
In France, despite the ban of meat-and-bone meal 
(MBM) in cattle feed, bovine spongiform encephalopathy 
(BSE) was detected in hundreds of cattle born after the ban. 
To study the role of MBM, animal fat, and dicalcium phos-
phate on the risk for BSE after the feed ban, we conducted 
a spatial analysis of the feed industry. We used data from 
629 BSE cases as well as data on use of each byproduct 
and market area of the feed factories. We mapped risk for 
BSE in 951 areas supplied by the same factories and con-
nection with use of byproducts. A disease map of BSE with 
covariates was built with the hierarchical Bayesian mod-
eling methods, based on Poisson distribution with spatial 
smoothing. Only use of MBM was spatially linked to risk 
for BSE, which highlights cross-contamination as the most 
probable source of infection after the feed ban.

In France, meat-and-bone meal (MBM) has been banned 
from cattle feed since July 30, 1990. However, through 

January 1, 2007, 957 cases of bovine spongiform encepha-
lopathy (BSE) have been detected in cattle born after the 
ban. These cases provide evidence that BSE control has 
not been entirely effective, which poses a concern because 
BSE is a zoonotic disease, a source of variant Creutzfeldt-
Jakob disease (vCJD). Until now, 158 defi nite or probable 
cases of vCJD in humans have been detected in the United 
Kingdom (www.cjd.ed.ac.uk/fi gures.htm, consulted March 
12, 2007) and 21 in France (www.invs.sante.fr/recherche, 
consulted March 12, 2007). The risk for humans is con-
trolled by removing specifi ed risk materials from human 
consumption (since 1996 in France, later in other European 
countries) and testing all cattle at the abattoir with a rapid 

test (since 2001 in continental European Union). However, 
these measures are expensive. Achieving 100% control of 
the spread of BSE is a major challenge, important for hu-
man health but limited by economic constraints. 

The main hypothesis concerning the source of infec-
tion in cattle born after the MBM ban still involves MBM; 
the BSE agent may have entered cattle feed by cross-con-
tamination with feed for monogastric species (pigs and 
poultry) in which MBM was still authorized until Novem-
ber 2000. Cross-contamination could have occurred within 
factories, during feed delivery to the farm, or on mixed 
farms that have cattle and pigs or poultry. This hypothesis 
is supported by the fi nding of MBM traces in cattle feed (1) 
as well as by epidemiologic studies that showed a spatial 
link between density of monogastric species and risk for 
BSE (2–7).

Another hypothesis, however, suggests the role of oth-
er animal byproducts such as fat and dicalcium phosphate 
(DCP) derived from bones, which were not prohibited in 
cattle feed before 2000. Such components might have been 
contaminated by the BSE agent during cattle slaughter (1). 
Clauss et al. (5) found a statistically higher use of milk re-
placers (which contain animal fat) for calves on BSE-af-
fected farms in Germany, and the same type of association 
was observed in France for scrapie in sheep (8). 

More knowledge about these factors is critical for the 
management of the BSE risk, as the BSE epidemic decreas-
es and pressure increases to release progressively more 
stringent control measures. Risk for BSE was spatially het-
erogeneous in France for the infected cattle born after the 
ban (9), meaning that the source of infection might be spa-
tially heterogeneous. If animal byproducts were a source 
of BSE for cattle born after the ban, we would expect a 
higher risk for BSE in areas with higher use of those animal 
byproducts in feed. We therefore investigated geographic 
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variations in the use of animal byproducts in feed factories 
(MBM for monogastric species, animal fat and animal DCP 
for cattle) and explored their spatial link with risk for BSE 
in the market areas of the factories.

Methods

Data Collection

BSE Cases 
BSE cases are recorded in the BSE database of the 

Agence Française de Sécurité Sanitaire des Aliments (AFS-
SA) in Lyon, France. The period we considered for case de-
tection was July 1, 2001, through December 31, 2005. This 
choice enabled us to obtain precise and comparable data 
because during this period detection of BSE was based on 
the mandatory reporting system and on the comprehensive 
active surveillance program (10,11); these 2 systems are 
complementary and ensure screening of every bovid >24 
months of age, dead or slaughtered.

Because feed produced before the ban was not recalled 
and to account for possible stocks of feed, our study was 
restricted to BSE-infected cattle born after January 1, 1991. 
As shown in previous studies (12,13), the source of infec-
tion for cattle born after the ban and for those born after 
a complementary reinforced ban implemented in 1996 
(www.agriculture.gouv.fr/esbinfo/esbinfo.htm, consulted 
September 7, 2006) appear to be the same. Therefore, to 
increase the statistical power of the study, we combined 
infected cattle born after the ban with those born after the 
complementary reinforced ban.

BSE cases considered in the analysis were in clinically 
suspected animals confi rmed at AFSSA with Western blot or 
immunochemical tests and in animals with positive test results 
(same techniques) among the entire cattle population tested 
within the active surveillance program (11). The location of 
the BSE-infected cattle was defi ned by the center of the com-
mune (French community, 36,582 units, average 15 km²) of 
the farm in which the animal had been raised during the 6–12 
months after birth; according to modeling results, this period 
corresponds to the highest risk for infection (14,15).

Cattle Characteristics and Demographics
The background population was based on demography 

of female adult bovids available at the canton level (3,705 
units, average 150 km²). Data were obtained from the Ag-
ricultural Census 2000 (CD-ROM, edited by Agreste, 251 
rue de Vaugirard, 75732 Paris, France). Because BSE inci-
dence varies according to production type, the cattle popu-
lation was divided into dairy and beef (3,16,17); incidence 
was defi ned by breed of the animal or production type of 
the farm (when breed was not recorded or when animal was 
a mixed breed).

Factory Data
From March 2004 through June 2005, the Ministry of 

Agriculture (Direction Générale de l’Alimentation) used a 
questionnaire designed by the authors to investigate facto-
ries that produced compound feed for cattle. The period of 
interest for the questionnaire was January 1, 1991, through 
November 2000 (date of the total ban of MBM and byprod-
ucts in feed for all species). The 4 characteristics used in 
the analysis were market area (geographic area in which 
the factory was delivering feed), use of MBM in feed for 
monogastric species, use of animal fat in cattle feed, and 
use of animal DCP in cattle feed. Factories were located 
by the commune center. Canton perimeters and commune 
centers were provided by GEOFLA France Métropolitaine 
(Institut Géographique National, Paris, France; version 6; 
2002).

Mapping Use of Byproducts in Feed Factories 
Each factory had a unique market area; market areas 

varied in size and partly overlapped. To handle this com-
plex situation, we listed all factories that delivered feed in 
each canton; then we used ArcView GIS (ESRI Inc. Red-
lands, CA, USA) to perform a spatial aggregation of all 
cantons that used the same set of factories and called this a 
delivery area. From 327 market areas, this process divided 
the territory into 943 delivery areas. Consequently, each 
delivery area could be considered homogeneous for the risk 
related to factories. For each byproduct (MBM, animal fat, 
animal DCP), exposure of cattle in a given delivery area 
was estimated by the proportion of factories that used this 
byproduct in the area (number of factories that used the 
byproduct divided by total number of factories in the area). 
The exposure of each area to each byproduct was then clas-
sifi ed in quintiles and mapped. Use of quintiles enabled us 
to have a central class. To improve the legibility of the map, 
we smoothed it by using a spatial interpolation (kriging) of 
the values of the exposure in the delivery areas.

BSE Risk and Spatial Link with Use of Byproducts
To assess the relative risk for BSE—comparing risk in 

a given delivery area with average risk in the nation—we 
modeled the distribution of the number of BSE cases, tak-
ing into account the bovine demography in each area and 
the geographic adjacency of areas (18–21). The method is 
explained in detail in the online Technical Appendix, avail-
able from www.cdc.gov/EID/13/6/867-Techapp.htm. A 
basic model (model 0) without covariate (factor explaining 
the risk) was assessed to represent the risk for BSE in each 
area, following a method used previously (9); the relative 
risk for BSE in the area was then classifi ed in quintiles, as 
was risk for exposure.

The crude link between exposure to each byproduct 
and risk for BSE was assessed by the crossing of the 5 lev-



BSE and Spatial Analysis of Feed Industry

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 13, No. 6, June 2007 869 

els of the relative risk for BSE and the 5 levels of the ex-
posure to MBM, animal fat, and animal DCP, respectively, 
which was reported in a 5×5 array table. The 25 cells of 
the table were classifi ed in 5 groups on which the mapping 
of the crude link was based. Groups 1 and 2 represented a 
concordant relationship between the relative risk for BSE 
and exposure, i.e., high exposure with relative risk for BSE 
>1 on the one hand, and low exposure with relative risk 
for BSE <1 on the other. Groups 3 and 4 represented a dis-
cordant relationship, i.e., high exposure with relative risk 
<1 and the converse, and group 5 was intermediate. Fur-
thermore, the crude link between the use of each byproduct 
in the area and the relative risk for BSE was tested with a 
Spearman rank correlation unilateral test.

Finally, the adjusted link between exposure to each by-
product and risk for BSE was assessed by including covari-
ates in the hierarchical Bayesian model. We successively 
incorporated all covariates with a signifi cant crude link 
with BSE, following a method used in a previous work (22) 
and shown in detail in the online Technical Appendix.

Sensitivity Analysis Regarding Missing Data 
To test the effect of possible bias due to missing data, 

we conducted a sensitivity analysis. We assumed that miss-
ing data were randomly distributed for animal fat and ani-
mal DCP, which were still authorized in cattle feed until 
November 2000. For MBM, however, we hypothesized 
that lack of answer could be a way to escape the question; 
because MBM was prohibited for cattle, cross-contamina-
tion of cattle feed with MBM in feed for monogastric spe-
cies should in fact be the responsibility of manufacturers 
that were not successful in controlling such a risk within 
their factories. So we tested a fi ctitious situation under a 
worst-case scenario: all missing data about MBM would be 
related to use of MBM in feed for monogastric species. The 
crude link between the use of MBM and the relative risk 
for BSE was mapped under this scenario and tested with a 
Spearman rank correlation unilateral test.

Results

Use of Byproducts in Feed Factories 
We identifi ed 327 factories that were producing com-

pound feed for cattle during the study period (Figure 1). 
From the market areas, we divided the territory into 943 
delivery areas (Figure 1), 7–9,734 km² (average 578 km²); 
4–33 (average 16) factories delivered in a given area. Fac-
tories that did not answer questions on a given risk were 
excluded from analysis, except for the sensitivity analysis. 
The fi nal sample with complete data was composed of 255 
factories for the risk concerning MBM, 248 for animal fat, 
and 220 for animal DCP. In the delivery areas, the propor-

tions of factories that used animal byproducts (Figure 2) 
were 16.7%–71.4% for MBM, 5.3%–68.8% for animal fat, 
and 13.3%–88.9% for animal DCP.

Relative Risk for BSE and Crude Link 
with Factory Variables

From July 1, 2001, through December 31, 2005, 525 
BSE-infected cattle born after the ban and 104 born after 
the complementary reinforced ban were detected in France 
(Figure 3A). Among these 629, 505 were detected in the 
dairy cattle population (4.2 million) and 124 in the beef 
cattle population (4.3 million). The relative risk for BSE, 
based on the model without covariate (Table, model 0), 
varied between 0.49 and 2.29, depending on the area (Fig-
ure 3B). The maps of the crude link between relative risk 
for BSE and factory variables (Figure 4) show the concor-
dant and discordant areas between the relative risk for BSE 
and use of each byproduct. 

According to the Spearman rank correlation unilateral 
test, only use of MBM (ρ = 0.43, p<0.001) and use of ani-
mal fat (ρ = 0.39, p<0.001) appeared signifi cantly linked to 
the relative risk for BSE. For MBM, the link remained the 
same (ρ = 0.43, p<0.001) when we performed the sensitiv-
ity analysis and replaced missing data with “yes”; we there-
fore eliminated missing data from the analysis. Because the 
link between animal DCP and the relative risk for BSE was 
not signifi cant, this covariate was not incorporated into the 
disease mapping models.

Figure 1. Location of the 327 feed factories that produce compound 
feed for cattle and location and size of the 943 delivery areas. 
Unshaded delivery areas were excluded from analysis because 
they did not contain cattle.
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Disease Mapping Models 
The Table presents the set of models assessed with 

the covariates MBM and animal fat. We deduced from the 
lowest deviance information criterion (DIC) value of mod-
els 1 (ΔDIC = –5.0) and 3 (ΔDIC = –3.0) that only use 
of MBM signifi cantly infl uenced the relative risk for BSE. 
The results of conformity tests H0 : β1 = 0 were signifi cant 
(p<0.03). The model quantifi ed the effect of the risk factor: 
the risk for BSE was 3.8× higher in a delivery area in which 
100% of the factories used MBM compared with another 
area in which none of the factories used MBM.

Discussion
We used spatial analysis to explore the link between 

use of 3 byproducts (MBM, animal fat, animal DCP) in 
factories that produced cattle feed and the relative risk for 
BSE for animals born after the ban of MBM in cattle feed 
in France. Among 327 factories, questionnaires were in-
complete for 72 (22%) for the use of MBM, 79 (24%) for 
animal fat, and 107 (33%) for animal DCP. Our hypothesis 
for missing data about animal DCP was that manufacturers 
did not know the answer because they often bought premix 
with preincorporated minerals. Therefore, lack of respons-
es should not be biased and should not affect the analysis. 
We applied the same hypothesis to absence of information 
bias for the use of animal fat because this byproduct was 
allowed in cattle feed and manufacturers would have no 
reason to hide data. For MBM, the hypothesis of a possible 

information bias (because MBM was banned from cattle 
feed) was tested in a sensitivity analysis using a worst-case 
scenario; this scenario did not change the result, so a pos-
sible information bias, if any, should not have modifi ed the 
results. The huge regional differences in the proportion of 
factories using MBM, animal fat, and animal DCP might 
have different explanations, including the local supply, 
which is linked to local production or import availability, 
and the differential interest in using each of these com-
pounds for feed for different species whose densities vary 
in this French territory.

The main result of the spatial analysis provides evi-
dence of a signifi cant adjusted spatial link between factory 
use of MBM for monogastric species and the relative risk 
for BSE. This result favors the effect of cross-contamina-
tion of cattle feed with MBM-containing feed for mono-
gastric species as a source of BSE for cattle born after 
the ban of MBM. A recent epidemiologic study in France 
(23) clearly showed that cattle that consumed feed from 
factories were at risk for BSE after the feed ban; it also 
showed that mixed farms were at a higher risk for BSE, 
which indicates that cross-contamination has possibly oc-
curred on farms (by feeding monogastric-species feed to 
bovines). These fi ndings are in agreement with our results; 
both studies complement each other and raise the question 
of effectiveness of the ban that was initially restricted to 
bovines and belatedly extended to other species to reduce 
cross-contamination. 

Our study did not implicate animal fat as a source 
of infection. However, we cannot exclude a minor effect, 
which would be impossible to prove given the power of 
the study. Animal fat is considered potentially infectious 
because of the solubility of prions (24,25) and the possible 
contamination with protein impurities by contact with other 
infectious materials at the slaughterhouse. Animal fat is in-
corporated in cattle feed in milk replacer and in proprietary 
concentrates. Clauss et al. (5) identifi ed milk replacer as a 
potential risk factor for BSE in Germany, of importance 

Figure 2. Mapping of the proportion of factories using meat-and-
bone meal for monogastric species (A), animal fat for cattle (B), 
and animal dicalcium phosphate for cattle (C) in the delivery areas. 
The legibility of the maps was improved by smoothing with a spatial 
interpolation of the exposure level in the delivery areas.

Figure 3. Location of the 629 bovine spongiform encephalopathy 
(BSE) cases under study (A) and disease mapping of the relative risk 
for BSE compared with the average national risk (B). For improved 
legibility, map B was smoothed using a spatial interpolation of the 
relative risk for BSE in the delivery areas.



comparable to proprietary concentrates; the case-control 
study carried out in France (23) also found an effect of con-
sumption of milk replacer, but to a lesser extent. Regard-
less, distinguishing the specifi c effect of milk replacer and 
proprietary concentrate in these studies was diffi cult. 

Concerning animal DCP, our study showed no effect 
of its use in compound feed for cattle; however, we did not 
take into account mineral and vitamin compounds fed to 
cattle, which can incorporate animal DCP as well. Our re-
sults agree with those of the case-control study (23), which 
did not provide evidence that use of mineral and vitamin 
compounds affect risk for BSE; the authors considered 
that the implication of animal DCP as a source of BSE, if 
it existed, should have been marginal. In contrast, a risk 
analysis by the European Food Safety Agency (www.efsa.
europa.eu/en/science/biohaz/biohaz_opinions/1440.html, 
consulted 7 September 2006) highlighted the potential role 
of animal DCP in cattle infection, which might be the same 
order of magnitude as the residual risk from cross-contami-
nation with MBM. Our results do not support this assess-
ment; further studies would be useful.

Our spatial study highlighted the role of MBM as a 
source of BSE after the ban of MBM for cattle, through 
cross-contamination in feed factories. If we exclude delib-
erate use of MBM in feed for cattle (banned since 1990), 
our fi ndings indicate that feed manufacturers did not imple-
ment suffi cient measures to avoid cross-contamination dur-
ing feed processing. Different key points were identifi ed 
by the French Ministry of Agriculture (B. Thiebot and X. 
Delomez, pers. comm.) as minimizing risk for cross-con-
tamination. Some can be implemented quickly, such as the 
sequence of processing, namely, banning the processing 
of feed for monogastric species just before feed for cattle. 
However, others are more diffi cult to implement, such as 
automatic computation of formula, automatic computation 
of the sequence of production, and automatic incorporation 
of unsold products in feed. The ultimate way to eliminate 
cross-contamination is to have a complete partition be-
tween the feed-processing chains dedicated to monogastric 
species and to ruminants, a huge investment for the feed 
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Table. Estimations of regression parameters of the disease mapping model with covariates meat-and-bone meal and animal fat* 

ii elog Estimations of β Prediction interval Odds ratio† Model

0
iu

DIC = 1596 
03.0679.0ˆ

0 −β1
ii MBMu 10 ββ [–1.243, –0.116] 

ΔDIC = -5.0 007.0337.1ˆ
1β [ 0.091, 2.562], p = 0.017 3.8

002.0329.0ˆ
0 −β2

ii FATu 10 ββ [–0.8 , 0.131] 
ΔDIC = –1.0 007.0786.0ˆ

1β [–0.674, 2.230], p = 0.145 n.s.

03.0701.0ˆ
0 −β3

iii FATMBMu 210 βββ [–1.315, -0.094] 
ΔDIC = –3.0 008.0296.1ˆ

1β [ 0.01, 2.686], p = 0.035 3.7

009.0124.0ˆ
2β [–1.456, 1.683], p = 0.438 n.s.

*λi,parameter of the Poisson distribution for area i; ei expected number of bovine spongiform encephalopathy cases for area i; β, set of regression 
parameters to link the relative risk to the covariates; ui, spatial component of smoothing for area i; MBM, meat-and-bone meal; FAT, animal fat; n.s., not 
significant. Variations of the deviance information criterion (ΔDIC) were calculated in comparison with the DIC value of model 0. The 95% prediction 
intervals were based on the quantiles of the Markov Chain Monte Carlo sample. 
†Odds ratio was computed as exp(β); it compares the bovine spongiform encephalopathy risk for a 100% difference in the use of MBM in the area. 

Figure 4. Mapping of the crude link between the relative risk for 
bovine spongiform encephalopathy (BSE) and the exposure to 
meat-and-bone meal (A), animal fat (B), and animal dicalcium 
phosphate (C). In the left part of the key are the limits of the quintiles 
for each type of exposure (expressed in percent of factories using 
the byproduct). In the rest of the key, for each type of exposure, 
groups 1 and 2 represent a concordant relationship between the 
relative risk for BSE and each type of exposure (high exposure 
with relative risk for BSE >1, and low exposure with relative risk 
for BSE <1); groups 3 and 4 represent a discordant relationship 
(high exposure with relative risk <1 and the contrary); group 5 is 
intermediate. 
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industry with low profi t margins. Given the situation in the 
fi eld, the results of our study indicate that the total ban of 
MBM for farm animals in November 2000 was essential 
for controlling the spread of BSE. 

In the current context of the decreasing epidemic, eco-
nomic pressure is increasing to release the ban of MBM 
in feed for monogastric species. The prerequisite, from an 
animal and human health perspective, is 100% effi cient 
control of the risk for cross-contamination at the factory 
level and elsewhere. Releasing any control measure would 
need comprehensive cooperation with the feed industry to 
adapt their production units, which cannot be achieved in 
the short term.
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