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Projections of the future course of the
primary vCJD epidemic in the UK:
inclusion of subclinical infection and the
possibility of wider genetic susceptibility

Paul Clarke' and Azra C. Ghani

Department of Infections Disense Epidemiology. Imperial College London,
St Mary's Campus. Norfolk Place, London W2 1PG. UK

The incidence of variaut Creutzfeldt-Jakols disease (vCID) in the United Kingdom appears
to be in decline. with only four deaths reported this vear (to 6 Septeniber 2004). However.
results of a survey of lymphoreticular tissues lave suggested w substantially higher
prevalence of vCID than expected from the clinical data alone. There are two plansible
explanations for this discrepaney: first. a proportion of those infected will not develop clinical
disease (subclinical infection): and second, the genetic gronp in which no clinical cases of
vCID have yet ovenrred is susceptible. Using mathematical models for the primary
trausmission of bovine spongilorm encephalopatly to humans, we explore the inpact of these
Livpotheses on case predictions. Under the first hypothesis. the results suggest relatively few
future cases will arise via primary transmission. but that these cases are a small proportion of
those infected, witly most having subclinical infection. Uneer the second hypothesis, results
suggest a maximum fivefold increase in cases, but this hypothesis is unahle to account for the
discrepancy hetween clinical cases and the estimated prevalence. Predictions of future cases
of v therefore remain uncertain. particularly given the recent identification of additional
cases infeceted wia blood transtusion.

Keywords: bovine spongiform encephalopathy; epidemiology: mathematical model;
projections; variant Creutzfeldi—Jakob disease

detect the presence of the abnormal prion protein in
appendix and tongil tissues (Hilton et al. 20040), The
study protocol identified positive. or infected, samples
by the pattern of immunolistochentical accmmnilation
of infectious wmaterial in the lvmphoreticular system
(Hilton et ol 1995, 2002 Lrowside et ol 2000). This
technique i widely nsed in other studies of animal
neurodegenerative diseases (Sclwender ef ol 190%:
O'Rourke et al 2000, 2002). where. as with vC(.ID.
thiere is little or no immune response and no reliable
blood fest available. In the study, three positive results
were found among 12 674 admissible samples. Inter-
preted naively. this fignre corresponds to a prevalence
estimate of 235 per million (95% confidence interval
(C1): 49-692 per million). If rlis interpretation is
correct. it implies that the extent of the vCJD infection
in the UK population is far greater than was expected
given the cmrrent nuderstanding of the disease and the
number of clinical cases to date.

The discrepancy between prevalence estimates is
Important becawse it challenges some of the working
assumptions made about kev parameters of vCJD.

1. INTRODUCTION

The probable link between the outhreak of new variant
Crentzieldt-Jukob disease (vCJID) and the hovine
spongiform encephalopathy (BSE) epidewic in cattle
was established in Marel 1996 (Collinge of al. 1996;
Will et ol 1996: Bruce et al. 1997). To date. there have
been 147 confirned cases of vCJD reported in the
United Kingdom. ouly four of whom remain alive
{(http://www.cjd.ed.ac nk/figures.hitm-—accessed 6
September 2004). Recent trends in the incidence of
v ID strongly suggest that the primary epidemice is in
decline following the peak of 28 cases in 2000. This
pattern hax resulted in projections that suggest
relatively small nummbers of future cases (Cooper et ul,
2000; Huillard d"Aignaux et ol 2001; Valleron et ol
20017 Glhani et ol 2003a). Projections are made by
combining information on the BSE epidemic with
assnmptions abont key parameters of vOUID. such as the
incubation period distribution. However. consideralle
uncertainty remains regarding some of these assump-
tions, il henee about the projections themselves.

Some uncertainties in the nnderstanding of vCJID
have been highlighted by recent results frum a study to
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which until now have been impossible to gquery.
However. this advantage is offset somewhar by new
uncertainties swweroninding the diagnostic tests nsed to
identify infected tissue samples. In particular, little is
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Fignre 1. Time series of the number of clinieal eases of vOID by date of death to the end July 2004,

known abont the seusitivity and specificity of the
diagnostic tests over the course of the inenbation
period. or whether all positive tests (as defined hy the
study protoecol) correspond to the same manifestation
of v(')JD «s has been seen to date.

The purpose of this paper is to investigate the
sensitivity of current model projections of the primary
epidemic to biologically plausible alternative asswmp-
tions about the kev discase parameters, and to
uncertainties concerning the diagnostic tesis. We
begin by presenting some background inforuation
about the UK outbreak of vCJD, and describing the
two data sets in more detail. We follow this in §2 by
introclueing in detail a wmodel framework, which was
originally developed to predict future cases. and its
extension to consider the additional nncertainties
highlighted by the survey of lymphoreticular tissnes.
In §3. we describe the projections obtained using the
original nmodels. i §4, we consider the implications of a
crrrier state for projections of the primary epidemnic. In
§h. we consider the implications of wider genctic
susceptibility. We discuss our findings and draw
conelisions in g6,

1.1. The UK epidemic

vOID is a menber of the trapsmissible spongiform
euceplialopathy (TSE) family of neurodegenerative
diseases, affecting wany species including hmmans
(knru, sporadic CJD. iatrogenic CJID). cattle (BSE)
and sheep (scrapic). They are often called “prion’
diseases becanse infection results in conformational
changes to host prion proteins. which resnlt in
abuorial protease-vesistant priow proteins (PI‘P’“")
that propagate and are markers for neurconal loss and
spongiform chianges (Pan et ol 1993; Jackson et al
1999).

There is now substantial evidence linking vOJD to
the aetiological agent causing BSE in cattle (Collinge

Jo R Sor. Interface (2000)

et al. 1996: Bruce ef al. 1997). with oral consumption of
infected meat and meat products being liypothiesized as
the primary ronte of infection (Cooper & Bird 2002, b,
2003). A thne-series of vO.ID onsets and deaths from
1995 to the cwrrent time (July 2004) is presented in
figure 1. These data appear to indicate that the
outhreak is in decline: the number of deaths peaked at
28 in 2000, with only four deaths so far this year (to 6
September 2004),

The age distribution of vCID cases lias remainerd
constant over time. snggesting that the effect of age on
exposure awd susceptibility for vCJD is far stronger
than its effect on the incubation perivd {Gliani ot of
2000. 20035). Genetic factors also play a strong part.
with polyviorphisins at codon 129 of the prion protein
(PrP) known to influence susceptibility to infection and
the length of the incubation period in other rion
diseases (Alperoviteh et al. 1999: Brown et al. 2000: Lee
et al 2001). To date. the 113 clinical cases that have
Deen genotyped have been methionine (MM) Lomo-
zygous af codon 129 of the PrP gene. The Cancasiau
population is comprised of approximately 40% MM
homozygotes. 10% valine homozvegotes (VV), and
50% heterozygotes (MV) (Owen et al 1990: Collinge
et ol 1991 ).

1.2. Results of appendiz survey

Tests to deteet vOID infection prior to the onset of
clinical symptoms have been recently developed. hased
on the pattern of PrP™ acenmmlation in Lynaphioretic-
ular tissne (Hilton ¢f ol 1998: Maissen ef af. 2001). Two

large-seale stndies have been mndertaken in the UK
using sneli tests to investigate the prevalence of vCJD
infection. while a further swrvey is underway in
Switzerland. The only results enrrently available are
fromt a large retrospeetive sarvey of stored tonsil and
appendix tissues removed from operations in the UK
between 1996 and 2000 (Hilton of al 2004a). Under
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the stiudy protocol, the survey detected three positive
appendix tissues in a sample of 12 674 tissnes. the
majority of which were appendix tissues derived from
the 10-30 age group. This translates to a detectable
prevalence of 237 per million (95% CLI 49-692 per
miillion) in this age group if we assune that the tests are
L00% sensitive and specific throughonut the course of the
menbation period. The tests are known to he highly
sensitive for individuals who have developed clinical
diseaser Hiltonr et al. (2004 a) fovned 19 of 20 tissues from
clinical cases tested positive. However. it is likelv that
the test sensitivity is much lower early in the incubation
period, cither becanse only small quantities of PrP™
would have accumulated in the tonsil and appendix
tissues. or because PrP™ appears in tonsil and appendix
tissues only towards the end of the incubation periocl.

2. MODEL FRAMEWORK

In this seetion. the models nsed to make projeetions
based on the clinical cases and the results from the
survey of lyiuphoreticular tissues are presented. The
discrepancy hetween the two data sets. which moti-
vates the extensions of the model presented here, is
discussed in §3.

2.1. Original model

The probability that a susceptible. MM genotype
imdividnal dies from clinical disease at time u and apge
o is given by

4

plu, o) = Sl (L}J BIp(t o —u+ ) f(u — tylt

=

(2.1)

and the infection prevalence among susceptible indi-
viduals at (u. o) by
it x

r{u, a) = S{u, a) I
{

Jo

n

Bt a—u -+ f){[

(2.2)
where S{u, o) is the all-cause survival probahility
estimated from UK census data. f(») is the inenbation
period distribution. 8 is the transmission coefficient,

and

lba—u+t)=Tua—u-+t)

X (.lxp{—— [ BI(t .o~ u+ t’)(lt{},
Jo

The age- and thne-dependent hazard It «) in eqnation
(2.3} is given by

I{t. a) = v(t)gla) [.Q(‘:)w(f. 2)elz. (2.1

where »(#) is the effectiveness of control measures
limiting the bovine tissnes allowed into the hnman food
supply. g{a) an age-dependent. susceptibility-exposure
function. Q(z) the relarive infectionsness of a bovine
with BSE slanghtered at thue z into its incubation

JOR. Soe. Inderface (2005}

Flo— f)(lzf}df.

period, and w(t. 2} the proportion of cattle slanglitered
at time ¢ and tine z from disease onset,

Farther details on the assumed parametric form of
the incabation period. exposure-susceptihility function.
han effectiveness. relative hovine infoctiousness and
slanghtered cattle have previously been published
(Glang ef ol 1995, 20034). In summary. f{u) follows a
forr-parameter generalized lambda distribution. ol )
13 a piccewise mniform distribution with  ganma-
distributed tails. »(¢) is a binary step-fanetion. Q(z) is
a distribution whicli increases exponentially in tle
upper tail. and w(t. 2) is obtained from recent estimates
of the munber of BSE-infeeted ardmals that entered the
food supply over time (Ferguson af al, 2002),

To facilitate esthuation. it is necessary to derive
expressions for the expected values of the clinical cases
(incidence) and survey data (prevalence). Under
maodel I, the original model. the expected mumuber of
cases in the entire popnlation aged o at time u« can be
written

el a) = Blu— a)mwp(u. a). (2.5)

where B{u—a) is the number of individuals born at
time #—a (also obtained from UK censos data). and
m=0. i3 the probability of an individual having the
MM genotype, Before considering the infection preva-
lence, it is necessary to extend equation (2.2) to
incorporate a plausible scenario for the diagnostic test
sensitivity. In the absence of any conerete evidence
about the true test sensitivity, a simple time-dependent
scenario is chosen here. following a step fimetion where
the sensitivity is 0% until the last 1007% of the
incubation period. after which it is 1006 sensitive.
For this scenario. the detectable infection prevalence
can be written

d{w. ) = [ Bl t.a—u-+ f){aJ O () fler— f)dn}dh
JU u
(2.6)

where 8, (v) =6{{v—t)r < u— t} aud §(z)=11if zis true
and O otherwise. For example, the choice r=g=1
corresponds to a test with LOO%: sensitivity. It follows
that

vi{ua) = DBlu— ayrr(u.a).

g -

di(w.a) = Blu— aymd(u. a) (2.7)

are the expected infection prevalence and detectalle

infection prevalence frequencies, respectivelv, of all
individuals aged a at time «.

The model. and its extensions to be defined in §§2.2
and 2.3. is fitted to the clinical cases and survey data
wsing maximinn likelihood estimation. and approxi-
mate 95% coufidence intervals for the parmmneters
obtained using the profile likeliliood method. Sce
Appewdix A for further details on maximmm likeliliood
estitnation and profile likelilood confidence intervals.

2.2, Inclusion of a carrier/subclinical state

To relax the assumption that all individuals will go on
to develop clinical discase. an extra paranicter o is
included in the model defined abuove, to represent
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the probabhility that an individual is infected but does
not go on to develop disease (Le. subelinical infection),
Denote this by model I1L the carrier model. The expected
case and prevalence frequencies ander model IT are

o

/315(1‘. a—u-+t)

PRl

eluca) = Blu— aynS{u. a) [

X (1 = e)f(u — )t (2.8)

and

(. a) = Blu— n)aS(n a) [ Bl;(tw—u+1)
Ju

£
X {w + (1 - m)J Jlue— f)(l-u}df. (2.9)
u
whiere flu) is now the incubation period distribution
among those who do not develop subclinical infection.
The expression for the detectable infection preva-
lence under the carrier model requires a scenario for the
test sensitivity to be specified for sabelinieal infections.
For preclinical infections, the time-dependent sensi-
tivity scenario in equation (2.6) follows a simple step-
function allowing the diagnostic test to become more
sensitive towards the end of the incubation period,
which can be specified as before with the test 1000,%
sensitive in the last 1007Y% of the incubation period.
However, a time-dependent sensitivity function for the
stubelinical infections cannot be specified in this way
because theve is no incabation periad. Instead, the test
is fixed tu he 1000,% sensitive from the time of
infection, where o, corresponds to the average seusi-
tivity over the course of the infeetion period. Thus, the
expected detectable infection prevalence frequency in
the population is

o

dyl{wa) = B{u— a)wS(n. u) [ Bly(t.a—u+t)
JO

o {v)f(n— t)rln}(lt.
(2.10)

X {wm + (1 —w)a., I

Ju

2.3. Wider genetic susceptibility

To extend the model to allow all genotypes to be
susceptible to infection. we begin by splitting the
population into two groups based on whether the host is
MM or non-MM homozygous (MM) at codon 129 of the
prion protein gene. It is assmned that no other genetic
traits are involved iu determining hdividual suscepti-
bility. and rhat the effects on susceptibility of the MV
and VV genotypes within the MAI group arve equal. It is
possible to speeify a more complex model of genetie
heterogeneity but. withont information on these genetic
characteristics in the vCJID patients to date. it is not
possible to constrain any generated scenarios.

We can now extend the original model to allow for
differential susceptibilivy to infection and  disease
pathology by genotype. First, assume that the con-
sumption and exposure to infected food products is the
samie for the MA as for the MM groups. implying
that o(f). £(z). w{f. z) do not vary by genotyvpe. The
age-dependent  exposare-suseeptibility function from
cquation (2.4) can be written g(a)= g (a)g(a)g.(a):

LR Soe. Interfoce {205}

namely. the product of the suseeptibility, the additional
risk of consuming iufectious prodncts and mean food
conswmption frequeney for individuals aged a (Ghani
et al. 1998}, The assumption that cousumption of. ad
exposure to. infected food products is genotype-
independent  implies that ¢ (a) and g.(«) are also
eqnal for the MM and MAI genotypes.

Second. note that the average probability of an
individual aged abeing infected i3 Bg.{ @) (under a lincar
dose-response model and other velatively minor
asswnptions). We shall further assume. for the sake of
parsimony in the fortheoming analysis. that the relative
susceptibility g(e) is genotype-independent. bt thar
the transmission cocthicient is not, and denote the
cocfficient for the MM gronp by 8%, In other words, the
ratio between any two age-specific infection probabil-
Ities is genotype-independent. hat the ahsoliute visk of
fection is genot ype-dependent.,

Finally. we allow the ineubation period distribution
to vary by genotype. Denote the probability density
funetion for MM group by f*(u). Under maodel T for
wider genetic suscoptibility, the expected cases fre-
quency can be written

c(u, ) = Blu— a){wplu.a) + {1 —mw)p™(na)},
(2.11)

where plu, o) i3 defined by equation (2,1). and

is

P, a) = S(u, a) [ Iy=(t o — u + 3% (0w — #)dt

oSG
is its analogue for the MM group. The expected
infection prevalence frequiency is

) = Blu— u)S{u.a) I IB(f.rz—— w+1)

it

X {[ 7B (v —t)+ (1 —m)B*f* (v — 1)(1':}(1#.

Ju

(2.12)

where =8+ (I=m)B*. Using the same scenario and
parameters for the test seusitivity as nsed in equation
(2.6). the expected detectable infection frequency can
be written

dl

il a) = Bu— ll)»,q(l,L‘(l.)J‘ fg(t‘u.—— w+t)

0

73

X [O’JW(ST(‘I?){ TOf{e—1t)

+(1— ;rm*f*(v—t)}du} dt. (2.13)

mder the minor assmunption that average sensitivity
does not vary by genotype.

To date, uo vOJID clinical cases in the primary
outhreak liawe heen founed 1o the MM gronp, and none
of the appendix and tonsil samples have been geuo-
typed. Thus. ueither the incidence nor the survey data
contain information about 8% and f*{u). Any explora-
tion into the impact of genetic heterogeneity therefore
recuiires a sensitivity analvsis across a range of plansible
choices of 8% aud f*{u). The approach to assessing
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Figure 2.

Likclihood profile {diamonds) for futnre cases from firting the model to {a) clinical

case dara alone and

(b} simultanconsly vo the clinical ease data and the results from the survey of Iymphoreticular tssues. The bokl line shows the
cut-off corresponding to the 95% confidence limit {based on 1 degree of Freedom). In (b, the lines with squares and triangles show
the contribution to the likelibood from the vOID case dara aud survey data respee tively.

sensitivity is to fix
g% = 03 (2.14a)

and
E(TMM)y =

W E{ TIAIM). (2.14b)

where & and ¥ are fixed constants aud 7 is a randomn
variable for incubation period that follows a four-

parameter generalized lambda  distribution with
cxpected valae
" I 1 1
Ieal sy
E(Tlg) =" + | =+ —— 1
Ay A1+ 47 1 +4]
NEH
for individuals with genotvpe g=2AIM. AMAL: /\'(" AN
‘ e g
/ﬁ{’ ./'!, are the parameters of the incubation ]wuod

AR Soe, Inierface (2005)

distribution. which has inversc cumularivo distri-
bution function X, (p)= /(;l +{p Dt (1—p) —1 }/A“'
{(Ramberg et ol 1979; Ghani e ol 1998). In other words.
throngh (2,145} we constrain the MM transmission
probability to be @ times larger or smaller than the
MM trammission probability: and throngh (2.140) we
constrain the mean MM incubation peviod to he ¥ tines
larger or smaller than the mean MM inenbation period
distribution.

As no MM genotype clinical vCID eases have vet
heen identifiod, the biologically plausible valnes of @
aud W oare 0<O KT (e the transiission probability
tor the MAL group is smaller than for MM group) and
¥ 21 (i.e. the mean meubation period is longer for MAI
genotype individuals). In practice. constraint (2, 14a) is
easily imposed by replacing 8% by @8 in the likelihood
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Table 1. Summary of maximum likeliiond cstimates and 95% confidenee intervals {in parentheses) under the original. carrier.
) g

awd wider genetie suxeeptibility modols,

{Original model diagnostic test sensitivity scenarior IO sensitive for last 1007% of incubation period. u/a: prevalence estimates
nnreliable without survey data. Carrier and wider genetie suseeptibility models itted to both chnical enses and sirvey data.
Seenario 1 for diagnostie test sensitivity: preclivdcal infections—100% sensitive far Jast 1007% of inculation period: subcelinical
tnfections—[00% sensitive. Scenario H for diagnostic test sensttivity: preclinical infections—90% sensitive for last 50% of
incubation period; subelinical infections—50% sensitive. Optinistic scenario for MM gronp: incubation period distribution—3.2
tmmes that for MM gronp: susceptibility —(.03 times that for MM group. Pessintistic scenario for MM gronpy: ieubation period
distriburion-—1.9 thnes that for MM group: susceptibility—oqual to that for MM group.)

case panboers,

wimber infeered.

probability of subelinical —2X

20042050 2004 infection log-likelihood

original model

clinieal cases only 0 (10-190) nia n/a 21.3

clinical cases and survey data 133 (3237800 140 {3610 0501 n/a 42.0

carvicr model

scenario [ 69 (10-100) 3000 (520--6810) 0.493 (0.7-0.97) 34.7

seepario I () (10-1K)) D413 (T130-13 440)  0.96 10.5858-0.99) 34.8

wider genetic susceptibility

upthnistic RE 475
pessimistic 363 40.3

function. Imposing constraint (2.145) involves fixing
AP to depend on the remaining incubation period

distribution parameters by setting

AN = wpT

MM

1 1 1

—+ ——
~ g ~ A
AQI'\I 1+A;§£1A1 i+,\;“‘

in the likelihood funetion. The parameters of mterest.
naely the future cases and future prevalence defined
below, were found to be estimable imder the constraiuts
defined by cquation (2. 14a.b); we give a justification of
this in Appendix B.

2.4. Future case-number projections and
infection prevalence frequency

In the following analysis, we wish to compare estiniates
of two population parameters under the three different
models. The most important of these parmmeters is the
numuber of future cases between 2004 and 2080, which
under maodel m is written

2060

T,,(2004. 2080) = J [c',,,(u. a)da du, (2.15)
21t

i

where m=1. 11 Il indicates the original, the carrier and
the wider genetic susceptibility models, respectively.
We shall also consider estimates of the mmler of
infected individuals in 2004

P, (2004) = [7',,,(2()()4. a)da. (2.16)

°
under model =1, IL. III. Note that d,,(n. a) does not
appear in cquation {2.16) because we are intercsted in
the wunderlying and not the detectable infeetion
prevalence frequency,

J R Soel Inferface {2005)

3. DISCREPANCY BETWEEN CLINICAL CASE
NUMBERS AND PRP®® PREVALENCE
ESTIMATES

The original model was fitted to the clinieal ease data
alone assmming that the diagnostic test is 100%
sensitive in the last 1007% of the incubation period.
where 7 is a free paramcter to be estimated from the
data (Ghand ef al. 2003a.0). The likelihood profile for
the fature mmber of deaths from 2004 to 2080 is shown
in fignre 2a. All the projections and estimates nnder the
three 1nedels defined above are presented in table 1.
From table 1. it can be seen that the maximum
likelihood estimmate nnder the original model fitted to
the clinical cases data is 70 future cases (95% CL 10

190). This estimate is clearly inconsistent with that
from the survey data, where a crude estimate of 3800
an he obtained by applying the survey results to the
population to the 10-30 age group alone. or 1850 if
applied to the 20-30 age group. again assuming 100%
test sensitivity (Hilton ef ol 20044).

The discrepancy between the results from the
clinical cases (incidence) and the survey (prevalence)
data is further highlighted by the results from fitting
the original model simltancously to both data sets.
Fignre 26 shows the likelibiood profile for the expected
nmmber of cases: diamonds denote the profile likelihood
based on botli data sets, with the sguares and triangles
denoting the contribution to the overall profile like-
liliood from the clinical cases data and from the survey
data. respectively. The future case umnbers estiinate is
133 (95% CI: 32-3780). However. the clinical case data
clearly point towards a relatively small future epidemic.
whereas the survey data suggest a larger potential
epidenic. The overall estimate is a trade-off between
the two.

There are three plausible explanations for the
discrepancy hetween these two data sets. The first
explanation concerns the obscrvation that two of the
three positive samnples had different pattorns of
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lvmphoreticular accunmlation (Hilton et ol 20044q). It
may be that the rwo differentially patterned positives
are false positives not indicating vCJD infection. Tlis
possibility remains. although lymphoreticular accnme-
lation has not been found in any disease other than
vCID. and the specificity of lymphoreticular accumu-
lation in diagnosing vCJID has beeu found to be very
high (Hilton et al 20045),

The second explanation is that the high prevalence
estimate from the survey data. as compared with the
nanber of clinical cases. indicates the presence of
asvinptomatic infection. There are two possibilities:
subelinical and preclinical infections. The former refers
to a subgroup of the population who are infected but
will not develop clinical disease; whereas the lattor
refers to a subgronp of individuals who are infocted and
will die but have vet to develop the clinieal symptoms of
vOID. To date, the evidence favours the subolinical
explanation: subclinical forms of prion disease have
been identified in animal experiments (Hill & Collinge
2003). and experiments, in which MM transgenic mice
have been inoculated with the BSE agent., have fonnd a
Ligh incidence of subclinical infection (Asante of al
2002).

The third explanation is that the different patterns
of lvmphoreticular accmumulation are the result of
genetie heterogeneity, While all the clinical cases to
date have been identified as MM, it is possible that
other genotypes will develop disease with longer
mcubation periods and/or lower susceptibility to
infection. Support for this hypothesis comes from
experimental work, which has found a relationship
Letween genotype and lymphoreticular patterning
(Parchi et al. 1999) and from the recent identification
of infection in the spleen of an individual with MV
genotype (Pedeu of al 2004). In other words. an excess
of preclinical infections owing to the effect of different
genotypes may be the canse of the discrepancy.

In the following scetions. we explore the impact of
the final two explanations on projections of the hitnre
size of the vOJD epidemic.

4. INCLUSION OF A CARRIER/SUBCLINICAL
STATE

Figure 3a shows the likelihood profile for the number of
future vCID cases obtained by fitting the carrier state
model to the clinical cases and smrvey data. The
scenario used for the diagnostic test sensitivity is
referred to as “scenario I, a straightforwand extension
of that used for the original model, witl: the test 100%
sensitive for subclinical infections as well as 1009
sensitive over the last 1007% of the mcubation period
for preclinical infections. The fit of this model is an
mmprovement on the original model {change in —2 X
log-likelikood = 15.0=34.7=11.3 on 1 degree of free-
dom gives a p-value < 0.001 nsing the likelihood ratio
test: see Appendix A2 for furtlier details about model
testing). Tle maximum hkelihood estimate for future
case nunthers nnder this scenario s 69 (95% (T
10-190). which is almost equal to the projection hy
the original model fitted to the elinical cases alone. The
likelilbood profile demonstrates the dependence of this

Jo R Snes fuierface 12005)

estimate on the clinical cases, with the contribution to
the overall fit from the survey data almost non-
informative (i.e. flat) abont the future case numbers.

Figure 3h shows the likelihood profile for the
proportion of individuals with subclinical infection for
this model. The first is scenario T defined above. from
which the probability of subclinical infection is esti-
mated as 0.93 (95% CL 0.70-0.97), which is very high.
To explore whether this nnrealistic estimate was a
result of an unrealistic test sensitiviry profile, a more
realistic “scenario 11" was considered. in which the fest is
500 seusitive for subclinical infections. and 0%
sensitive for preclinical infections. until the final 504
of the incubation period, after which it is 90% sensitive.
The second profile it fignre 3b is for scenario 1. under
which the subelinieal probability estimate is 0.96 (95%
CE0.84-0.99). which is also very high. We can condude
from this, therefore. that the high subelinical infection
probability estimate is not the result. of over-optimistic
assumptions about the test seusitivity,

Figure 3e contains the likelihood profiles for the
infection prevalence in 2004 under the two scenarios for
the diagnostic test sensitivity discussed above. Under
scenario I the maximum likelihood estimate for the
prevalence frequency is 3000 (95% CI: 520-6810). The
relatively low value ubtained here (compared with the
estimate of 3800 obtained by applving the survey
results to the 10-30 age group) is owing to the best-
fitting age-dependent susceptibility function. which
peaks strongly in the 10-20 age group and suggests
that wnost infeered individuals in 2000 (10 years on from
the peak risk of hecoming infected ) are in the 20-30 age
group. Relaxing the assumptions regarding sensitivity
ineresses the estimates. with scenario I giving the
estitnate 5413 (95% CI: 1130-13 440).

5. WIDER GENETIC SUSCEPTIBILITY

The vesults of a sensitivity analysis into the impact of
wider genetic susceptibility using diagnostic test
sensitivity scenario I are shown in the contour plot in
figure 4. The plot shows how the best estimate of
epidemic size (represented by colonr. with larger
epidemnics shown in red colours) varies according to
two parameters: the first. ¥ is the scaling of the
transmission coefficient (1 indicates that the MM group
is equally susceptible. and values less than 1 that the
gronp has reduced susceptibility conmpared with the
MM group): the second. @, ix the sealiug of the mean
ineubation period in the MM group compared with the
MM group {1 again indicates the same mean incubation
period in the two groups, and values greater than 1 fix
longer incubation periods in the MM group). Owing
to the lack of data in the MM group. it is not
posible to estimate (¥, @) beeanse the data are imahle
to diseriminate between different valies. However. all
points on the plot are plausible scenarios with which we
can perforun a sensitivity analysis.

The estimates of the total number of future vCID
cases ranges from 54 at (W, @)y={(0.03, 3.2) to 363 at
(¥, @)=(1.0, 1.Y). compared with the original niodel
predictions of T future cases. Tlns inclusion of
wider genetic susceptibility in the model results in
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Figure 3. Likelihood profiles ubtained by ftting the carrier modal to the clinieal case data and the resulis from e survey of

Ivuiphoreticular tissues. (o) Likelihood profile for fuitare cases—

the lines with squares and triangles show the contribution to the

likelihood from the vOCJD case data and survey data respectively and the line with disanonds the overall fit, (#) Likelilioexd profile

for the proportion of those infected that develop clinieal disease
to detect PrP™ in appendix tissues. (¢} Likelihood profile for
sensttivity of the tests to deteet PrP™ in appendix tissues. In al
5% coufidence limit (based on 1 degree of freedom).

a maximun fivefold increase in projections. It is not
possible to ascertain which of the scenarios presented in
figure 4 is 1nost likely given the data. because the data
contain no information abont (¥, @). However. we can
conpare vahes of —2Xlog-likeliliood, or —2LnL as
described in Appendix A.L. For example. the original
model corresponds to any special case of the wider
genetie suseeptibility ntodel with ® =0, which we know
from previously gives —2LnL=45.0. The most pessi-
mistic scenario regarding future case munbers is 363
cases when (¥, 6)=(1.0. 1.9). with —2LnL =183,

Ao R Soe. Interfave {2005)

under the two scenarios comsideresd for the sensitivity of the teses
prevalence of indection in 2004 under the two scenarios for the
Fthree plots, the bold line shiows the ent-off corresponding to the

Although we canmot use the deviance difference to test
whether this difference is significant (since the
likelihood is not adjnsted for the relative likeliloomd
of the (¥W. ®) values). it is mteresting to note that
neither conditional fit is as good as for the carrier wmodel

(—2LnL=234.7).

6. DISCUSSION

Clinical cases of vCID i the UK have continued to
decline since their peak in 2000, with only four deaths
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Figure 4. Coutour plot for sensitivity analvsis to explore the impact of wider genetie susceptibility on predictions. Tlie s-axis
shows the sealing of the mean incubation period in the non-MM genotypes compared with the MM genotvpes (e.g. 2 indicates a
mean incubation period denble that in the MM genot vpes). The y-axis shows the relative susceptibility to infection of the non-
MM genotypes compared with the MM genotypes. where a value of 1 indicates identical suseeptibility and a value less than 1
indicates lower suseeptibility. The colours and contour lines represent the total mmber of farure cases of vCID,

reported to date in 2004 {6 Septewber 2004). This
decline is in line with projections made over the past
two years hased on epidemiological models linking the
pattern of clinical cases in lunnans to past exposure
to BSE-infected animals (Huillard J*Aignanx et ol
2001 Valleron et al. 2001 Ghani ef al. 2003a.b).
The results from fitting the original epideminlogical
model to deaths from vCJID to the end of 2003 are
similar to those obtaied a vear ago (Glani et ol
2003a). with a best estimate of 70 future deatls (95%.
CT: 10-190).

Considerable debate regarding the validity of these
projections has arisen following the publication of
results of a large-scale survev of lymploreticular
tissues, from which a el higher estimate of the
prevalence of asvinptomatic infection is obtained than
suggested by the pattern of clinical cases or the
epidemiological models. However. the survey data
introduce forther nncertainty to the analysis. First,
only one of the three positive tissues showed a pattern
of staining shwilar to that observed in tissues taken
from those with clinical disease, with interpretation of
the remaining two positive tissues less certain. Second.
relatively little is known about the seusitivity or
specificity of the tests used to detect the prion protein
in these tissues. In partienlar, uncertainty in the
sensitivity of the tests relates not ouly to the ahility
of the test to deteet prion protein when it is present in
the tissue (classical sensitivity}. but also to the
distribuition of prion protein throughout the lvmplio-
reticular system at different stages in the inenbation

JoR Soes Dnterfacr 12005

period. It is worth noting that less than perfect
sensitivity. which is highly likely. only further widens
the discrepancy between the clinieal cases aned the
survey results.

If the swrvey results do indeed represent a higher
prevalence of infection thau expected. this does not
necessarily invalidate the projections made for future
clinical cases. Instead. it questions some of the
underlying assumptions that are made regarding the
link hetween prevalence of asymptomatic infeetion sl
clinical cases. One of the most plansible explanations
for the discrepancy hetween clinical case wnmbers aud
this estimated prevalence is the possibility that a
proportion of infected individnals do not go on to
develop clinical disease within their normal lifespan.
Distinction is often made hetween preclinical infections
(those anhnals or lnumans in whom neuropathological
and biochemical changes and accunmlation of prion
protein in the brain can be observed. but who do ot yet
Liave overt svinptoms of disease) aud subelinieal
infeetions {in which infeetivity and acennmlation of
prion protein are observed. but who do not go on to
develop elinical disease within normal lifespan). Given
our still limited understanding of discase pathogenesis
for TSEs. it remains diffienlt to distinguish between
these two states (Hill & Collinge 2003). One hivpothesis
for thie differential pattern of staining observed in twe of
the three positive appendices conuld be that these
individnals were subclinically infected. Inclusion of a
subelinical state in onur inodel significantly improves the
fit of the model to both data sets, with projections of
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future clinical cases similar to those obtained by
fitting the wmodel to the clinical case data alone,
However, even assnming that the tests in tonsil and
appendix tissues are 100% sensitive throughout the
course of the incubation period. the estimate of tle
proportion of individuals that do not go on to
develop clinical disease is 93% (95% CL 60 97%).
For more realistic values for the sensitivity of tests
througl the course of the incubation period (90% in
the last 50% of the inenbation period, 0% prior to
this) and for subclinical infeetions (50%), this
estimate is much higher (estinate 96, 95% (1
3:4-99%). While this model best fits the data. it
remains debatable us to whether such a high proportion
of infections unot resnlting in clinical discase is
biologically reasonable.

An alternative hypothesis for the differential pattern
of staining observed in two of the three positive appendix
tissnes is that these conld represent infection in non-MM
Lownozygous individuals. The genotype of these tissnes is
not arrently known. While to date no clinical cases of
vOID have heen observed in either valine lonmozygons
individuals or heterozygons individuals, recent identifi-
cation of subelinical infection in a heterozyvgons
individual infected via blood transfusion suggests that
future cases are possible in these genotypes (Peden of al,
2001). In particular, it is well documented that the
incubation period in homozypons individuals is
generally shorter than that in heterozygous individuals
for other human TSEx such as kurn and sporadic CJD
(Cervenakova et al. 1998: Huillard d"Aignaux ot ol.
2002}, In addition. it is possible that VV and MV
individuals conld be less susceptible to infection
(Cervenakova of al. 1998; Brown et al. 2000; Lee ef ol
2001). Our sensitivity analvses suggest that, even in the
worst-case scenario; when non-MM homozygons indi-
viduals are equally susceptible but liave longer meau
incubation periods than MM-homozygons individuals,
the best estimate of the potential scade of the epidemic is
unlikely to exeeed 400 future cascs. Parthermore,
inclusion of wider genetic susceptibility in the meodel is
unable to explain the large discrepancy between the
rutbers of clinical cases aud the results from the survey
of lvmphoreticular tissues.

The analyses prescuted lhere do uwot consider the
potential role of secondary transwission via blood or
surgical instruments. Recent reports of the proballe
transmission of vCJD via blood transfusion have
highlighted the potential for a secondary epidemic of
vCID (Llewelyn et ol 2004: Peden ef al 2004). Public
Lealth measures. including lencodepletion of blood
introdneed in 1999 aud the ban on blood donations
from those who lLave received Dlood transfusions
nitiated in Marcl 2004 and further increased in July
2004, are now in place to minimize the eurrent ane

! H H 1 {a’;,(vu o) (u. a)

Blu— a}S5{un. o)

<1 1
&1y aet, Tow Yo

future risk of transmission via this route {Department
of Health 2004). Mowever, the Ligh estimate of
prevalence of infection, whether preclinical or sul-
clinical, from the smvev of lvmphoreticular tissues
could have mportant iiplications for the potential
for futnre cases of vCID arising via past €XPosure
to infected blood. Because of the many ncertainties
in the transmissibility and extent of exposure vin
this toute. the magnitude of any future epidemic
arising via secondary transmission remains lLiighly
meertaii.
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views expressed in this  publieation are those of the
authors wd not necessarily those of the Department of
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Rowval Society.,

APPENDIX A. STATISTICAL METHODS
A.1. Mazimum likelihood estimation

Data are available from two independent sources from
which the likelihood function can he developed. First,
there s time- and age-stratified data on the number of
v(JD deaths to the end of December 2003, The
frequency of cases at cach time and age are assumed
to follow a Poisson distribution. from which the log-
likelihood function (LuL;) can be derived. Maximum
likelihood estimation proceeds by maximizing InL,, or
equivalently minimizing

~2Lnl, =2 Zi'("”("" a) = 2w, o) lnde,,(u, a)}

NG

=ln{a(w. a)}]

for madel m=1, IL, IIL, where (. a) is the frequency of
observed cases at time u and age a awd S ETRNT) TS
defined in §2. The approximations on which statistical
inference from equation (A 1) are hased reqgire that all
Hu a) 25, which is ensured by classifving cases by age
Zroup.

The sceond data source is from the tissue SUrvey,
The reported resnlts arose from 13 independent
batches. with three positive rvesnlts in two of the
batchies and no positives in the other 11. Switching
to diserete time, within eacli bateh the available
information is: the sample size . the munber of
positives 7, the time interval during  which the
samples were taken {7 ={a;,. a5, and the age range
of individuals 4,={a;),. ). If we asswmue that the
time and age of each sampled individual were
known. then the complete data’ likelihood for the
bately would be

o (u.a}d1— dy, (1. a) s
o (u. a) m

(A1)

under a nmltinomial sampling model, where |, is the unknown trequency of positive samples and g, the nuknown
frequency of negative samples in time-age group (u. @), and e f{u. a) is the probability of selecting a batch b

Jo R Soe. Interface (2005)
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individual from this tine-age group. From Dempster of ol. {1977). the ‘observed data’ likelihood is calenlated by

suruniing the above expression over all x,, , that simn to .z, and all g, , that sun to ny,—

and applying the multinomial rule gives

1y ap(u a)d,(u a)
'(n, — i Z Z Blu—a)5(n. a)

nEi', as 4y

for batelr b's observed data likelihood. By noting that

1. Evaluating this expression

—

Z Z a{u. a

|- d, (¢ «)
= ) Blu— a)S{u. a)

ay(u, a) = Blu — a)S(u. (1,)/ Z Z B — a)S(u, a)

w=ll ae,

and substituting this into the above expression for the likelihood. it can e shiown that the overall contribution of the

swrvey data is

! )
—2LnL, = —>}: [luo{ml_—“)—} + 2 log{p, (B)} + (m, — 2,) log{1 — p,.(b }} (A2)
e E
where
pall) = Z Z d,, (. a)/ Z Z Blu ~ a}5(u, )
wizlly w4, we L e,
for model m=1. I, lIT and batch =1, 2.....13.

Ay both data sets nre independent, the model can be
fitted to the combined fimetion

=2LnL = —(2Lul,, + 2Lnl,)

or fitted to either component individually. Model fitting
is perfornied via optimization sechnigues for non-linear
objective functions using custom-written code
{(Press et ol. 1992). Fitting involves an intensive search
of plavsible parameter space regions from multiple
starting points ro cusure that the glohal maximum is
fonud.

A.2. Model selection using deviance change

The valne of —2LnL is also used to compare the relative

fit of two models, where one niodel is an elaboration of

the other. Denote these models by M and M2, where
thie simplest model M2 1s nested within M1 in the sense
that its parameter space is a subspace of the parameter
space of M1, To test whether the extra parameters
added to M2 fit the data better. compare the deviance
change

D(ML, AM2) = —{2LnL(M2) — 2LnL{M1}}

with a chi-scuare distribution on A degrees of freedoun.,
where A= difference hetween unmber of parameters in
M1 and M2, and —2LnL( A} s the minimun of —2Lnl,
for model M= MI1. A2

A.3. Profile likelthood confidence intervals

Let 0 denote the free model parameters. The
maxinmm likelihood estimate for arbitrary population
paramcter A= K(f) can be written K= K(#). where
—2LnL{A) = min,(—2LuL). In this paper, K= T,,(2004,
2080) and K= P, (2004). as defined by egnations (2.15)
and (2.16), respectively. The maximmm likelilhood at
K = x is called the profile likelihood at & and written

—=2Lnlix) = mim  {—2LulL}.

=0 (IR

JoR. Soc, Inferface 12005)

An approximate 95% €I for K can be obtained
by fiuding (k;. k) sueh that x, <wx; and —2LnL(x; )=
—2LoL(k ;) =—2LnL(8) + x*(0.95). where x*(0.95) is
the 95-percentile of a x* random variable with 1 degree
of freedom. Note that this method assumes both
—2LnL, and —2LuL, are well approximated hy
concave functions,

APPENDIX B. PARAMETER IDENTIFIABILITY
B.1. Original model

Given data on clinical cases and choice of probahility
distributions for the expostwre-susceptibility and incu-
bation period distributions, all future case muuber
projections are identified {Isham 1989). However, it is
impossible to distinguish between different model
assumptions that fit the clivical cases data equally
well but give different projections——hence the use of
experimental vesults on other prion diseases to deter-
wine the choice of parametric distributiou.

The expected prevalence is also identified hecause,
under the model assumption that all infected hosts go
on to develop the disease. it can be written as a
weighted sum of future case vumhers among those
infected prior to the time at which the diagnostic tests
were performed. However, anv prevalence estimate based
ouly on the clinical cases ix strongly model-assumption
dependent, and cannot be tested. In other words, it is
impossible to distingnish between two  different
assumptions which fit the clinical cases equally well
but give very different prevalence estimates. Introdn-
cing the survey data permits discrimmation hecanse
model fit can be assessed with respect to the joint fit
berween the clinical cases and survey data.

B.2. Carrier model

The first model assumption to be relaxed, using the
carrier model. is that all infected individuals will
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eventually develop the disease. The model parameter o
indexing the proportion of subclinical infections can
only be identified when the model is fitted to hotl data
Sets,

B. 3. Sensttivity analysis of wider genetic
susceptibility

As discussed in §2. 1t s pecessary to perforin a
sensitivity analysis for the possible impact of wider
genetic susceptibility becanse the parameters of the
incubation period distribntion are inestimable, owing
to the lack of data ou incidence or prevalence in the MM
group. However, for the results of the sensitivity
analysis to make sense, it iy necessary to establish
that the constraints defined in equation (2.149) are
snflicient to eusure the remaining parameters of the

: JOMME S OIMG (A N
MM gronp, 457 A ape identified.

It 1s diffienlt to establish analyvtically that the
parameters of tlie MM ineubation period are identified.
This ditheulty arises becanse the clinical cases data
contain information about the parameters of the
incubation period distribution for the MM group. and
the survey data contain information about both the
MM and MM groups. and it is not trivial to constrct a
contrast between the data sets whicl could he used to
identify the MM gronp paramneters. A simpler approack
is to construct likelihood profiles for each of the three
parameters using the method described in Appendix A3,
A flat likelihood profile plot indicates non-informativity
and inestimable parameters.

We found that k.“_,M‘\“, indexing the spread of the

incubation period distribution, has a curved profile plot

. . - SOMM 3L OMAD
and is estiinable. Conversely, A; iy
AR 1

. indexing the
negative and positive skew of the distribution. both
have flat profile plots. However, the 20042080 projec-
tion was founed to be insensitive to values of the two
parameters: the projection estimates vary by less than
10 for any value in that range. This finding was the
same for other, randonly chosen, values of (@, W),
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