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Abstract 
Background: The strikingly young age of new variant Creutzfeldt Jacob disease (vCJD) cases 
remains unexplained. Age dependent susceptibility to infection has been put forward, but 
differential dietary exposure to contaminated food products in the UK population according to age 
and sex during the bovine spongiform encephalopathy (BSE) epidemic may provide a simpler 
explanation. 

Methods: Using recently published estimates of dietary exposure in mathematical models of the 
epidemiology of the new variant Creutzfeldt Jacob disease (vCJD), we examine whether the age 
characteristics of vCJD cases may be reproduced. 

Results: The susceptibilitylexposure risk function has likely peaked in adolescents and was 
followed by a sharp decrease with age, evocative of the profile of exposure to bovine material 
consumption according to age. However, assuming that the risk of contamination was proportional 
to exposure, with no age dependent susceptibility, the model failed to reproduce the observed age 
characteristics of the vCJD cases: The predicted cumulated proportion of cases over 40 years was 
48%, in strong disagreement with the observed 10%. Incorporating age dependent susceptibility led 
to a cumulated proportion of cases over 40 years old of 12%. 

Conclusions: This analysis provides evidence that differential dietary exposure alone fails to 
explain the pattern of age in vCJD cases. Decreasing age related susceptibility is required to 
reproduce the characteristics of the age distribution of vCJD cases. 

Background 
Owing to the lack of data concerning age dependent die-
tary exposure to bovine material in food in the UK, math-
ematical models used in the study of new variant 
Creutzfeldt-Jacob disease (vCJD) have postulated an age 
risk function for contamination where the influence of 
age dependent dietary exposure to contaminated material 
could not be separated from intrinsic age related suscepti-

bitity 1-3]. or example, we modelled exposure/suscepti-
bility b - lateau during the first 15 years of age followed 
by an exponential decrease afterwards [2]. Using this 
approach we estimated the duration of the incubation 
period for vCID to circa 15 years; and predicted that the 
epidemic had likely peaked in 2001-2002 which is now 
consistent with the observed data [2,51. The simple repre-
sentation of the age risk function implied that few 
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parameters were necessary to describe it, a desirable prop-

erly when estimation is based on limited data, 

By June 2003, 139 cases of vCJD had been reported to the 

vCJD surveillance unit in the UK, as compared to the 79 

cases used in our original paper 12], This warrants the 

inclusion of more detail in the age risk function, especially 

to investigate whether the constant risk assumption in 

children holds, as it led to predict a bimodal age distribu-

tion for cases in the coming years [3]. At the same time, 

detailed estimates of the dietary bovine material con-

sumption in the UK population according to age and sex 

have been made available [4], This offers the opportunity 

to try to disentangle the role of exposure from that of age-

specific susceptibility. Indeed, the estimates for dietary 

exposure show that it peaked during adolescence and 

decreased with age afterwards, a pattern which is consist-

ent with the finding that most vCJD cases are young and 

were therefore at most teenagers during the years when 

the bovine spongiform encephalopathy (BSE) epidemic 

was at its maximum. 

We therefore set out to estimate the age risk function with 

a versatile description based on step functions, and to 

investigate whether dietary exposure alone could explain 

the age distribution of cases. 

Methods 
Data 
We obtained the age, sex and date of onset for the 137 

vCJD cases reported to the UK vCJD unit as of June 2003, 

all of which had onset before October 2002. Delays in 

reporting may reach 18 months (R Will, personal commu-

nication) and bias downward the incidence curve. There-

fore, we included in our analysis only the 129 cases with 

onset before November 2001, consisting in 71 men and 

58 women. Mortality by age and sex for the UK was 

obtained from the Office for National Statistics 15]. 

Model 
The model extends our previously described method [3]_ 

The instantaneous risk of infection for vCJD, t(a,t), was 

assumed to depend on date t and age a in a multiplicative 

manner, with )(a,t) = f(a) g(t), where 

exp(0.596(t-1989)) 1980<t <1989 

S(t) = par-rexp(-0.596(1-1989)) 1989<t<1996 

allels the entry of infected cows in the human food chain 

estimated from back-calculation results in the UK [6] and 

r corresponds to the impact of the specified risk material 

ban in 1989; f(a) is a function varying with age only (see 

following paragraph)- Occurrence of cases of vCJD of sex 

i (i = Male or Female) is then modelled by a Poisson proc-

ess in the (age, time) plane, with intensity 
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ri'f ( ,[)=fl:si(a•t)l ex[—t A{ [—a+ )IF(a—v)dn 

, so that the expected number of onsets of sex i in the 

period [Gt+dr) and age ja,a+da) is iri(a,r) do di [2,7]. In the 

equation above, h is the distribution of the incubation 

time,. 5;(a, t) is the probability of survival at time t for indi-

viduals of sex i aged a calculated from census information, 
and ,B, is the intensity of a homogeneous Poisson process. 

The incubation period distribution h was taken to be lag-

normal, as the choice of a particular shape is not critical 

for the estimates [3]. This distribution was also assumed 

to be independent of sex, and of age at contamination. 

Estimates of the parameters were obtained by numerical 

maximization of the log-likelihood, defined as 

Ilog[n,. (a,,t, )]—~ JJr, (a,t)da dt, where the first 

i=1 5 IJ 

sum is on all observed cases where s; is the sex of individ-

ual i, and the second is over both sexes (s) and requires 

integration of the intensity over the domain (in time and 

age) .D = [0,100] x 11 Jan 1980,31 Nov 2001]. Custom 
FORTRAN code, using SLATEC and TOMS library for 
numerical routines, was used in this step. In all instances, 

our model allowed estimation of the mean and standard 

deviation of the incubation period, the shape of f(a), and 

Is

The model predicted distribution of age for cases with 
onset before November 2001 was determined by integrat-

ing i (a,t) over the period [1/1/1980,  1/1 1/2001[ for con-

secutive age class of width 10 years. The s distance was 

computed to measure agreement between the observed 

and the model calculated age distributions, but no formal 
test was carried out. 

Age Risk function 
Model "Susceptibility & Diet°
To allow a versatile shape in the age risk function, we 

chose a non parametric description based on step func-

tions rather than a mathematical function with few 

parameters. 

We wrote 

fi, 5(i-1) a<5i,i=1,•• ,5 
fia] f 6 exp(—a(a-25)), a?2-9 

so that the shape of f(a) was unconstrained for a<25 and 

decreased exponentially after age 25. We then estimated f , 

i = 1,...,6 and a at maximum likelihood. With this partic-

ular choice, it is possible to visually check the progression 

in risk with age during infancy (ft, f3, f 3), the presence of a 

peak in risk in teenagers (f2,f3,f4), and whether the drop in 

risk after 20 is strong enough to be exponential [f' f, f t).. 
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Figure I 
Age dependent exposurelsusceptibility risk function 
for vCJD infection. Risks are relative to the [IS, 20] years 
tid. Box and whiskers plots show the 50% and 95% confi-
dence intervals. 

Mode) "Diet Alone" 
To investigate whether dietary exposure to meat was suffi-
cient to explain the young age of vCJD cases, we first deter-
mined the exposure to meat according to age and sex from 
UK data, using consumption of carcass meat [4]. In these 
data, it is seen that the quantity consumed by week, as 
well as the percentage of consumers, changes with age. We 
therefore defined e(a) as the product of mean consump-
tion by the corresponding percentage of consumers in age 
class a, and wrote f(a) = f0 e(a), where fe was estimated at 
maximum likelihood. 

Model "Susceptibility I Diet" 
Finally, to estimate the influence of age standardised on 
dietary exposure, we wrote 

fi e(a), 5(i-1) 5

f6 exp(—a(a-25)) e(a), a? 25 

and likewise estimated f from the data. 
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In model "Susceptibility & Diet" and "Susceptibility 
Diet", we normalised the f; by the largest of the values in 
the graphical presentation of results, yielding risks relative 
to the highest risk age class. 

Confidence intervals 
Maximum likelihood estimators have a limiting normal 
distribution around the true parameters, with limiting 
variancefcovariance matrix given by the inverse of the 
Fisher information [8], therefore the quadratic form 

Q(6)=(6-6) i(8)(6 — e),where0standsforavector 

of k parameters, 9 for the estimates, and i(6) for the 
Fisher information matrix, has a limiting chi-squared dis-
tribution with k degrees of freedom. We therefore deter-
mined 95% confidence intervals by finding the values of 
parameters so that Q(C) was less than the 95th quantile of 
the corresponding chi-squared distribution. 

Results 
The estimated age risk function in model 'Susceptibility 
& Diet" is presented in Figure 1, and shows that an 
increase during childhood, peak during adolescence and 
sharp decrease afterwards provided the best fit. In this 
model, the average incubation period was estimated at 
13.2 years (C195% [ 11.2, 15.8]), with standard deviation 
2.0 years (C195% [1.1,3.71). The model predicted age for 
the cases showed good agreement with the observed dis-
tribution ((z = 2,45; Figure 2). 

The shape of the estimated age risk function in Figure 1 is 
evocative of the age profile of dietary exposure to bovine 
carcass meat in the 1980s in the UK, as shown in Figure 3, 
where an increase in consumption was noted during 
childhood and adolescence, and decreased afterwards. 
However, in model 'Diet Alone", while the average incu-
bation period was estimated at 12.1 (CI 95% [ 10.2, 14.2]) 
years with a standard deviation of 2.4 (CI95% [ 1.2, 
4.1])years, dose to that of the first model, the predicted 
age distribution of the cases was at odds with the observed 
distribution (X2= 58.4), as apparent in Figure 2. Morepre-
dsely, the predicted percentage of cases aged over 40 was 
48% with the 'Diet Alone" assumption, when the 
observed percentage was only 1011%; it was 12% with the 
"Susceptibility & Diet" model. 

When estimating the residual influence of age, once expo-
sure has been taken into account, model 'Susceptibility 
Diet" led to a profile for the f as shown in Figure 4. This 
profile retained the major characteristics of the age risk 
function obtained in the 'Susceptibility & Diet" model, 
although with an earlier maximum susceptibility. With 
this model, the average incubation period established at 
12.6 years (CI 95% ] 10.5, 14.7]) with standard error 1.8 
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Figure 2 
Observed age distribution of the 129 vCJD cases with onset before November 2001 and model predicted 

cumulated age distribution of cases for susceptibility proportional to meat consumption only (dashed) or with 

estimated age risk function (plain). Bars limit 95% confidence intervals. 

years (CI95°/l [1.2, 3.3]), and the predicted age distribu-

tion of cases showed agreement similar to that of the 
"Susceptibility & Diet" model (,y2 = 2.36). 

Discussion 
Incorporating differential dietary exposure to BSE infected 

products according to age and sex, in a flexible age risk 

function for vCJD contamination, we found that exposure 

alone could not explain the young age of vCJD cases seen 

in the UK. Decreasing age related susceptibility had to be 

assumed to reproduce the characteristics of the age distri-

bution of these cases. 

In all instances, the estimates for the epidemiological 

characteristics of vCJD were in line with those previously 
reported from comparable number of cases [3,9,10], and 

pointed to an epidemic of moderate size. We obtained a 
smaller point estimate for the mean incubation period 
when the age risk was allowed to change during child-
hood rather than assumed constant (13.2 yrs CI95~il 
[11.2, 15.8] vs. 16.4 yrs C1959/a [11, 24] 13])- All models 

considered here predicted that, by 2010, the epidemic 

should have ended, provided it is limited to individuals 
with the observed susceptible genotype (as of today, all 
vCJD cases are methionine homozygous at codon 129 of 
the FrP gene{ ii]). The average number of cases to come is 
predicted at 43, leading to a total size of 172 cases. 

From the model "Susceptibility & Diet", it appears that a 
previous assumption of a constant age risk in children and 
adolescents [2] has likely led to overestimate the risk of 
infection in young children. The age-risk profile estimated 
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Figure 3 
Average dietary exposure per person per week in the UK according to sex (plain : Male, dashed : Female). Data 
from Cooper & Bird [4]. 

here leads to a smaller risk than previously found in chil-
dren born after 1980, to fewer cases among the young and 
an overall smaller total size for the epidemic than 
reported before. Furthermore, since few young cases are 
expected in the future, the bimodality of the predicted age 
distribution of cases is not found anymore. The estimated 
profile of the susceptibility/exposure age risk function 
agreed with that selected in scenario analysis 19], although 
our maximal risk is among the 15-20 years old rather 
than in the 10-15 years old. 

However, even after adjustment for dietary exposure, sus-
ceptibility remains rapidly decreasing in adults, as found 
in the "Susceptibility f Diet" model. This finding con-
firms that obtained in a recent analysis based on scenario 
analysis, where it was found that exponential decrease in 
susceptibility in the oldest cohorts was desirable 110]. This 
is also found here by direct estimation, and moreover, the 

age susceptibility appears to increase among children up 
to age 5-10, be almost constant among teenagers and rap-
idly decreasing afterwards. 

Three hypotheses have been put forward to explain the 
young age of the vCID cases: age dependent incubation 
period, age dependent exposure, and age dependent sus-
ceptibility. Age dependent incubation period has recently 
been revived by Cooper et al., because scenarios including 
longer incubation periods in old cohorts provided a better 
fit of the data [ 10]. However, the increase of the mean age 
of cases with time which should occurwith age dependent 
incubation periods 12], is not supported by the data. The 
correlation between age at onset and calendar time 
remains indeed extremely small (Spearman correlation 
coefficient r = -0.025, n = 129). 
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Figure 4 
Age dependent susceptibility risk function for vCJD 

infection adjusted on dietary exposure to bovine 

material, Risks are relative to the [5, 10] years old. Box and 

whiskers plots show the 50% and 95% confidence intetvals-

The potential role of differential dietary exposure was pro-

posed early in the epidemic 1 12], because substantial dif-

ferences in exposure existed in adolescents and adults. A 
disequilibrium in sex ratio towards males was for example 

predicted on this basis [13], but is not statistically estab-

Iished today (z2 test, P = 0.49) although the proportion of 

males is 55%. Our analysis shows that, while the esti-

mated age risk function for infection with vCJD exhibits a 

peak in the young that was also found in dietary exposure 

to potentially BSE infected products, differential dietary 

exposure alone does not account for the observed pattern 

in the age of the vCJD cases. Indeed, the relative exposure 

does not decrease rapidly enough with age to reduce the 

risk in older adults. Therefore, an additional effect of age 

is required to fully account for the age of the vCJD cases. 

Once exposure is taken into account, this effect appears to 

be peaking in children less than 10 years old, and decreas-

ing afterwards. 

Contamination through BSE infected food is toda the 

most plausible explanation for the occurrence of vCJD; 

this is the rationale for correcting the risk of infection by 

the level of dietary exposure. However, this explanation 

remains today hypothetical, because even if epidemiology 

http:l/www.biornedcentral. Gom/1471-233414126 

and biochemistry favour a link between BSE and vCJD, 

this is not regarded as ultimately conclusive [14]. In this 

work, we examined the further possibility that, provided 
dietary exposure was the culprit, differences in age-related 
exposure could explain the age distribution of cases_ This 

assumes that the risk of vCJD infection may have been 

larger in those consuming more bovine products; how-
ever population based models linking bovine products 
consumption to vCJD incidence were not conclusive in 

this respect 1151. 

Conclusions 
The reasons for an increased susceptibility in teenagers 

compared to young children and adults are today specula-

tive. In many infectious diseases, a decrease in susceptibil-

ity with age is mediated through the immunological 
responses to repeated exposure since birth. However, for 

vCJD, most cohorts in the population have had the same 

duration of exposure to BSE infected material. Due to the 

age range considered, biological processes involved in the 
maturation of the immune system; in response to hormo-

nal changes may be incriminated. For example, changes in 

the permeability of the intestinal barrier occurs with age 

with decreasing Peyer's patches 1161. Further experimental 
research is required to provide explanations for what 

remains a very unusual characteristic in an infectious 

disease. 
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