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1.1 Introduction

In veterinary science, a lot of research in infectious diseases results in longi-
tudinal data. To investigate infection dynamics, samples to determine the
infection status are often taken at several predefined time points in order
to estimate the time of infection. This results typically in time to event
data which are often reduced to binary data for analysis: the infection did
or did not occur during an interval or before a predefined endpoint. The
big advantage of reducing to binary data is the simplicity of the analysis:
logistic regression can be used to analyze the data and the resulting odds
ratios are well known in veterinary epidemiology. Sometimes the data are
even more reduced to the number of IMI on farm level, typically analyzed
with a Poisson regression model. The first problem with the reduction of
the data is the loss of information contained in the original data, the time
variation. In the case that most infections occurred in the first part of the
study period, the results will be the same as if most infections occurred in
the last part. Survival models are more appropriate to analyze time to event
data. Survival models model the evolution of the hazard of infection over
time and give also an idea when most infections occurred.

The second problem with this reduction is how to handle missing values
due to follow up. In a lot of field studies some animals leave the study popu-
lation before the end of the study period, due to diverse reasons unrelated to
the aim of the study. They can be sold, culled for some reason, they died due
to another disease, etc. This is called right censoring in survival analysis.
In logistic regression those animals are often excluded for further analysis
while survival models still use the information those animals provide: there
was no infection until they left the study population.

Another often observed problem in field studies is clustering. In most
cases, the study population is housed in a number of farms. Animals housed
in the same farm are more homogeneous than animals from different farms.
Those animals are not fully independent because they have a lot of farm-
related factors in common (e.g. housing facilities, veterinarian, farm man-
agement, infection pressure, ...). This clustering is often ignored in the
statistical analysis although it is possible to solve this issue by introduc-
ing a random effect. Logistic regression can be extended by introduction
of a random effect and a shared frailty term can be introduced in survival
models.

The last frequently observed problem is uncontinuous monitoring. In
most field studies it is not feasible to sample animals on a daily basis due to
practical or financial reasons. Samples are often taken at predefined intervals
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(e.g. weekly or monthly sampling). It is only known that the true infection
time is contained in the interval between the last observed time without
infection and the first time with the infection, known as interval censoring.
In case of logistic regression, the time of infection has no effect on the results
and this problem can be ignored. When survival models are used, the true
time of infection is needed. This is often solved by assuming that the middle
of the interval is the true infection time. In this case, the extra variability
due to the unknown true infection time is ignored. Techniques that take
into account interval censoring are more appropriate to analyze this type of
data.

In the first two parts of this introductory chapter, an introduction to
the two datasets used in this thesis is given. The third part of this chapter
describes some basic concepts in survival analysis. It contains the notation
and the basic models which are further extended in the context of this thesis.
In the last part, the general objectives are given. The two datasets intro-
duced in this chapter will be used in the following chapters to illustrate the
developed statistical techniques. In Chapter 2 the effect of hyperimmuniza-
tion on the transmission of infectious bovine rhinotracheitis (IBR) virus in
cattle herds is investigated. The available techniques are extended to make
use of calendar time and to correct for seasonal fluctuations. In Chapters 3
and 4 the intramammary infections dataset is analyzed. The effect of parity
and the clustering on cow and farm level is estimated and the effect of an
IMI with C. bovis and CNS on the susceptibility to a new IMI with other
mastitis pathogens is modeled. For that purpose, the shared frailty model
is extended to include interval-censoring and time varying covariates.

1.2 Infectious bovine rhinotracheitis dataset

1.2.1 An introduction to infectious bovine rhinotracheitis

IBR is caused by bovine herpesvirus 1 (BoHV-1) which belongs to the sub-
family of the Alphaherpesvirinae, characterized by a relatively large host
range, short replication cycle, and the ability to induce a latent infection of
the host (Tikoo et al., 1995; Muylkens et al., 2007).

The natural entrance of BoHV-1 is the mucous membrane of either the
upper respiratory tract (direct nose to nose contact or airborne transmis-
sions on short distances) or the genital tract (direct contact at copula-
tion or through virus contaminated semen in case of artificial insemination)
(Wentinck et al., 1993). After penetration into the epithelial cells, BoHV-1
sets up a lytic replication cycle resulting in necrosis and apoptosis of the
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host cells. BoHV-1 may also reduce the repair mechanism of the respiratory
epithelium (Spurzem et al., 1995). The huge virus replication at the natural
portal of infection results in high virus titers in the nasal mucus, responsible
for the rapid spread of the infection within the herd. BoHV-1 spreads in
the host by viremia which can result in abortion or even a fatal systemic
infection in young seronegative calves. Viral neuroinvasion during the pri-
mary virus replication in the mucosal epithelium occurs by invasion of the
nerve endings in the mucosae. In case of oro-nasal infection, usually only
the first order neuron, located in the trigeminal ganglion, is infected, leading
to a life-long latent infection of the peripheral nervous system (Engels and
Ackermann, 1996). In case of venereal infection, the sacro-iliac ganglios is
latent infected (Van Engelenburg et al., 1995). Sporadically BoHV-1 has
also been isolated from the central nervous system (Engels and Ackermann,
1996).

The first immune response after mucosal infection is a non-specific in-
flammatory and cellular reaction which is essential for initiating the specific
immune response. The specific cellular immunity is detectable from the 5th

day post infection and reaches a peak after 7 to 10 days while the specific
humoral immunity becomes detectable 10 days after infection. Colostral an-
tibodies from BoHV-1 immune cows protect neonatal calves against systemic
and lethal disease (Babiuk et al., 1996).

After a primary infection with BoHV-1, cattle become latent carriers.
The main site of latency is the peripheral nervous system, but there is evi-
dence that latency and reactivation take place in the germinal centers of the
pharyngeal tonsils. The progeny virus phenotype and the immune status
were shown to influence the reactivation. The primary immune response
(after infection or vaccination) as well as the secondary immune response
(after booster) are effective to inhibit virus re-excretion due to high titers
of BoHV-1 neutralizing antibodies (Pastoret et al., 1979).

In most cases, BoHV-1 infections are subclinical. In calves with mater-
nal antibodies, the BoHV-1 infection results only in discrete clinical signs.
Infected seronegative calves have high fever during 4 to 5 days, sometimes
accompanied by apathy and anorexia. Adult cows show a significant milk
drop during the next days. Two to three days after infection, the epithelium
damage at the primary replication sites can result in ocular and respiratory
signs, such as red apprearance of nasal mucosa, serous to mucopurulent
nasal secretion, heavy breathing and cough. An infection of a seronegative
cow at 4 to 8 months of gestation can result in abortion. Neonatal calves
without colostral antibodies may experience multisystemic infection, mostly
fatal within 4 to 5 days (Lemaire et al., 2000; Muylkens et al., 2007).
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The latency reactivation cycle, after stress conditions, has a major im-
pact on the epidemiology, and is responsible for the maintenance of BoHV-1
in the herd/population. Reactivation occurs at e.g. birth, during transport
or following the introduction of heifers into a group of dairy cows (Thiry et
al., 1987).

Van Malderen et al. (1987) performed a sero-epidemiological survey to
investigate the seroprevalence of BoHV-1 in Belgium at farm level. Mixed
samples (less than 50 animals in each sample) at farm level were analyzed
and 62% of the 8285 farms scored BoHV-1 positive. More than 10 years
later, during 1998, Boelaert et al. (2000) performed a similar survey in non-
vaccinated farms in Flanders and concluded that 67% of the farms where
BoHV-1 positive, and 36% of the individual animals. Vaccinating herds
were excluded from the analysis because the use of marker vaccines was not
mandatory at that time.

The control strategy for BoHV-1 is mainly based on the prevention of
virus transmission by vaccination and sanitary measures (e.g. purchase of
seronegative animals). Most European countries have a control strategy
based on the ’DIVA’ strategy (differentiating infected from vaccinated ani-
mals). This is only possible if gE deleted vaccines are used. However, the
detection kit (ELISA) has a low sensitivity (around 92%) which is respon-
sible for a high number of false negative tests. The specificity the ELISA
tests is almost 100% (Kramps et al., 1996; Van Oirschot et al., 1997).

1.2.2 Different types of vaccines

BoHV-1, like all Herpesviridae, has a virion morphology based on a icosa-
hedral capsid symmetry covering the DNA, surrounded by a cell-derived
envelope and a tegument as protein made matrix connecting the capsid and
the envelope. The envelope also includes virally encoded glycoproteins who
have various functions such as attachment and entry or cell-to-cell spread.
Entry into a cell requires binding of virus glycoproteins to receptors on the
cell surface followed by endocytosis of the virion. Some of those glyco-
proteins are essential (deletion leads to a lethal mutant) and some are not
essential. The BoHV-1 penetration in cells requires at least the involvement
of four glycoproteins: gB, gD, gH and gL (Meyer et al., 1998). One of the
non-essential proteins in BoHV-1 is glycoprotein E (gE).

In Belgium there are currently two different types of vaccines (attenuated
live vaccines and inactivated vaccines) in use for BoHV-1, all of them gE
deleted marker vaccines. The inactivated whole virus vaccines (which were
gE positive) are not allowed anymore in Belgium. The use of gE deleted
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marker vaccines makes it possible to test for antibodies against the deleted
glycoproteins (in most cases gE), which will only be produced when the cow
was infected with a wild field strain BoHV-1 (in case of a natural infection).
The possible outcomes of the ELISA test for gE and gB antibodies are
illustrated in Table 1.1. The possibility to distinguish between naturally
infected or only vaccinated (only gB positive) is used in the DIVA strategy
(Zhao and Xi, 2011)

Table 1.1: Interpretation of ELISA testresults for gE and gB.

gE-antibodies gB-antibodies interpretation

- - not naturally infected and not vaccinated
- + not naturally infected but vaccinated
+ + naturally infected

The first group of vaccines are the attenuated live vaccines. Live gE-deleted
vaccines can induce early immunity after intranasal administration, which
is more efficacious than the inactivated vaccines at the early stage of a
BoHV-1 outbreak (Kaashoek and Van Oirschot, 1996). The big problem
with life attenuated vaccines is the risk of contamination of the vaccine with
other pathogens. In 1999 there was an outbreak of bovine virus diarrhea
on Dutch farms, induced by a live attenuated vaccine contaminated with
bovine virus diarrhea virus type 2 (Barkema et al., 2001). On the other
hand, a live vaccine, intranasally administered, can be excreted in the field
with the potential emergence of highly pathogenic BoHV-1 mutant strains
by recombination between the gE negative vaccine strain and field strains
(Muylkens et al., 2006). There is also a combination vaccine where both
gE and thymidine kinase (TK) are deleted. The TK deletion seems to
reduce the latency and reactivation in the nervous system. The gE and TK
deleted vaccine virus were not re-excreted in the field after dexamethasone
treatment (Kaashoek et al, 1996). Recently also a gG and TK deleted virus
was suggested as a promising candidate for a marker vaccine against BoHV-1
(Zhang et al., 2011)

The second group are the gE-deleted inactivated (killed virus) vaccines.
They are administered intramuscularly and are safer than the attenuated
life vaccines. Bosch et al. (1997) showed that the inactivated vaccines were
more efficacious in reducing the virus excretion after reactivation than the
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live vaccines, but they induce less protection against clinical signs and fever
in cattle (Bosch et al., 1996).

There are also subunit and DNA vaccines, but those are still under
development. Subunit (gD) vaccines can induce high titers of protective
antibodies if an appropriate adjuvant is used. The latter is the main prob-
lem and delays their use in the field (Zhao and Xi, 2011). Toussaint et al.
(2007) showed that slow-release of a DNA vaccine by diffusion, using agarose
hydrogel implants, induces immunity. The technique still needs some opti-
mizations before they can be used for livestock vaccination (reduction of the
size of the implants, a more user friendly administration technique).

1.2.3 Analysis of BoHV-1 vaccination studies

A review of the methodology of 6 BoHV-1 vaccination or hyperimmunisa-
tion studies showed that the applied designs were very diverse. Most of
the studies were randomized trials (Bosch et al., 1996, 1997; Kerkhofs et
al., 2003; Mars et al., 2001), but two were observational (Makoschey et al.,
2007; Nardelli et al., 2008). The first 3 mentioned studies were experimen-
tal studies while the last tree were field studies mainly to validate vaccina-
tion/eradication protocols. This results in different objectives and measured
outcomes for those studies. The main hypothesis and the statistical analysis
were also different in each study.

Bosch et al. (1996 and 1997) performed a randomized vaccination-
challenge trial (3 experiments of 30 animals each) and concentrated on clin-
ical observations (scores ranging from 0 to 3) and BoHV-1 neutralizing an-
tibody titers of the sera. The data was analyzed using ANOVA and logistic
regression. The number of the experiment was introduced in the model as
a fixed effect in order to eliminate the effect of the different experiments.

Kerkhofs et al. (2003) performed an experimental study (30 cows) with
4 different vaccination protocols and a control group to assess the ability to
protect cows against a challenge with BoHV-1 and reactivation after dex-
amethasone injection. The main outcomes were clinical signs and serologi-
cal parameters (gE-seropositive, cellular immune response and virus titers).
The data were analyzed using an ANOVA (for titers a log10 transformation
was used). Correction for clustering was not possible because the treatments
were assigned at cluster level with only one cluster for each treatment.

Mars et al. (2001) performed a larger (84 herds) double blind randomized
field trial with a vaccination group (live gE-negative vaccine) and a control
group (saline placebo), but a lot of herds were excluded for the final analysis
(exclusion of 28 herds in control group due to a lack of events or when
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the initial seroprevalence was lower than 30%). The main outcome was
gE-seroconversion and based on this outcome an estimation of the basic
reproduction number (R0) was estimated. A one sided test that the basic
reproduction number in the vaccination group was smaller than that of
the control group was performed. The basic reproduction number of the
vaccination group was significantly smaller than 1. A R0 smaller than 1
means that an infection will die out, while R0 larger than 1 means that the
infection may become endemic.

The performance of a live marker vaccine in the field was studied by
Makoschey et al. (2007) in three European countries. In this observational
study, in some farms (1 in Germany, 1 in Italy, 147 in Hungary) the sero-
prevalence was calculated after the start of a hyperimmunisation program.
The results are descriptive, a decrease of the seroprevalence was observed,
but no statistical analysis of the data was reported. There were also some
indications of seasonal effects on the seroprevalence (an increase during win-
ter, decrease during summer).

1.2.4 The dataset

Design

The experimental study was conducted in 34 dairy herds and 38 dairy-beef
mixed herds that were selected from a pool of 92 volunteer herds. Inclusion
criteria for the herds were that farming activity was the only source of family
income and that a herd comprised less than 180 cattle (due to feasibility
reasons and budget restrictions). The minimal herd size in the study was
60, the median was 115 and the maximum was 172 animals, the distribution
of the herd size was similar for both production types.

Within each production type, herds were randomly assigned to three
groups, Hyperimmunization group (HIG) 1 (10 herds), HIG 2 (10 herds)
and a non-intervention group (NIG, 16 herds) (control group) by use of a
randomization procedure (a lottery procedure was followed). The produc-
tion type used in the stratified randomization was based on the files received
from the SANITEL-CATTLE, the central computerized database for the
identification and registration of the Belgian cattle population (Ministry of
Small Enterprises, Traders And Agriculture, Belgium). At the start of the
study, some differences between the ’Official record’ and the real type were
observed and further analysis was done using the real production type.

All the cattle in HIG 1 and 2 were hyperimmunized. This consisted of an
initial 2 administrations of marker vaccines (interval of 3 to 5 weeks between
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administrations), which were followed by booster vaccinations at intervals
of approximately 6 months. To ensure identification of the treated cattle,
vaccinations were performed at the start of the study (January 1997) and
then successively shortly before the start of the cattle pasture periods and
as soon as possible after the start of the cattle stabling periods for a period
of 28 months.

Cattle in HIG 1 initially received an intranasal administration followed
by an intramuscular administration of an attenuated gE-deleted marker vac-
cine (Bayovac IBR-Marker vivum, at the time by Bayer AG; Rhinobovin
Marker Live, Intervet, previously Hoechst). Cattle in HIG 2 initially re-
ceived 2 SC administrations of an inactivated virus gE-deleted marker vac-
cine (Bayovac IBR-Marker inactivatum, then Bayer AG; Rhinobovin Marker
inactivated, Intervet, previously Hoechst). Both hyperimmunized groups re-
ceived boosters inoculations of the inactivated-virus vaccines (Bayovac IBR-
Marker inactivatum, then Bayer AG; Rhinobovin Marker inactivated, Inter-
vet, previously Hoechst), SC, at the 6-month intervals. For the NIG, farmers
used their usual vaccination schedules. All cattle of appropriate age for vac-
cination in each herd were included in the study. Only gE-deleted marker
vaccines were used for all 3 groups, which allowed for serologic differentiation
between infected and uninfected but vaccinated cattle.

Serologic monitoring

To limit the amount of animal handling, serologic monitoring of all cattle
conducted via the same schedule as the vaccinations, which provided 6 cross-
sectional blood sample collections of the 72 herds. Each blood sample was
tested with an ELISA gE antibody test kit (HerdCheck , IDEXX, USA).
Inconclusive results were considered as positive de Wergifosse et al. (1997).
Whenever possible, the serologic status of calves that had positive results
because of maternal antibodies was adjusted to that of the first test value
obtained after those calves were 6 months old. In all other cases, cattle
that had at least 1 positive test result were definitively considered as latent
carriers and positive cattle for subsequent measurements. Calves ă 6 months
old for which no subsequent sample was available were excluded because
there was no further analysis to define their immune status. New cases of
BHV-1 infection were defined as gE seroconversion during the interval since
the preceding sampling period.
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Questionnaire for the risk factor analysis

Each owner completed a questionnaire about the herd management prac-
tices potentially linked to the risk of BHV 1 infection. The questionnaire
was completed during a face-to-face interview. The questionnaire was de-
signed on the basis of results for studies reported by Van Schaik et al. (1998)
and Wentinck et al. (1993) of within-herd and between-herds risk factors and
considered potential risk factors linked with herd management (ie, regular
purchase of cattle, participation at fairs and shows, calf-dam relationship
(whether calf was removed immediately after birth), use of artificial insem-
ination or natural mating with bulls, and external sources of infection (ie,
the presence of other farms within a radius of 100 m and possible contacts
with other herds during the pasture period).

Research objectives of the IBR dataset

The conclusion of the review of the other studies is that there are no studies
that compare the long term effect of different vaccination protocols on the
hazard of BoHV-1 seroconversion. Most studies focus on clinical signs or
virus titers after experimental challenge or reactivation but not under field
conditions. Sometimes different protocols are compared using the basic re-
production number (R0), the expected number of new cases of an infection
caused by the introduction of an infected individual in a population of sus-
ceptible animals only. However, the concept of R0 is very artificial and is
only a summary statistic influenced by many unknown factors. There are
also many different ways to estimate it, all with their own focus and cor-
rections which make it difficult to compare the calculated R0 from different
studies (Heesterbeek, 2002). The long term effect on the incidence after im-
plementation of a new vaccination protocol compared to the commonly used
vaccination protocol is of major interest. A survival model gives more infor-
mation about the evolution over time than the basic reproduction number.
Variables can also be included in the survival model and their significance
can be tested in a formal way.

The used control groups in the articles were placebo groups. In practice,
most herds are vaccinated, using a less strict vaccination protocol and not
a hyperimmunisation protocol. Therefore the use of a placebo groups was
unethical in this setting (Temple and Ellenberg, 2000). Comparing a vaccine
group with a non-vaccinated group (placebo) will result in a bigger effect
than what the real effect would be in the field, where most farmers use a
common vaccination protocol.
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Analysis of experiments in the field are also complex due to the vari-
ability between farms, and the variability between seasons and even years,
as suggested by the studies of Makoschey et al. (2007) and Nardelli et al.
(2008). None of the mentioned studies took into account the fluctuations
due to the differences between the seasons and years.

The aim of the analysis of the IBR dataset is to take all above men-
tioned problems into account using an appropriate survival model. First of
all, a nonintervention group was used instead of a placebo group. The main
interest of this study was to study the additional effect of hyperimmunisa-
tion compared to the common vaccination protocols. The nonintervention
group did not change their common vaccination scheme, in most cases yearly
booster vaccinations. The reason for this choice was twofold: it is unethical
to force farmers to stop vaccinating against BoHV-1 and on the other hand,
the aim of the study was to improve the current vaccination scheme, so a
reduction of the hazard of seroconversion with the new hyperimunization
protocols compared to the conventional protocol (nonintervention group)
was the objective.

Secondly, most studies reduce the available longitudinal data (several
samples on the same cow during the study period) to one single outcome:
seroconverted at the end of the study or not. In this simplification the
information of the time to seroconversion is lost. In our analysis, the time
to seroconversion will be used as outcome variable, and since some cows did
not seroconvert before the end of the study period, some times are right
censored. Time to event (seroconversion) data with censoring are typically
analyzed using survival models.

Only one study corrected for clustering, not by using a random effect but
a fixed effect in the model. In the IBR dataset, cows are clustered within
farms, they share the same environmental factors, and there are obviously
differences between the farms. This is solved by introducing a shared gamma
frailty as a random effect for farm.

The last problem was the seasonal effect. None of the mentioned studies
corrected for the seasonal differences or differences between years although
some authors suggest their existence (Makoschey et al., 2007; Nardelli et
al., 2008). In the proposed model, the baseline hazard changes according
to season. The estimated effects are the effects compared to the baseline
hazard, which is thus corrected for seasonal and yearly fluctuations.

In the analysis, the effect of an HIG 1 and 2, compared to the reference
group, NIG, on the hazard to have seroconversion against gE is modeled.
When a HIG has a more protective effect than the common vaccination pro-
tocol, used in the NIG, it will have a negative effect over time on the hazard
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to seroconvert (negative β means lower hazard, less chance to seroconvert).

1.3 The intramammary infection dataset

1.3.1 An introduction to intramammary infections and mas-

titis

Bovine mastitis, an inflammation of the mammary gland, is a complex dis-
ease resulting from interactions between the cow, microorganisms and the
environment. It has a negative effect on the milk yield and milk quality
(increase of somatic cell count, SCC). The economic impact results from
the control costs (i.e. extra resource use, treatment,...) and losses due to
reduced production. Therefore, in a lot of countries in the early sixties, pro-
grams were started to reduce the incidence of mastitis (Seegers et al., 2003;
Neave et al., 1969).

The involved infectious organisms can be very diverse: bacteria, my-
coplasma, yeasts and algae. Only bacteria are further considered in the
dataset used in this thesis. Watts (1988) gave an overview of 137 different
microbial species, subspecies and serovars isolated from the bovine mam-
mary gland. Bradley (2002) gave an overview of the historical change in
clinical mastitis incidence and its causes after the implementation of a mas-
titis control strategy, the Five-Point Plan. The plan has been very successful
in reducing the incidence of clinical and subclinical mastitis due to conta-
gious pathogens. Some pathogens (eg. Streptococcus agalactiae) are almost
eradicated due to better sanitary measures. On the other hand, an increase
of the incidence of environmental pathogens (mainly S. aureus) has been
observed during the last years. One of the possible explanations is the re-
duced prevalence of the ’minor pathogens’ (e.g. Corynebacterium spp) and,
therefore, the removal of the protective effect that is often claimed in liter-
ature.

The role of viral infections in bovine mastitis is not very well docu-
mented until now. Some viruses have been isolated from milk from cows
with (sub)clinical mastitis and some were detected in mammary tissue from
cows with (sub)clinical mastitis. Some viruses may play a direct or indirect
role in the etiology of mastitis due to their immunosuppressive properties
(e.g. BoHV-1, BVD) or due to teat lesions (e.g. vesicular stomatitis, foot-
and-mouth disease virus, bovine papillomavirus). Whether these viruses
are able to induce bovine mastitis has not been reported (Wellenberg et al.,
2002).
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1.3.2 Pathogenesis of mastitis

The first step is the invasion of bacteria through the teat canal (due to con-
tamination of the teat end) and the cistern. Most contagious pathogens,
like S. aureus, adhere to the mammary epithelial cells and extracellular ma-
trix components. They also invade in the mammary cells (mainly epithelial
cells but also endothelial cells and fibroblasts). Most strains produce cell
surface-associated and extracellular secretory product. S. aureus produces
exotoxins that destroy tissue and protect bacteria against the host immune
response (e.g. haemolytic toxins, α, β-toxins, enterotoxins, etc.) (Dego et
al., 2002).

The invading bacteria interact with the mammary tissue and will induce
an immune response, activating neutrophil migration from the blood to the
alveoli and cisterns. This migration results in an often high increase of
the SCC in the milk. Bacterial toxins, enzymes, and cell-wall components
may have a direct effect on the epithelium of the mammary gland, but also
stimulate the production of numerous mediators of inflammation. Infections
with CNS and C. bovis, often called ’minor pathogens’ result in a moderate
inflammation with an increasing SCC, only two- to threefold the normal
value. This results in a subclinical infection without visible changes of the
milk composition and a slightly reduced milk production. Clinical mastitis is
characterized by a swelling and pain in the udder, sometimes accompanied
with systemic symptoms (anorexia, elevated body temperature, lethargy)
and an abnormal milk composition. The magnitude of the inflammatory
response is influenced by a lot of different factors such as the causative
pathogen, age, stage of lactation, immune status, nutritional status and
genetic factors (Harmon, 1994; Dego et al., 2002).

The initial inflammatory response consists of the influx of polymorphonu-
clear neutrophil (PMN) leukocytes into the mammary tissue. They appear
in large numbers on the epithelium of the alveoli and in the lumen of the
alveoli. The PMN engulf and digest the invading bacteria, but when they
are in the lumen, they also engulf fat globules and casein which decreases
their efficiency. They also release substances that attract more leukocytes
to fight against the pathogen. In the case of persistent infections, the num-
ber of leukocytes can fluctuate but remains high, even some time after the
bacteria were eliminated (Harmon, 1994).

The infection may cause also some other events. The bacterial toxins
can damage the milk producing tissue which results in a reduction of the
milk production. Also the PMN can harm the mammary tissue by releasing
reactive oxygen intermediates and proteolytic enzymes. Leakage of blood
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components into the milk can lead to aggregation of leukocytes and blood
clotting factors. The formation of clots may obstruct the small ducts and
block milk removal. In some cases this leads to a permanent loss of the
function of that part of the gland, but functional tissue repair within the
same or next lactation is also possible (Harmon, 1994; Zhao and Lacasse,
2008).

The last phase of the immune response during mastitis is the antibody
based response. This has been studied most after infection with E. coli and
S. aureus. Commercial vaccines are available for both, but their efficacy to
protect against IMI is still debated (Schukken et al., 2011).

1.3.3 Mastitis causing pathogens

In the next section the most common mastitis causing pathogens in dairy
cattle will be discussed. Most authors classify mastitis pathogens as either
contagious or environmental, but this classification is not clear cut and is
under discussion. Contagious pathogens are micro organisms adapted to
survive within the mammary gland. Intramammary infection can result
in clinical mastitis or a subclinical infection, which is characterized by an
elevated somatic cell count (leukocytes and epithelial cells) in the milk of
infected quarters, without the typical clinical symptoms. Cows are typically
infected during milking from cow-to-cow. Only a few strains on each farm
are responsible for IMI. The most common contagious pathogens are S.

aureus, S. dysgalactiae and S. agalactiae.

Environmental pathogens are typically not adapted to survive within the
mammary gland. They are opportunistic invaders, they multiply, induce a
host immune response and are eliminated after a short time. Cow-to-cow
spread is less common and a lot of different strains are observed in one
farm. The most common environmental pathogens are the Enterobacteri-
aceae (particularly E. coli) and S. uberis. In literature a lot of different
definitions are used to assign a pathogen to the group of contagious or envi-
ronmental pathogens. A clear cut classification seems to be not feasible and
gradual characterization is probably a better choice because some bacteria
have both characteristics of environmental and contagious pathogens.

The last two discussed in this section are C. bovis and the coagulase-
negative staphylococci (CNS), both minor pathogens commonly known to
result in a subclinical mastitis. CNS is a very diverse group of different
species with one common property: they are coagulase negative. In Chapter
4 the often claimed protective effect of those minor pathogens against other
mastitis pathogens is investigated.
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Staphylococcus aureus

S. aureus is probably the most studied mastitis pathogen in dairy cattle.
There are many different strains within and between herds, but in most
herds there is a single predominant strain which affects multiple cows. S.

aureus enters first the teat orifice and can persist and multiply there and
enters the teat canal by progressive colonization or by changes in intramam-
mary pressure during milking. Colonization of the mammary gland may be
achieved by adhesion to specific receptors on the surface of the epithelial
cells (Dego et al., 2002).

The transmission is mainly cow-to-cow during milking (e.g. hands or
towels contaminated by milk of an infected cow). Also the transmission by
flies is suggested. Although most contagious mastitis pathogens are under
control nowadays, the prevention of S. aureus mastitis seems to be difficult
in some farms. A possible explanation is the poor response to treatment
and the high number of false negative bacteriological cultures, resulting in
undetected cases which may re-infect other cows. There is a high number of
different strains and some are mainly found in milk or body sites while others
are predominantly found in either milk or skin. The strain distribution is
herd specific which makes it difficult to compare experiments performed in
different farms (Zadoks et al., 2011).

Dufour et al. (2012) looked for additional manageable risk factors for
the lactational incidence of S. aureus. The properties of the milking process
were the most important risk factors. Beneficial sanitary measures were:
adequate teat-end condition, disinfection and wearing gloves during milking
which tends to prevent colonization of milkers’ hands with transient flora
such as S. aureus.

Streptococcus dysgalactiae

There is some discussion about the real nature of S. dysgalactiae. Some au-
thors describe it as a contagious pathogen while others as an environmental
pathogen, although environmental sources have not been investigated. But
some properties are typical for environmental while others are typical for
contagious pathogens. The infection is either transient or perisistent. There
is in most cases one dominating strain within the herd and within one cow
(Zadoks et al., 2011).
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Streptococcus agalactiae

In cattle, mastitis is the only disease associated with a S. agalactiae infec-
tion. It is a typical contagious infection and its spread within the herd is
mainly due to insufficient hygiene in the milking parlor and during milking
(e.g. hands or towels contaminated by milk of an infected cow). Due to the
strict cow-to-cow spread, there is often only one single strain present in a
farm. This means that S. agalactiae is mainly a farm problem and can be
eradicated by implementing sanitary measures and appropriate treatment
programs. S. agalactiae was a big problem before the mastitis control pro-
grams were started but nowadays its prevalence is low (Zadoks et al., 2011).
The efficacy of therapy on individual cows remains high and protocols for
therapy of all infected animals in herd result generally in an eradication on
the farm (Keefe, 1997).

Escherichia coli and other Enterobacteriaceae

E. coli and the other Enterobacteriaceae have similar pathogenic proper-
ties and will be discussed together. E. coli is classified as an opportunis-
tic environmental pathogen and an intramammary infection usually results
in clinical mastitis, especially during parturition and early lactation. The
production of lipopolysaccharide, an endotoxin, results in dose-dependent
metabolic and clinical signs and is the main mediator for mastitis. A crit-
ical step in the defense against E. coli is the ability of the neutrophils to
sequester and kill the bacteria. This can be influenced by hormones and
metabolism of the cow. During the periparturient period, the innate im-
mune system is compromised in many cows. The immunosuppression is the
result of several physiologic changes during the transition period (Burvenich
et al., 2007).

The isolates of coliform mastitis belong to a very large number of sero-
logical groups, mostly similar to the faecal isolates. Attachment to the
mammary epithelium is not necessary and the type of E. coli strain is not
the most important factor in determining the severity of the clinical masti-
tis (mild to fatal). Most studies show that adhesion is absent or very weak
and there is no invasion. The severity of the mastis is mainly attributed
to host characteristics (parturition, lactation stage, age, parity, metabolism,
pro- and anti-inflammatory endogenous substances, growth factors, platelet
activating factor, etc.) and management factors (e.g. stock density, nu-
trition). Most cases of E. coli mastis are transient and end with either
death or full cure. Clinical mastitis with severe systemic symptoms occurs
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at parturition and in early lactation. Infection during mid and late lactation
results in mild to moderate mastitis. Recurrent mastitis cases are mainly
due to repeated infections (with different strains) followed by cure. Persist-
ing infections (mainly one single strain) with alternating mild clinical and
subclinical episodes in the same quarter are also described (Burvenich et al.,
2003; Hogan and Smith, 2003).

Klebsiella spp. is another common coliform of increasing importance on
well-managed dairy farms. An IMI with Klebsiella spp. results in a more
severe mastitis with a longer duration and higher production loss than E.

coli (Schukken et al., 2012).

Streptococcus uberis

An intramammary infection with S. uberis may range from severe clinical
mastitis to asymptomatic infection. S. uberis is usually classified as an
environmental pathogen. The reservoir of infection is the environment of
the bovine udder (body, manure, pasture and bedding materials) but also
cow-to-cow transmission during the milking process is possible (Zadoks et
al., 2003).

It is unclear if cow-factors or strain characteristics determine the du-
ration of the infection and the severity of the mastitis. Some strains are
predominantly associated with clinical mastitis while others with subclini-
cal mastitis. Chronic subclinical infections with S. uberis, often unnoticed,
are well known and can act as a reservoir for the rest of herd. The infection
can persist for a long time but most infections are of short duration. There
is also within-cow transmission, The infection is usually caused by the same
strain when multiple quarters are infected (Zadoks et al., 2003).

Corynebacterium bovis

C. bovis causes mainly persistent IMI. They have a limited pathogenic poten-
tial and cause mainly subclinical mastitis, but sometimes a clinical mastitis
is observed (Supré et al., 2011). C. bovis probably only colonizes the teat
canal region (Pankey et al., 1985).

Coagulase-negative staphylococci

Coagulase-negative staphylococci (CNS) are nowadays the most common
group of isolated bacteria from bovine milk in most western countries. CNS
mainly originate from environmental reservoirs (body sites, farm environ-
ment) but also infected mammary glands can act as a source of infection.
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CNS is a heterogeneous group of bacteria and the most common species
are Staphylococcus haemolyticus, Staphylococcus Simulans, Staphylococcus

chromogenes and Staphylococcus epidermidis. The last two did not seem to
have a significant reservoir in the environment and seem to be of contagious
nature with only a few predominant genotypes. S. haemolyticus and S. sim-

ulans are mainly found in the environment with different genotypes in the
same farm (Piessens et al., 2012).

Almost all CNS species have very limited pathogenic potential and cause
subclinical mastitis with a persistent IMI. Species differ substantially in
their pathogenicity. Some species are mainly persistent infections (e.g. S.

chromogenes) while others are mainly transient IMI (e.g. S. haemolyticus

and S. simulans) (Supré et al., 2011).

1.3.4 Diagnosis of mastitis

Mastitis is a term used for both subclinical mastitis and clinical mastitis.
The ”golden standard” for masitis and IMI detection is bacteriological isola-
tion. The IMI dataset is based on bacteriological sampling and more details
are given in section 1.3.7. The rest of this section is about the alternatives
for bacteriological isolation, which is expensive, time consuming and not
always feasible for routine testing. Therefore alternative tests were devel-
oped for routine testing for subclinical mastitis, mainly based on the affected
composition of the milk due to the inflammatory response (Pyörälä, 2003).

The milk somatic cells are mainly leukocytes (PMN, lymphocytes, macro-
phages), epithelial cells are less frequent. An increased SCC is not the result
of epithelial cells but of an increased number of leukocytes due to inflamma-
tion (Harmon, 1994). Milk SCC has been used for a long time as indicator of
IMI. The original limit for a healthy quarter was 500 000 cells/ml. Nowadays
a limit of 100 000 cells/ml is commonly used in western countries. Quar-
ters infected with major pathogens result in a SCC of more than 350 000
cells/ml. Coliform and S. uberis mastitis result frequently in SCC higher
than a million cells/ml. The most used technique to determine the SCC is
the electro-optical Fossomatic method (Pyörälä, 2003).

The California Mastitis Test (CMT, with a score ranging from 0 to 3)
is a rapid technique to estimate the SCC, based on the DNA content of the
milk. It is found to detect 75 to 80 % of the cows which needed therapy. A
score 0 seems to correspond with a SCC of less than 200 000 cells/ml. The
main advantages of the CMT are its low cost and the real-time results on
the farm (Pyörälä, 2003).

There are many different tests available based on increased indigenous
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enzymes in milk during mastitis. They include N-acetyl-β-D-glucosaminidase
(NAGase), beta-glucuronidase and catalase. They are mainly experimental
and the discriminatory capacity of these tests is rather low. These test are
not (yet) suitable for large scale use (Pyörälä, 2003).

Measuring the electrical conductivity (EC) of milk to detect mastitis is
based on the ionic changes in the milk due to the inflammation. Sodium and
chloride concentrations increase. Electrical conductivity is highly correlated
with the SCC. The EC measurement is converted to a computer readable
signal and can be used as an on-line automatic monitoring system attached
to the milking machine. Unfortunately also other, non-mastitis related,
factors influence the ionic content of milk which reduces the diagnostic value
of EC. This leads to a low sensitivity (less than 60%) and low specificity
(around 70%) which make the predictive value of the method rather poor
(Pyörälä, 2003).

1.3.5 Analysis of intramammary infections studies

A review of 13 studies that investigated the number of IMI is given in the
next section. Most studies were longitudinal studies, with samples at pre-
defined intervals, ranging from 2 to 4 weeks (Zadoks et al., 2001, 2002,
2003; Sommerhäuser et al., 2003; Parker et al., 2008) or only with sam-
ples when clinical mastitis was observed (Schukken et al., 1991; Lam et al.,
1993; Barkema et al., 1999; Bradley and Green, 2001; Ferguson et al., 2007;
Breen et al., 2009; Schwarz et al., 2010). The restriction of sampling only on
clinical mastitis occasions is mainly due to financial reasons, bacteriological
culture is an expensive analysis. This means that all above mentioned stud-
ies collected longitudinal data with a time to event nature. Moret-Stalder
et al. (2009) took only samples on 2 occasions 2 weeks apart which is not
longitudinal.

The sampling unit for bacteriology was in all cases quarter but Fergu-
son et al. (2007) also took sometimes composite samples of all functioning
quarters. The occurrence of IMI was most often modeled using Poisson re-
gression with the number of new infections as response variable (Schukken
et al., 1991; Barkema et al., 1999; Zadoks et al., 2001; Sommerhäuser et al.,
2003). Lam et al. (1993) only reported descriptive results about the inci-
dence of IMI and Bradley and Green (2001) only performed a χ2 test on the
results. Zadoks et al. (2002) used a SIR-model (Susceptible, Infected, Re-
covered) to estimate the transition parameters from susceptible/uninfected
to infected and from recovered to infected. In more recent papers logistic
regression is often used to model IMI (Ferguson et al., 2007; Parker et al.,
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2008; Breen et al., 2009; Moret-Stalder et al., 2009; Schwarz et al., 2010).
None of the above mentioned analysis techniques took into account the time
to event nature of the gathered data. Also loss to follow-up was not dis-
cussed in most papers, only Parker et al. (2008) discussed this problem in
detail in his study.

Gasqui et al. (2000) introduced survival analysis as a tool to model
clinical mastitis data (not IMI). A piecewise constant hazard model was
used to model the time intervals between two consecutive cases of clinical
mastitis during the same lactation. Zadoks et al. (2002) used a log rank
survival test to model IMI. In most (older) studies udder quarters were
treated as independent entities although they are clustered within cow and
cows are clustered within farm. Schukken et al. (1991), Barkema et al. (1999)
and Sommerhäuser et al. (2003) analyzed the data on herd level to avoid
clustering problems. The main disadvantage of this technique is that the
original data is reduced to the number of IMI on farm level. All information
about the longitudinal nature of the data and information on quarter and
cow level are totally ignored in the analysis.

In case of logistic regression, clustering on farm level is sometimes solved
by the introduction of farm as a fixed effect (Zadoks et al., 2001; Ferguson
et al., 2007) or in more recent studies as a random effect (Parker et al.,
2008; Moret-Stalder et al., 2009; Breen et al., 2009; Schwarz et al., 2010).
Additional correction of clustering on cow-level was only considered by some
authors (Parker et al., 2008; Moret-Stalder et al., 2009; Breen et al., 2009).
Although most papers mention the problem of clustering and some correct
for it, only two papers quantified the magnitude of the clustering effect and
interpreted these values (Barkema et al., 1999; Parker et al., 2008).

The main conclusion of the review of the used methodology is that the
analysis of the data of most studies was not optimal. The time to event
nature of the data is often reduced to binary data and the correlation struc-
ture of the data is often ignored. Ignoring clustering can lead to unreliable
statistical significance tests due to the underestimation of the variance and,
as a result, the underestimation of the type I error. A frailty model takes
into account the time to event nature of the data, and also quantifies the
clustering within cow. The stratified version of the model will also take
into account the clustering on farm level. Unfortunately, none of the men-
tioned studies considered the use of a frailty model. The possible problems
due to the non-continuous sampling (without the exact event time, interval
censoring) was also not discussed in the papers.
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1.3.6 Analysis of studies about the effect of an intramam-

mary infection with a minor pathogen

A review of the methodology of 9 published studies about the (protective)
effect of an IMI with a minor pathogen (C. bovis and CNS) on the sus-
ceptibility to a new IMI with other mastitis pathogens is given in the next
section. An overview of the most important properties is given in Table 1.2.

The first group of studies are four experimental studies (Pankey et al.,
1985; Matthews et al., 1990; Nickerson and Boddie, 1994; Schukken et al.,
1999). The published study of Pankey et al. (1985) was unclear about the
used methodology and no statistical analysis was performed and will not be
further discussed due to a lack of information. The second group are five
observational studies (Brooks et al., 1983; Hogan et al., 1988; Matthews et
al., 1991; Davidson et al., 1992; Lam et al., 1997). The study performed
by Brooks et al. (1983) was the only study were no longitudinal data were
obtained and no sample size was provided. Also this study will not be
further discussed in detail.

Except for the study of Brooks et al. (1983), all studies collected several
samples at predefined intervals resulting in longitudinal data. For the anal-
ysis, none of the datasets were analyzed in a model that takes into account
the longitudinal nature of the data. Most studies reduced the available time
to event data to a binary variable: infected or not. This binary outcome
variable was in most cases analyzed with a χ2-test while Nickerson and Bod-
die (1994) used the t-test on the differences of the proportions of infected
quarters (central limit theorem). Matthews et al. (1990) used the number of
colony forming units as outcome variable and performed an ANOVA. The
analysis of most studies are based on a chi-square statistic or regular logis-
tic regression. None of the mentioned studies take into account the time to
event nature of the original data due to the data reduction before analysis.

All studies sampled on quarter level. Correction for clustering of quar-
ters within cow was only considered in 2 papers. Schukken et al. (1999)
performed a general estimation equation logistic regression model that took
into account the correlation within cow and an estimate of the intra class
correlation was calculated (“ 0.241) and indicated an important cluster-
ing. Lam et al. (1997) used a within-cow matched case-control approach to
correct for possible confounding by herd, season and cow effects. All other
studies did not control for clustering on cow or farm level.

Another important property in the analysis is the adjustment for loss to
follow-up. Loss to follow-up was only mentioned in two papers. Schukken et
al. (1999) excluded animals with missing values. Davidson et al. (1992) only
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mentioned that 28 cows had missing samples but it is not clear if they are
excluded in the analysis or not. It is very likely that also the other studies
had missing values and excluded those quarters/cows for further analysis
but this information is not stated in the articles.

The last problem is the time-varying nature of the infection status. In
the observational studies it was often assumed that the infection status
remained constant during the study period, although this is not always the
case. Davidson et al. (1992) solved this issue by analyzing the eight sampling
times separately which makes it difficult to interpret the results. Hogan et
al. (1988) analysed the quarter-day exposure for uninfected and infected
quarters to correct for this issue.

The main conclusion of the review of the used methodology is that the
analysis of the data of all studies was not optimal. A frailty model takes
into account the time to event nature of the data, the clustering within cow,
time varying covariates and missing values due to censoring. Unfortunately,
none of the mentioned studies considered the use of a frailty model.

1.3.7 The dataset

Design

In total, 1132 cows on 25 dairy herds, located in the provinces East and
West Flanders, Belgium, were followed during a 20-months period (February
1993 to September 1994). Criteria for herd selection were willingness of the
farmer to cooperate in the observational study, participation in the dairy
herd improvement program (DHI), organized by the Flemish Cattle Breeding
Association and a minimum herd size of 25 cows. Only the lactations of cows
with parturition after February 1993 were considered for analysis.

Bacteriological monitoring

At monthly intervals (11 times a year, not during either July or August)
quarter foremilk samples were taken to detect intramammary infections
(IMI). The teats were cleaned with dry udder cloths. Dirty teats were
washed and dried. Before milk samples were taken, all teats were disin-
fected with cotton moistened with asolution of ethyl alcohol (70%) and
chlorhexidine(200 mg/100 ml). Vangroenweghe et al. (2001) showed that
there is no significant difference in bacterial contamination between manual
sampling and aseptic collection through a sterile cannula. Immediately after
collection, the milk samples were transported to a laboratory and 0.01 mL
aliquots were streaked for initial isolation within 2 to 3 h after collection onto
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a 90-mm Petri dish with a blood agar base (Oxoid, Basingstoke, England)
supplemented with 5% bovine blood. Samples were also streaked onto an
Edwardsmedium (Oxoid) supplemented with 5% bovine blood. Agar plates
were incubated at 37˝C and read after 24 and 48 h (Laevens et al., 1997).

A quarter was considered to be positive when more than 100 cfu/mL of
the considered pathogen was found. In literature a lot of different definitions
are used to define the infection status. Dohoo et al. (2011a) gave an overview
of the most common definitions and estimated the sensitivity and specificity
of several definitions (single, duplicate and triplicate quarter milk samples,
minimum colony count per mL). Triplicate milk samples (during 5 days)
are often considered as the golden standard detection method for an IMI.
Although triplicate and duplicate samples provided the best combination of
specificity and sensitivity, only a modest gain in specificity and little or no
gain in sensitivity was observed. This suggests that the additional expense of
multiple samples is not justified and a single quarter milk sample is in most
situations the best choice (Dohoo et al., 2011a). Also the number of detected
colonies in a 0.01 mL aliquot has to be defined. In our dataset 1 colony (=100
cfu/mL) was considered as a positive sample . Dohoo et al. (2011b) suggest
that this definition is an acceptable definition when identifying as many
existing infections as possible is important. This results for most pathogens
in a sensitivity ranging from 75% to 90% but a high specificity (over 97%
except for CNS: 87%).

Different bacteria were isolated and identified as described by the Na-
tional Mastitis Council. In this PhD we focus on Staphylococcus aureus,
Streptococcus uberis, Streptococcus dysgalactiae, Escherichia coli, other en-
terobacteriaceae, Corynebacterium bovis and coagulase-negative staphylo-
cocci (CNS). The distribution of the number of new IMI’s with the bacteria
is given in Table 1.3. The other isolated bacteria were too uncommon and
not considered for further analysis: Streptococcus agalactiae, esculin-positive
cocci, corynebacteria excluding C. bovis, Arcanobacterium pyogenes, Kleb-

siella spp., Serratia spp., Pseudomonas aeruginosa, yeasts and fungi.

In the original dataset, the information of each sample was available on
quarter level (see Table 1.4). In the example, cow 89407831117 of farm 1
was sampled 8 times (on day 40, 75, 96, 124, 156, 190, 239, 267). At day
40, C. bovis was found in all quarters. At day 75 in the left rear quarter S.
dysgalactiae was found, the other quarters were negative for bacteriology.
At day 96 all quarters were negative (quarter = n.a. and bacteriology = 0)
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Table 1.3: Number of new infections with different bacteria in the IMI
dataset.

Number % Quarter

Staphylococcus aureus 246 5.0
Streptococcus uberis 198 4.0
Streptococcus dysgalactiae 97 2.0
Escherichia coli 34 0.7
other enterobacteriaceae 54 0.1
Corynebacterium bovis 1976 40.0
Coagulase-negative staphylococci (CNS) 827 16.7

and the left front quarter became positive for S. aureus at day 124. This
means that the infection with S. aureus occurred between 96 and 124 days
in lactation (see Table 1.5). At day 190 coagulase-negative staphylococci
were isolated from the right rear quarter.

Table 1.4: Structure of the original IMI dataset with the results of the
bacteriological isolations.

Cow nr lactationday date quarter bacteriology

89407831117 40 10-Dec-93 LR CBO
89407831117 40 10-Dec-93 LF CBO
89407831117 40 10-Dec-93 RR CBO
89407831117 40 10-Dec-93 RF CBO
89407831117 75 14-Jan-94 LR SDY
89407831117 96 04-Feb-94 n.a. 0
89407831117 124 04-Mar-94 LF SAU
89407831117 156 05-Apr-94 RR CBO
89407831117 156 05-Apr-94 RF CBO
89407831117 190 09-May-94 LR CBO
89407831117 190 09-May-94 RR CNS
89407831117 239 27-June-94 RR CBO
89407831117 239 27-June-94 RF CBO
89407831117 267 25-July-94 n.a. 0
. . .
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The original data were rearranged in two different ways according to
their use as either an outcome variable (time to event) or a time varying
covariate. For the time to event dataset (Table 1.5) the time to infection
with a specific pathogen was recorded. As a result of the monthly samples,
the exact infection times were not known and the time of the last negative
sample was recorded as the lower bound of the interval while the first positive
sample was recorded as the upper bound of the interval. The event is only
known to have occurred between the lower and upper bound. In Table 1.5,
only the left front quarter of the primiparous (parity = 0) cow 89407831117
of farm 1 was infected (censor indicator = 1) between 96 (lower) and 124
(upper) days in lactation.

Table 1.5: Structure of the time IMI with Staphylococcus aureus dataset.

Farm nr Cow nr parity quarter lower upper censor

1 89407831117 0 LR 238 267 0
1 89407831117 0 LF 96 124 1
1 89407831117 0 RR 239 267 0
1 89407831117 0 RF 239 267 0
1 89409376144 1 LR 284 313 0
1 89409376144 1 LF 284 313 0
1 89409376144 1 RR 284 313 0
1 89409376144 1 RF 284 313 0
. . .

In case of CNS and C. bovis, the infection status was used as a time vary-
ing covariate. In the infection status dataset, the monthly infection status
of each quarter during the whole lactation was recorded. A quarter was as-
sumed to be infected starting from the month before the observed isolation
of CNS or C. bovis. As long as the germ was isolated during the following
months, the quarter was assumed to be infected during those months. Do-
hoo et al. (2011) showed that culture procedures based on one milk sample,
have a limited sensitivity, particularly in case of CNS and Streptococcus spp.
Therefore, a negative sample preceded and followed by a positive sample was
assumed to be a false negative value and converted to a positive value. In



30 CHAPTER 1. INTRODUCTION

Table 1.6 all quarters of cow 33333831142 remained uninfected until day 50.
At day 50 both right quarters and the left front quarter became infected
with CNS and at day 84 also the left rear quarter became infected. All
quarters remained infected until the end of the follow-up period (for this
cow 274 days). For cow 81343911121 all quarters remained uninfected until
the end of the follow-up period (185 days).

Table 1.6: Structure of the time varying covariate, intramammary infected
with coagulase-negative staphylococci or not (variable CNS) dataset. The
variables ’start’ and ’end’ are the start time and the end time of the period
where the infection status remained constant.

Farm nr Cow nr quarter start end CNS

1 33333831142 LR 0 84 0
1 33333831142 LR 84 274 1
1 333338311421 LF 0 50 0
1 33333831142 LF 50 274 1
1 33333831142 RR 0 50 0
1 33333831142 RR 50 274 1
1 33333831142 RF 0 50 0
1 33333831142 RF 50 274 1
16 81343911121 LR 0 185 0
16 81343911121 LF 0 185 0
16 81343911121 RR 0 185 0
16 81343911121 RF 0 185 0
. . .

Research objectives of the IMI dataset

In most previously mentioned studies (see section 1.3.5 and 1.3.6), cows
are evaluated after a certain risk time with a binary outcome: infected or
not infected (although infection times are often known). In most cases the
analysis was performed on quarter level but only a few analyses corrected
for clustering of quarters within a cow. Most other papers assume indepen-
dence of the udder quarters despite the important role of cow factors in the
occurrence of IMI and the severity of mastitis.
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The clustering is of general interest. In Chapter 3 a new technique is
proposed to analyze interval censored and clustered survival times in an
analytical way. In the analysis, the effect of parity on the hazard to become
infected with C. bovis, S. uberis and S. aureus is modeled.

Quarters are clustered within a cow, but cows are also clustered within
a farm. To have an idea of the contribution of the clustering on cow and on
farm level, a stratified (by farm) analysis is performed, on a subset of the
data. In the stratified analysis, the clustering is only due to the cow factors.
The variable of interest was parity, primiparous versus multiparous.

In Chapter 4, the technique explained in Chapter 3 is extended to in-
clude also time varying variables. All previously mentioned papers that
investigated the effect of CNS or C. bovis on the incidence of other mastitis
pathogens divided the study population in two groups: either infected or not
infected with CNS during the lactation. The occurrence of IMI with major
pathogens was compared between the infected and uninfected group. This
assumes that the infection with CNS is persistent during the entire study
period. However, in observational studies some quarters become infected,
the infection is persistent for some time and the CNS are eliminated after
some period. The infection status is therefore not constant over time but is
time dependent.

A new technique is developed to include timevarying variables in the
shared frailty model for interval censored data. In the analysis, the effect
of an IMI with CNS or C. bovis, as a time varying covariate, on the hazard
to have an IMI with S. aureus, S. uberis, S. dysgalactiae, E. coli and other
coliform bacteria is modeled with correction for parity.

1.4 Survival data

Survival data, time-to-event data, lifetime, failure time data are all different
names for the same data type: describing the time to an event. The event
may be death (literally survival), but other events, infections, seroconver-
sions, the onset of a disease are possible terms. Survival models are often
used in biomedical statistics, but also in engineering, e.g. to model the ex-
pected lifetime of mechanical and electrical equipment (Widodo and Yang,
2011), in economics, e.g. to model the time to bankruptcy or credit risk
(Luoma and Laitinen, 1991; Im et al., 2012), the time to sale of products
(Brint, 2012), etc.

One of the main properties of survival data is the occurence of censoring.
In a time-to-event study, data are typically collected during a predefined
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period. At the end of the study, an event will have occured for some subjects
while for other subjects no event was observed, which is right censored. For
such subjects we only known that the event time falls after that time, this
is called a right censored subject.

1.4.1 Basic notation and functions in survival analysis

Let fptq denote the density function of T, an absolutely continuous, non-
negative random variable representing the time to event. Integrating the
density function over time leads to the corresponding cumulative distribu-
tion function:

F ptq “ P pT ă tq “

ż t

0

fpsqds

The nonincreasing survival function (Sptq) is defined as the probability that
the event time T exceeds a value t (Kaplan, 1958):

Sptq “ 1 ´ F ptq “ P pT ě tq “

ż 8

t

fpsqds.

An important concept in survival analysis is the hazard function hptq,
which represents the instantaneous failure rate at time t, given that the
subject did not fail until time t. The hazard function is defined as

hptq “ lim
∆tÑ0`

P pt ď T ă t ` ∆t|T ě tq

∆t
.

Integrating the hazard function over time leads to the corresponding cumu-
lative hazard function:

Hptq “

ż t

0

hpsqds

The survival, density and hazard functions have following one-to-one
relationships:

fptq “ ´
dSptq

dt

hptq “
fptq

Sptq
“

´d logSptq

dt

Sptq “ exp p´Hptqq
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1.4.2 Censoring

Censoring is a specific feature of survival data. Throughout this thesis,
noninformative censoring is assumed. This means that the censoring time
is independent of the event time. This is an essential assumption to ensure
that censoring does not have an impact on the parameter estimates.

Left, right and interval censoring are different types of censoring. Right-
censoring occurs when the event time is larger than the followup time. Pos-
sible reasons for right censoring are the end of the study, loss to follow-up of
subjects (drop out due to another disease, voluntarily exit from the study,
dead due to another reason etc.).

Left censoring occurs when the event time is smaller than the censoring
time, i.e., when the event already occurred before the subject entered the
study. Interval-censored data arise when the exact event time is not known;
it is only known that the true event time is contained in the interval between
the last observed time without the event (lower bound) and the first time
with the event (upper bound).

A response of a subject typically consists of two parts, a time indication
and a consoring indicator, δi, taking the value 1 if the event has been ob-
served, otherwise, in case of right censoring, δi takes the value 0. Different
censor schemes, presented in Figure 1.1 and 1.2, lead to different types of
response information.

In Figure 1.1 a study was conducted during a follow-up period of 210
days. If the exact time is known (subject 1), the response consists of that
time (160d) and the censoring indicator is equal to 1, which indicates that it
is an event time. If there was no event before the end of the study (subject
2), the time will be the end of the follow-up period (210d) and δi = 0, which
indicates that it is a right censored time. If a subject leaves the study before
the end of the study (subject 3), the time will be the lost to follow-up time
(90d) and δi = 0.

In Figure 1.2 a study was conducted during a follow-up period of 210
days but the subjects were tested only each 30 days (on day 30, 60, 90...).
Subject 1 had a positive test at day 150, the last negative test was on
day 120. The unobserved event occured in the interval 120-150 days, the
response consists of the lower and upper bound of the interval (120d, 150d)
and the censorindicator is equal to 1, which indicates that it is an interval
censored time. If there was no event before the end of the study (subject
2), the time will be the end of the follow-up period (210d) and δi = 0, a
right censored time. If a subject leaves the study before the end of the study
(subject 3), the time wil be the last observation time before the subject left
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Figure 1.1: Exact (subject 1) and right censored (subjects 2 and 3) obser-
vations. The symbol ’x’ denotes an observed event time, the symbol ’o’ a
censored observation time and the symbol ’△’ denotes an unobserved event
time.

the study (120d) and δi = 0, a right censored time.

Left- and right-censored observations can be considered as special cases
of interval-censoring. For a right-censored observation, the start of the in-
terval is the censoring time and the upper bound of the interval is infinity.
When the event time is known exactly, the lower bound is equal to the upper
bound.

In the case of right-censored data, there are either exact event times or
right-censored observations. The likelihood for a sample of size n is given
by (Klein and Moeschberger, 1997)

L “
n

ź

i“1

pfpyiqqδi pSpyiqq1´δi .

where fp.q the density function of the event times and Sp.q the cumulative
distribution function of censoring times and δi the censoring indicator.

The contributions of survival data with different censoring mechanisms
in case of noninformative censoring, are given by (Klein and Moeschberger,
1997):
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Figure 1.2: interval censored (subject 1) and right censored (subjects 2 and
3) observations. The symbol ’△’ denotes an unobserved event time, the
symbol ’o’ a censored observation time.

exact event times: fpyiq
right-censored observations: Spyiq
left-censored observations: 1 ´ Spyiq

interval-censored observations: pSpLiq ´ SpRiqq

The likelihood function may be constructed by combining the different
components. The most general form is:

L “
ź

iPD

fpyiq
ź

iPR

Spyiq
ź

iPL

p1 ´ Spyiqq
ź

iPI

pSpLiq ´ SpRiqq

with D the set of death times, R the set of right-censored observation, L the
set of left-censored observations and I the set of interval-censored observa-
tions. In this thesis left censoring in not further considered. The likelihood
of the IMI dataset, a combination of right censored and interval censored
data, can be written as:
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L “
n

ź

i“1

pSpLiq ´ SpUiqqδi pSpRiqqp1´δiq (1.1)

where Li and Ui the lower and upper bound of the intervals of the interval-
censored observations and Ri the right censored time. δij is the censoring
indicator (0: censored, 1: event, interval censored).

1.4.3 The proportional hazards model

The most popular regression model for survival data, especially in the field
of medicine and biostatistics, is the proportional hazards model (Cox, 1972).
The hazard function hiptq of subject i, is the product of a common unspec-
ified baseline hazard function h0ptq and the exponential of a linear function
of xi, the vector of covariates for subject i.

hiptq “ h0ptq exppxt
iβq,

with β the vector of the regression parameters. The common baseline hazard
h0ptq is assumed to be the same for all subjects and can have a specific
form (the parametric proportional hazards model) or can be unspecified
(the semiparametric proportional hazards model).

The ratio of the hazard functions for two subjects with different covariate
information is assumed to be constant over time (proportional hazards).
Consider a simple example with a treatment group (xi “ 1) and a control
group (xi “ 0). The hazard ratio is equal to:

HR “
h0ptq expβ

h0ptq
“ expβ.

In the case of a semiparametric model, the baseline hazard h0ptq is left
unspecified. The effect of the covariates on the hazard function is modeled
parametrically, hence the term semiparametric. One of the main reasons for
the popularity of the semiparametric Cox proportional hazards model is the
existence of a simple and efficient inference procedure for the regression pa-
rameters in case of right-censored data, the partial likelihood maximization
procedure introduced by Cox (1972). This likelihood is only a function of the
unknown regression parameters β and does not contain the baseline hazard
h0ptq. The regression parameters can be estimated through maximization of
the partial likelihood. The technique is also implemented in most statisti-
cal software packages (e.g. coxph() in S-plus and R; PROC PHREG in SAS).
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In the parametric proportional hazards model, the baseline hazard func-
tion h0ptq is assumed to have a particular parametric form. A popular
assumption for the parametric baseline hazard is the Weibull distribution:

h0ptq “ λγtγ´1,

with γ ą 0 the shape parameter and λ ą 0 the scale parameter. The
Weibull distribution is a popular choice as it is a flexible distribution that
often describes the evolution of the hazard well in practice. The shape
parameter γ has an impact on the shape of the density curve. For γ ă 1 the
hazard decreases monotonically over time, for γ ą 1 the hazard is monotone
increasing and for γ “ 1 the hazard is constant over time, corresponding
to exponentially distributed event times. Figure 1.3a shows the effect of
different scale parameters on the Weibull hazard function with a fixed shape
parameter (γ “ 1.1) while Figure 1.3b shows the effect of different shape
parameters with a fixed scale parameter (λ “ 0.03). Other possible choices
for the distribution of the event times include the exponential, Gompertz,
loglogistic and lognormal distribution (Marshall and Olkin, 2007).
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Figure 1.3: Weibull hazard functions with (a) different scale (fixed γ “ 1.1)
and (b) different shape parameters (fixed λ “ 0.03).
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1.4.4 Multivariate survival data: the frailty model

The techniques in previous sections assume that survival times of different
subjects are independent. This assumption may be valid in some situations,
but in veterinary science most survival times are not independent of each
other because some subjects share the same environment. For example, dif-
ferent cows are housed in the same farm, different quarters belong to the
same udder, different piglets originate from the same litter, etc. There are
several techniques to correct for the correlation between the event times.
One option is the marginal survival model based on robust variance estima-
tion (Stedman et al., 2012). Another approach is the copula model where
a copula function couples the marginal survival functions and the joint sur-
vival function and determines the type of correlation. Goethals et al. (2008)
demonstrate the use of copulas as an alternative for the shared frailty model.
In this section the focus is on the univariate shared frailty model which pro-
vides an estimate of the correlation between the event times in a cluster.

The term frailty was introduced by Vaupel et al. (1979) in a univari-
ate frailty model, where an individual with a frailty of 1 might be called a
”standard” individual while an individual with a frailty larger than 1 is more
likely to have an event at any particular age. The frailty, a random quan-
tity, is often assumed to be gamma distributed, because of its nice analytical
properties, its strictly positive nature and its flexibility. The variance of the
frailty distribution is a measure of the heterogeneity between the subjects
in the study population: the higher the variance, the more heterogeneous
the population.

In medical science, ”frailty” was commonly used to describe an increased
risk to several diseases, a higher tendency to functional failure or even death.
It is used mostly to describe, in geriatrics, the last state before profound
functional loss, almost always followed by death. A clear definition of frailty
is difficult and there is no precise scientific meaning. The criteria to define
that a person is frail, is a very complex and highly demanding task. The
frailty of a person, the tendency to fail, is influenced by a complex interaction
of a lot of known and unknown factors such as: genetic disorders, (infectious)
diseases, injuries, lifestyle, nutrition, aging, etc. (Bortz, 2002).

The frailty in medical science is basicly at the indiviual level. In survival
modelling, a frailty can be individual (the univariate frailty model) but in
most cases subjects are characterized by the same frailty as they share the
same environment. In the IBR dataset, all cows of the same farm share the
same factors on that farm (e.g. management factors, number of buildings,
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herdsize, but also a lot of unknown factors). The farm level can then be
introduced in the model as a frailty term, and all cows in the same farm are
assumed to share that same frailty. In this thesis, only the shared frailty
model is used.

The proportional hazards model explained in Section 1.4.3 can be ex-
tended to include a frailty term. All subjects in the same cluster share the
same frailty term, hence the name shared frailty model. The shared frailty
ui is common to all subjects in one cluster, which creates correlation between
the event times of the subjects in the cluster.

We introduce the model using the structure of the IMI dataset. We have
4 quarters in each cow (=cluster) in a sample with k cows. The shared
frailty model for this example is given by:

hijptq “ h0ptqui exppxt
ijβq,

where hijptq is the conditional hazard function (conditional on ui) at time
t for the jth quarter of the ith cow, j “ 1, 2, 3, 4, i “ 1, . . . k, h0ptq is the
baseline hazard, xij is the vector of covariates for the jth quarter of cow i,
β is the vector of regression parameters and ui is the frailty for cow i.

The frailties (ui) are assumed to come from a density fU puq. There are
several possible choices for densities of the frailties including the gamma
distribution, the inverse Gaussian distribution, the positive stable distribu-
tion, the power variance function, the compound Poisson distribution and
the lognormal distribution (Duchateau and Janssen, 2008). The most com-
mon distribution is the one-parameter gamma distribution because of its
nice mathematical properties. We futher consider only the one-parameter
gamma distribution (gammap1{θ, 1{θq) with density:

fU puq “
u1{θ´1 expp´u{θq

θ1{θΓp1{θq
, (1.2)

with θ ą 0 and Γp.q the gamma function.

The distribution has mean 1 and variance θ. Beside its nice mathematical
properties, there are no biological reasons that justify the choice of a gamma
distribution. However, in practice, misspecification of the frailty distribution
results generally in low bias for the parameter estimates. This suggests that
the gamma distribution is a good choice in practice, especially when the
regression parameters are of primary interest (Hsu et al., 2007).

In case of right censoring and a gamma distribution for the frailties, the
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conditional likelihood for cow i is:

Lipξ, θ, β|uiq “
ni

ź

j“1

ph0pyijqui exppxt
ijβqqδij expp´H0pyijqui exppxt

ijβqq

with ni the number of subjects in cluster i (in the example there are 4
quarters in each cow, ni “ 4, i “ 1, ..., k), ξ containing the parameters of
the baseline hazard (in case of Weibull: λ and γ). The marginal likelihood
for the ith cluster is:

Lmarg,ipξ, θ, βq “

8
ż

0

ni
ź

j“1

ph0pyijqu exppxt
ijβqqδij expp´H0pyijqu exppxt

ijβqq

ˆ
u1{θ´1

θ1{θΓp1{θq
exp p´u{θq du.

The frailties can be integrated out from the conditional likelihood in
an analytical way, resulting in a simple and closed form expression for the
marginal likelihood. The marginal likelihood for cow i is then:

Lmarg,ipξ, θ, βq “

Γpdi ` 1{θq
ni
ś

j“1

ph0pyijq exppxt
ijβqqδij

˜

1{θ `
ni
ř

j“1

H0pyijq exppxt
ijβq

¸1{θ`di

θ1{θΓp1{θq

with di “
ni
ř

j“1

δij the number of observed events in cluster i.

The marginal loglikelihood is then given by (Klein and Moeschberger,
1997):

lmargpξ, θ, βq “
k

ÿ

i“1

«

di log θ ´ log Γp1{θq ` log Γp1{θ ` diq

´p1{θ ` diq log

˜

1 ` θ

ni
ÿ

j“1

H0pyijq exppxt
ijβq

¸

`
ni
ÿ

j“1

δij
`

xt
ijβ ` log h0pyijq

˘

ff

,
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If a parametric assumption is made for the baseline hazard (e.g. Weibull),
the marginal loglikelihood is fully parametric and classical maximisation
techniques can be used (e.g. nlmin in S-plus, nlm in R) to obtain parameter
estimates. Standard errors can be obtained from the inverse of the ob-
served information matrix. More details about the maximization are given
by Duchateau and Janssen (2008). This basic model is further extended
to interval censoring in Chapter 3 and time-varying covariates are added in
Chapter 4

1.5 Research objectives

The main objective of this dissertation is to introduce the shared frailty
model methodology to model the dynamics of infectious animal diseases.
Modeling the dynamics of infectious animal diseases makes it possible to
improve the understanding of the disease dynamics, identify the risk factors
and evaluate the control measures.

In evaluating vaccination protocols in IBR, the hazard of seroconversion
needs to be modeled in terms of calendar time, taking into consideration as
well the the seasonal variations in the infection pressure and clustering of
animals within a farm. A piecewise constant hazard shared frailty model
was used to analyze the data introducing a shared frailty on farm level to
account for the clustering. The evolution over time, since the start of the
hyperimmunization protocol on the farm, was modeled to estimate the long
term effect of the hyperimmunization. The follow-up time was divided in
summer and winter periods, to allow the baseline hazard to change according
to the season. The model and the results are explained in Chapter 2.

The IMI data are characterized by interval censoring and clustering. Due
to the monthly samples, the true infection time is contained in an interval
between the last observed time without infection and the first time with
infection. A new technique for interval-censored data, where the frailties
are integrated out in an analytical way, is developed in Chapter 3 and used
to model the effect of parity on the hazard to have an IMI with C. bovis, S.
uberis and S. aureus. In another analysis, stratified by herd, the importance
of clustering on farm level and cow level is estimated.

In Chapter 4, the technique explained in Chapter 3 is extended to include
also time varying covariates in order to model the effect of an IMI with
CNS or C. bovis on the susceptibility to a new IMI with other mastitis
pathogens. The time to IMI with a mastitis pathogen was determined for
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each udder quarter and constitutes the interval censored response variable.
The infection status of the quarter with CNS or C. bovis, allowed to change
each month, is a time varying covariate. Parity is also included as a fixed
effect.
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Abstract

The objective of the study is to assess the long-term effect and the effects of
risk factors on the efficacy of hyperimmunization protocols against infectious
bovine rhinotracheitis (IBR) during a longitudinal field study on 72 dairy
and dairy-beef mixed farms with approximately 7,700 cows.

The farms were assigned to 3 treatment groups (hyperimmunization
group ((HIG) 1 and 2, which were hyperimmunized with glycoprotein E
(gE)-deleted marker vaccines, and a nonintervention group (NIG)). Cat-
tle in HIG 1 were initially vaccinated with an attenuated vaccine, whereas
cattle in HIG 2 were initially vaccinated with an inactivated-virus vaccine.
Cattle in both HIGs received booster inoculations with inactivated-virus
vaccines at approximately 6-month intervals. The hazard for gE seroconver-
sion was compared among experimental groups via a shared frailty model
with a piecewise constant baseline hazard to correct for seasonal and secular
effects.

The hazard for gE seroconversion was significantly decreased over time
for the 2 HIGs, compared with results for the NIG. Seasonal changes in
the hazard of gE seroconversion were detected, with a higher risk in winter
periods than in grazing periods. No significant difference was detected be-
tween HIG 1 and HIG 2. The only significant risk factor was the number of
buildings for cattle on a farm; the higher the number of buildings, the lower
the risk ratio for gE seroconversion. The mean IBR prevalence decreased
over time in both HIGs but remained constant or increased in the NIG.

Hyperimmunization via repeated administration of attenuated and inac-
tivated virus gE-deleted marker vaccines as well as inactivated-virus vaccines
may provide a method for the control of IBR in cattle.

2.1 Introduction

Infectious bovine rhinotracheitis is caused by BoHV-1 and is clinically char-
acterized by hyperemia and hypersecretion of the nasal mucosa, cough, and
fever. Bovine herpesvirus 1 is also the causative agent of reproductive tract
problems, such as infectious vulvovaginitis, abortions, and metritis after
Cesarean section. The worldwide distribution of BoHV-1 makes it a major
pathogen of cattle (Straub, 1990).

Because it is an alphaherpesvirus, BoHV-1 remains in the nervous sys-
tem after infection in cattle and can be reactivated by stressful conditions
(Lemaire et al., 1994). The frequency and intensity of viral shedding after
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reactivation is influenced by the strain virulence and the immune status of
the animal (Muylkens et al., 2007). In countries (e.g. Belgium (Boelaert
et al., 2000) and the Netherlands (Van Wuijckhuise et al., 1998)) where
the seroprevalence for IBR is high, the control strategy is based on re-
peated vaccination of all cattle in a herd. For the past 15 years, marker
vaccines (Kaashoek et al., 1994; Kaashoek and Van Oirschot, 1996) have
allowed for the serologic discrimination between cattle infected with BoHV-
1 (seropositive against gE) and vaccinated cattle (seronegative against gE)
(Van Oirschot et al., 1997). Two field studies (Mars et al., 2001; Bosch
et al., 1998) have been conducted over the period of 1 year to assess effi-
cacy for the repeated administration of gE-deleted marker vaccine to cattle
in dairy herds. Both compared results for repeated vaccination with re-
sults for placebo treatments. The authors concluded that the repeated use
of live-virus (Mars et al., 2001) or inactivated-virus (Bosch et al., 1998)
vaccines reduce the incidence of gE seroconversion. Vaccination with a live-
attenuated strain of virus resulted in a smaller reproductive ratio (Mars et
al., 2001) and was used to control IBR in the Netherlands. This strategy
was later rejected because of vaccine contamination (Barkema et al., 2001).
More recently, hyperimmunization protocols that involve the use of live-
virus vaccines have been successfully tested in 149 herds, mostly large dairy
farms (Makoschey et al., 2007).

Although a hyperimmunization protocol that involves the use of sequen-
tial administration of live-virus and inactivated-virus vaccines was found to
be efficient (Kerkhofs et al., 2003), it has not been tested in farm settings.
Currently, putative risk factors for BoHV-1 infection have been estimated
via cross-sectional observational studies (Van Wuijckhuise et al., 1998; Van
Schaik et al., 1998). Only randomized studies are able to determine that a
risk factor is causative for the studied disease.

For the analysis of the study reported here, a new model for survival
analysis was developed. The model was designed to take into account mod-
ification of the intensity of risk factors with time, clustering of animals in a
herd, seasonal differences, and the long-term change in risk over time (secu-
lar change). The objective of the study was to assess in farm settings for a
28-month period the risk factors for BoHV-1 infection in cattle herds hyper-
immunized in accordance with 2 hyperimmunization protocols and compare
them with those for herd without such interventions. We hypothesized that
the infection rate in the HIG decreased over time compared to the NIG.
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2.2 Material and Methods

2.2.1 Animals

The study was conducted on cattle from 34 dairy herds and 38 dairy-beef
mixed herds that were selected from a pool of 92 volunteer herds. Inclusion
criteria for the herds were that farming activity was the only source of family
income and that a herd comprised less than 180 cattle.

2.2.2 Procedures

Farms were assigned to 3 groups (HIG 1, HIG 2, and NIG) by use of a
randomization procedure (lottery procedure). All of the cattle in HIG 1
and 2 were hyperimmunized. This consisted of an initial 2 administra-
tions of marker vaccines (interval of 3 to 5 weeks between administrations),
which were followed by booster vaccinations at intervals of approximately
6 months. To ensure identification of the treated cattle, vaccinations were
performed at the start of the study (January 1997) and then successively
shortly before the start of the cattle pasture periods and as soon as possible
after the start of the cattle stabling periods for a period of 28 months.

Cattle in HIG 1 initially received an intranasal administration followed
by an intramuscular administration of an attenuated gE-deleted marker vac-
cine (Bayovac IBR-Marker vivum, at the time by Bayer AG ; Rhinobovin
Marker Live, Intervet, previously Hoechst). Cattle in HIG 2 initially re-
ceived 2 SC administrations of an inactivated-virus gE-deleted marker vac-
cine (Bayovac IBR-Marker inactivatum, then Bayer AG; Rhinobovin Marker
inactivated, Intervet, previously Hoechst). Both hyperimmunized groups
received boosters inoculations of the inactivated virus vaccines (Bayovac
IBR-Marker inactivatum, then Bayer AG; Rhinobovin Marker inactivated,
Intervet, previously Hoechst), SC, at the 6-month intervals.

For the NIG, farmers used their usual vaccination schedules. All the cat-
tle of appropriate age for vaccination in each herd were included in the study.
Only gE-deleted marker vaccines were used for all 3 groups, which allowed
for serologic differentiation between infected and uninfected but vaccinated
cattle (Van Oirschot et al., 1997).

2.2.3 Serologic monitoring

To limit the amount of animal handling, serologic monitoring of all cattle
conducted via the same schedule as the vaccinations, which provided 6 cross-
sectional blood sample collections of the 72 herds. Each blood sample was
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tested with an ELISA gE antibody test kit (HerdCheck , IDEXX, USA).
Inconclusive results were considered as positive ?. Whenever possible, the
serologic status of calves that had positive results because of maternal anti-
bodies was adjusted to that of the first test value obtained after those calves
were 6 months old. In all other cases, cattle that had at least 1 positive test
result were definitively considered as latent carriers and positive cattle for
subsequent measurements. Calves ă 6 months old for which no subsequent
sample was available were excluded because there was no further analysis to
define their immune status. New cases of BoHV-1 infection were defined as
gE seroconversion during the interval since the preceding sampling period.

2.2.4 Questionnaire for the risk factor analysis

Each owner completed a questionnaire about the herd management prac-
tices potentially linked to the risk of BoHV 1 infection; the questionnaire
was completed during a face-to-face interview. The questionnaire was de-
signed on the basis of results for studies of within-herd and between-herds
risk factors (Van Schaik et al., 1998; Wentinck et al., 1993) and considered
potential risk factors linked with herd management (ie, regular purchase of
cattle, participation at fairs and shows, calf-dam relationship (whether calf
was removed immediately after birth), use of artificial insemination or nat-
ural mating with bulls, and external sources of infection (ie, the presence of
other farms within a radius of 100 m and possible contacts with other herds
during the pasture period)).

2.2.5 Data analysis

Six blood collections were performed for each herd during the study. For
each sample collection, seroprevalence was estimated as the ratio of the
number of gE-seropositive cattle to the number of cattle from which blood
samples were collected.

Data analysis was conducted to account for cattle lost to follow-up mon-
itoring, clustering of data collected at the same farm (all cattle in a herd
were managed in the same manner (random effect), season (animal density
differed between winter (stabling period) and summer (grazing period)), nat-
ural turnover of cattle (birth of calves and purchase of cattle were balanced
against death, culling, and sale of cattle, which resulted in a continuous
entrance of cattle into and exit of cattle from the study population), and
long-term change of the hazard to seroconvert over time.

A survival model is the most appropriate technique to use for analysis of
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time-to-event data (such as time to seroconversion). The expected seasonal
effect was corrected by assuming 2 seasons/y (ie, summer and winter), each
of which had a different constant baseline risk ratio. This simple model was
extended with a random effect for the farm, a frailty ui. The shared frailty
was assumed to follow a 1-parameter gamma-distribution with a mean of 1
and variance θ. This meant that an average frailty (ui equal to 1) had no
effect on the hazard for seroconversion. This resulted in a piecewise constant
baseline hazard shared frailty model defined by the following equation:

hijptq “
`

ppλ1Ipt ă 153qq ` pλ2Ip153 ă t ă 335qq ` ...qui exppα ` βtxijtq
˘

where hijptq is the hazard for seroconversion at time t for cow j on farm i

with covariates xijt at time t; λ1, λ2, ... are the baseline risks for period 1,
2, ...; Ipq is the indicator function, which is 1 if the condition is true and 0
if the condition is false; 153, 335, ... are the boundaries of the seasons in
number of days; α is the difference in risk at the start of the study between
the HIGs and the NIG; and β is the effect of an HIG over time. The baseline
risk for each group was the baseline risk of the NIG multiplied by exp(α).
The differences at the start of the study were not expected to be significant.

Comparison of the time to seroconversion of the HIG cattle with that
of the NIG was used to establish the secular change in the time to serocon-
version since the start of the hyperimmunization protocol on a farm. This
implied that most cattle entered the study at a time different from 0. Only
the period starting at the entrance of an animal (yij0) until an event or
censoring time (yij) may have an effect on the cumulative risk. Therefore,
the hazard function was integrated from yij0 to yij as follows:

Hijpyijq “

ż yij

yij0

hijptqdt

The β values for HIG 1 and HIG 2 were an indication of the change
in the risk over time. However, if hyperimmunization were to reduce the
number of new infections, then a secular reduction (a negative β value for
HIG 1 and HIG 2) in the risk for seroconversion would be expected.

Risk factors related to management practice that were obtained from the
questionnaire were also introduced into the model as additional covariates.
A forward-stepwise selection procedure was used to build the final model.
Only risk factors with a value of P ă 0.1 were considered for the stepwise
procedure to build the final model. The corresponding survival function was
then described by the following equation:
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Sijptq “
`

exp ppλ1Ipt ă 153qq ` pλ2Ip153 ă t ă 335qq ` ...q tui exppα ` βtxijtq
˘

where Sijptq is the survival function at time t. By use of these equations, it
was straightforward to calculate the marginal likelihood for the ith cluster
as follows:

Lipλ, α, β, θq “

ż 8

0

ni
ź

j“1

`

h0pyijqui exppα ` βtxijq
˘δij

ˆ exp
`

´H0pyijqui exppα ` βtxijq
˘

ˆ
u1{θ´1

θp1{θqΓp1{θq
expp´

u

θ
qdu

where Lipλ, α, β, θq is the marginal likelihood for the ith cluster, H0 is the
cumulative baseline hazard, and δij is the censor indicator (1 in case of an
event and 0 in case of right censoring). The variance of the frailties (θ) may
be interpreted as an indication of the differences among the farms (ie, the
higher the variance, the greater the differences among the farms). Alterna-
tively, after conversion to Kendall’s τ (estimated as θ{pθ ` 2q), the variance
may be considered as a measure for the intraclass correlation (Duchateau
and Janssen, 2008).

Separate models were fitted for dairy herds and dairy-beef mixed herds.
Because females and males were housed in separate buildings and had differ-
ent population turnover and contact structure, differences in their risk ratio
for seroconversion can be assumed. Therefore, separate analyses were also
performed for each sex population of the mixed herds, following the same
forward-stepwise selection of risk factors.

For all final models, values of P ă 0.05 were considered significant.

2.3 Results

2.3.1 Animals

One farmer in HIG 1 and another in HIG 2 opted to leave the study before
the last winter period because they considered the schedule for collection
of blood samples to be excessively restrictive. In the NIG, 12 farmers left
the study during the last period because they wanted to start a hyperimmu-
nization program or were excluded because they wanted to modify the main
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type of production for their farm. Thus, at the end of the study, there were
19, 19, and 20 herds remaining in HIG 1, HIG 2, and the NIG, respectively
(Table 2.1).

Table 2.1: Number of cattle (No. of herds) in each of 3 experimental groups
that were tested for gE seroconversion at 6 successive blood sample collec-
tions. Cattle in HIG 1were initially vaccinated with 2 doses of an attenuated
vaccine, whereas cattle in HIG 2 were initially vaccinated with 2 doses of
an inactivated-virus vaccine. Then, cattle in both HIGs received booster
inoculations with inactivated-virus vaccines at approximately 6-month in-
tervals. For the NIG, farmers used their usual vaccination schedules. Only
gE-deleted marker vaccines were used for all 3 groups.

Blood sample No. HIG 1 HIG 2 NIG

1 2140 (20) 2379 (20) 3387 (32)
2 2194 (20) 2449 (20) 3337 (32)
3 2169 (20) 2383 (20) 3284 (32)
4 2152 (20) 2211 (20) 3208 (32)
5 2086 (20) 2278 (20) 3162 (32)
6 1688 (19) 1797 (19) 1718 (20)

2.3.2 Dairy herds

Although the farms were randomly allocated to the various experimental
groups, the mean seroprevalence at the start of the study was higher for
HIG 1 (45%) than for HIG 2 (33%) and the NIG (35%; Figure 2.1). The
gE seroprevalence decreased systematically in both hyperimmunized groups
during the 4 first periods, but remained almost constant in the NIG. During
the last period the gE seroprevalence increased slightly for HIG 1, remained
constant for HIG 2, and markedly increased in the NIG.

The estimated risks of gE seroconversion over time were calculated (Fig-
ure 2.2). At the start of the study, the baseline risks were not significantly
different for HIG 1 and HIG 2, compared with that for the NIG (α values
for HIG 1 and HIG 2 were not significantly different from 0; Table 2.2). The



62 CHAPTER 2. HYPERIMMUNIZATION STUDY IBR

Figure 2.1: Change in the mean gE seroprevalence of cattle in 3 experimental
groups (HIG 1 [thin black line], HIG 2 [thick gray line] and NIG [dashed
gray line]) as determined at each of 6 blood sample collections for dairy
herds (A), female cattle of dairy-beef mixed herds (B), and male cattle of
dairy-beef mixed herds (C). Cattle in HIG 1 were initially vaccinated with
2 doses of an attenuated vaccine, whereas cattle in HIG 2 were initially
vaccinated with 2 doses of an inactivated-virus vaccine. Then, cattle in
both HIGs received booster inoculations with inactivated-virus vaccines at
approximately 6-month intervals. For the NIG, farmers used their usual
vaccination schedules. Only gE-deleted marker vaccines were used for all 3
groups, To minimize cattle handling, blood samples were collected at the
time of vaccinations (approx 6-month intervals).
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Table 2.2: The estimates for the coefficients of the piecewise constant hazard
model for dairy cows. θ is the estimated variance between the herds, αHIG1

and αHIG2 are the initial differences between HIG 1 and HIG 2 compared
to the NIG, and βHIG1 and βHIG2 indicate the evolution over time in years.
The corresponding hazard ratio (HR) and its confidence interval is for the
evolution during one year. βnbuilding is the additional effect of an extra
building.

Coefficient Estimate (se) HR 95% CI HR P-value

θ 1.563 (0.396) ă0.001
αHIG1 -0.148 (0.566) 0.86 [0.28 ; 2.62] 0.793
αHIG2 -0.568 (0.627) 0.57 [0.17 ; 1.94] 0.365
βHIG1 -0.734 (0.174) 0.48 [0.34 ; 0.68] ă0.001
βHIG2 -0.761 (0.197) 0.47 [0.32 ; 0.69] ă0.001
βnbuilding -0.471 (0.182) 0.62 [0.44 ; 0.89] 0.010

risk ratio for gE seroconversion was higher for the NIG than for HIG 1 or
HIG 2. In addition, increased protection with time was observed for both
HIG 1 and HIG 2, as indicated by a change in the risk over time in HIG 1
and HIG 2, compared with that for the NIG (β values for HIG 1 and HIG 2
were negative and significantly different from zero). Although the reduction
over time was slightly greater for HIG 2 than for HIG 1, there was no sig-
nificant difference in the risk ratio for gE seroconversion over time between
the 2 HIGs.
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Figure 2.2: Change in the risk for gE seroconversion over time in dairy herds
for HIG 1, HIG 2, and the NIG. Winter periods with stabled conditions
(shaded areas) and summer conditions with grazing conditions (unshaded
areas) are indicated. See Figure 1 for remainder of key.

The decreasing risk was also evident by the change in the mean sero-
prevalence on a herd-level basis (Figure 2.1). The seroprevalence in the
HIGs primarily had a pattern of decreasing values, whereas the seropreva-
lence for the NIG remained almost constant.

Seasonal differences were determined by use of the risk for seroconversion
for the NIG as the baseline value. The winter periods were always associated
with a higher baseline risk than were the summer periods (2.2).

The estimated θ was 1.563 (Table 2.2). This corresponded to a Kendall’s
τ of 0.439, which indicated a high correlation within the herds.

After consideration of all available risk factors, the final model revealed
that only the number of buildings for cattle on a farm had an additional
significant effect on the risk ratio. The greater the number of buildings on a
farm, the lower the risk for gE seroconversion (hazard ratio, 0.62/building).

2.3.3 Dairy-beef herds

Although the farms were randomly allocated among the various experimen-
tal groups, the mean seroprevalence at the start of the study for the female
population was lower for the NIG (36%) than for HIG 1 (56%) and HIG 2
(46%; 2.1). At the start of the study, the baseline risk for seroconversion in
females was significantly higher for the HIGs than for the NIG (α values for
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Table 2.3: The estimates for the coefficients of the piecewise constant hazard
model for dairy-beef herds, stratified by sex. θ is the estimated variance
between the herds, αHIG1 and αHIG2 are the initial differences between P1
and P2 compared to the NIG, and βHIG1 and βHIG2 indicate the evolution
over time in years. The corresponding hazard ratio (HR) and its confidence
interval is for the evolution during one year.

Coefficient Estimate (se) HR 95% CI HR P-value

Cows

θ 1.501 (0.336) ă0.001
αHIG1 2.141 (0.570) 8.51 [2.78 ; 26.00] ă0.001
αHIG2 1.385 (0.521) 3.99 [1.44 ; 11.09] 0.008
βHIG1 -1.500 (0.189) 0.22 [0.15 ; 0.32] ă0.001
βHIG2 -1.572 (0.184) 0.21 [0.14 ; 0.30] ă0.001

Bulls

θ 2.761 (0.946) 0.004
αHIG1 0.492 (0.928) 1.64 [0.27 ; 10.08] 0.596
αHIG2 -0.108 (0.783) 0.90 [0.19 ; 4.16] 0.890
βHIG1 0.020 (0.414) 1.02 [0.45 ; 2.30] 0.961
βHIG2 -0.639 (0.428) 0.53 [0.23 ; 1.22] 0.135

HIG 1 and HIG 2 were significantly ą 0; Table 2.3). There was no significant
difference in the baseline risk for gE seroconversion between HIG 1 and HIG
2. Over time, HIG 1 and HIG 2 had a large and significantly lower risk for
seroconversion, compared with the risk for seroconversion for the NIG (β
values for HIG 1 and HIG 2 were significantly ă 0), which indicated that
the protection conferred by hyperimmunization increased over time and was
twice as large as the value for dairy cattle.

In the male population, there were no significant differences between the
2 HIGs and the NIG at the start of the study or over time. Also, seasonal
differences were less pronounced in the male population, compared with
seasonal differences in female cattle of beef-dairy mixed herds and for the
dairy herds (Table 2.3).

Clustering had an important effect on the model, which indicated that
herd management practices and environmental factors can have a major
impact on the control of IBR. For female cattle in dairy-beef mixed herds,
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Figure 2.3: Change in the risk for gE seroconversion over time for HIG 1,
HIG 2, and the NIG for females (A) and males (B) in dairy-beef mixed
herds. See Figures 1 and 2 for remainder of key.

a value of 1.501 was estimated for the θ (Kendall’s τ , 0.429), which was
similar to the values for the dairy herds. However, the estimated θ in beef
bulls was 2.761, which was much higher than that of the female cattle, and
resulted in an extremely high intraclass correlation (τ = 0.580).

All risk factors were considered for the final model of female and male
cattle of the diary-beef mixed herds. However, none of them had a significant
effect on the hazard for gE seroconversion.
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2.4 Discussion

The randomized longitudinal study reported here was based on the individ-
ual gE serologic follow up monitoring of all cattle in 3 experimental groups
on dairy and dairy-beef mixed farms. Two hyperimmunization protocols
were used, and both significantly reduced the risk of BoHV 1 infection in
the females, when compared with the risk for the NIG. However, it was not
possible to detect the same effect in the male population of the dairy-beef
mixed herds. These results are consistent with those obtained in previous
field studies that revealed a reduction of virus circulation in cattle herds
hyperimmunized with live-virus vaccine (Mars et al., 2001; Makoschey et
al., 2007) or an inactivated-virus vaccine (Bosch et al., 1998).

It is not possible to make further comparisons between results of other
studies and those of the present study because conclusions of other studies
were based on the basic reproduction number (Diekmann et al., 1990) calcu-
lated for a period of 18 months in studies in which only female cattle more
than 1 year old were included. By comparison, the present study was based
on an analysis of the time to seroconversion in all cattle on the farms mea-
sured over shorter intervals and for a much longer period (28 months). In
contrast to the calculation of the basic reproduction number, the proposed
piecewise constant risk model estimates the change in seroprevalence over
time and takes into account clustering, different levels of risk over time,
seasonal effects, and the development of herd immunity. This results in
more information about the behavior of the infection, immunity on a herd-
level basis, and differences between herds than does only a single summary
measure such as the reproductive ratio.

Selection of the 2 hyperimmunization protocols was based on results of
previous studies. The protocol for HIG 1 was based on the conclusions of an
experimental trial (Kerkhofs et al., 2003) that revealed successive adminis-
tration of live-virus and inactivated-virus vaccines induced the production of
antibodies and a cellular immune response, which were significantly higher
than those obtained with only a single administration. The protocol for
HIG 2 was based on the administration of an inactivated-virus vaccine,
which had already been tested in a field setting, but for a shorter period
(Bosch et al., 1998). Both protocols were designed to prevent the develop-
ment of major problems linked with the intensive use of live-attenuated virus
vaccines. These problems include contamination of the vaccine by another
virus, reactivation or re-excretion of a gE-negative vaccine strain in a field
setting (Dispas et al., 2003), and potential emergence of highly pathogenic
gE-negative mutant strains of BoHV-1 (Muylkens et al., 2006) as a result of
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recombination between vaccine and field strains.
A NIG, rather than a placebo treatment, was used in the present study,

even though it is more difficult to detect a significant difference between
control and treatment groups. A placebo treatment was not acceptable be-
cause of the increased risk of virus circulation and infection, comparison
with the risk for the usual management procedures. In addition, it is uneth-
ical to force farmers to stop vaccinating cattle (ie, placebo treatment) for
several years if their animals are selected for the control group. Thus, an
NIG is commonly used to compare new treatments with standard treatments
(Djulbegovic and Clarke, 2001; Pocock, 2003).

In dairy herds, there were no differences in the initial risk, but the change
over time was significantly ă 0 for the HIGs. This resulted in a decrease in
risk over time for the HIGs, compared with the NIG. The risk of gE sero-
conversion for HIG 1 was always higher than, or equivalent to, the HIG 2
(Figure 2); however, the differences were not significant. This observation
is in agreement with results of a study (Bosch et al., 1998) in which animals
hyperimmunized with inactivated-virus vaccines shed less virus after reac-
tivation than did animals vaccinated with live-virus vaccine. This suggests
that the most efficacious approach for the eradication of BoHV-1 is the use
of inactivated-virus vaccines to reduce reactivation, as opposed to the ad-
ministration of live-virus vaccines in an attempt to prevent new infections.
This strategy is also supported by results of another study (Bosch, 1997).

The increased risk for seroconversion during the winter periods, which
was caused by commingling of cattle of various age classes and infection
status in barns, revealed the limits of hyperimmunization in stressful sit-
uations. To be effective, hyperimmunization has to be applied for a long
period (as indicated by the negative βHIG1 and βHIG2; Tables 2.2 and 2.3).
Even then, virus circulation cannot be totally stopped. Therefore, additional
biosecurity measures should accompany the use of hyperimmunization pro-
tocols. First, adult cows and heifers should receive booster inoculations of
inactivated-virus gE-deleted IBR vaccine at least 15 days before the end of
the grazing period. Second, whenever possible during the winter period,
gE-seropositive cattle should be separated from cattle seronegative for gE.
The study revealed that there was a significant decrease in the risk ratio for
seroconversion when a farm had more buildings for cattle. In addition, as
a general rule, calves should be immediately removed from their dams, and
young stock should not have contact with dry (nonlactating) cows. This
will allow for complete initial vaccination and booster administration before
contact with a group of older animals, which are potential virus shedders.
The specific accelerated removal of gE-seropositive cattle should be used to
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decrease the length of the hyperimmunization schedule.
In dairy-beef mixed herds, there was a difference between the female and

male populations. For the female population, the findings were in agreement
with those obtained for the dairy herds, although the risk ratio for serocon-
version was significantly larger in the HIGs than in the NIG at the start of
the study. This is probably attributable to the higher seroprevalence, and
corresponding infection pressure, at the start of the study.

The risk of gE seroconversion in the HIGs decreased over time, compared
with that for the NIG, and there was no significant difference between the 2
HIGs. The decrease over time in the females of the dairy-beef mixed herds
was faster than that of the dairy herds. The higher seroprevalence for the
HIGs at the start of the study is a possible explanation for this.

For the male population, we did not detect a significant difference in the
change of the risk for gE seroconversion over time and the seroprevalence
among the 3 groups, which had almost the same pattern. This may have
been associated with an extremely high turnover rate associated with the
management of feedlots (grouping of stressed cattle without previous testing
for IBR and possible infection before optimal protection from vaccination).
A reduction in infection pressure can be expected when the number of cattle
shedding virus decreases among older animals as a result of the hyperimmu-
nization. In this category a high clustering of infection times at the farm
level was observed (high θ; Table 2.3), which resulted in a higher correlation
within the herds for the male population than for the female population.
This is indicative of large differences among the farms and suggested that
the management of each farm and environmental factors can have a major
impact on the control of IBR.

2.5 Conclusion

In the present study, we suggested that hyperimmunization that involved re-
peated administration of attenuated and inactivated-virus gE-deleted marker
vaccine (HIG 1) as well as inactivated vaccines (HIG 2) allowed for the con-
trol of IBR. The efficacy of vaccinations can be maintained by appropriate
management during the winter (cold season) and thus shorten the time until
eradication of IBR.
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Abstract

Udder infections in dairy cows are observed at udder quarter level. There-
fore, the best strategy to study infection dynamics of particular bacteria
causing mastitis is to follow up and model individual udder quarter infec-
tion times. Udder quarter infection times, however, are not independent as
they are clustered within a cow and herds. Another challenge in modelling
infection times is that the exact infection time is unknown; it is only known
that the infection has taken place in the interval between the last negative
and the first positive sample. We applied a technique based on the gamma
frailty model which handles the clustering and interval censoring simultane-
ously. Parameter estimates can be obtained analytically and their variance
is obtained by the inverse of the hessian matrix. The proposed technique was
applied to udder quarter infection times for Corynebacterium bovis, Staphy-
lococcus aureus and Streptococcus uberis. Multiparous cows were more likely
to get infected earlier in lactation with C. bovis or S. uberis than primiparous
cows. The times to infection of all three bacteria were highly clustered at
cow level and the results of a stratified model on a subset of herds suggested
a high clustering on herd level for C. bovis and S. uberis.

3.1 Introduction

Mastitis is one of the major health disorders in dairy cattle. It has a negative
effect on the milk yield and milk quality (increase of somatic cell count). The
economic impact results from the control costs (i.e. extra resource use, treat-
ment,...) and losses due to reduced revenues (Seegers et al., 2003). Mastitis
is a multifactorial disease. Numerous factors (breeding practices, hygiene,
quality of milking, weather, genotype, calving month, lactation stage, . . . )
have an effect on the susceptibility to udder infections with major, minor
and facultative pathogens and their ability to induce mastitis, not every in-
tramammary infection results in a clinical mastitis (Gasqui et al., 2000).
Intramammary infections (IMI) have most often been modelled using Pois-
son regression with the number of new infections as response variable (Zadoks
et al., 2001b). Allore and Erb (1999) and Zadoks et al. (2002) used a SIR-
model (Susceptible, Infected, Recovered) to estimate the transition parame-
ters from susceptible/uninfected to infected and from recovered to infected.
Udder quarters were treated as independent entities. None of the models
above takes into account the actual time to infection with the available in-
formation reduced to a binary variable.
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Gasqui et al. (2000) introduced survival analysis as a tool to model clinical
mastitis data. A piecewise constant hazard model was used to model the
time intervals between two consecutive cases of clinical mastitis during the
same lactation.
If infections are followed up at quarter level, however, more complex tech-
niques have to be considered due to the fact that udder quarters are clustered
within cow, and cows are even clustered within herds. Furthermore, the in-
fection times are not known exactly. It is only known that the infection
occurred between the last negative and the first positive test. This is of-
ten the case in observational studies because it is not feasible to assess the
infection status of each udder quarter on a daily basis. The standard statis-
tical tools need therefore to be extended to cope with this type of missing
information, called interval censoring. In this paper a statistical technique
is proposed that can handle the clustering and interval censoring in the
data simultaneously. This technique will be used to investigate the effect of
lactation and the degree of clustering for three well-known intramammary
bacteria, Corynebacterium bovis, Staphylococcus aureus and Streptococcus

uberis.

3.2 Materials and methods

3.2.1 Animal database

Twenty-five dairy herds, located in East and West Flanders (Belgium), were
followed up during a 20-months period (February 1993 to September 1994)
(Laevens et al., 1997). Only lactations with the first day of the lactation
between February 1993 and September 1994 were considered.
At monthly intervals, 11 times a year (herds were not visited during either
July or August), quarter foremilk samples were taken to detect IMI. More
details about the isolation and identification procedure are given by Laevens
et al. (1997).
Different bacteria were followed up. In this article we focus on three of
them. S. aureus and S. uberis are two well-known pathogens. S. aureus

is a contagious major pathogen while S. uberis is an environmental major
pathogen. An infection with one of those two pathogens results most likely
in clinical mastitis. C. bovis is a contagious minor pathogen, which normally
does not result in clinical mastitis (Schukken et al., 1999; Bradley, 2002).
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3.2.2 Statistical methods

Individual udder quarter infection times can be modelled most efficiently by
survival analysis techniques because some infection times were right censored
due to the fact that no infection occurred during the lactation period or
that a cow was culled before she experienced an IMI. It is also likely that
infection times of the four udder quarters of the same cow are correlated.
To take the clustering at the cow level into consideration, a frailty term for
cow was added to the model. The modelling was based on the parametric
proportional hazards shared frailty model with a baseline hazard assumed
to follow a Weibull distribution. The hazard (hijptq) at time t for quarter j
pj “ 1, 2, 3, 4q from cow i pi “ 1, . . . , nq is given by:

hijptq “ λγtγ´1ui exppβtxijq

with ui the effect of cow i assumed to come from a one-parameter gamma
density with mean one and variance θ, covariates xt

ij “ pxij1, xij2 . . . , xijpq

and parameters βt “ pβ1, β2, . . . , βpq. In the presented analysis, only parity
(primiparous or multiparous) was considered as covariate. The baseline
hazard is assumed to follow a Weibull distribution with scale parameter λ

and shape parameter γ. The survival function corresponding to this hazard
function is given by

Sijptq “ exp
`

´λtγui exppβtxijq
˘

with ui the effect of cow i assumed to come from a one-parameter gamma
density with mean one and variance θ:

fU puq “
up1{θq´1 expp´u{θq

θp1{θqΓp1{θq

For interval-censored data, the true infection time is only known to be
between the last observed time without infection (lower bound) and the
first time with infection (upper bound). Ignoring interval censoring results
in bias (Radke, 2003). The probability that the true time of infection is
situated between the lower (Lij) and upper (Uij) bound of the interval is
given by the difference between the survival probability at the lower bound
and the survival probability at the upper bound (Collet, 2003; Duchateau
and Janssen, 2008). For right censored data, the last observed time is given
by Rij . Therefore, the likelihood for data with both right and interval
censoring is given by
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Lpβ, λ, γq “
n

ź

i“1

4
ź

j“1

pSijpLijq ´ SijpUijqqδij pSijpRijqqp1´δijq

where δij is the censoring indicator (0: censored, 1: event, interval censored).
The conditional likelihood (conditional on the frailties) is given by

Lpβ, λ, γ,uq “
n

ź

i“1

4
ź

j“1

„

“

exp
´

´uiλL
γ
ij exppβtxijq

¯

´ exp
´

´uiλU
γ
ij exppβtxijq

¯ıδij

”

exp
´

´uiλR
γ
ij exppβtxijq

¯ı1´δij


The conditional likelihood contains the unobserved frailty terms u “
pu1, . . . , unq. Goethals et al. (2009) demonstrated that the frailties can be
integrated out analytically from the likelihood of interval-censored frailty
models if the gamma density is assumed for the frailties. The resulting
marginal likelihood does no longer contain the frailties, but only the variance
of the frailties θ. This is an extension of the results obtained for right
censored survival (Klein and Moeschberger, 1997; Duchateau et al., 2002)
to interval-censored data. The model without interval censoring is further
referred to as the naive model, the model extended to interval censoring is
the proposed model.

The marginal likelihood is given by:

Lpβ, λ, γq “
n

ź

i“1

ż 8

0

4
ź

j“1

„

“

exp
´

´uλL
γ
ij exppβtxijq

¯

´ exp
´

´uλU
γ
ij exppβtxijq

¯ıδij

”

exp
´

´uλR
γ
ij exppβtxijq

¯ı1´δij


up1{θq´1 expp´u{θq

θp1{θqΓp1{θq
du

and can be maximized by general purpose maximizers such as the nlm
function in R, which further supplies the hessian matrix. The inverse of
the hessian matrix is an estimate of the variance-covariance matrix of the
estimated parameters ζ “ pθ, λ, γ,β).

In most cases β is transformed to the conditional hazard ratio (HR =
exppβq), conditional on the same frailty.
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The variance of the frailties (θ) is of inherent interest. It is however not
straightforward to interpret the parameter θ. It can be understood in two
different ways.

First the presence of frailties (with their variance) creates correlation
between the infection times of the four quarters within a cow udder. For the
gamma frailty model, the non-parametric intraclass correlation coefficient,
known as Kendall’s τ , is given by θ{p2` θq (Glidden and Vittinghoff, 2004).

Kendall’s τ is a global measure of dependence defined by τ “ ErsigntpTij´
TlkqpTij1 ´ Tlk1qus, where pTij , Tij1q and pTlk, Tlk1q are two randomly cho-
sen pairs of infection times from two randomly chosen cows i and l and
signpxq “ ´1, 0, 1 for x ă 0, x “ 0, x ą 0 respectively. A pair is concordant
if pTij ´ TlkqpTij1 ´ Tlk1q ą 0 and otherwise discordant (Oakes, 1989). This
gives an idea about the correlation between the four quarters of the same
cow. If one quarter is infected before a quarter of another cow, the proba-
bility that another quarter of the same cow is also infected, before another
quarter of the other cow, increases with increasing values of Kendall’s τ .

Second, the presence of the frailties causes the hazard function to differ
from cow to cow. The frailty hence operates at the level of the hazard,
which makes interpretation difficult. It can, however, be translated in terms
of variability of median infection time (tm) between cows (Duchateau and
Janssen, 2005). The density function (fmi

) for the median time to infection
for cow i with covariates xi is given by the following expression

fmi
ptmq “ γ

ˆ

log 2

θλ exppβtxiq

˙1{θ 1

Γp1{θq

ˆ

1

tm

˙1` γ
θ

exp

ˆ

´
log 2

θt
γ
mλ exppβtxiq

˙

(3.1)
If only a small proportion of the cows has experienced an event, the

meaning of the median time to infection is not very useful. The density
function (3.1) can therefore be adapted to a certain quantile instead of the
median. In our setting the 5% quantile is used and can be interpreted as
the time at which 5% of the quarters have experienced an intramammary
infection. The density function (3.1) can be adapted to a more general form
where Qi is the considered quantile for cow i

fQi
ptQq “ γ

˜

logp 1

1´Q
q

θλ exppβtxiq

¸1{θ
1

Γp1{θq

ˆ

1

tQ

˙1` γ
θ

exp

˜

´
logp 1

1´Q
q

θt
γ
Qλ exppβtxiq

¸

The variability of the frailties in the proposed model is due to differences
between cows at population level. But also differences between the herds can
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have their influence. To investigate the variability between cows within each
herd a stratified analysis was performed. In some herds the analysis failed
due to a lack of events (less than 2% events). Those herds were excluded
for the stratified analysis. The stratified analysis results in frailties on cow
level within the same herd. The stratified analysis was performed in two
steps, in the first step the fixed effect was considered to be the same in each
herd, the variance of the frailties and the Weibull distribution parameters
(λ and γ) for the baselinehazard were allowed to differ at herd level. In the
next step this model was reduced to a model where the fixed effect and the
variance of the frailties on cow level were assumed to be the same within
each herd, only the baselinehazard was allowed to differ at herd level. The
two models were compared using the likelihood ratio test. The last model
was also compared to the unstratified model fitted on the same subset of
herds.

3.3 Results

During the study period, 1132 cows were followed in 25 different herds.
This resulted in quarter milk samples of 4526 quarters. C. bovis was most
frequently isolated in the quarter milk samples (1873 times or 39% of the
quarters, only the first positive sample was counted) followed by S. aureus

(228 - 5%) and S. uberis (177 - 4%). The evolution of the hazard function
of the proposed model during the lactation is depicted in Figure 3.1 for the
three bacteria for cows with frailty equal to 1 (which is an average cow).
The hazard increased with time for all three bacteria, but mostly so for C.
bovis, with γ equal to 1.975 (Table 3.1). For S. uberis and S. aureus, γ was
close to one (constant hazard over time) and did not differ significantly from
one.

The estimated fixed effect of multiparous versus primiparous for time to
C. bovis infection was 0.867 (s.e.: 0.14) which corresponds to a hazard ratio
of 2.38 (95% CI: [1.81;3.13]), meaning that a multiparous cow was 2.38 times
more likely to be infected than primiparous cows at any time. The hazard
ratio for S. uberis was slightly smaller and equal to 2.32 (95%CI [1.60;3.34]).
For S. aureus, there was only a small difference between multiparous and
primiparous cows with the hazard ratio equal to 1.30 (95%CI [0.86;1.96]),
which did not differ significantly from one.
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Figure 3.1: Hazard plot of first infection in months for primiparous cows
(solid line) and multiparous cows (dashed line)
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Table 3.1: The estimates (and standard errors) of the parameters in the
proposed (interval censoring) and the naive model (midpoint imputation).
The (*) indicates that the variance of the frailties (θ), the scale parameter
(λ) or the fixed effect for parity (β) is significantly different from 0 or from
1 in case of the shape parameter (γ).

parameter Proposed model Naive model

C. bovis θ (se) 3.787˚ (0.220) 3.651˚ (0.214)
λ (se) 0.0140˚ (0.0017) 0.0130˚ (0.013)
γ (se) 1.975˚ (0.042) 2.060˚ (0.041)
β (se) 0.867˚ (0.142) 0.887˚ (0.141)

S. aureus θ (se) 5.578˚ (0.907) 5.639˚ (0.919)
λ (se) 0.0049˚ (0.0009) 0.0043˚ (0.0007)
γ (se) 1.107 (0.069) 1.207˚ (0.073)
β (se) 0.265 (0.208) 0.275 (0.211)

S. uberis θ (se) 5.852˚ (1.084) 5.757˚ (1.072)
λ (se) 0.0024˚ (0.0007) 0.0022˚ (0.0005)
γ (se) 1.106 (0.078) 1.199˚ (0.081)
β (se) 0.811˚ (0.241) 0.827˚ (0.239)
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Figure 3.2: 5% quantile time to first infection in months (solid line: primi-
parous cows, dashed line: multiparous cows)

The median time to C. bovis infection for a quarter of a primiparous
(multiparous) cow with a frailty equal to 1 was 7.2 (3.9) months. The
median time to S. aureus and S. uberis infection was not available as less
than 50 % of the cows was infected with these bacteria during the lactation
period. The 5% quantile of C. bovis was 1.9 (1.2) months. The 5% quantile
of S. aureus was 8.3 (6.6) months and for S. uberis 15.6 (7.5) months. This
means that only a small part of the quarters experienced an intramammary
infection within one lactation. Multiparous cows had a much lower 5%
quantile time than the primiparous cows.

The variance of the frailties was in all three cases very high, for C. bovis
the variance was 3.78 (s.e.: 0.22), for S. aureus 5.578 ( s.e.: 0.91) and for S.
uberis 5.852 (s.e.: 1.08). These variances corresponded to a Kendall’s τ of
0.65 for C. bovis, 0.74 for S. aureus and 0.75 for S. uberis. The high variance
of the frailties results in a widely spread distribution of the 5% quantile time
to infection of individual cows. The density functions are given in Figure
3.2. The effect of the high variance of the frailties was less pronounced for
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the multiparous cows due to the higher hazard rate.
To illustrate the bias when ignoring interval censoring, the results of the
frailty model without interval censoring (naive model, midpoints of the in-
tervals were considered as true event times) are compared with the proposed
model in Table 3.1.
The estimates for θ and standard errors are similar for both models. The
fixed effect is slightly overestimated in the naive model.
The Weibull scale-parameter (λ) is underestimated and the shape-parameter
(γ) is overestimated in the naive model. This results in an underestimation
of the baseline hazard and a steeper increase during lactation. The results
of the proposed model still indicates an increasing hazard (Figure 3.1) for
intramammary infection. Gasqui et al. (2000) also found an increasing haz-
ard for mastitis during one lactation.

In the stratified analysis, herds with only a few or no events were ex-
cluded (for C. bovis 5, for S. aureus 12 and for S. uberis 9 herds were
excluded), which resulted in an overestimation of the baseline hazard. It
has to be stressed that the conclusions of the stratified model are limited
to the herds in the subset and do not include all herds. In the first step a
stratified model was fitted where θ, λ and γ could differ in each herd. In
the next step, the variance of the frailties was considered to be the same in
each herd. for S. aureus (P=0.87) and for S. uberis (P=0.22) the likelihood
ratio test did not indicate a significant difference between the full en reduced
model which indicates that the variance on cow level could be assumed to
be the same in all herds. In the case of C. bovis, a reduction to one variance
of the frailties was tested and indicated a significant difference between the
herds (Pă0.01). The next results are based on the model where the fixed
effect en variance of the frailties was assumed to be the same for all herds.

The frailties of the stratified model included only cow effects within the
same herd. The estimated variance of the frailties of the stratified model
decreased compared to the unstratified model (fitted on the same subset of
herds) (C. bovis: unstratified: 3.787 - stratified: 1.29, S. aureus: 5.578 -
2.699 and S. uberis: 5.852 - 3.989 ) To give an impression of the differences
between herds, the 5% quantiles for each herd are depicted in Figure 3.3.
There were a lot of differences between the curves in case of C. bovis while
differences between the herd-specific curves of S. aureus and S. uberis are
less pronounced. This suggests that there are substantial differences between
herds for time to infection with C. bovis while there are less differences for
time to infection with S. aureus or S. uberis.
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Figure 3.3: The 5% quantiles of the first infection (in months) for the dif-
ferent herds in the stratified analysis. Each line corresponds to a different
farm
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A likelihood ratio test was performed to test if the stratified model was
better compared to the unstratified model, fitted on the same subset of
herds. In the case of C. bovis (P ă 0.001) and S. uberis (P ă 0.001) there
where significant differences between the baselines of the different herds. In
case of S. aureus no significant differences could be observed (P = 0.25).

3.4 Discussion

In this paper, a method based on the gamma frailty model is proposed
which handles clustering and interval censoring in an analytic way. Bellamy
et al. (2004) also proposed a technique but rather assuming lognormally
distributed frailties. In their proposal however, the random effect has to be
integrated out numerically.

The substantial clustering of infection times within the cow can have
different reasons. First of all there are a lot of cow-associated factors: the
physiological status and the environment is shared among quarters. It is also
possible that during the milking process, teats are infected by the milking
machine from one quarter to another. The high clustering can also be the
result of a confounder at cow level (e.g. breed and teat confirmation (de Haas
et al., 2003; Neijenhuis et al., 2001)). Probably a part of the clustering can
be explained by unknown factors at the herd level (hygiene level, outdoor
pasture, teat dipping or disinfection (Lam et al., 1997), production level
etc.) or in herd cow-to-cow spread during the milking process (Zadoks et
al., 2003). Nash et al. (2003) also demonstrated a genetic influence on
susceptibility to IMI. High intra-cow clustering is also found by Schukken
et al. (1999) and Moret-Stalder et al. (2009). A hierarchical model that
can estimate the variance of frailties on different levels could estimate the
variance on herd level, but those models are not yet available for interval
censored data.

The reduction of the variance of the frailties in the stratified model sug-
gests that a considerable part of the variation between the cows in the un-
stratified model can be explained by the differences between herds. The dif-
ferences in baseline hazards between herds were highest for C. bovis, smaller
for S. uberis and not significant for S. aureus. Barkema et al. (1997) also
found high clustering at herd level for C. bovis which is an indicator for
differences between herds. The cow-to-cow transmission can be reduced by
good hygiene and management practices and not all herds have the same
hygiene level. This results in large differences between herds. S. uberis, on
the other hand, is in most cases known as an environmental pathogen. How-
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ever, in some herds there are also infectious strains (Zadoks et al., 2001a;
McDougall et al., 2004). The variance of the frailties on cow level within
the same herd remains high for all three bacteria, especially for S. uberis,
probably due to differences in susceptibility of individual cows.

Ignoring the interval censoring results in a less accurate estimation of
the baseline hazard which is important when one wants to compare the haz-
ard functions. The problem of interval censoring is sometimes solved using
the midpoint between the last negative and first positive sample (Zadoks et
al., 2003; McDougall et al., 2004). Using the midpoint leads in our dataset
to a slight underestimation of the hazard in the first period. A possible
explanation for the underestimation of the scale and overestimation of the
shape-parameter, is the lack of information at the beginning of the study
(Table 3.1). If only the midpoint is taken into account, no events occur in
the first weeks, which results in a lower event rate in the first weeks and a
steper increase of the hazard after this initial period. This effect is even more
pronounced if the upper bound is used in stead of the midpoint (results not
shown). This results in a lower baseline hazard and, as a result of this, in
our analysis, the naive model slighty overestimated the fixed effect. Radke
(2003) demonstrated that ignoring asynchronous interval censoring results
in most cases in overestimation of the risk factor regression coefficients in
their absolute size to even more than 50%. The results of the proposed
model still indicates an increasing hazard for intramammary infection dur-
ing lactation, although not significant anymore for S. uberis and S. aureus.
Gasqui et al. (2000) also found an increasing hazard for mastitis during one
lactation.

The time to IMI for C. bovis and S. uberis is affected by parity. Multi-
parous cows are more likely to get infected earlier in lactation than primi-
parous cows. This effect is also mentioned by other authors (Zadoks et al.,
2001b). The time to IMI with S. aureus is not affected by parity (p=0.20).
Some authors have the same conclusion (Pitkälä, 2004; Schukken et al.,
1999) while others claim the opposite (Zadoks et al., 2001b; Moret-Stalder
et al., 2009).

3.5 Conclusion

The use of a model that takes into account interval censoring and clustering
gives more accurate estimates and additionally a measure for clustering. The
proposed model gives, especially for the estimation of the baseline hazard,
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better results than a model that ignores interval censoring. The estimation
of the frailty variance and the fixed effect seems to be less affected by interval
censoring. When the purpose of the analysis is to estimate the hazard
functions then a model that takes into account interval censoring is definitely
preferred.

Multiparous cows were more likely to get infected earlier in lactation with
C. bovis or S. uberis than primiparous cows while the time to intramammary
infection with Staphylococcus aureus is not significantly influenced by parity.

All three bacteria are highly clustered on cow level within the population
and a stratified analysis, on a subset of herds, also suggests a substantial
clustering on herd level for C. bovis and S. uberis. The clustering on cow
level within the herd seems te be highest in case of S. uberis.
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Abstract

This study examines the influence of intramammary infections (IMI) with
coagulase-negative staphylococci (CNS) or Corynebacterium bovis on the
hazard of infection with other mastitis pathogens.

In a longitudinal observational study with in total 1132 cows on 25 dairy
herds, the time to infection with other mastitis pathogens was measured
based on monthly milk samples at quarter level. This results in interval-
censored time to event data. The infection status with CNS and C. bovis,
a time varying covariate, was also registered. Frailty model methodology
was used to analyze the time to event data taking into account clustering
(quarters in udders), interval censoring and the time varying CNS or C.

bovis infection status. The presented model was validated in a separate
simulation study based on 500 datasets and suggested that the proposed
technique was appropriate to analyze the data.

Quarters infected with CNS were more vulnerable to an IMI with S.

uberis (HR: 2.02, P = 0.005) and S. dysgalactiae (HR: 3.29, P ă 0.001)
than uninfected quarters. On the other hand, an IMI with C. bovis did have
a significant protective effect against an IMI with S. aureus (HR: 0.54, P =
0.002), S. uberis (HR: 0.22, P ă 0.001) or S. dysgalactiae (HR: 0.32, P =
0.004). No significant effect of an IMI with C. bovis on the occurrence of E.
coli and other coliform bacteria was found (P ą 0.37).

4.1 Introduction

Coagulase-negative Staphylococci (CNS) are the most prevalent bacteria
in bovine milk samples in many countries (Pyörälä and Taponen, 2009).
Piessens et al. (2012) investigated the most common species of the coagulase-
negative Stapylococci in six Flemish dairy farms. The most common species
were S. haemolyticus, S. simulans, S. chromogenes and S. epidermidis, each
with a number of different genotypes.

It is generally accepted that IMI caused by CNS do not induce clinical
mastitis. Some species induce a weak inflammatory response, with a mild
increase of the SCC. Most CNS species cause a persistent IMI (Supré et al.,
2011). Piepers et al. (2010) indicate that an IMI with CNS in early lactation
results in a higher daily milk yield compared to noninfected heifers. Heifers
infected with CNS have less often clinical mastitis during the following lac-
tation. Schukken et al. (2009) also found a slightly higher milk production
in CNS infected cows.
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Matthews et al. (1991) suggest that quarters harboring CNS suppress
colonization of the mammary gland by major mastitis pathogens (S. aureus,
S. dysgalactiae, coliforms, S. uberis and other streptococci). The study com-
pares the infection rates of new IMI with major pathogens in quarters with
or without pre-existent CNS infections. A chi-square test of independence
was used to test the difference, without correction for clustering of quarters
within cows. Michel et al. (2011) reports a lower prevalence of CNS in herds
with high prevalence of S. aureus.

Also IMI caused by C. bovis are generally accepted not to induce clinical
mastitis. Some species induce a weak inflammatory response, with only a
mild increase of the SCC. Most C. bovis strains colonize the teat duct and
cause a persistent IMI (Brooks and Barnum, 1984a). Infections with C.

bovis receive little attention in Mastitis research.
Pankey et al. (1985) and Hogan et al. (1988) found a protective effect

of C. bovis infection on the susceptibility to some major mastitis pathogens
but also the opposite for some others. Brooks et al. (1983) did not found
a protective effect in an observational study but did found a protective
effect against S. aureus in an experimental study where control quarters
and quarters colonized with C.bovis where challenged by inoculation with
S. aureus (Brooks and Barnum, 1984b).

In previous studies the analysis was mostly based on the analysis of
binary data, infected versus uninfected as cows were only evaluated once.
Further, the analysis is sometimes based on quarter level data (Schukken et
al., 1999) with proper adjustment for clustering while others do not correct
for clustering (Matthews et al., 1991; Davidson et al., 1992). Barkema et
al. (1997) discussed the possible implications of ignoring clustering, which
can result in the underestimation of the variance of the estimates and the
associated increase of the Type 1 error.

The aim of this study was to investigate the effect of IMI with CNS or
C. bovis on the hazard of infection with other mastitis-related pathogens
under field conditions, using a novel frailty model methodology to take into
account all data aspects. In previous mentioned studies, quarters were con-
sidered as infected or not infected without an evolution over time and only
evaluated after a predefined time. A model with time varying covariates
makes it possible to follow a quarter over time. In most cases a quarter
starts uninfected followed by some infection cycles with (persistent) CNS.
The hazard of infection for each quarter changes over time according to the
infection status of that quarter. If an IMI with CNS or C. bovis has an effect
on the hazard of infection with another mastitis pathogen, the estimated ef-
fect will be significantly negative (hazard ratio smaller than 1), which results
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in a lower hazard to infection.

We focus on, S. aureus, S. uberis, S. dysgalactiae, E. coli and other
coliform bacteria. The frailty model used in Ampe et al. (2012) takes clus-
tering and interval censoring into account. In this study, the frailty model
methodology is extended to deal with time varying covariates which make it
possible to include the infection status with CNS and C. bovis at any time
in lactation.

4.2 Materials and methods

4.2.1 Intramammary Infections Dataset

In total, 1132 cows on 25 dairy herds, located in the provinces East and West
Flanders, Belgium, were followed during a 20-months period (February 1993
to September 1994). Only lactations with parturition after February 1993
were considered for analysis.

At monthly intervals (11 times a year, not during either July or Au-
gust) quarter foremilk samples were taken to detect intramammary infec-
tions (IMI).The teats were cleaned with dry udder cloths. Dirty teats were
washed and dried. Before milk samples were taken, all teats were disin-
fected with cotton moistened with a solution of ethyl alcohol (70%) and
chlorhexidine (200 mg/100 ml). Immediately after collection, the milk sam-
ples were transported to a laboratory and 0.01 ml aliquots were streaked
for initial isolation within 2 to 3 h after collection onto a 90-mm Petri dish
with a blood agar base (Oxoid, Basingstoke, England) supplemented with
5% bovine blood. Samples were also streaked onto an Edwards medium
(Oxoid) supplemented with 5% bovine blood. Agar plates were incubated
at 37˝C and read after 24 and 48 h (Laevens et al., 1997). A quarter was
considered to be positive when more than 1 cfu of the considered species was
found in a 0.01 mL aliquot. Dohoo et al. (2011) suggested this definition as
an acceptable definition for most species.

Different bacteria were isolated and identified as described by the Na-
tional Mastitis Council. In this paper we focus on S. aureus, S. uberis, S.
dysgalactiae, E. coli, other coliform bacteria, C. bovis and coagulase-negative
staphylococci (CNS). The other isolated bacteria were too uncommon for
further analysis. More details about the isolation and identification pro-
cedure are given by (Laevens et al., 1997). A quarter was assumed to be
infected with CNS starting from the month before the observed isolation
of CNS or C. bovis. As long as the germ was isolated during the follow-
ing intervals, the quarter was assumed to be infected during the preceding
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interval. Dohoo et al. (2011) showed that all culture procedures based on
one milk sample, have a limited sensitivity, particularly in case of CNS and
Streptococcus spp. Therefore, a negative sample preceded and followed by
a positive sample was assumed to be a false negative value and converted to
a positive value.

The time to first IMI with a major pathogen was determined for each
udder quarter and constitutes the response variable. Because previous re-
search (Ampe et al., 2012) showed a significant effect of parity (primiparous
versus multiparous) for some bacteria, parity was also included as a fixed
effect.

4.2.2 Data Analysis

Individual udder quarter infection times can be modeled most efficiently by
survival analysis techniques, because not in all quarters an infection occurred
before the end of the study which results in censoring. For quarter j (j “
1, 2, 3, 4) from cow i (i “ 1, . . . , n) the true infection time is only known
to be between the last observed time without infection (lower bound, Lij)
and the first time with infection (upper bound, Uij) for interval censored
quarters and after time Rij for right censored quarters, i.e. no infection
occurred during the follow up period of the quarter. The dataset considered
in this paper has specific characteristics, a time varying covariate, requiring
an extension of the shared frailty model for interval censored data proposed
by Ampe et al. (2012).

The complete risk time is split up in periods delineated by the sampling
times lijk (k “ 1, , nij with lij0 “ 0), as the CNS infection status might
change at such times. For period k, delineated by sampling times lijk´1 and
lijk, the covariate corresponds to xijk, taking value zero or one (not infected
or infected).

The modeling is based on a parametric proportional hazards shared
frailty model with Weibull baseline hazard with scale parameter λ and shape
parameter γ. In this paper the parameters of interest were the fixed effects
parity, expressed by parameter βp, and the effect of CNS or C. bovis in-
fection, expressed by parameter βCNS or βCBO. Parity (primiparous or
multiparous) is a cow variable, and in the time scope of this study constant
over time and denoted by xi for cow i.

Finally, we introduce a frailty for cow, ui , assumed to come from a
one-parameter gamma density with mean one and variance θ, to adjust for
clustering of the quarters in the cow. This leads to the following conditional
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hazard model expression:
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from which the conditional survival function can be obtained as:

Sijptq “ exp p´Hijptqq

The conditional likelihood for data with both right and interval censoring
is given by (Collet, 2003; Duchateau and Janssen, 2008):
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The censor indicater (δij) takes value 0 in case of right censoring and 1 in
case of interval censoring. Inserting the relevant expression for the survival
function leads to the conditional likelihood for cow i:

Lpλ, γ,β|uq “
n

ź

i“1

4
ź

j“1

´

pexp p´HijpLijqq ´ exp p´HijpUijqqqδij

ˆ pexp p´HijpRijqqqp1´δijq
¯

This conditional likelihood contains the unobserved frailty term ui. We
can integrate out the frailty using its distributional assumption:
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Which can be done analytically. The obtained marginal likelihood does
no longer contain the unobserved frailties, but only the variance (θ) of the
frailties, and can be maximized by general purpose maximizers, such as the
nlm function in R. The nlm function also estimates the hessian matrix at the
maximum. The inverse of the hessian matrix is an estimate of the variance
covariance matrix of the estimated parameters (θ, λ, γ,β).

The estimates for the fixed effects are commonly transformed to condi-
tional hazard ratios (HR “ exppβq), conditional on the same frailty.

The variance of the frailties was transformed to the non-parametric in-
traclass correlation coefficient, Kendall’s τ , given by θ{p2` θq (Glidden and
Vittinghoff, 2004). Kendall’s τ is a global measure of dependence that gives
an idea about the correlation between the four quarters within the same
cow. The interpretation of the variance of the frailties is discussed more in
detail in Duchateau and Janssen (2005).

4.2.3 Simulation Study

To validate the proposed model, a small simulation study was performed.
500 data sets for each setting of parameters were generated. Each data set
contained 1000 cows housed in 20 farms. A parity (primiparous or multi-
parous, xi) was randomly assigned at cow level. A random frailty for each
cow was generated from the one-parameter gamma distribution with vari-
ance θ. The value of a time varying covariate (xijk) changed over time at
randomly generated time points, dividing the lactation into different periods.

In the next step a survival function was created for each quarter accord-
ing to the scale and shape parameter (λ and γ) of the Weibull distribution,
the value of the frailty and the covariates at each time point. A random
value of the survival function (between 0 and 1) was created for each quar-
ter with the runif() function in R. Using the inverse of the survival function,
the corresponding event time was calculated. If the event time was lower
than the end of the lactation, a random interval was created around the
event time, in the other case the quarter was right censored. The choice of
the values of the parameters for simulation was based on the values obtained
in the analysis of the dataset in order to create datasets with a comparable
number of events.



4.3. RESULTS 101

4.3 Results

4.3.1 Intramammary Infections Dataset

Quarter infection data were obtained from 4527 quarters of 1132 cows on
25 farms. An IMI with CNS occurred in 792 (17.5%) quarters, an IMI
with C. bovis occurred in 1932 (42.7%) quarters. The number of infected
quarters with the different bacteria was: S. aureus: 228 (5.0%), S. uberis:
175 (3.9%), S. dysgalactiae: 86 (1.9%), E. coli : 31 (0.7%) and the other
coliform bacteria: 50 (1.1%). Sixty-six percent of the cows were multiparous.

The results of the analysis for time to IMI with the 5 different bacteria
and the effect of lactation and an existing IMI with CNS or C. bovis are
summarized in Table 4.1 and Table 4.2.

The variance of the frailties, θ, is due to the differences between the cows
but also due to the differences between different farms. The variance of the
frailties for the analysis with CNS as time varying covariate was high for S.
aureus (5.76) and S. uberis (6.18) which results in a high Kendall’s τ (0.74
and 076). The variance of the frailties of S. dysgalactiae (3.05 - Kendall’s
τ 0.60) and the variance of the frailties of E. coli (1.32 - Kendall’s τ 0.39)
and other coliform bacteria (3.34 - Kendall’s τ 0.62) were lower and not
significantly different from 0. The variances of the frailties for the analysis
with time varying variable C. bovis were similar.

Parity had a significant effect on the hazard to have an IMI with S.

uberis and E. coli, for both the estimate is 1.07 which corresponds with the
respective conditional hazard ratios of 2.90 (95% CI: [1.80 ; 4.69]) and 2.93
(95% CI: [1.11 ; 7.72]) where multiparous cows had a higher hazard to have
an IMI than primiparous cows. No other significant effect of parity was
found for the other bacteria. The estimates based on the model with C.

bovis as time varying covariate were similar.
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The effect of an IMI with CNS on the hazard to have an IMI with other
bacteria was only significant in case of S. uberis (0.70) and S. dysgalactiae

(1.19). This corresponded to a HR of 2.02 (95% CI: [1.25 ; 3.27]) in case of
S. uberis and a HR of 3.29 (95% CI: [1.80 ; 6.01]) in case of S. dysgalactiae.
This means that an IMI with CNS increased the hazard to have a new IMI
with S. uberis and S. dysgalactiae. For E. coli (0.08, P=0.92) no effect
was found and the other coliform bacteria (0.63, P=0.19) a not significant
positive effect was found while for S. aureus a not significant negative effect
was found (-0.25, P=0.39).

The effect of an IMI with C. bovis on the hazard to have an IMI with
other bacteria was significantly negative in case of S. aureus with a corre-
sponding HR of 0.54 (95% CI: [0.36 ; 0.80]), S. uberis with a corresponding
HR of 0.22 (95% CI: [0.12 ; 0.42]) and S. dysgalactiae with a corresponding
HR of 0.32 (95% CI: [0.15 ; 0.68]). The effect of an IMI with C. bovis on
the hazard to have an IMI with E. coli or other coliform bacteria is also
negative but the effect was not significant (P=0.37).

The interaction between infection with CNS and lactation and infec-
tion with C. bovis and lactation was also tested in both models (results not
shown). In case of infection with CNS the estimated effect for the interac-
tion was slightly negative for all bacteria, but none of them was significantly
different from 0 (all P-values ą 0.2). In case of infection with C. bovis the
estimated effect was slightly positive for all bacteria but also not signifi-
cant (all P-values ą 0.69). The interaction term was deleted from the final
models.

Due to convergence problems, the timescale was rescaled to years instead
of days, so the scale parameter l has to be interpreted on a year scale.

4.3.2 Simulation Study

The results of the simulation study are summarized in Table 4.3. The pro-
posed technique was able to estimate the parameters of interest with a cov-
erage around 95% for all estimated parameters. Also the variance of the
frailties and the estimates of the Weibull parameters were estimated very
well. The power to detect an existing difference was high for high differences
but decreased when the effect size became smaller. The power to detect a
time varying effect of 0.7 ( as in simulation 1) was almost 100% while the
power to detect a real effect of 0.3 in a similar setting dropped to 34% (data
not shown). Also a reduction of the number of events, as in simulation 2
with a lower lambda, results in a lower power to detect differences. The
results of the simulation study suggest that the proposed technique analyses
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Table 4.3: Results of the analysis of simulated data sets using the proposed
model.

Parameter True value Mean Estimate Coverage (%) Power (%)

Simulation 1:
θ 5 5.054 95.4
λ 0.08 0.081 94.6
γ 1.1 1.126 93.2

βparity 0.7 0.721 93.6 95.6
βCNS 0.7 0.680 95.6 100

Simulation 2:
θ 3 2.945 92.6
λ 0.01 0.010 94.4
γ 1.1 1.142 96.8

βparity 0.56 0.609 96.6 34.2
βCNS 0.63 0. 592 95.4 48.6

the data set in a proper way. The coverage of the parameters of interest was
close to 95% and the average of the estimates was close to the real values.

4.4 Discussion

The hazard for a new IMI with S. uberis or E. coli was higher for multiparous
cows compared to primiparous cows. The hazard for a new IMI with S.

aureus, S. dysgalactiae and other coliform bacteria was not significantly
influenced by parity.

For S. aureus, no significant effect of an IMI with CNS was observed.
The effect of CNS was slightly negative (-0.26) but not significantly different
from zero (P=0.40). It has been suggested that CNS have a protective
effect (Pankey et al., 1985; Davidson et al., 1992; Michel et al., 2011) but a
significant causal effect was not proved. De Vliegher et al. (2004) showed an
inhibitory activity of some CNS strains, isolated from teat apices of heifers,
against S. aureus, but this was based on in vitro experiments.

The hazard for a new IMI with S. uberis and S. dysgalactiae is increased
when the quarter is infected with CNS. A possible explanation is that a cow
who is sensitive to CNS IMI is also more sensitive to other environmental
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bacteria. This is in contrast with other research (De Vliegher et al., 2004;
Nascimento et al., 2005) that demonstrated the production of bacteriocins
by some CNS strains against streptococcal bacteria. But not all CNS strains
have the capacity to produce these bacteriocins. The effect of the bacteri-
ocins was tested in vitro, while our data are observational field data without
identification of species, no information on the prevalence and distribution
of the different species was obtained.

On the other hand, a quarter that is more resistant against CNS is prob-
ably also more resistant against other pathogens. The differences in sus-
ceptibility are due to physiologic (parity, lactation stage,...) genetic (teat
conformation) and environmental factors. An environment highly contami-
nated with one bacteria is probably also contaminated with other bacteria.
Lam et al. (1997) also found a higher infection rate with S. aureus in quarters
infected with coagulase-negative Micrococceae. In our opinion and based on
the contradictory results in literature, the often claimed protective effect of
CNS against major pathogens is less relevant in the mastitis control.

Both E. coli and the other coliform bacteria were not influenced by
IMI with CNS. De Vliegher et al. (2004) also did not found an inhibitory
effect of CNS (S. chromogenes) bacteriocins in an in vitro experiment. The
inhibitory effect of bacteriocins is commonly more effective against related
species and genera. The larger phylogenetical distant between the bacterial
families was suggested as a possible explanation of the almost complete lack
of inhibitory effect on the bacterial growth of the coliform bacteria. Also
other authors did not found a protective effect of CNS on E. coli or other
coliform bacteria (Hogan et al., 1988; Lam et al., 1997).

An infection with C. bovis did have a protective effect (HR: 0.54) against
new IMI with S. aureus. Pankey et al. (1985) and Schukken et al. (1999)
found similar results based on challenges. Hogan et al. (1987) showed that
S. aureus and C. bovis are competitive for rate-limiting substrates in milk
in vitro which results in a lower growth rate when C. bovis cultures were
present in the milk.

The effect of an infection with C. bovis on the hazard for a new IMI
with other bacteria was significantly negative for S. aureus, S. uberis and S.

dysgalactiae. This suggests that an infection with C. bovis has a protective
effect against those pathogens.

The protective effect of an IMI with C. bovis was not significant for E.
coli and other coliform bacteria. Most authors did not find an effect of an
IMI with minor pathogens on the hazard for a new IMI with E. coli or other
coliform bacteria (Hogan et al., 1988; Lam et al., 1997).
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4.5 Conclusions

The proposed frailty model is capable to analyze clustered interval censored
survival data with time varying covariates. Multiparous cows are more vul-
nerable to an IMI with S. uberis or E. coli compared to primiparous cows.

Although a lot of authors claimed the protective effect of an IMI with
CNS, our field study could not prove a protective effect against most mastitis
pathogens, on the contrary, quarters infected with CNS had a higher hazard
to have an IMI with S. uberis or S. dysgalactiae.

An IMI with C. bovis did result in a lower hazard to have an IMI with S.

aureus, S. uberis or S. dysgalactiae but now effect was observed for E. coli
or other coliform bacteria. These results suggest that an intra-mammary in-
fection with C. bovis has a protective effect against some mastitis pathogens.

Appendix

The models in this chapter and in Chapter 3 can be fitted using the code
in this section. The functions make use of a dataset with the structure as
explained in Table 4.4.

Table 4.4: Structure of the IMI dataset.

Variable
Nr name Explanation

1 cluster cow number
2 id quarter number
3 start start of interval for timevarying covariate, this is always

equal to 0 if no timevarying covariates are included.
4 left lower border for an interval censored observation
5 time right censoring time or upper border for an

interval censored observation
6 fail event indicator during that period: 0 for right censored,

1 for interval censored
7 failtot overall event indicator: 0 for right censored, 1 if there

is an event in that quarter over the full lactation
= sum of ’fail’ during all periods for that quarter

8 ... variables ... the variables in the model
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The marginal loglikelihood has to be maximized. Because in R maxi-
mization is not implemented, we use a function to minimize the negative
version of the loglikelihood. If code 1 is obtained, there was convergence.
If after 20 attempts no convergence was observed the program stops and in
case of almost convergence (code=3) those results are printed to the screen.

for(i in 1:20)

{

print(t <- nlm(CalcLogLik,t$estimate,print.level=1,

hessian=TRUE,exponential=0))

if(t$code==1) {para <- t$estimate;break}

}

if(t$code==3) para <- t$estimate

solve(t$hessian)

covmatr<-solve(t$hessian)

sterr<-c(0,0)

para2<-para

para2[3]<-para[3]-1

# section for presentation of the results

for(i in 1:length(para))

{

if(i==1)tedrukken<-

"\n\n \t coef \t se(coef) \t z \t p\n"

sterr[i]<-sqrt(covmatr[i,i])

tedrukken<-paste(tedrukken

,parname[i]," \t",round(para[i],digits=6)," \t"

,round(sterr[i],digits=6)," \t"

,round(para[i]/sterr[i],digits=6)," \t"

,round(2*(1-pnorm(abs(para2[i]/sterr[i]))),digits=6),"\n")

}

cat(tedrukken)

The function ”CalcLogLik” calculates the loglikelihood for the full dataset,
which is a sum of the loglikelihoods of the different clusters, calculated by
the function ”CalcLogLikClust”. In some cases, due to convergence prob-
lems, it is better to use the exponential of θ, λ and γ to be sure that they
are positive. In latter case the optional parameter exponential has to be
set to ”TRUE”. There is also a list ”signs” needed for the signs of the
crossproducts.
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CalcLogLik <- function(x,exponential=FALSE)

{ if (exponential){x[1:3]<-exp(x[1:3])}

# return negative value of log likelihood

-sum(by(datasetint,datasetint$cluster,CalcLogLikClust,p=x))

}

# p[1] = theta

# p[2] = lambda

# p[3] = gamma

# p[4,...] = beta’s

CalcLogLikClust <-function(data,p)

{

log(1/(p[1]^(1/p[1]))*(t(1/(CalcHt(data[data$failtot==0,],p)

+1/p[1]+log(Crossproduct(data[data$failtot==1,],p=p)))

^(1/p[1]))%*%signs[[nevents+1]]))

}

signs<-list(1,c(1,-1))

for(i in 3:10) signs[[i]]<-kronecker(signs[[i-1]],c(1,-1))

For the calculation of the loglikelihood for each cluster, a function for
the cumulative hazard ”CalcHT” and for the crossproduct ”Crossproduct”
is needed:

CalcHt <- function(data,p,right=1)

{

if(length(data[,1])==0)

{ return(0)} # return 0 if no right censoring or no events

if(right==0) # if lower bound

return(sum(p[2]*(data$time[data$fail==0]^p[3]

-data$start[data$fail==0]^p[3])

*exp(as.matrix(data[data$fail==0,8:(4+length(p))])

%*%as.matrix(p[4:length(p)])))+p[2]

*(data$left[data$fail==1]^p[3]-data$start[data$fail==1]^p[3])

*exp(as.matrix(data[data$fail==1,8:(4+length(p))])

%*%as.matrix(p[4:length(p)])))

#perform if right==1, no value returned yet

return(sum(p[2]*(data$time^p[3]-data$start^p[3])

*exp(as.matrix(data[,8:(4+length(p))])

%*%as.matrix(p[4:length(p)]))))

}
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Crossproduct <- function(data,p)

{

nevents <<- sum(data$fail)

if(nevents==0) {return (1)}

intRster <- unlist(by(data,data$id,CalcHt,p=p))

intLster <- unlist(by(data,data$id,CalcHt,p=p,right=0))

crossprod<-c(exp(intLster[1]),exp(intRster[1]))

if(nevents>1)

{

if(nevents>10)

cat("Too many events: ", nevents, " !You’re in trouble!")

for(ik in 2:nevents)

{

crossprod <-

kronecker(crossprod,c(exp(intLster[ik]),exp(intRster[ik])));

}

}

return(crossprod)

}
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In this section a general conclusion and recommendation for further re-
search are formulated. Because this thesis contains both clinical and statis-
tical topics, this chapter is divided in a clinical part and a statistical part.

5.1 Clinical part

In this thesis frailty models are illustrated using two datasets. This resulted
in some relevant clinical results, but also created some new ideas for possible
further research.

5.1.1 IBR dataset

The hyperimmunization study suggested that a hyperimmunization proto-
col using booster vaccinations, repeatedly administered each 6 months al-
lows for a better control than the old IBR vaccination schemes. Compared
to the non-intervention group (NIG), the two hyperimmunization groups,
with repeated administration of attenuated and inactivated-virus gE-deleted
marker vaccine (HIG 1) as well as inactivated vaccines (HIG 2), had a de-
creasing hazard to seroconvert compared to the NIG.

Since 2007, as an implementation of a Royal Decree (KB 22/11/2006
published in the law gazette on 04/01/2007, and adapted by KB 16/02/2011
- BS 25/02/2011) a voluntary eradication program with hyperimmunization
with marker vaccines was started based on the results of the presented field
study. By the end of 2009, only 574 herds officially performed hyperimmu-
nisation (Jaarverslag DGZ, 2009). The real number of herds using hyper-
immunisation was probably higher as a result of the permissive reporting.
Since 2012 hyperimmunization is obliged in all herds.

In November 2010, only 118 herds (0.7%) were ’officially’ seronegative
for BoHV-1. In January 2012, already 3766 (23.5%) herds were ’officially’
seronegative (Jaarverslag DGZ, 2011).The ’official’ seronegative herds are
herds that test negative for all cows older than 1 year. A yearly follow up
sample is required to maintain the seronegative label.

Not all farms however performed such a test yet. The real number
of seronegative herds is unfortunately unknown, because not all herds are
tested and no data on the number of tested herds are available . If the inci-
dence will further decrease, as suggested by the study, the seroprevalence at
herd level will also decrease (due to natural turnover and removal of (older)
infected cows).This will lead to an increase of the number of negative herds
in the near future.
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It would be worthwhile to investigate the effect of the obligation of hy-
perimmunization on the evolution of the incidence and seroprevalence. The
reduced infection pressure on national level, due to the vaccine coverage of
all herds, will have an impact on the incidence of the disease. Also the pur-
chase of only IBR-seronegative cattle reduces the risk of new infections in
the farm.

Another interesting topic for further research is to identify possible risk-
factors associated with the failure to become or remain an official seroneg-
ative herd. Some of the data needed for such a study are probably already
available in the animal healthcare association in Flanders (”Dierengezond-
heidszorg Vlaanderen”).

The results of the analysis did not show a significant improvement due to
the hyperimmunization protocols for the bulls in the mixed dairy-beef herds.
On the other hand, a much higher clustering was observed for the bulls
compared to the cows of the mixed dairy-beef herds. This indicates large
differences between the herds and is probably a indication of an unobserved
risk factor on farm level.

5.1.2 Intramammary infections dataset

The analysis of the IMI dataset suggested a high clustering of IMI within
cow for S. aureus, S. uberis, S. dysgalaciae and C. bovis. Also the effect
of parity and an IMI with C. bovis or CNS was investigated. Parity had a
significant effect on the hazard of IMI with S. uberis, C. bovis and E. coli.
Multiparous cows have a higher hazard to have an IMI than primiparous
cows.

A significant protective effect of an IMI with C. bovis was found against
S. aureus, S. uberis and S. dysgalactiae. No significant protective effect was
found against E. coli or other coliform bacteria. These findings were in
accordance with findings of other authors.

The effect of an infection with CNS is a different story. A quarter infected
with CNS had a significantly increased hazard for a new IMI with S. uberis

or S. dysgalactiae, while no other effects were found for the other mastitis
pathogens. This is in contrast with a lot of other research.

The main problem in this discussion is the definition of CNS. Coagulase-
negative staphylococci are a very heterogeneous group of bacteria. Cows
are most likely infected with CNS from environmental sources but they can
originate from different sources, including the milker’s hands. Most IMI-
causing CNS species are S. haemolyticus, S. simulans, S. chromogenes and
S. epidermidis. Some of them cause persistent infections while others only
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cause transient infections. The genetic diversity of some species is also very
high (e.g. S. haemolyticus, S. simulans). Some of them are considered as
commensal bacteria while others cause IMI (Piessens et al., 2012).

It is therefore difficult to draw a univocal conclusion. Everything de-
pends on the composition of the CNS group in the IMI dataset. Some
isolates were further typed to get the species. Unfortunately not all isolates
were typed which make an analysis on species level difficult.

Further research should focus on the effect of the different CNS species
separately. As shown by Piessens et al. (2012), the CNS group is very diverse
and it is highly questionable if the use of the entity CNS in mastitis research
is still an appropriate choice. It is probably better to divide the CNS group
to smaller entities (or even to species level) according to their virulence
factors. The protective effects in the published papers were mainly due to
only one species or even one strain of a species. In an observational study,
like ours, the majority without a protective effect can mask the protective
effect of some other species.

Reyher et al. (2012) recently performed a meta-analysis of published
studies on the effect of IMI with minor mastitis pathogens on the acquisi-
tion of new IMI with major mastitis pathogens. Results from 68 studies
were included in the analysis and a lot of differences between studies were
observed. The main conclusion was that observational studies did not show
an effect (although they had the largest sample sizes), whereas challenge
studies showed significant protective effects. The main problem of the chal-
lenge studies is the bypass of the natural defenses of the teat, the mastitis
pathogens were often infused directly into the teat canal or teat cistern.
Challenge studies that used teat immersion showed less protective effects
than those who used infusion.

The often claimed protective effect of an IMI with CNS or C. bovis is
not yet fully biologically explained. Sometimes the production of inhibitory
substances is suggested (De Vliegher et al., 2004) and sometimes a compe-
tition for rate-limiting substrates in the milk is suggested as an explanation
(Hogan et al., 1987). Also the moderate increase of the SCC after IMI with
CNS or C. bovis is suggested as an explanation (Brooks and Barnum, 1984).
Unfortunately, the IMI dataset did only contain monthly measures of SCC
based on composite milk samples. There is no information on quarter level.
An analysis with both SCC on quarter level and infection status with CNS
or C. bovis as timevarying covariates in the same model is an interesting
topic for further research but this is only possible if a similar dataset can
be found with infection status and monthly SCC on quarter level. Such an
analysis can give an idea of the relative importance of both factors and can
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lead to new insights in the dynamics of IMI.

Another interesting topic to investigate is the impact of the width of the
interval and the impact of one missing sample during summer (either July
or August). In the dataset and the analysis we assumed that the infection
can be detected until 1 month (or 2 months during summer) after infection.
This is the case for persistent infections, but infections with some bacteria
(e.g. enterobacteriaceae) are efficiently eliminated due to the immune re-
sponse after a short period. The majority of the Gram-negative bacterial
infections had a duration of less than 28 days (Todhunter et al., 1991). This
means that some of the infections will be missed when the interval between
sampling is 30 or in some cases even 60 days. A correction for this should
be implemented. This also means that the results for E. coli and other col-
iforms are limited to the observed infections and that some of the infections
will be missed.

Clustering of infections was high for all causal agents studied, this indi-
cates large differences between the cows in their susceptibilty to new IMI.
The clustering obtained in chapter 3 and 4 is due to differences between
cows, but also between farms, unfortunately there is no quantification of
the relative contribution of both. The stratified analysis on a subset of the
data suggests that a big part of the clustering is due to differences between
farms. In case of S. aureus the variance of the frailties decreased from 5.578
(cow+farm) to 2.699 (only cow effects) and for S. uberis from 5.852 to 3.989.
Unfortunately, the stratified analysis was only possible on a subset of the
data (only farms with more than 3 events), the conclusions are limited to
those farms.

The relative importance of clustering within cow and within farm may
suggest that a high clustering on cow level is an indication of a high within
cow transmission, which is mainly the case for contagious pathogens. A
high clustering on farm level may suggest that there are big differences
between the farms. This means that those pathogens occur more frequent
in some farms, a typical farm problem. This suggest that some other farms
don’t have problems with those pathogens. Additionally sanitary measures
in problem farms can probably reduce the occurrence of those pathogens.
Further research to identify risk factors on farm level is an interesting topic
for further research.
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5.2 Statistical methodology

The overall conclusion of sections 1.2.3, 1.3.5 and 1.3.6 is that data collected
to study infection dynamics is in most cases longitudinal data. Although
most studies have a time to infection nature, the original data is almost
always reduced to binary data before analysis. This reduces the available
information (time to infection) of the dataset but makes it possible to use
commonly know analysis techniques (e.g. logistic regression, poisson regres-
sion) which are available in most commercial statistical software packages
and where the interpretation of the estimated parameters is straight forward.

In this dissertation, the shared frailty model is introduced, taking into
account more information than a univariate logistic regression or poisson
regression. It models the evolution of the hazard of infection over time, uses
the available information of censored observations and corrects for clustering
between observations. This gives an idea of the evolution of the hazard of
infection over time and provides an idea of the importance of clustering.

5.2.1 A piecewise constant hazard model with calendar time

The main objective of the analysis of the IBR-dataset was to model the evo-
lution over calendar time. In most studies the start since entry in the study
is modeled. In the IBR dataset, the start of the study is the implementation
of a hyperimmunization protocol. A lot of animals enter the study at a time
later than 0. The hazard function was integrated from the entrance time of
the animal in the study population until the event or censoring time. This
approach made it possible to model the hazard to seroconversion over cal-
endar time in a study population with a natural turnover of cattle (birth of
calves and purchase of cattle are balanced against death, culling and sale)
which resulted in a continuous entrance of cattle into and exit of cattle from
the study population.

The second problem was the fluctuating seasonal effect. The infection
pressure seemed to be higher during winter periods (stabling period) than
during summer periods (grazing period). This means that the baseline haz-
ard will be higher during winter periods. This problem was solved by the
implementation of a piecewise constant baseline hazard, allowing the base-
line hazard to fluctuate seasonally.

The evolution of the difference over calendar time between the HIGs and
the NIG was modeled, correcting for clustering and seasonal effects. The
hyperimmunization resulted in a lower infection rate over time, a negative
βHIG. , the evolution of the hazard to seroconvert in the HIG compared to
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the NIG was observed.
The proposed model is easy to implement and the results are straightfor-

ward. The results, however, were difficult to compare to other vaccination
studies. Preliminary vaccination studies often only look to the antibody
response and model the antibody titers compared to a control group. Also
virus titers after artificial reactivation was sometimes measured. This is
good in an experimental setting, but extrapolation to the field is difficult.

In most vaccination field studies the results are only descriptive. Most
of them are based on observational data. A randomized study in different
farms is a better choice and makes it possible to compare the new vaccine or
protocol to a placebo treatment or the common used protocol. The hazard
to seroconversion (which is the result of an infection) is modeled using a
survival model and the HR can easily be obtained. Unfortunately, this type
of modeling is not (yet) common in vaccination studies in veterinary science.
In veterinary science the percentage survival/protected (after a pre-defined
period) or the basic reproduction number (R0) is used in most studies. A
search on the web of science until august 2012 (based on the info in the
title, abstract and keywords with search Topic=((vaccination or vaccine)
and ((survival or frailty or cox) and model)) Refined by: Research Areas=(
VETERINARY SCIENCES )) revealed that in the last 10 years only around
10 articles about vaccination were published where survival modeling was
used (out of 69 results, most studies did not perform survival analysis, they
only contained the word survival in another context). The use of survival
models in human medicine is more common.

The percentage survival/protected after a pre-defined period is often
used as outcome variable. The big problem with such analysis is that one
has to determine the best or most meaningful time point, which is diffi-
cult. If multiple pre-defined endpoints are used, an appropriate correction
for multiple comparisons should be performed. In most cases there are no
corrections for drop-out of objects. If the drop-out is not balanced between
the groups, it can also lead to bias.

The use of the basic reproduction number is also commonly used. The
problem with the basic reproduction number is its lack in transparency. It
is an artificial entity that can be estimated in several ways. Depending on
the estimation method, the estimates can vary and comparing the R0 from
two different studies is inappropriate if the estimation procedure mentioned
in the papers is not the same.

A nice topic for further research is a review of the experimental designs
and statistical analyses used in the veterinary vaccine research. A lot of
measures are used but most of them are less informative than the results
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of a survival model. A re-analysis of the data of published studies can
be performed with an appropriate survival model and the results can be
compared with the originally published results. If the results of the new
and old analysis are inconsistent, the reason for this inconsistency should be
investigated (e.g. ignoring clustering, seasonal effects, drop-out etc. which
can lead to bias)

5.2.2 Shared frailty model for interval-censored survival data

with time varying covariates

In veterinary research, a lot of studies are interval censored due to feasibility
reasons as daily sampling is sometimes expensive or impossible. In the IMI
dataset, bacteriological sampling was performed each month. The problem
of interval censoring can be solved in different ways. The most common one
is by assuming the midpoint of the interval as an exact event time. Mid-
point imputation leads to bias (slight overestimation of the fixed effect for
parity and shape parameter, slight underestimation of the scale parameter
of the Weibull distribution, sometimes underestimation of the standard er-
rors of the parameter estimates). The shared gamma frailty model for right
censoring was extended to handle interval censoring. It was still possible to
integrate out the frailties in an analytical way and the marginal log likeli-
hood can be maximized by general purpose maximizers. The inverse of the
hessian matrix also provides the variance-covariance matrix of the estimated
parameters.

To analyze the effect of an IMI with CNS (or C. bovis) another extension
of the model was needed. The infection status with CNS is in other papers
often assumed to be constant over time. In reality this is not the case, an
IMI occurs at some time, the infection persists for some time and cure is also
possible. This results in a time depending infection status. The conditional
cumulative hazard was the sum of the cumulative hazard during the different
intervals with a constant value for infection status. The extension to include
time varying covariates was validated with a small simulation study and
the results showed that it is an appropriate technique to analyze interval-
censored clustered survival date with time varying covariates.

In the proposed model, some assumptions are made. The frailties are as-
sumed to come from a one-parameter gamma distribution. Although Hsu et
al. (2007) suggest that misspecification of the frailty distribution results gen-
erally only in low bias, a standard technique to test this assumption would
be nice. Unfortunately, until now, no standard technique to diagnostics of
the distribution of frailties has been generally accepted.
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Another assumption is noninformative censoring. For most animals this
will be the case. The end of lactation or the end of the study period is
not related with the real time of infection. But what in case of culling due
to an acute severe mastitis. Burvenich et al. (2007) state that nearly 25%
of the cows with a severe gram-negative IMI in early lactation will either
die or be culled. Some of those animals do not have a positive sample
before culling because of the very acute nature if this clinical mastitis. In
this case censoring is not independent from the event. Huang and Wolfe
(2002) proposed a frailty model with informative censoring for right censored
observations. This model, or an extension to interval-censoring, can be used
to analyze the IMI dataset and the results can be compared to the original
results to see if noninformative censoring is an acceptable assumption.

Although Radke (2003) demonstrated that ignoring interval censoring
can lead to biased estimates, the relative importance of the bias due to in-
terval censoring was modest when the results of the analysis with midpoint
imputation are compared to the results of the model for interval censoring.
Radke (2003) divided interval censoring in two types: synchronous (all in-
tervals have comparable length and little or no overlap) and asynchronous
(intervals of different cows may overlap, different lengths are observed: short
intervals and long intervals). Bias due to asynchronous interval censoring
is much higher than bias due to synchronous sampling. In the IMI dataset,
the intervalcensoring is mainly synchronous (but also asynchronous: a longer
interval during summer period, one missing sample during either July or Au-
gust). This can be an explanation of the observed low bias due to interval
censoring in the IMI dataset.

The current model only allows one frailty level. However, the data has
two levels of clustering: the quarter is clustered in cow, the cow is clustered
in farm. This can’t be solved in an analytical way anymore. To have an idea
of the clustering on cow and on farm level, a stratified model was fitted on a
subset of the data in Chapter 3. This resulted in a frailty due to clustering
within cow without common farm factors. Because a part of the variation
will be due to farm factors, a decrease of the variance of the frailties is
expected. In case of S. aureus the variance of the frailties decreased from
5.578 to 2.699 and for S. uberis from 5.852 to 3.989.

Ignoring the clustering on a higher level, farm level, has no meaning-
full influence on the estimates of the fixed effects on a lower level, cow or
quarter. But ignoring clustering on the level of the fixed effect can result
in serious bias (Rondeau et al., 2006). There is also a second dataset with
farm characteristics which can be merged with the IMI dataset. But for
the analysis of risk factors on herd level, clustering on farm level has to
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be included in the analysis to prevent bias due to the clustering on herd
level. Unfortunately, no analytical solutions for this problem are available
yet, other solutions have to be explored.

One possible solution for the two levels of clustering is the use of Bayesian
statistics. Using a Gibbs-sampler, e.g. OpenBugs, WinBugs or Jags, a
bayesian model with two levels of clustering can be fitted. This is an im-
plementation of the model proposed by Wong et al. (2005) which can be
easily adapted to the IMI dataset. However, the Bayesian approach is very
computer intensive.

Another possible approximate solution can be obtained by integrating
out the next level of the frailties in a numerical way. This is a possible exten-
sion of the current model which is not implemented yet for intervalcensored
data. A similar approach is available for right-censored data with exact
event times. It is available in the CRAN-package frailtypack (Rondeau et
al., 2012). If interval censoring is ignored and the midpoint of the interval
is assumed to be an exact event time, the data can be fitted using frailty-
pack. Unfortunately, the package didn’t work on the full IMI dataset. The
function in the package was able to analyze a small subset of the data after
some time. But when the full dataset was analyzed, the computing started
normal. Unfortunately, more than 3 months later, still no convergence was
reported by the program, and we interrupted the process.

The implementation of the proposed model in R has still some problems.
Due to the complex log likelihood, which contains a kronecker product, the
maximum number of events allowed in one cluster, with the current code,
is around 10 events (depending on the memory capacity of the computer).
If there are more than 10 events in some clusters, when our model fails, the
model can also be fitted in an approximate way using numerical integration.
Bellamy et al. (2004) proposed a similar model for intervalcensoring in SAS
with a log normally distributed frailty. This is a good alternative for the
method proposed in this thesis.

The kronecker product issue should be solved in the future for application
on trials with bigger cluster sizes. This needs a restyling of the function to
calculate the kronecker product. The function should also be adapted to
make use of the Surv() object in R and S-plus. The final full functional
function (high number of events, time varying covariates) is then ready to
be distributed as open source code by submission to CRAN (a network of R
distributions and R packages and the contributed source code). In this way
the function is available to all R-users.
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In this thesis, the frailty model methodology is extended to address rele-
vant questions in two important veterinary diseases: infectious bovine rhino-
tracheitis (IBR) and intramammary infections (IMI).

In Chapter 1 the datasets are introduced and a review of frailty model
methodology is given. Survival analysis it typically used to analyze time-to-
event data. A typical property of survival data is the occurrence of censoring.
Right censoring occurs when no event was observed before the end of the
follow up period (e.g. end of the study period or dropout due to another
reason than the event). In this thesis also interval censoring is considered,
hence the event time is contained in the interval between the last observed
time without the event and the first time with the event, but the event time
itself is unknown. The starting point of survival modeling in this thesis is
the parametric shared frailty model, using Weibull distributed event times.

The frailty is introduced to deal with clustering. The ’shared’ frailty
model denotes the fact that the fraily is common for all subjects in the
same cluster. An average cluster has a frailty of 1 while a frail (or strong)
cluster has a frailty higher (or smaller) than 1. Frailties are assumed to
follow a specific distribution. We will only make use of the one parameter
gamma distribution for the frailty. This leads to a conditional (on the frailty)
likelihood, but the frailty can be integrated out (when gamma distributed)
and a marginal likelihood without the frailties can easily be obtained. The
models used in this thesis are extensions of this parametric shared frailty
model.

In Chapter 2 the effect of hyperimmunization on the transmission of
infectious bovine rhinotracheitis (IBR) virus in cattle herds is investigated.
The objective of the study is to assess the long-term effect and the effects of
risk factors on the efficacy of two hyperimmunization protocols against IBR
in a longitudinal field study during 28 months on 72 dairy and dairy-beef
mixed farms with in total approximately 7700 cows.

The farms were assigned randomly to 3 treatment groups (hyperimmu-
nization group (HIG) 1 and 2, which were hyperimmunized with glycoprotein
E (gE)-deleted marker vaccines, and a nonintervention group (NIG)). Cattle
in HIG 1 were initially vaccinated with an attenuated vaccine, whereas cattle
in HIG 2 were initially vaccinated with an inactivated-virus vaccine. Cattle
in both HIGs received booster inoculations with inactivated-virus vaccines
at approximately 6-month intervals. The hazard for gE seroconversion was
compared among experimental groups via a shared frailty model with a
piecewise constant baseline hazard. The calendar time since the start of the
hyperimmunization protocol was modeled, in order to see the evolution over
time. The baseline was allowed to vary each season to correct for seasonal
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and secular effects.
The hazard for gE seroconversion decreased significantly over time for

the 2 HIGs, compared to the results for the NIG. Seasonal changes in the
hazard of gE seroconversion were detected, with a higher risk in the winter
periods than in the grazing periods. No significant difference was detected
between HIG 1 and HIG 2. The only significant risk factor was the number
of buildings for cattle on a farm; the higher the number of buildings, the
lower the risk for gE seroconversion. The mean IBR prevalence decreased
over time in both HIGs but remained constant or increased in the NIG.

Hyperimmunization via repeated administration of attenuated and inac-
tivated virus gE-deleted marker vaccines as well as inactivated virus vaccines
may provide a method for the control of IBR in cattle. Only in the bulls of
the dairy-beef herds no significant decrease over time was observed which
suggest that this will be the biggest challenge in the eradication process, but
it is also the group with the highest turnover.

The proposed hyperimmunization protocols are used as common prac-
tice now, and a follow-up research of the hyperimmunization protocols is an
interesting topic for further research.

In Chapters 3 and 4 the intramammary infections (IMI) dataset is anal-
ysed. Intramammary infections can result in (sub)clinical mastitis. Mastitis
is the result of the inflammatory response mainly due to the invasion and
replication of bacteria. IMI with some bacteria (S. aureus and S. dysgalac-

tiae) result almost always in clinical mastitis while others (e.g. coagulase-
negative Staphylococci (CNS) and Corynebacterium bovis) only induce a
mild inflammation response, an often unobserved subclinical mastitis.

In a longitudinal observational study with in total 1132 cows on 25 dairy
herds, the time to infection with mastitis pathogens was measured based on
monthly milk samples at quarter level. This results in interval-censored time
to event data. The infection status with CNS and C. bovis, a time varying
covariate, was also registered.

Udder infections in dairy cows are observed at udder quarter level.
Therefore, the best strategy to study infection dynamics of particular bac-
teria causing mastitis is to follow up and model individual udder quarter
infection times. Udder quarter infection times, however, are not indepen-
dent as they are clustered within a cow and herds. Another challenge in
modeling the infection times is the interval censoring; it is only known that
the infection has taken place in the interval between the last negative and
the first positive sample.

We applied a technique based on the gamma frailty model which handles
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the clustering and interval censoring simultaneously. Parameter estimates
can be obtained analytically and their variance is obtained by the inverse of
the hessian matrix. The proposed technique was applied to udder quarter
infection times for C. bovis, Staphylococcus aureus and Streptococcus uberis.
Multiparous cows were more likely to get infected earlier in lactation with C.

bovis or S. uberis than primiparous cows. The times to infection of all three
bacteria were highly clustered at cow level and the results of a stratified
model on a subset of herds suggested a high clustering on herd level for C.
bovis and S. uberis.

In Chapter 4, the influence of intramammary infections (IMI) with CNS
or Corynebacterium bovis on the hazard of infection with other mastitis
pathogens was investigated. Frailty model methodology was used to analyze
the time to event data taking into account clustering (quarters in udders),
interval censoring and the time varying CNS or C. bovis infection status.
The presented model was validated in a separate simulation study based on
500 datasets and suggested that the proposed technique was appropriate to
analyze the data.

Quarters infected with CNS were more vulnerable to an IMI with S.

uberis (HR: 2.02, P = 0.005) and S. dysgalactiae (HR: 3.29, P ă 0.001)
than uninfected quarters. On the other hand, an IMI with C. bovis did have
a significant protective effect against an IMI with S. aureus (HR: 0.54, P =
0.002), S. uberis (HR: 0.22, P ă 0.001) or S. dysgalactiae (HR: 0.32, P =
0.004). No significant effect of an IMI with C. bovis on the occurrence of E.
coli and other coliform bacteria was found (P ą 0.37).
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In deze thesis is de frailty model methodologie uitgebreid om analyzeprob-
lemen op te lossen bij twee relevante diergeneeskundige aandoeningen: in-
fectieuze bovine rhinotrachetis (IBR) en intramammaire infecties (IMI).

De datasets en de basis voor survival analyse zijn beschreven in Hoofd-
stuk 1. Survival analyse is typerend om de tijd tot een bepaalde gebeurtenis
te modelleren en censurering is hierbij kenmerkend. Rechter censurering
komt voor als er geen gebeurtenis is waargenomen op het einde van de
opvolgtijd (bv. einde van de studietijd, het verlaten van de studie door een
andere reden dan de gebeurtenis). Wanneer de exacte tijd van de gebeurte-
nis niet gekend is, dan spreken we over interval censurering. Hierbij ligt de
exacte tijd tussen de tijd van de laatste negatieve test en de eerste positieve
test. In deze thesis is vertrokken van het parametrisch shared frailty model
waarbij Weibull verdeelde tijden worden verondersteld.

Als de overlevingstijden van de verschillende subjecten niet onafhanke-
lijk zijn van elkaar, kan een frailty worden gebruikt om de clustering te
modelleren. In het shared frailty model is er een gemeenschappelijke frailty
term voor alle subjecten in dezelfde cluster. Een gemiddelde cluster heeft
dan een frailty met waarde 1 terwijl een zwakkere (of sterkere) cluster een
frailty heeft die groter (of kleiner) is dan 1. De frailties worden verondersteld
een distributie te volgen. In deze thesis wordt enkel met de één parameter
gamma distributie gewerkt. Dit leidt tot een voorwaardelijke aannemelijk-
heidfunctie (gekende frailty) waarvan de frailty kan worden uitgëıntegreerd
wat resulteert in een marginale aannemelijkheidfunctie. De modellen die in
deze thesis worden gebruikt, zijn uitbreidingen van het parametrisch shared
frailty model voor rechts gecensureerde tijden.

In Hoofdstuk 2 wordt het langetermijn effect van hyperimmunisatie met
een marker vaccin tegen infectieuze rhinotracheitis onderzocht. Het doel
van de studie is om zowel de lange termijn effecten, als risico factoren op de
effectiviteit van twee hyperimmunisatie protocollen na te gaan. Hiervoor is
een grote longitudinale veldstudie van 28 maand op 72 bedrijven uitgevoerd,
met bloedafnames bij meer dan 7700 koeien.

Aan de bedrijven is willekeurig 1 van de drie behandelingen toegekend.
Hyperimmunisatie groep 1 (HIG 1) is initieel met een geattenueerd vac-
cin gevaccineerd terwijl hyperimmunisatie groep 2 (HIG 2) initieel met een
gëınactiveerd vaccin werd gevaccineerd. Beide hyperimmunisatie groepen
hebben om de 6 maanden booster vaccinaties met een gëınactiveerd vaccin
toegediend gekregen. Bij de derde groep hebben de bedrijven hun gebruike-
lijk vaccinatieschema gevolgd (non intervention group, NIG). Alle vaccins
zijn glycoprotein E (gE)-deletie marker vaccins. De ratio van het risico
op gE seroconversie van de hyperimmunisatie groepen ten opzichte van de



136 SAMENVATTING

NIG is gemodelleerd met een shared frailty model met een constant basis-
risico dat kan variëren tussen de verschillende seizoenen zodat seizoens- en
jaarverschillen meegenomen zijn in de analyse.

Het risico op gE seroconversie is in vergelijking met de NIG signifi-
cant gedaald tijdens de studietijd in de twee hyperimmunisatiegroepen. Er
zijn seizoensvariaties waarbij het risico op seroconversie groter is tijdens
de winterperiode ten opzichte van de zomerperiode (de weideperiode). Er
is echter geen significant verschil vastgesteld tussen de twee hyperimmu-
nisatiegroepen. De enige significante risicofactor blijkt het aantal rund-
veestallen op een bedrijf: hoe meer stallen, hoe lager kans op seroconversie.
De gemiddelde seroprevalentie is tijdens de studie in de twee hyperimmu-
nisatiegroepen gedaald, maar blijft constant of stijgt zelfs lichtjes in de NIG.

Hyperimmunisatie met herhaalde vaccinaties met geattenueerde vaccins
gevolgd door gëınactiveerde gE-deletie marker vaccins, alsook met enkel
gëınactiveerde gE-deletie marker vaccins is dus een mogelijke controlemaat-
regel in de strijd tegen IBR. Enkel bij de stierenpopulatie van gemengde
bedrijven (melkvee-vleesvee) is er geen significante daling te merken. Dit is
enerzijds een uitdaging in het eradicatieproces, maar anderzijds is het ook
de groep met de hoogste turnover.

De voorgestelde hyperimmunisatie protocols zijn ondertussen algemeen
gebruikt in de praktijk en een opvolgstudie zou een interessante topic zijn
voor verder onderzoek.

In de Hoofdstukken 3 en 4 is de intramammaire infecties (IMI) dataset
geanalyseerd. Mastitis is het gevolg van een ontstekingsreactie ten gevolge
van een invasie en vermenigvuldiging van bacteriën. Een IMI met sommige
bacteriën (zoals S. aureus en S. dysgalactiae) resulteert bijna altijd in een
klinische mastitis terwijl andere (zoals CNS en Corynebacterium bovis) vaak
een onopgemerkte subklinische mastitis tot gevolg hebben met een heel milde
ontstekingsreactie.

In een longitudinale observationele studie op 25 melkveebedrijven, met
in totaal 1132 melkkoeien, is de tijd tot infectie met mastitis pathogenen
geschat aan de hand van maandelijkse melkstalen per kwartier. Dit resul-
teert in intervalgecensureerde infectietijden. De infectiestatus met CNS en
C. bovis, een tijdsafhankelijke variabele, is eveneens geregistreerd.

Intramammaire infecties zijn per kwartier geregistreerd zodat het mo-
delleren van de infectie dynamiek van een bepaalde bacterie per kwartier de
beste keuze is. Uierkwartier infectietijden zijn echter niet onafhankelijk van
elkaar, ze zijn geclusterd binnen een koe, en de koeien zijn geclusterd bin-
nen bedrijven. Een ander probleem is dat de infectietijden niet exact gekend
zijn, maar interval gecensureerd. We weten alleen dat er een infectie heeft



SAMENVATTING 137

plaatsgevonden tussen het laatste negatieve staal en het eerste positieve.
Voor deze analyse is een shared gamma frailty model gebruikt dat reken-

ing houdt met de clustering van de kwartieren binnen een koe en met de
intervalcensoring van de infectietijden. Schatters voor de parameters kun-
nen op een analytische manier worden bekomen en hun variantie kan worden
berekend door de inverse van de hessian matrix te nemen. De voorgestelde
techniek is toegepast op de uierkwartier infectietijden met C bovis, Staphy-
lococcus aureus en Streptococcus uberis. Multipare koeien blijken sneller
gëınfecteerd te worden met C. bovis of S. uberis dan primipare koeien. Er is
een grote clustering waargenomen voor alle drie de bacteriën op koe niveau
en de resultaten van een gestratificeerd model, gefit met een aantal van de
bedrijven, suggereren een hoge clustering op bedrijfsniveau voor C. bovis en
S. uberis.

In Hoofdstuk 4 wordt het effect van een IMI met CNS of Corynebac-
terium bovis op het risico op infectie met andere mastitis pathogenen on-
derzocht. De frailty model methodologie is gebruikt om de interval gecen-
sureerde infectietijden te analyseren, waarbij rekening is gehouden met de
clustering van de kwartieren binnen de koe en een tijdsafhankelijke vari-
abele, namelijk de infectiestatus met CNS of C. bovis. Het model uit Hoofd-
stuk 3 is voor deze analyse van tijdsafhankelijke variabelen uitgebreid. Het
model is gevalideerd met een afzonderlijke simulatiestudie gebaseerd op 500
gegenereerde datasets. Deze toont aan dat de techniek geschikt is om de
data te analyseren.

Kwartieren die gëınfecteerd zijn met CNS blijken meer gevoelig voor een
IMI met S. uberis (HR: 2.02, P = 0.005) en S. dysgalactiae (HR: 3.29, P ă
0.001) dan niet gëınfecteerde kwartieren. Dit in tegenstelling tot kwartieren
die gëınfecteerd zijn met C. bovis die minder gevoelig zijn voor een IMI met
S. aureus (HR: 0.54, P = 0.002), S. uberis (HR: 0.22, P ă 0.001) of S.

dysgalactiae (HR: 0.32, P = 0.004). Er is geen significant effect vastgesteld
van een IMI met C. bovis op het voorkomen van een IMI met E. coli of
andere coliforme bacteriën.
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