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Abstract – The objective was to evaluate the potential use of genotype probabilities to han-
dle records of non-genotyped animals in the context of survival analysis. To do so, the risks
associated with the PrP genotype and other transmission factors in relation to clinical scrapie
were estimated. Data from 4049 Romanov sheep affected by natural scrapie were analyzed
using survival analysis techniques. The original data set included 1310 animals with missing
genotypes; five of those had uncensored records. Different missing genotype-information pat-
terns were simulated for uncensored and censored records. Three strategies differing in the way
genotype information was handled were tested. Firstly, records with unknown genotypes were
discarded (P1); secondly, those records were grouped in an unknown class (P2). Finally the
probabilities of genotypes were assigned (P3). Whatever the strategy, the ranking of relative
risks for the most susceptible genotypes (VRQ–VRQ, ARQ–VRQ and ARQ–ARQ) was sim-
ilar even when the non-genotyped animals were not a negligible part of uncensored records.
However, P3 had a more efficient way of handling missing genotype information. As com-
pared to P1, either P2 or P3 avoided discarding the records of non-genotyped animals; however,
P3 eliminated the unknown class and the risk associated with this group. Genotype probabilities
were shown to be a useful technique to handle records of individuals with unknown genotype.

genotype probabilities / survival analysis / PrP genotypes / scrapie

1. INTRODUCTION

Animal health is a concern in any production system. Animal diseases have
an economic impact because they may affect the level of production, shorten
the length of productive life of animals and be the cause of discarding the an-
imal products. Nowadays, there is an increasing interest in improving genetic
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resistance to diseases. In many cases, this interest is mainly due to the existence
of links between the animal’s diseases and human health.

Evidence of genes influencing disease resistance exists [2]. Scrapie is one
of several diseases known as Transmissible Spongiforme Encephalopathies
(TSE). TSE may affect animals and humans. Resistance/susceptibility of sheep
to scrapie is largely under the control of the PrP gene. In sheep, several point
mutations at codons 136 (T, A or V), 154 (R or H) and 171 (R, Q, H, K) have
been associated with resistance-susceptibility to scrapie. In general, the VRQ
allele is related to scrapie susceptibility and ARR confers resistance, with an
intermediate situation for ARQ, AHQ and ARH. Whilst the PrP gene largely
controls susceptibility to scrapie (i.e. Hunter et al., [9]), other genes have also
been detected in relation to susceptibility-resistance to scrapie [14].

Genotyping provides a powerful tool in relation to breeding for genetic re-
sistance. However, in most commercial populations the information of geno-
types is often incomplete due to a lack of genotyping a large proportion of
individuals in the population. Exclusion of non-genotyped individuals from
the data analysis may affect the estimates of correction factors included in the
model [15]. Therefore, any tool to handle records of non-genotyped individ-
uals is desired. Genotype probabilities have been used in the linear context
to estimate the effect of major genes [11] and avoid bias in the estimate of
the effect of QTL in populations where genotyping was not complete [8, 13].
Meuwissen and Goddard [13] pointed out the usefulness of genotype probabil-
ities to avoid discarding information and to correct for the effect of selection.
However, genotype probabilities have not been largely explored in the con-
text of survival analysis. This appears to be an appealing strategy to be used
to estimate risk factors associated with the different genotypes or to identify
transmission factors [3].

Survival analysis provides an adequate framework to analyze resistance-
susceptibility to scrapie [1, 6]. Survival analysis has been used to analyze
scrapie genetic resistance in the INRA Langlade flock [3,6]. These two studies
handled missing genotypes differently. While Elsen et al. [6] discarded infor-
mation of non-genotyped individuals, Díaz et al. [3] included this information
in the analyses. Díaz et al. [3] compared two different approaches to account
for the unknown information on the PrP genotype in order to estimate the risk
associated with it. Firstly, an unknown class including individuals with un-
known genotype was generated. Secondly, genotype probabilities were used.
The results were similar under both strategies. The authors argued that the re-
sults were similar because most uncensored records had genotype information.
However, this is not the general situation and, even in the scrapie case where
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PrP genotyping is largely done, the information on genotypes is often incom-
plete. The objective of this work was to evaluate the potential use of genotype
probabilities to handle records of non-genotyped individuals in the estimation
of risk associated with PrP genotypes and other transmission factors.

2. MATERIALS AND METHODS

2.1. Data

Data were obtained from an INRA experimental flock (“Langlade”) located
near Toulouse (France) and first described by Elsen et al. [6]. The present study
includes data from animals of the Romanov breed. In August 1993, the flock
suffered an outbreak of scrapie and the natural selection against the susceptible
genotypes drastically changed the distribution of the different genotypes [6].
Since then, appropriate matings of PrP-genotyped animals (i.e. between sus-
ceptible animals) were carried out in order to maintain a naturally scrapie in-
fected flock. The flock was genetically closed between 1979 and 1996. In 1997
and 2001 several animals were brought into the flock from another INRA ex-
perimental farm. PrP genotyping started at the beginning of the scrapie out-
break in 1993 and has been systematically done since 1994.

The final dataset for survival analysis consisted of 4049 animals that were
living in the Langlade flock between the 1st of April 1993 and the 4th of
March 2002. Among those, 447 were uncensored, i.e. died of scrapie during
the period analyzed. The animals were classified as ‘died of scrapie’ when
they showed clinical signs confirmed by positive histology. For the survival
analysis, a record was considered as censored when the animal either died of
other causes or did not die before March 2002. There were 1310 animals with
unknown genotype. Among them, 5 died of scrapie (and were therefore uncen-
sored). The probabilities of genotypes were computed taking into account the
pedigree information available, which included records registered from 1983.
The method for calculating genotype probabilities is described below.

2.2. Estimation of PrP probabilities

Four alleles of the PrP gene were found in the Langlade flock: ARR, ARQ,
AHQ and VRQ with ten resulting PrP genotypes. For genotyped individuals,
the genotype probability was equal to unity for the observed PrP genotype and
zero for all other possible genotypes. The genotypes of individuals that had
not been typed but whose parents were homozygous were reconstructed and
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considered as known. For non-genotyped individuals, these probabilities were
estimated using an iterative peeling approach as in Janss et al. [10]. The peel-
ing equations were as in Fernando et al. [7]. Genotype probabilities were com-
puted using the pedigree data and available genotype information. To avoid
over/underflows, a log form of Fernando et al.’s equations was implemented.
The iterative process was repeated until the absolute difference of the esti-
mated genotype probability between two iterations was less than 10−3 for all
individuals.

2.3. Strategies to be compared and simulation scenarios

Three approaches relative to the treatment of missing genotype information
were compared. Firstly, the non-genotyped animals were excluded from the
data analysis (P1). Secondly, a specific ‘unknown’ group of animals was cre-
ated to include non-genotyped animals (P2). Thirdly, estimates of genotype
probabilities were included in the analysis (P3). The P2 and P3 were defined
to avoid discarding information available to estimate transmission factors in
the model.

Based on previous results [3], two situations concerning the genotyped
animals of uncensored (U) and censored (C) data were simulated. For each
situation (U and C), the genotypes of animals were discarded in different
proportions from the data file. As a result, several datasets with different pro-
portions of uncensored and censored records with unknown genotypes were
generated. For uncensored data, two scenarios were considered: 25% (U-25)
and 50% (U-50) of scrapie animals were assumed to have an unknown geno-
type. Correspondingly, in censored data, 25% (C-25) and 50% (C-50) of the
animal genotypes were assumed unknown. In each scenario, the simulated loss
of genotyping was randomly performed taking into account the genotype of the
animals, in a stratified manner such as the loss of information involved all the
classes of genotypes. Therefore, the number of animals with known genotypes
for each class decreased relative to the original data set. The initial scenario
corresponded to the original situation with only five unknown-genotype indi-
viduals in uncensored data (O). In Table I, the distribution of genotypes for
censored and uncensored records are shown under each scenario.

2.4. Models

Survival analysis techniques were used. Failure time (t) was expressed as the
age of the animal at the scrapie diagnosis. This analysis models the hazard of
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Table I. Distribution of genotypes under each scenario (25% and 50% of genotypes
were missing) and group of data: uncensored (U) or censored (C).

Genotypes
Original 25% 50%
U C U C U C

Unknown 5 1305 116 1879 227 2453
AHQ–AHQ 1 36 1 25 1 18
AHQ–VRQ 2 258 1 195 0 132
ARQ–AHQ 6 118 3 91 2 60
ARQ–ARQ 86 186 61 145 39 87
ARQ–VRQ 227 320 170 249 116 162
ARR–AHQ 0 96 0 75 0 47
ARR–ARQ 2 174 2 125 1 85
ARR–ARR 0 333 0 235 0 168
ARR–VRQ 6 451 3 334 2 231
VRQ–VRQ 112 325 90 249 59 159

an animal to be affected by scrapie at time t provided that it did not show signs
of scrapie till that moment. Therefore, it describes the rate at which animals
are showing signs of scrapie over time. A Cox proportional hazards model was
considered in the analyses. Under this model, the hazard of an animal to die of
scrapie at time t is written as the product of a specified baseline λ0 and a set of
explanatory variables or stress factors ex′β modifying the baseline.

Two models, similar to those used in Díaz et al. [3], were run. Both mod-
els had a common part, including significant transmission factors. The flock
effect Fj is the effect of the experimental group in which the animal ith is in-
cluded. This effect was divided into five groups ( j = 1, 5); animals coming
from outside Langlade (n = 33), animals from the main flock (n = 3820),
animals experimentally infected with Teladorsagia Circumcinta (n = 100),
animals involved in grazing experimentally infected pasture (n = 15) and
animals in a special protocol where animals are left to older ages (n = 81).
Ik is a time dependent effect which is the combination of individual age and
the level of infection challenge assuming that changes occur at the beginning
of each lambing season (π). Sheep were classified into three groups of age:
0–24 (n = 3807), > 24–36 (n = 99), > 36 months (n = 143). Sxl is the effect of
sex, males (n = 1785) and females (n = 2264). The effect Ro (o = 1, 4) is the
combination between rearing type (maternal rearing or artificial rearing) and
dam’s disease status (scrapie or non-scrapie dams).
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Two models were investigated that differed in the way that PrP genotype
information was handled. Firstly, survival analysis was performed as

λi(t) = λ0(t) exp
{
F j + Ik (π) + S xl + PrPm + Ro

}
,

where λi(t) represents the hazard of an animal to become a scrapie-affected
animal at age t, λ0 is the baseline hazard function representing the average
risk of the population and PrPm is the effect of the animal’s genotype (known
or unknown). Under P1, this model included ten classes for the effect of the
PrP genotype of the animals. An additional class was included to account for
non-genotyped animals under P2.

In the second model, the hazard was modeled similarly except for the geno-
type effect. To take into account genotype probabilities for non-genotyped an-
imals, each individual was assigned a corresponding vector of probabilities:

λi(t) = λ0(t) exp

F j + Ik(π) + S xl +

10∑

m=1

bm xim + Ro

 .

Probabilities xim of the m possible genotypes were estimated for each animal i,
with an effect bm which is the regression coefficient that represents the effect
of the mth genotype on the hazard. This model was used in P3.

The analyses were performed using the software package Survival
Kit V3.12 [5].

3. RESULTS

3.1. Original scenario

Relative risks associated with the PrP-genotype effect for P1, P2 and P3
are presented in Table II. Under P3 the relative risk of the mth genotype was
calculated from the estimate of bm, as exp(bmxm) for xm equal to one. The
ranking of VRQ–VRQ, ARQ–VRQ and ARQ–ARQ genotypes was similar for
the three strategies. Whatever the strategy, the VRQ–VRQ genotype had a risk
about three times higher than the heterozygote ARQ–VRQ risk, and about six
times higher than the homozygote ARQ–ARQ risk. Identical ranking for the
most susceptible genotypes is described in Elsen et al. [6], for this population.

Figure 1 represents the fraction of individuals still alive t days after birth
for each group of genotypes under the P1 (a), P2 (b) and P3 (c) strategies, re-
spectively. The survival function of an individual with a specific genotype was
estimated from the cumulative baseline hazard function [12]. Figure 1 pro-
vides an illustration of the average differences in age at scrapie signs for each
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Table II. Relative risk of genotypes to ARQ–VRQ genotype with different ap-
proaches to treat missing genotype information: non-genotyped individuals were
eliminated (P1), non-genotyped individuals formed the unknown group (P2), the prob-
abilities of genotypes were included (P3).

Genotypes P1 P2 P3
Unknown 0.179

AHQ–AHQ 0.033 0.034 0.034
AHQ–VRQ 0.020 0.020 0.011
ARQ–AHQ 0.028 0.029 0.028
ARQ–ARQ 0.521 0.523 0.528
ARQ–VRQ 1 1 1
ARR–AHQ 0 0 0.002
ARR–ARQ 0.014 0.016 0.015
ARR–ARR 0 0 0
ARR–VRQ 0.030 0.031 0.030
VRQ–VRQ 2.874 2.876 2.936

genotype. The estimates of the survival rate for each genotype were differ-
ent, being lower under the P1 and P2 strategies. Under P1 and P2, 90% of
VRQ–VRQ animals showed scrapie signs before 900 days of age while
only 2% for ARR–ARQ showed signs before that age. However, under P3,
only 37% of VRQ–VRQ animals showed scrapie signs 900 days while 0.2%
was obtained for ARR–VRQ.

3.2. Simulated scenarios

The effect of discarding non-genotyped individuals on the relative risks as-
sociated with the genotypes was studied. The results from the simulation were
compared to the original situation (O).

Under P2, the results for P2-U-25 and P2-U-50 showed that the risk of the
unknown group was not negligible and increased with the number of indi-
viduals with uncensored records included in this group (Tab. III). The un-
known class changed from the fourth position in P2-O to the second position
in P2-U-25 and P2-U-50. Thus, the risk associated with the unknown group
was intermediate between VRQ–VRQ and ARQ–VRQ. Ignoring the unknown
group, the ranking of VRQ–VRQ, ARQ–VRQ and ARQ–ARQ genotypes
listed in decreasing value of risk was similar among P2-O, P2-U-25 and
P2-U-50. Identical results were found for P1.
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Figure 1. Survivor curves of different genotypes when non-genotyped individuals
were eliminated (a), non-genotyped individuals formed the unknown group (b), and
the probabilities of genotypes were included (c). The genotypes are listed and drawn
in decreasing survival rate, ignoring the unknown group.

Under P3, the relative risk effects associated with the PrP genotypes were
computed for the different scenarios: P3-O, P3-U-25 and P3-U-50 (Tab. IV).
Similar patterns were observed for P3-O and the two simulated scenarios. The
highest risk groups consisted of animals carrying VRQ–VRQ, ARQ–VRQ
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Table III. Relative risk of genotypes to the ARQ–VRQ genotype under P2 with the
original situation (P2-O) and when 25% (P2-U-25) and 50% (P2-U-50) of genotyping
were missing in uncensored data.

Genotypes P2-O P2-U-25 P2-U-50
Unknown 0.179 1.674 2.547

AHQ–AHQ 0.034 0.048 0.066
AHQ–VRQ 0.020 0.020 0
ARQ–AHQ 0.029 0.021 0.020
ARQ–ARQ 0.523 0.545 0.530
ARQ–VRQ 1 1 1
ARR–AHQ 0 0 0
ARR–ARQ 0.016 0.016 0.016
ARR–ARR 0 0 0
ARR–VRQ 0.031 0.019 0.017
VRQ–VRQ 2.876 2.992 3.375

Table IV. Relative risk of genotypes to the ARQ–VRQ genotype under P3 with the
original situation (P3-O) and when 25% (P3-U-25) and 50% (P3-U-50) of genotyping
were missing in uncensored data.

Genotypes P3-O P3-U-25 P3-U-50
AHQ–AHQ 0.034 0.047 0.057
AHQ–VRQ 0.011 0.031 0.063
ARQ–AHQ 0.028 0.048 0.067
ARQ–ARQ 0.528 0.549 0.534
ARQ–VRQ 1 1 1
ARR–AHQ 0.002 0.011 0.019
ARR–ARQ 0.015 0.060 0.110
ARR–ARR 0 0.011 0.027
ARR–VRQ 0.030 0.066 0.011
VRQ–VRQ 2.936 2.781 2.874

and ARQ–ARQ genotypes. Estimated probabilities tended to keep the rank-
ing of these genotypes in terms of risk to the original order even when the
non-genotyped animals were not a negligible part of uncensored records. Us-
ing genotype probabilities, the genotypes such as ARR–ARR and ARR–AHQ,
that previously did not appear at risk, showed a small relative risk (Tabs. III
and IV).
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Different missing scenarios in censored data were simulated and also com-
pared to the original situation. Under P1, P2 and P3, when the number of non-
genotyped individuals with censored data increased, the risk ranking among
the most susceptible genotypes: VRQ–VRQ, ARQ–VRQ, and ARQ–ARQ,
was similar to the original scenario. Under P2, with the increase of the miss-
ing genotype information, the risk for an unknown group became almost zero.
The risk changed from 0.179 with 1305 non-genotyped censored records in the
original situation to 0.005 when 50% of genotypes were missing in censored
data (2453 records).

The effect of discarding non-genotyped animals on confidence intervals of
the relative risks associated with transmission factors was studied. Confidence
intervals for the relative risk were found by exponentiating the lower and up-
per limits [12]. P1, P2 and P3 were compared for the R0 effect (a combination
between the rearing type and the dam’s disease status) when 50% of the geno-
types were missing in uncensored data. As it was expected, P1 showed an
impact on confidence intervals of each level of the R0 factor. The effect was
more important when the amount of discarded information was the largest.
Going from P1-O to P1-U-50 resulted in an increase in the confidence interval
for the relative risk of the R0 effect. For example, the 95% confidence inter-
vals for R1 were (0.974, 1.679) and (0.882, 1.906) under P1-O to P1-U-50, re-
spectively. However, the corresponding 95% confidence intervals for R1 were
(0.961, 1.655) and (0.997, 1.699) under P3-O to P3-U-50, respectively. Us-
ing P3, the estimation of other transmission factors is not affected because the
non-genotyped individuals are taken into account in the analysis. The P2 strat-
egy provided similar results to P3.

4. DISCUSSION

Three approaches to account for the non-genotyped animals to estimate
risk associated to genotypes and other transmission factors have been illus-
trated, in the context of survival analysis. Three strategies to handle missing
genotype information (P1, P2 and P3) were compared. Thus, in terms of the
amount of information available to estimate the risks associated with differ-
ent PrP genotypes, P3 seems to make a more efficient use of all the infor-
mation available. However, P2 uses the same amount of information that P1
because all non-genotyped animals are included in the unknown class while
for P1 they are discarded. Meuwissen and Goddard [13] pointed out the con-
tribution of genotype probabilities to avoid discarding information to esti-
mate the effect of QTL in the population where genotyping was not complete.
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Regardless of the strategy, the ranking of relative risks for the most susceptible
genotypes (VRQ–VRQ, ARQ–VRQ and ARQ–ARQ) was similar even when
the non-genotyped animals were not a negligible part of uncensored records.
The amount of uncensored relative to the censored together with the failure
time distribution between the censored and uncensored classes will affect the
estimation of relative risk [4].

An important issue of survival analysis is the estimation of other transmis-
sion factors included in the models. While the exclusion of individuals from
the analysis did not seem to affect the ranking among the most susceptible
genotypes, discarding non-genotyped individuals from the data showed an im-
pact on the confidence interval of transmission factors. This result is not sur-
prising, although it points out the importance of specific strategies oriented to
maintain records of affected animals with unknown genotype in the data set,
as P2 and P3 do. These strategies will provide more precise estimates of other
transmission factors included in the model.

An advantage of P3 with respect to P2 is that it allowed us to include ani-
mals with an unknown genotype in the analysis assigning them a probability of
carrying each of the tenth possible genotypes and eliminating the uncertainty
of the “unknown” group. It was shown that the relative risk associated with
the unknown group was not negligible and increased with the number of indi-
viduals with uncensored records included in this group. In our population, an
increase in the number of non-genotyped individuals is expected to increase the
number of individuals carrying susceptible genotypes assigned to the unknown
group provided they are the most frequent genotypes among the Romanov, at
Langlade. In general, the risk associated with the unknown class would depend
on the incidence of scrapie among non-genotyped individuals and the under-
lying distribution of susceptible genotypes. However, P3 assigned a small risk
with genotypes without any clinical sign of scrapie. This effect will also depend
upon the structure of the data. In our data, risk to show clinical signs has been
found for heterozygotes of ARR with a chance of having ARR/ARR progeny.
A way to avoid these effects would also be to condition on the individual’s
phenotype to assign probabilities.

The effect of P3 on the estimate of the survivor curves has also been
pointed out. P3 has been proven to have an impact on the estimates of survival
rates for each genotype. The estimates of the survival rate for each genotype
were higher under the P3 strategy. The overestimation of P3 on the survivor-
ship was particularly noticeable for ARQ–ARQ, ARQ–VRQ and VRQ–VRQ.
The inclusion of probabilities to account for non-genotyped animals (instead
of discarding or grouping them) increased the number of animals still alive
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“carrying” susceptible genotypes. Thus, the assignment of probabilities af-
fected the estimate of average risk of the population and an other result is that
it increased the overall survival rate. Nevertheless, the effect of P3 will very
much depend on the data structure. Our result is the consequence of having a
large amount of censored records with a censoring time going further than the
failure time of scrapie animals and with a large probability of carrying suscep-
tible genotypes. However, relative risks and ranking among genotypes stayed
unchanged for all strategies. This may be so because under a semi-parametric
approach the estimation of the stress factors and correspondingly the risks do
not depend on the baseline [12].

5. CONCLUSION

In order to deal with the risk analysis, if part of the genotypes is missing,
P2 and P3 are preferable to P1. But both P2 and P3 have advantages and disad-
vantages. The relative benefits of the two approaches depend upon the circum-
stances and the question asked. Both P2 and P3 avoided discarding the records
of non-genotyped animals with respect to P1. However, genotype probabili-
ties eliminated the unknown class and the risk associated with this group with
respect to P2. Nevertheless the contribution of genotype probabilities to esti-
mate the risk associated with genotypes, will depend upon the structure of the
information available to estimate probabilities.
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