic). Sheep in- 2 3
fected through the feed route % 50 k3
were assumed to be potentially g— E
infectious up to 1 year before g 25 £
developing clinical signs. Sheep 2 2
infected through the feed route 0

might have a different probabil-
ity of infecting others than sheep
infected by horizontal transmis-
sion, and so here we seeded the epidemic with 10% of all sheep infected through feed in their last year
before developing clinical signs. For the parameters used here (the baseline parameters from Fig. 3), the
number of sheep infected by maternal transmission was small, and so these sheep were not treated
differently from sheep infected through feed. Within-flock epidemics were characterized to be consis-
tent with documented scrapie epidemics and existing within-flock models. The relevant model param-
eters were as follows: the within-flock basic reproduction ratio, R;¥ = 3.0 (the average number of
secondary infections resulting from introducing a single infected animal into an otherwise susceptible
flock, which must be greater than 1 for an epidemic to occur), the rate of recovery of exposed flocks
(0.5 year™"), the rate of development of major epidemics (0.1 year™?), the rate of recovery from major
epidemics (0.1 year™"), and the average disease prevalence in exposed flocks (two per flock) and
afflicted flocks (55 per flock). (A) The number of flocks with infected sheep (of 50,000 flocks in the
national flock) and the number of infected sheep. (B) The number of flocks that experience clinical cases
per year and the incidence of clinical cases. Curves are stacked to show the sum of afflicted flocks
(vertical lines), exposed flocks (solid region), and flocks containing sheep infected through the feed route
(diagonal stripes). The dashed line (not stacked with others) represents the prevalence of infected sheep
in the national flock (A) or the annual incidence of clinical cases (B). This is a hypothetical epidemic to
show that horizontal transmission is consistent with the estimates of low current incidence; however,
there are many scenarios for which this is true. In particular, if the between-flock R, is less than 1, the
epidemic dies out even if R," is greater than 1 (although any horizontal transmission will increase the
duration of the epidemic). Unless the peak of the feed-borne epidemic is sufficiently large, stochastic
effects may also drive the horizontally transmitted epidemic to extinction before it can take off;
however, our purpose is to describe the long-term behavior of an epidemic consistent with low current
prevalence rather than make an exact prediction.
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