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Abstract Bovine Spongiform Encephalopathy (BSE) clinical surveillance data were the main source of information to perform back-calculation of BSE infection incidence. Since 2001, systematic BSE screening tests enhanced the clinical surveillance and allowed to detect some preclinical, i.e. asymptomatic, cases of BSE. We propose a method to incorporate additional information provided by screening tests. It was the ﬁrst time that a back-calculation model was developed for a full BSE clinical surveillance. In the spirit, our approach resembles what it was done in the Acquired Immune Deﬁciency Syndrome (AIDS) epidemic to incorporate the Human Immunodeﬁciency Virus (HIV) diagnosis. Nevertheless, in the BSE epidemic, we had to consider diﬀerent surveillance systems, their peculiarity, and the phenomenon of communicating vessels between these surveillance systems. In addition, both the preclinical sensitivity of tests and the status of BSE cases, asymptomatic or clinical, were not precisely known. We applied the model to the French BSE epidemic in order to obtain an updated estimate of the incidence of BSE infection. Our back-calculation model ﬁtted very well the observed data of each surveillance system. We detected a lengthening of the incubation period and estimated that the number of infections was very small in the late 1990s and zero in July 2001. Ó 2007 Elsevier Inc. All rights reserved.
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1. Introduction Data on reported clinical cases of BSE were previously the only way of tracking the epidemic. However, this reported clinical incidence does not reﬂect trends in the spread of the BSE agent, because of both the long and variable BSE incubation period and the fact that some cases are never reported, owing either to death from a competing cause before disease onset or to non-diagnosis. To ignore these sources of underreporting is to run a risk of underestimating the past number of cases of infection. Brookmeyer and Gail [1,2] proposed a method known as back-calculation to estimate past pattern of infections from information on the incubation period distribution and clinical incidence data. This method relies on the principle that the known number of clinical cases results jointly from an unknown past number of cases of infection and a known incubation period, deﬁned as the time between infection and initial clinical onset. In a previous work [3], based on clinical cases of BSE detected in France until June 2000, we estimated the incidence of BSE infection in France by using an extended backcalculation method. We considered epidemiological characteristics of BSE such as age-dependent susceptibility/exposure to the BSE agent, cattle mortality, and case under-reporting throughout the epidemic. We found that the size of the French BSE epidemic is under-estimated when cattle mortality and under-reporting of clinical cases are ignored. Other European countries have certainly under-estimated their BSE epidemic. Indeed, in France and other European countries, BSE surveillance was based solely on clinical diagnosis until 2000, when the ﬁrst rapid screening tests were implemented. The sharp increase in reported cases of BSE that occurred when the ﬁrst systematic screening program was instigated revealed the poor eﬃciency of passive clinical surveillance. Since July 2001, all dead-on-farm and slaughtered cattle, over 24 months of age, have been screened for the BSE agent in France. The screening tests of BSE allow detecting all clinical cases of BSE and some BSE-infected cattle at the end of their incubation period. Data on BSE diagnostic tests can be useful in back-calculation since they contain additional information on the incidence of BSE infection. As a consequence, it is important to incorporate the data on BSE infection diagnosis into the back-calculation method, as was done with data on HIV diagnoses for the AIDS back-calculation [4–6]. Contrary to the HIV diagnosis, a BSE-infected animal is not systematically detected by a screening test as the screening test can only detect the infection when the animal is at the end of its incubation period [7]. Moreover, the preclinical sensitivity of available screening tests was not precisely known. In addition, BSE cases are detected by several surveillance systems, each surveillance system has its peculiarity, and the status of BSE case, asymptomatic or clinical, was not precisely known for all the animals. Ferguson and Donnelly [8] developed back-calculation techniques for integrated analysis of data on clinical case incidence, data from random testing of healthy animals slaughtered in abattoirs, and test results for at risk animals. Their model was applied to data from incomplete British BSE clinical surveillance. Indeed, in the United Kingdom all cattle are not tested for the BSE. In addition, they did not model the interdependence of the surveillance systems.
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Here, we extended our back-calculation model to integrate data on the screening tests of BSE in the back-calculation method, in order to estimate longitudinal trends in the incidence of BSE infection. It was the ﬁrst time that the back-calculation model was implemented for a full BSE clinical surveillance. We took into account the diﬀerent BSE surveillance programmes and the uncertain sensitivity of screening tests. We applied the model to the French BSE epidemic in order to obtain an updated estimate of the incidence of BSE infection.



2. The back-calculation method Before describing the adaptation of the back-calculation method, we ﬁrst brieﬂy present the BSE surveillance system in France. 2.1. The French BSE surveillance system In France, BSE became a notiﬁable disease in June 1990. In December 1990 a mandatory passive surveillance system was set up, in which veterinary practitioners and farmers were required to report animals with clinical signs. From mid-2000, rapid screening tests were implemented for active surveillance. First, a pilot study of rapid testing was conducted on cattle at risk (deadon-farm, emergency-slaughtered and euthanatized cattle). In keeping with European Union legislation, routine screening was extended in January 2001 to all slaughtered cattle over 30 months of age, then to all cattle (slaughtered or at risk) over 24 months of age in July 2001. Rapid tests for the post-mortem diagnosis of BSE were shown to have 100 per cent sensitivity and 100 per cent speciﬁcity for identifying BSE-infected animals at the clinical stage of the disease [9]. In addition, diagnostic tests could become positive three months before clinical onset [7], but this preclinical sensitivity remains poorly documented. Since July 2001, three BSE surveillance programmes – clinical surveillance, systematic screening at the abattoir and of cattle at risk – have allowed all clinical cases and some asymptomatic cases to be diagnosed. The proportion of clinical and asymptomatic cases of BSE is highly heterogeneous from one surveillance system to another. Almost all animals tested positive for BSE among animals at risk appeared to be in the clinical stages of BSE. Regarding animals tested positive at the abattoir, the majority of animals was asymptomatic. Nevertheless, contrary to what one could expect, at the abattoir there was also a non-negligible proportion of animals which had shown possible, probable or deﬁnite clinical signs of BSE before death. Indeed, a retrospective clinical survey [10] showed that 92% of animals testing positive among animals at risk had possible, probable or deﬁnite clinical signs of BSE before death, compared to 33% of animals testing positive at the abattoir. By applying these proportions to the numbers of cases of BSE detected by each surveillance system we were able to deduce the total number of clinical cases of BSE, and concluded that about 15% of cattle with clinical BSE were probably sent to the abattoir. Thus, a non-negligible proportion of clinical cases of BSE has been sent to the abattoir. In addition, these surveys emphasized the diﬃculties of clinical surveillance which, by deﬁnition, can only detect clinical cases. Indeed, many animals testing positive for BSE among animals at risk had clinical signs of BSE, so should have been reported by the clinical surveillance program (phenomenon of communicating vessels). Because of that, clinical surveillance data and data on cattle at risk were pooled together.
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2.2. The extended method of back-calculation Previously, we adapted the back-calculation method, described by Becker and Marschner [11], for time-and age-stratiﬁed BSE clinical incidence data. We formulated the problem in discrete time units, where the unit is one quarter. Let Na,t and Y Ca;t be the random variables of newly infected animals and new clinical cases among animals of age a at time t, and E(Na,t), EðY Ca;t Þ their expectations. Assuming that the incubation period of a BSE-infected animal has duration d with a probability fd and that Saja 0 represents the probability that an individual survives to age a, knowing that the same individual was alive at age a 0 (the age at infection), Kt is a time-dependent probability that a given clinical case will actually be reported at time t. The back-calculation model then becomes EðY Ca;t Þ



¼



t X



EðN atþs;s Þfts S ajatþs Kt :



ð1Þ



s¼1



Age a varies between 1 and A, where A the age of the oldest cattle, and time t varies between 1 and T, where T is the last date at which the clinical case count is considered reliable. We assumed that the incubation period distribution was independent of age at infection and independent of calendar time. This model could be generalized if the impact of age or calendar-time on the incubation period distributions were known [11]. Some BSE-infected animals died before showing clinical signs of BSE, thus in our model, we considered the cattle survival. Failure to take survival into account tends to lead to an underestimation of the number of infected animals. Moreover, we considered survival conditional on being alive at the time of infection. If the mortality rate is high before exposure, failure to take conditional survival into account tends to lead to an overestimation of the number of infected animals. Indeed, the unconditional probabilities of survival are lower than the conditional probabilities of survival. Reduced survival probabilities increase the estimated number of infections required to generate the observed number of clinical cases. In addition, we assumed that the survival distribution was independent of calendar time. The unknown time- and age-speciﬁc number of infections was modelled by using the multiplicative model EðN a;t Þ ¼ pa aa kt ;



ð2Þ



where pa is the proportion of animals in the population that are of age a, and aa reﬂects the relative susceptibility/exposure of animals of age a. We assumed that no further infections occur after age A, so we set aa at 0 for all a > A. To avoid an identiﬁability problem in model PA(2), we had to impose a constraint. Like Becker and Marschner [11], we chose the constraint a¼1 pa aa ¼ 1. With this constraint, kt is the overall BSE infection intensity without taking age into account. The multiplicative model deﬁned by Eq. (2) assumes that incidence trends over time were identical in all age groups, and therefore cannot assess time-dependent diﬀerences between age groups. Marschner and Bosch [12] proposed a non-multiplicative model that allows the distribution of age at HIV infection to change over time. Regarding the BSE, the age at infection could vary according to a dose eﬀect. Indeed, a lower exposition, due to successive control measures, would lead to
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an increase of the time necessary to be infected, and thus to an increase of the age at infection. Nevertheless, no data allow supporting such a mechanism of infection for bovines. Consequently, we used the multiplicative model to reconstruct the time- and age-speciﬁc dynamics of infections, by estimating E(Na,t) [3]. For this present study, we had to extend this model to integrate screening test results, and to consider that since July 2001 all clinical cases of BSE have been detected by the screening tests or by the clinical surveillance. We assumed that 99% of clinical cases of BSE have been detected. In consequence, to model the expected number of clinical cases of BSE, we substituted into the model (1) the time-dependent reporting probability, Kt, by w0 = 0.99, the probability that a given clinical case is actually reported. To model detected asymptomatic cases of BSE, it is necessary to consider the hazard of death for an animal at age a, la, and the sensitivity of the diagnostic test. We assumed that sensitivity depended only on the time x to clinical onset. Let Y AS a;t be the random variable of new asymptomatic cases among animals of age a at time t. Its expectation is therefore ! t 1 X X EðY AS EðN atþs;s Þ ftsþx wx la S ajatþs ð3Þ a;t Þ ¼ s¼1



x¼1



where wx is the probability that the diagnostic test detected the infection at time x before clinical onset. In addition to incorporate the asymptomatic cases of BSE in the back-calculation model, we had to take into account the surveillance system (see Section 2.1). Since July 2001, data on the occurrence of BSE in the cattle population were derived from three sources: clinical surveillance, screening of cattle at risk, and screening at the abattoir. As stated above, we pooled together data from clinical surveillance and from screening of cattle at risk. Therefore, we considered that data on the occurrence of BSE were divided into two groups, one comprising cases detected by clinical surveillance and screening of cattle at risk, and the other consisting of cases detected by screening at the abattoir. The diﬃculty was that the status of animals, asymptomatic or clinical, was not always precisely known. Indeed, one knew that the BSE cases detected by the clinical surveillance were clinical cases of BSE, but for the BSE cases detected by the BSE screening tests at the abattoir and among at risk animals, one did not precisely know their status, even if the retrospective clinical survey gave us an idea about the proportion of clinical or asymptomatic cases of BSE in each surveillance system. We thus considered that at the abattoir, there were a proportion K of clinical cases and some asymptomatic cases, while in the other group there were a proportion (1K) of clinical cases and some asymptomatic cases. ARþC be the random variables of new cases among animals of age a at time t deLet Y AB a;t and Y a;t tected at the abattoir and new cases detected by clinical surveillance and screening of cattle at risk, ARþC Þ their expectations, and EðY AB a;t Þ, EðY a;t AB hAB at ¼ EðY a;t Þ



¼ Kw0



t X s¼1



EðN atþs;s Þfts S ajatþs þ



t X s¼1



EðN atþs;s Þ



1 X x¼1



! ftsþx wx ba la S ajatþs



ð4Þ
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and Þ hatARþC ¼ EðY ARþC a;t ¼ ð1  KÞw0



t X s¼1



EðN atþs;s Þfts S ajatþs þ



t X



EðN atþs;s Þ



s¼1



1 X



! ftsþx wx ð1  ba Þla S ajatþs



x¼1



ð5Þ where ba is the conditional probability of dying from slaughter given dying at age a, and K is the conditional probability of ending up at the abattoir given being a clinical case of BSE. From this model, we estimated and updated the time- and age-speciﬁc number of infections, E(Na,t). 2.3. Parameter estimation Assuming that the age- and time-speciﬁc numbers of newly infected animals Na,t are independent Poisson variates, then the age- and time-speciﬁc numbers of new cases detected at the abattoir, Y AB a;t , and the age- and time-speciﬁc numbers of new cases detected by clinical surveillance and , are also independent Poisson variates. This gave the log-likeliscreening of cattle at risk, Y ARþC a;t ARþC AB ¼ y ARþC g hood function corresponding to the observation fY AB a;t a;t ¼ y a;t ; Y a;t T X A n T X A n o X o X  AB   ARþC  AB ARþC ARþC y AB log h y log h  h  h log Lða; kjyÞ ¼ þ þ C0; e e a;t a;t at at at at t¼1



a¼1



t¼1



a¼1



ð6Þ where C 0 is a constant. Instead of assuming a parametric family of curves for a and k, respectively, the age-dependent susceptibility/exposure to infection and the BSE infection intensity, and then obtaining maximum likelihood estimates, we used a non-parametric form and obtained estimates of age at infection and of the time-dependent risk of infection by using the EM algorithm [13]. The likelihood function in Eq. (6) could have been maximized with an optimisation routine, but there are diﬃculties with this in practice. Indeed, it may well produce unsatisfactory negative estimates for some hat’s. On the other hand, maximization of the likelihood function with respect to a and k via the EM algorithm always leads to non-negative estimates and can also be implemented conveniently. Moreover, by using this method the shape of the incidence curve is not constrained to ﬁt a particular form. 2.4. The EM algorithm The EM algorithm is a technique for obtaining maximum likelihood estimates in situations where only incomplete data are available but where it is possible to deﬁne a set of complete data for which straightforward maximum likelihood estimates exist. Here, the complete data are obserARþC AB vations on N AB a;t;x , and N a;t;x . N a;t;x is the number of animals of age a infected at time t with a BSE incubation period of duration x, surviving to age a + x, knowing that these animals were alive at age a, sent and diagnosed at time t + x at the abattoir; N ARþC a;t;x is the number of animals of age a
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infected at time t with a BSE incubation period of duration x, surviving to age a + x, knowing that these animals were alive at age a, sent and diagnosed at the fallen stock (place where the cattle at risk are sent) or detected by the clinical surveillance at time t + x. As we assumed that new ARþC infections follow a Poisson process, N AB a;t;x , respectively, N a;t;x , had a Poisson distribution with mean 1 X AB fxþs ws ð7Þ matx ¼ Kw0 kt pa aa fx S aþxja þ kt pa aa baþx laþx S aþxja s¼1



and respectively, ¼ ð1  KÞw0 kt pa aa fx S aþxja þ kt pa aa ð1  baþx Þlaþx S aþxja mARþC atx



1 X



fxþs ws :



ð8Þ



s¼1 ARþC AB ARþC The log-likelihood function for the complete dataset fN AB g is a;t;x ¼ natx ; N a;t;x ¼ natx



log Lða; kjnÞ ¼



T X Tt X A X  t¼1



þ



 AB   AB nAB atx loge matx  matx



x¼1 a¼1



T X Tt X t¼1



A X 



   nARþC loge mARþC  mARþC þ C 00 ; atx atx atx



ð9Þ



x¼1 a¼1



where C00 is a constant. Each iteration of the EM algorithm updates the current parameter estimate (kold, aold) to a new value, in two steps. As the log-likelihood (9) is linear in the complete dataset, the E-step consists of AB nAB replacing nAB atx in (9) by ~ atx , the conditional expectation EðN a;t;x jy; a; kÞ evaluated for parameter values (kold, aold) and nARþC in (9) by ~ nARþC , the conditional expectation EðN ARþC atx atx a;t;x jy; a; kÞ evaluated for old old parameter values (k , a ). Thus AB AB ~ nAB atx ¼ EðN a;t;x jy; k; aÞ ¼ y aþx;tþx 



and



~ nARþC atx



¼



EðN ARþC a;t;x jy; k; aÞ



¼



EðN AB a;t;x Þ



ð10Þ



EðY AB aþx;tþx Þ y ARþC aþx;tþx







EðN ARþC a;t;x Þ EðY ARþC aþx;tþx Þ



:



ð11Þ



nARþC gÞ with respect to k and a. Diﬀerentiation The M-step consists of maximizing log Lðk; ajf~nAB atx ; ~ atx yields the updated estimates, as follows: ~ nARþC nAB þtþ þ ~ þtþ  P1 old old f S p a l S f w þ p a w a aþxja xþs a x aþxja aþx s 0 a a a¼1 s¼1



ð12Þ



~ nARþC nAB aþþ þ ~ aþþ  P 1 old old p k l S aþx aþxja x¼1 a t s¼1 fxþs ws þ pa kt fx S aþxja w0



ð13Þ



knew ¼ P P t Tt A x¼1



¼ PT PTt anew a t¼1
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[+ in place of a subscript denotes summation over the same subscript.] and anew are the usual updated estimates of kt and aa resulting from steps E The values of knew a t and M. We repeated these two steps until convergence, i.e., until the diﬀerence between nAB nARþC gÞ and log Lðkold ; aold jf~nAB nARþC gÞ was negligible. log Lðknew ; anew jf~ atx ; ~ atx atx ; ~ atx However, these maximum likelihood estimates may be unstable, in the sense that estimates of neighbouring a or k may diﬀer greatly. Such ﬂuctuations are a well known feature of maximum likelihood estimates in such ill-posed inverse problems1. Sometimes, such ﬂuctuations are not consistent with strong prior knowledge that, for example, the infection intensity should be a smooth curve. One way of getting non-parametric estimates to lie on a smooth curve is to incorporate a smoothing step into the iterative EM algorithm, as in the so-called EMS algorithm [15]. The smoothing step consists of running a weighted average over the components of k and/or also over the components of estimates of a [11]. That guaranteed smoothed curves will be derived. 2.5. Model selection criterion When estimating the age- and time-speciﬁc numbers of newly infected animals with the backcalculation method, all other parameters should be known. This means that there must be suﬃcient data available from other sources for accurate estimation; if such data sources are not available or if data sources are not accurate, ﬂexible functions are attributed to these parameters, then sensitivity analyses are performed and a selection criterion is deﬁned to choose the best model. Here, lacking accurate independent data from which to estimate the incubation period as well as the preclinical sensitivity of diagnostic tests and the proportion of clinical BSE cases sent to the abattoir, K, we performed sensitivity analyses and chose the best model on the basis of Akaike’s information criterion (AIC) [16], as follows: AICðmodelÞ ¼ 2  log L þ 2  p



ð14Þ



where log L is the model log-likelihood, given by (6) and p is the number of estimated parameters. We used the empirical rule of Burnham and Anderson [16], which retains a model if (AIC(model)  MinAIC) 6 2, where MinAIC is the minimum AIC, i.e., the AIC of the best model. 2.6. Conﬁdence intervals The usual asymptotic properties of maximum likelihood estimates do not apply in the present context because of the large number of parameters and the addition of the smoothing step. Therefore, following the method of Becker and Marschner [11], we used bootstrap estimates of precision. The procedure is ﬁrst to use the EM algorithm to obtain the maximum likelihood estimates ARþC AB ^ . These are given by hAB aÞ and hARþC ¼ hARþC ð^k; ^aÞ, where ^a and ^k are the of hAB at and hat at ¼ hat ðk; ^ at at ARþC are given by maximum likelihood estimates obtained from the EM algorithm and hAB at and hat 1



The back-calculation method is an inverse problem in the sense of this method consists in using the observed incidence of a clinical disease to infer on the past incidence of infection, and it is an ill-posed problem because it can not have a unique solution and/or small changes in the data can generate high changes in the solution [14].
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ARþC (4) and (5). An alternative realization of the cases of BSE fy AB ; a ¼ 1; . . . ; A; t ¼ 1; . . . ; T g at ; y at AB ARþC to be independent Poisson variates with can be simulated by considering Y a;t and Y a;t ARþC AB ¼ EðY ARþC Þ. A large number (for example B) of such BSE data sets are hAB a;t at ¼ EðY a;t Þ and hat simulated. The EMS procedure is applied to each simulated realization, each giving an estimate of a and k. The B estimates ð^ a, ^ kÞ give a frequency distribution for ð^a, ^kÞ, which can be used to calculate conﬁdence intervals or standard errors. To assign 95% conﬁdence intervals, we used the bias-corrected percentile method [17]. The conﬁdence intervals for the simulation studies and the following applications are based on B = 1000 simulated BSE datasets.



3. Application 3.1. Data Active BSE surveillance began in France in June 2000, whereas routine diagnostic testing of all dead and slaughtered cattle was only implemented in July 2001. Consequently, our analysis was restricted to cases of BSE detected between July 2001 and June 2004. During this period, 575 cases of BSE were detected. The animals were aged between 4.1 and 15.9 years; the median age was 7.0 years and the interquartile range was [6.3;7.9]. Table 1 shows the number of cases of BSE detected by each surveillance system since 1991, the year in which the ﬁrst BSE case was diagnosed in France. Since 2001, the number of BSE cases detected decreases and the median age of BSE cases increases. Whatever the period, the median age of cases in the three surveillance systems was very similar. 3.2. Epidemiological characteristics of BSE In a previous work [3], based on clinical cases of BSE detected between 1991 and June 2000, we reconstructed the French epidemic of BSE infection up to 1996. We estimated that most infections Table 1 Number and median age (in years) of cases of BSE detected by each surveillance system Periods



From From From From From



1991 to June 2000 July 2000 to June 2001 July 2001 to June 2002 July 2002 to June 2003 July 2003 to June 2004



Cases of BSE Clinical surveillance



Cattle at risk



Number of cases



Median age [IQR]



Number of cases



103 135 61 21 12



5.5 5.9 6.7 7.4 8.0



a



[4.8;6.6] [5.3;6.3] [6.1;7.1] [7.1;7.6] [6.3;8.8]



77 159 100 48



Abattoir Median age [IQR]



Number of cases



Median age [IQR]



a b



6.2 6.7 7.3 8.1



[5.8;6.9] [6.1;7.4] [6.8;8.3] [7.0;9.1]



31c 93 56 25



6.2 6.6 7.5 8.3



[5.5;6.6] [6.0;7.2] [6.8;8.2] [7.3;9.2]



IQR, interquartile range. a There was no screening tests during this period. b Only a sample of cattle at risk was tested between August 2000 and March 2001. c Animals over 30 months of age sent to abattoirs were systematically tested from January 2001, not before.
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occurred between 6 and 12 months of age (Fig. 1(a)) and that the average incubation period was 5 years and the variance was 1.8 years2. The median age of clinical cases of BSE detected before June 2000 was 5.5 years, compared to 7.0 years after June 2001 (Wilcoxon-Mann-Whitney test, p < 0.0001). Four scenarios could explain this age increase: (1) there was a real lengthening of the incubation period; (2) the infection occurred when the cattle were older; (3) neither age at infection nor the incubation period changed, consequently we observed the oldest cases; (4) or both the age at infection and the incubation period changed. It was not possible to estimate both the age at infection and the incubation period. Indeed, a problem of ‘‘identiﬁability’’, that is, nonuniqueness of solutions, arised because there was no way of distinguishing between infection at birth with a 5-year incubation period and infection at 1 year with a 4-year incubation period [18]. In our previous studies [3,19], best-ﬁt models suggested that almost all BSE infections occurred between 6 and 12 months of age. Studies regarding the British BSE epidemic concluded that the risk of infection was highest during the ﬁrst year of life [18,20,21]. In addition, epidemiological evidence [22] shows that young cattle are more likely to become infected than older cattle. The animal protein present in meat and bone meal (MBM), the only known vector of BSE infec-



Cumulative probability of age at infection



1 0.8 0.6 0.4 0.2 0 0



0.5



1



1.5



2



2.5



3



3.5



4



4.5



5



8



9



10



Age (years)



Survival probability



1 0.8



median : 2.3 years IQR*: [0.9; 4.8]



0.6 0.4 0.2 0 0



1



2



3



4 5 6 Age(years)



7



Fig. 1. Parameters of the back-calculation model estimated from independent data or by a previous study. (a) Cumulative distribution of cattle age at infection; (b) Survival distribution of French cattle; *IQR: interquartile range.
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tion, was replaced by plant protein, and this is the only change implemented since the MBM ban. The age at infection could vary according to a dose eﬀect. Indeed, a lower exposition, due to successive control measures, would lead to an increase of the time necessary to be infected, and thus to an increase of the age at ﬁrst infection. Nevertheless, no experimental data allow supporting such a mechanism of infection for bovines. Therefore, a change of age at infection would be difﬁcult to explain, except in terms of a new source of infection, but nothing supports this hypothesis. On the other hand, from 1989, measures intended to prevent bovine infection by the BSE agent were taken in France. MBM was excluded from cattle feed in 1990, and this measure was extended to ruminant feed in 1994. High-risk bovine tissues (‘‘speciﬁed oﬀal’’) were excluded from animal feed in 1996. Hence, these successive measures probably implied a decrease of the number of infections. In addition, the amount of BSE agent to which cattle was exposed was likely to be smaller. Cattle experimentally infected by oral dosing exhibit shorter incubation periods when they receive larger inocula [20]. Thus, we used the age-dependent risk of infection (Fig. 1(a)) estimated in a previous study [3] and we varied the value of parameters of the incubation period distribution to explore if the increase of age of clinical cases of BSE was due to a lengthening of the incubation period. The incubation period distribution arises from a mechanistic model of disease pathogenesis [21]. The underlying model assumes that the prion density grows exponentially, at rate c1 from an initial dose d0, causing the onset of clinical signs when the prion density reaches a critical level. Arbitrarily setting this critical level at 1 and assuming that the initial dose arises from the distribution h(d0), the incubation period conditional on the initial dose is u¼



log d 0 c1



ð15Þ



and the distribution of incubation periods is given by dd 0 ð16Þ ¼ h½expðc1 uÞc1 expðc1 uÞ: du An initial delay in the incubation period distribution can be obtained if the initial dose distribution peaks at doses far below the critical level. Assuming that the initial doses arise from a gamma distribution, we obtain the following incubation period distribution f ðuÞ ¼ h½d 0 ðuÞ



f ðuÞ ¼



c1 ½c expðc1 uÞc3 exp½c2 expðc1 uÞ; Cðc3 Þ 2



ð17Þ



where u represents the incubation period and c2 and c3 determine the parameters of the gamma distribution of the initial dose. By varying parameters c1, c2, and c3 we varied the mean incubation period distribution between 4 and 7 years and the variance between 1 and 5 years2. Like in a previous study [19], we also considered a gamma distribution to model the incubation period distribution. Data on cattle demography were obtained from the French reference database for bovine identiﬁcation (Base de Donne´es Nationale d’Identiﬁcation, BDNI). Launched in 2000, this system is administered by Direction Ge´ne´rale de l’Alimentation (DGAL), of the Ministry for Agriculture, Food and Fisheries. It allows cattle to be followed from birth to death. We obtained data on the age-speciﬁc numbers of cattle alive on 1 January 2002 and on 1 January 2003, and on the age-spe-
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ciﬁc numbers of cattle sent to the abattoir and rendered in 2002 and 2003. The comparison of estimates between 2002 and 2003 showed no change, and allowed us to assume that these demographic parameters were stationary. We used the demographic data for 2002 to estimate the survival distribution, the age-speciﬁc risk of death, the age-speciﬁc proportion of cattle mortality resulting from slaughter, and the age-speciﬁc distribution of cattle. The median survival was 2.3 years and the interquartile range was [0.9;4.8] (Fig. 1(b)). We knew that the screening tests allowed detecting all clinical cases of BSE. There was not accurate data to determine the preclinical sensitivity of these tests. Nevertheless, the age of cases of BSE detected at the abattoir was not lower than that of cases detected by clinical surveillance (Table 1). Therefore, it argues against a high preclinical sensitivity of rapid tests. We studied the sensitivity of results to assumptions on preclinical sensitivity of rapid tests by exploring six sensitivity proﬁles for the diagnostic tests (Table 2), from zero sensitivity before clinical onset (proﬁle 1) to 99% sensitivity during the 12 months before clinical onset (proﬁle 6). Whatever the sensitivity proﬁle, we assumed a maximum sensitivity of 99% at disease onset and zero sensitivity if a BSEinfected animal was tested before the last 12 months of its incubation period. The infectivity of BSE, associated with the presence of the abnormal prion protein, has been detected in the central nervous system only a few months before the onset clinical of BSE [7,23]. The rapid tests of BSE are performed on the brain of cattle. In consequence, the hypothesis of null sensitivity of BSE rapid tests more than 12 months before the end of the period incubation was consistent with the knowledge of the pathogenesis of BSE. From, the retrospective clinical survey [10], we could deduce that 15% of clinical cases of BSE have been sent to the abattoir. Nevertheless, this ﬁgure was not accurate. Indeed, these surveys suﬀered from an information bias. Interviews were conducted knowing that the animals were BSE-positive. Therefore, regarding cattle sent to the abattoir, it is impossible to rule out a lack of reporting as, by law, diseased animals are not allowed to be sent to the abattoir. Therefore, 15% would represent the lower limit of the proportion of clinical cases sent to the abattoir. We studied the sensitivity of results to this value, by varying the proportion of BSE clinical cases sent to the abattoir, K, from 0.05 to 0.50. We formulated and ran the model of back-calculation in discrete time units, where the unit is one quarter. However the time-dependent intensity of infection kt was estimated annually up to 2000. Years were deﬁned so that, for example, 2000 consisted of the period between 1 July 2000 and 30 June 2001. As we considered cases of BSE detected up to June 2004, we could not estimate the BSE infection rate after June 2001. Indeed, because of the long BSE incubation period, the BSE incidence data oﬀer little information on the number of animals most recently infected. In addition, as around 80% of cases of BSE detected between June 2001 and June 2004 Table 2 Assumed test sensitivity proﬁles as a function of time before the clinical onset Months before clinical onset
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involved animals aged between 4.1 and 8 years, we had little information on the number of animals infected 8 years previously. To determine the start year of the estimate, we ran the model by varying this date between 1990 and 1996, and selected the model with the smallest AIC. 3.3. Predictions P The number of new cases detected at abattoirs at time t was predicted by Aa¼1 EðY ab a;t Þ, and the number of new cases detected by the clinical surveillance and routine screening of cattle at risk at P time t was predicted by Aa¼1 EðY arþc a;t Þ. To determine these functions, we used Eqs. (4) and (5) with an estimate of the time- and age-speciﬁc number of infections, E(Na,t) up to June 2001, and beyond June 2001 we assumed that no new infections occurred. 3.4. Results A better ﬁt was found when the incubation period was supposed to have a mechanistic distribution than by assuming a parametric gamma distribution (results not shown). The primary reason for the success of this distribution is that it can properly reproduce the observed initial delay before disease onset, whereas for the parametric distribution it is necessary to explicitly include a time delay in the functional form. A smoothing step can be added to each iteration of the EM algorithm to guarantee a smoothed incidence curve will be derived. However, in this study, EMS and EM algorithm produced very similar results, thus we dropped oﬀ the smoothing step. Moreover use of the EM estimates preserves the properties of the maximum likelihood (ML) estimates, so do not use smoothing allows keeping the properties of the ML estimators. The best-ﬁt models, based on the AIC, suggested that the average BSE incubation period is around 6.3 years and the variance around 3.3 years2 (Fig. 2(a) and Table 3). The Burnham and Anderson empirical rule retained models with an average incubation period between 6.0 and 6.6 years and a variance between 2.4 and 4.9 years2. We estimated that around 8000 cattle were infected by the BSE agent between July 1994 and June 2001. The number of BSE infections rose between 1994 and 1995 and fell after 1995 to 0 (95% conﬁdence interval (CI) = [0–0]) in 2000, whatever the assumed sensitivity proﬁle (Fig. 2(b)). For a better visualization, we only plotted the incidences of BSE infection estimated with the two extreme sensitivity proﬁles (proﬁles 1 and 6). The incidences of BSE infection estimated with other sensitivity proﬁles were bounded by these two plotted incidences. We presented the observed number of cases of BSE detected by each surveillance system and ﬁtted number of cases of BSE detected by each surveillance system according to the test sensitivity proﬁle (Table 4). Whatever the assumed sensitivity of the tests, our back-calculation model ﬁtted the observed data of each surveillance system very well. If the assumed sensitivity was very low then the proportion of BSE clinical cases sent to the abattoir was high, and vice versa (Table 3). The empirical rule of Burnham and Anderson did not discriminate a particular sensitivity proﬁle and, therefore the proportion of BSE clinical cases sent to the abattoir. When we assumed that the tests were not very sensitive (proﬁle 1) we estimated that the proportion of BSE clinical cases sent to the abattoir was 0.30; when we assumed that the tests were very sensitive (proﬁle 6) this proportion was 0.15 (Table 3). In fact, when we set the value of K then the sensitivity proﬁle is
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Fig. 2. Estimates derived from the back-calculation model. (a) Estimated probability density function of the BSE incubation period; (b) Estimated annual incidence of BSE infection with 95% bootstrap conﬁdence intervals obtained by using the two extreme sensitivity proﬁles (proﬁles 1 and 6). The incidences of BSE infection estimated with other sensitivity proﬁles were bounded by these two plotted incidences; (c) Estimated annual incidence of BSE infection obtained by using the two extreme sensitivity proﬁles (proﬁles 1 and 6). *The black curve (—-) is the infection curve obtained in a previous study [3] with 95% bootstrap conﬁdence intervals. Years were deﬁned so that, for example, 2000 consisted of the period between 1 July 2000 and 30 June 2001.
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Table 3 Estimates obtained according to the test sensitivity proﬁle AIC K Mean of IP (years) Variance of IP BSE infections between July 1994 and June 2001 with 95% conﬁdence intervals[ ]



Proﬁle 1



Proﬁle 2



Proﬁle 3



Proﬁle 4



Proﬁle 5



Proﬁle 6



1374.5 0.30 6.3 3.3 8649 [6833–10705]



1375.1 0.30 6.3 3.3 8326 [6549–10165]



1374.0 0.25 6.3 3.3 8043 [6439–9874]



1373.8 0.25 6.3 3.3 7790 [6212–9551]



1373.1 0.20 6.3 3.3 7389 [5853–9039]



1373.4 0.15 6.3 3.3 6860 [5409–8383]



IP, distribution of incubation period; AIC, Akaike’s Information Criterion; K, proportion of clinical cases of BSE sent to the abattoir. All sensitivity proﬁles assumed a sensitivity of 99% at disease onset and zero sensitivity if a BSE-infected animal was tested before the last 12 months of its incubation period. The preclinical sensitivity of rapid varied from zero sensitivity before clinical onset (proﬁle 1) to 99% sensitivity during the 12 months before clinical onset (proﬁle 6).



Table 4 Observed number of cases of BSE detected by surveillance system, and ﬁtted number of cases of BSE detected by each surveillance system according to the test sensitivity proﬁle
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Years were deﬁned so that, for example, 2001 consisted of the period between 1 July 2001 and 30 June 2002. All sensitivity proﬁles assumed a sensitivity of 99% at disease onset and zero sensitivity if a BSE-infected animal was tested before the last 12 months of its incubation period. The preclinical sensitivity of rapid varied from zero sensitivity before clinical onset (proﬁle 1) to 99% sensitivity during the 12 months before clinical onset (proﬁle 6).



automatically set so that the product equals the ’best ﬁt’ value. However, whatever the assumption, the dynamics of BSE infection were very similar (Fig. 2(b)). In a previous work [3], based on clinical cases of BSE detected in France until June 2000, we estimated the incidence of BSE infection in France until 1996. We plotted the infection curve thus obtained in Fig. 2(c), with its conﬁdence intervals, to compare the curves obtained in the present study. The infection dynamics obtained in this study was consistent with the infection dynamics obtained in a previous study based on passive surveillance only.



V. Supervie, D. Costagliola / Mathematical Biosciences 209 (2007) 90–107



105



4. Discussion It was important to incorporate data from BSE screening tests in the back-calculation model. The reason was the same as the incorporation of the HIV diagnosis into the back-calculation model for the AIDS epidemic [4–6], namely data on the infection diagnosis contained additional information on the incidence of infection. One of the diﬃculties of the BSE epidemic compared to the AIDS epidemic was that the status of cattle, asymptomatic or clinical, was not precisely known. In addition, several surveillance systems, their peculiarity and the phenomenon of communicating vessels between these surveillance systems had to be considered. Indeed, since July 2001, data on the occurrence of BSE in the cattle population were derived from three sources: clinical surveillance, screening of cattle at risk, and screening at the abattoir, and the proportion of clinical and asymptomatic cases of BSE is highly heterogeneous from one surveillance system to another. Another diﬃculty was that the preclinical sensitivity was not precisely known. Nevertheless, we developed a simple model integrating data from screening tests of apparently healthy cattle and the diﬀerent surveillance system. This allowed us to estimate and to update the past incidence of BSE infection. Our back-calculation model ﬁtted the observed data of each surveillance system very well. It was the ﬁrst time that the back-calculation model was applied to a full BSE clinical surveillance. Ferguson and Donnelly [8] also developed back-calculation model that takes into account BSE screening tests. Nevertheless, since in the United Kingdom all cattle are not tested for the BSE, their model was applied to data from incomplete British BSE clinical surveillance. In contrast to us, they did not take into account the phenomenon of communicating vessels between the clinical surveillance and surveillance on cattle at risk and their model under-estimated cases numbers detected by the passive surveillance. One of the explanations suggested by authors to justify this underestimation is that there was an increase of the number of clinical cases of BSE detected by the clinical surveillance because some animals that would have previously been detected among at risk cattle are now being classiﬁed as clinical cases (phenomenon of communicating vessels). In addition, they allowed the excess mortality of infected animals prior to clinical onset to be disproportionately biased towards on-farm deaths, so that infected animals had greater chance of ending their lives as casualties or fallen stock (animals at risk). Under these assumptions, one should detect many preclinical, i.e. asymptomatic, cases of BSE among at risk cattle that are tested BSE-positive. In retrospective surveys, 92% of animals testing positive among animals at risk had clinical signs of BSE before death. Therefore, the assumptions of Ferguson and Donnelly do not seem to be consistent with French epidemiological data. Beyond the incorporation of data on the infection diagnosis, a fundamental feature of our model was the cattle survival. It is important to take the competitive mortality into account as it censored the outcome of clinical cases of BSE. Moreover, we had to consider a survival conditional on being alive at the time of infection. Indeed as the mortality rate is high before exposure, failure to take conditional survival into account tends to lead to an overestimation of the number of infected animals. For example, in this study, by using the test sensitivity proﬁle 2, with a conditional survival we estimated that 8326 bovines were infected by the BSE agent between 1994 and 2000 and with an unconditional survival, that estimate was 11738, which means an overestimation of 40%. The competitive mortality is thus a censorship cause that should be considered in the next back-calculation models applied to other infectious diseases, such as those due to HIV and
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hepatitis C virus, where eﬀective treatments lengthen the ‘‘incubation period’’. AIDS and hepatitis C are two diseases where deaths due to competing causes can no longer be ignored. Compared to the BSE cases detected before 2000, the age of cattle at the clinical onset detected between July 2001 and June 2004 increased. This increase could suggest changes of the age at infection or/and the incubation period. It was not possible to estimate both the age at infection and the incubation period because of a problem of ‘‘identiﬁability’’. Nevertheless, some epidemiological data, we have to date, only backed up a lengthening of the incubation period. Consequently, we used the age at infection as estimated in a previous study [3] and we estimated the values of parameters of the incubation period distribution which best ﬁtted the data. We concluded that a lengthening of the incubation period (from 5 years to 6.3 years) associated with a decrease of the number of infections was the best explanation to the increase of age of BSE cases. Other scenarios which could explain the increase of age ﬁtted less well the data [24]. In addition, the dynamics of the BSE infection obtained were consistent with that which was obtained in a previous work and with the French control measures adopted to prevent BSE. When additional information is incorporated into the back-calculation model it allows improving the precision of the estimate of infection incidence [4–6]. In our study, we accounted for clinical cases and some preclinical cases detected by screening tests. Therefore, our application is somewhat similar to incorporating data on HIV diagnosis. In addition, the width of the conﬁdence intervals in this study diminishes to zero at year 2000 because we estimated a vanishing epidemic of BSE infection as the decreasing number of BSE cases detected since 2001 shows. This model may be applied to other European countries. Indeed, active surveillance was introduced throughout Europe in 2001 (except for the United Kingdom and Sweden), for all at risk cattle aged over 24 months and among all animals slaughtered for human consumption aged over 30 months. Acknowledgments This work was funded by a grant from GIS ‘‘Infection a` Prions’’. We are grateful to DGAL (Direction ge´ne´rale de l’alimentation) for providing demographic data on cattle.
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