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In this presentation some recent development in the molecular and mathematical epidemiology 
of bovine mastitis are used as examples for the progress made in combining molecular and 
mathematical approaches to relevant research questions. Three examples are highlighted in some 
detail. First the arguments leading to the conclusion that in certain herds S. uberis infections may 
behave as contagious mastitis organisms are outlined. Second, the pathobiology of chronic 
coliform intramammary infections is discussed in some detail. The data appear to indicate that 
some reservoir of coliform bacteria in the mammary gland is necessary to be able to give rise to 
the observed data. Finally, the population dynamics and interaction of major and minor 
pathogenic bacterial species is examined. It is concluded that widespread infections of minor 
pathogens may lead to a reduction in transmission potential of major pathogens. Finally, the 
contribution of epidemiology and molecular microbiology to the better understanding of the 
pathobiology of intramammary infections is discussed. 

INTRODUCTION 

Epidemiologic research in bovine mastitis has been performed for many years, with very early 
studies relying mostly on clinical observations and linking certain pathogenic bacteria to the 
clinical signs that these bacteria typically produced in the cow (i.e. Streptococcus agalactia and 
Arcanobacterium pyogenes). Later, bacteria were grouped according to their typical behaviour 
in animal populations, identifYing the 'contagious' and 'environmental' bacterial groups (Smith 
et al. 1985). More recent studies have used statistical techniques to associate certain risk factors 
with bacteria or groups of bacteria. For example, use ofteat disinfection in low somatic cell 
count herds was associated with an increased risk of coliform mastitis (Lam et al. 1996, 
Schukken et aI., 1991), and cows with very low somatic cell counts were more likely to get 
clinical mastitis or severe clinical mastitis compared with cows with somewhat higher cell 
counts (Peeler et al. 2001, Green et al. 1996, Suriayasathapom et al. 2000). As is expected with 
such risk factor studies, not all studies result in associations in the same direction, making the 
cause and effect arguments somewhat suspicious. In addition, risk factor studies are often cross
sectional, so that the time order of events and causal relationships are impossible to prove. 

In the last decade, two additional techniques have been added to the toolkit of the mastitis 
epidemiologists: mathematical modeling and molecular diagnostics. These new tools have added 
a lot of opportunities to contribute to a better understanding ofthe pathobiology of 
intramammary infections in the dairy cow. Molecular diagnostic tools allow the distinction 
between strains in the same bacterial species (see for example Wang et al. 1999 and Zadoks et 
al. 2000). This does, among other things, lead to more precise longitudinal follow up studies of 
infection occurrences in populations. Mathematical models have contributed especially in the 
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area of contagious disease dynamics (Anderson and May 1985, De Jong 1995), both in terms of 
explaining observed infection (and/or disease) frequencies and predicting or simulating infection 
frequencies under a given set of preventive measures (De Jong 1995). 

The objective of this presentation is to review a number of recent studies attempting to answer 
mastitis research questions using molecular and mathematical methods. Using these examples, 
we will also attempt to formulate some general experiences and suggestions that we have come 
to appreciate during the execution of these studies. The three areas of research are: 1) 
epidemiology of Streptococcus uberis infections 2) chronicity of Escherichia coli intramammary 
infections, and 3) impact of minor pathogens on the risk of new infections with major pathogens. 

EPIDEMIOLOGY OF S. UBERIS INFECTIONS 

The underlying question with regard to the epidemiology of S. uberis infections was whether 
they originate from other cows or whether they originate from the environment of the cow. The 
origin of infections must be known to choose adequate control measures for mastitis prevention 
in dairy herds. The question was approached with mathematical and molecular tools. The null
hypothesis that was tested in the mathematical approach to this study was that the number of 
new infections of S. uberis in a population does not depend on the number of existing shedders 
in that popUlation. In statistical terminology, the infection dynamics are described by: IL\t= e Pt-1 

, where I = incidence, P = prevalence, ~t = a given period of time, t-l = beginning oftime 
period, e = regression parameter. The null hypothesis assumes e = O. The alternative 
hypothesis indicates that e > 0 (possibly e <>0). A similar model was previously used by Lam et 
al. (1996), to model the dynamics of Staphylococcus aureus infections in a dairy herd. 

Data were from a dairy farm with 95 ± 5 lactating animals (mean ± s.d.) where an outbreak of S. 
uberis infections was observed (Zadoks, 2002). Data were collected during an 18-month 
observation period with 27 farm visits at 3-week intervals. These data are summarised in Figure 
1. Initially, a low prevalence and very low incidence of S. uberis infections is evident. At 
approximately sampling period 10 the start of an exponential growth of new infections can be 
seen. This outbreak is halted around sampling 16. The prevalence remains high for a while, but 
then drops to a much lower level. Toward the end of the observation period, prevalence is still 
approximately three times as high as at the start of the study. 
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Figure 1 Outbreak of Streptococcus uberis infections in a dairy herd. Ul are previously 
uninfected quarters, R are quarters that already experienced as. uberis infection (reinfection). 
All quarters of all cows were sampled approximately every 3 weeks. 

To model these data in a biologically meaningful way it is necessary to assess whether spread of 
one specific strain has occurred. It has been described that multiple strains of S. uberis co-exist 
on a given dairy (Douglas et al. 2000, Wang et al. 1999). An outbreak consisting of cases from 
mUltiple molecularly distinguishable strains would indicate that spread did not occur from cow 
to cow, i.e. would favour the null hypothesis. Fingerprinting ofthe strains in the outbreak using 
RAPD fingerprinting techniques resulted in strong evidence for clonal spread (Zadoks et al. 
2003). One large clonal outbreak with the strain named 'B' was observed (Figure 2). In 
additional, a number of single infections with a variety of different strains were observed on the 
farm. The data were modelled in a Poisson logistic regression model: 

E [In(IMI)] = In(I3') + In (SIN) + 8 1 * In(I) + 82 * Y + 83 * Urn 

where, E = expected value, IMI = number of new intramammary infections with 
Streptococcus uberis in current time interval, 13' = transmission parameter for model with 
In(SIN) as offset, S = number of quarter-days susceptible in current time interval, N = total 
number of quarter-days in current time interval, I = number of quarter-days infected in preceding 
time interval, y = dummy variable for phase (y = 0 for early phase of the study up to and 
including outbreak, y = 1 for late phase of the study), Urn = dummy variable for compartment 
(Urn = 0 for R, Urn = 1 for VI) and 8j = regression coefficients. The estimates, standard errors and 
P-values for In(l3') and the three regression coefficients are shown in Table 1. Of specific 
interest is parameter 81 because this parameter tests the hypothesis that existing shedders 
contribute to the incidence of new infections. 
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Figure 2. Number of quarters that was infected with a specified strain of Streptococcus uberis. 
Strains were specified by random amplified polymorphic DNA (RAPD) fingerprinting. 

Table 1. Estimates, standard errors and P-values for In(f3') and regression coefficients. V, = 
never before infected with Streptococcus uberis; R = recovered from infection with S. uberis. 

Model Parameter Coefficient Estimate Standard error P-value 

VI vs. R In(J3') 0.11 0.78 0.8793 

In(I) 8, 0.68 0.15 < 0.0001 

study phase 82 -1.55 0.35 < 0.0001 

compartment 83 -2.06 0.42 < 0.0001 

The regression results indicate that 8, is significantly different from 0, and hence the initial 
null hypothesis is rejected implying that the number of new infections is not independent of the 
number of existing infections. Therefore, the alternative hypothesis, indicating contagious 
transmission of S. uberis, appears to better fit the data. Additional arguments that favour cow
to-cow transmission and that indicate possible mechanisms of transmission are 1) finding 
identical strains of S. uberis in the milking liner up to 3 cow-milkings after milking of a S. 
uberis shedding cow, 2) finding only new infections with strain 'B' in lactation (in contrast to 
other strains that infect also during the dry period), and 3) the relative long duration of infection 
with strain 'B'. Survival analysis of observational data showed that infections with strain B 
lasted significantly longer than infections with other strains. Thus, infections with strain B 
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would have a larger window of opportunity for spread, most likely occurring during the milking 
process, than other strains. The molecular, mathematical and observational data analysis can be 
complemented by pathogenesis studies. In vitro studies have shown differences between S. 
uberis strains in their ability to adhere to and invade mammary epithelial cells (Almeida, 1999). 
If strain B had higher ability to adhere and invade than other strains, that ability could 
hypothetically result in a longer duration of infection and hence more time for contagious 
transmission, which would, in turn, lead to the phenomena that were observed using 
mathematical, statistical and molecular tools. 

CHRONICITY OF E. COLIINTRAMAMMARY INFECTIONS 

In recent publications, the occurrence of chronic E. coli intramammary infections was reported 
(Lipman et al. 1995, Dopfer et al. 1999, Dopfer et al. 2000). Using DNA fingerprinting, the 
presence of indistinguishable isolates from repeated cases of clinical mastitis in the same quarter 
of the same cow was shown. An example of such an infection is shown in Figure 3. The isolates 
in lanes 2-14 were repeated cases of clinical coliform mastitis from the same quarter from the 
same cow and the isolates in lanes 16 to 19 came from a different quarter in the same cow. 

123 4567891011121314151617181920 

Figure 3. Genetically indistinguishable isolates (evaluated by DNA fingerprinting using PCR
REP and ERIC primers) from recurrent clinical E. coli mastitis cases. Lanes 1 and 20: molecular 
size marker. Lanes 2-14: Cow 1, quarter A. Lane 15: Cow 2, Lanes 16-19: Cow 1, quarter B. 

Because of the high number of E. coli strains in the dairy environment, it is unlikely that 
recurrent isolation of one strain from the same quarter was the result of recurrent new infections. 
However, it is not impossible. To determine whether the infection was really persistent, 
longitudinal data on a single chronically infected cow were collected. Colony forming units and 
somatic cell concentrations from the infected quarter are shown in Figure 4. In colony forming 
units and somatic cell concentrations an apparent inverse cyclicity (with a Pearson correlation of 
-.36, p<.05) was observed. 
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Figure 4. Time series of a chronic intramammary coliform infection. Daily observations on 
bacteria counts and somatic cell counts (mostly polymorphnuclear cells) in a chronically 
infected quarter. (D. Dopfer, 2000). 

These data, although relatively sparse, provide initial evidence that milk leukocytes and 
bacteria show a dynamic behaviour. Similar behaviour has been suggested for S. aureus (Daley, 
1991). Such dynamic behaviour may be modelled using 'predator-prey' type modelling 
techniques: 

dRidt = rR(1-RlK) - ENR2/(Rl + R2) 

dN/dt=N[-d+cER2/(Ro2 + R2 )] 

where: 

(equation 1) 

(equation 2) 

R = E. coli density in cfu per ml, t = time, r = growth rate of E. coli (logistic growth), K = carrying 
capacity of the system, E = see saturation level of "consuming" E. coli, N = see density in 
cells per ml, Ro = half-saturation density of E. coli (where R > Ro), d = per capita rate at which 
see die out when no E. coli are present, c = "conversion efficiency" of E. coli to see -this may 
be considered as feeding efficiency. 

To incorporate the concept of an intracellular reservoir for the bacteria, the model may be 
extended by including an additional state variable, Z, governed by the ODE's. Equations 3 and 4 
are identical to equations 1 and 2, except for equation 3, where cj>z, the release of bacteria from 
the third state, z, at a rate cj> per day, is added to and nR, the intracellular invasion of bacteria, R, 
at a rate n per day, is subtracted from dRidt. 

dRidt = rR(I-RlK) - ENR2/(Ro2 + R2)+ cj>Z - nR 

dN/dt=N[-d+cER2/(Ro2 + R2)] 

dZ/dt= - cj>Z + nR 
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Figure 5 shows the results of a simulation model using the above set of equations. Parameter 
estimates were obtained from literature or from the data. The model with the intracellular 
reservoir fitted the data considerably better when compared with a model without such a 
reservoir. Several potential reservoirs (i.e. dormant bacteria) may be envisioned. E.g. leukocytes 
that contribute to SCC ingest E. coli, and a failure to kill the coliform bacteria creates a 
reservoir. Studies have also shown that mammary epithelial cells may act as a reservoir 
(Almeida et al. 1999, Dopfer, 2001). 
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Figure 5. Simulated data for Escherichia coli concentration and SCC in a chronically infected 
quarter based on predator-prey model with an intracellular reservoir of bacteria. 

Chronicity of E. coli infections would theoretically open up the potential of contagious spread of 
this pathogen that has hitherto always been considered an environmental pathogen. Recent field 
studies in the UK, where mUltiple chronic and partly subclinical infections were observed in 
dairy herds, also suggest that E. coli may be evolving to a more cow-adapted and possibly 
contagious organism (Bradley and Green, 2002). Further research in terms of collection of field 
data will be necessary to obtain better quantitative estimates for the model parameters. 
Stochastic models will also aid our understanding of infection chronicity versus fade out. Initial 
Monte Carlo simulations of the model presented above do support the conclusion of an E.coli 
reservoir in the mammary gland as a prerequisite for chronic infections. Molecular methods 
have provided the arguments that chronic coliform infections do exist. The mechanisms behind 
bacterial persistence are not clear at this point in time. As for the S. uberis example, further 
experimental studies and additional modelling work will be required to elucidate the biological 
mechanisms further. 
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IMPACT OF MINOR PATHOGENS ON THE RISK OF NEW INFECTIONS WITH 
MAJOR PATHOGENS 

The bacterial pathogens responsible for infection ofthe mammary gland may be split into two 
main categories, major and minor. Infection with major pathogens generally results in clinical 
illness or strong inflammatory responses and reduced milk yields, whereas minor pathogen 
infection is usually subclinical with less severe see increase or yield loss. Previous 
investigations have considered the transmission of major and minor pathogens independently. 
Experimental evidence has in some cases shown cross protection between species of pathogens. 
A mathematical model for the transmission of both major and minor pathogens along with their 
interaction via the host was developed by White et al. (200Ia,b 2002)to consider various 
methods for controlling the incidence of major pathogen infection (Figure 6). A stability 
analysis of the model equilibria provides explanations for observed phenomena. Previous 
modelling results focused on one species only. This multispecies model structure has provided a 
basis for quantifying the extent of cross protection between species and assessing possible 
control strategies against the disease. 

influx ( O{h ) influx ( 6IjJ) 

major minor 

efflux ,te+c, pathogens (Yt) ./'C'~ ( l"~ pathogens (Y2) efflux ( p) 
~-----""",- ~..J v·'- ;J-----..;;...., 

~--....... -.....J;~~__r 
Infected with 

Figure 6. Multi species infection transmission model (White et al. 2001 b). The variables and 
transmission parameters are identified in Table 2. 

This analysis extends the work of Lam et aZ. (1996a) who modelled mastitis transmission in 
cattle using SIS (susceptible-infectious-susceptible) models that were fitted to prevalence and 
incidence data from herds of dairy cows. The results suggested some interaction in the 
transmission of the different pathogen species. The results indicated that, where both minor and 
major pathogens were being transmitted, the basic reproduction number of S. aureus (a major 
pathogen) decreased during the course of an outbreak of mastitis. This result could not be 
explained using decoupled (no interaction between species) models. 

The objective of the extended work was to develop a simple multi-species model, where there is 
some cross-protection provided by infection by one class of pathogens (minor pathogens) 
against infection by another class (major pathogens) and examine the dynamic consequences of 
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the interaction (White et al. 2001a). The mUlti-species model that was used is presented in 
Figure 6. Other symbols in Figure 6 represent interventions: mi represents a decrease in 
transmission by post milking teat disinfection, Ci additional culling, 1" treatment of infections and 
Ii inoculation of quarters. 

Table 2. Variables and parameters in the mUlti-species model. 

Symb Units Definition 
01 
XI2 normalised Proportion of the lactating population not infected 

variables with either class of pathogens. 
YI normalised Proportion of the lactating population infected with 

major pathogens. 
Y2 normalised Proportion ofthe lactating population infected with 

minor pathogens. 
YI2 normalised Proportion of the lactating population .infected with 

day-l 
both classes of pathogens. 

AI Force of infection for major pathogens. 

A2 day-I Force of infection for minor pathogens. 

f-t, b day-' Average turnover of lactating cows in the herd. 
BI normalised Proportion of individuals entering the lactating herd 

already infected with major pathogens. 

fh normalised Proportion of individuals entering the lactating herd 
already infected with minor pathogens. 

Bt2 normalised Proportion of individuals entering the lactating herd 
parameters already infected with both classes of pathogens. 

VI day-I Average recovery rate from major pathogen 
infection. 

V2 day-I Average recovery rate from minor pathogen 
infection. 

PI capita-1day-1 Transmission rate of major pathogens. 

/3J. capita-1day-1 Transmission rate of minor pathogens. 
1Z"] normalised Level of cross-protection against major pathogen 

infection provided by a minor pathogen infection. 

"2 normalised Level of cross-protection against minor pathogen 
infection provided by a major pathogen infection. 

The model was fitted to the data observed by Lam et al. (1996a) using the computer package 
Facsimile. The raw data was in the form of spreadsheets for each of eighteen samplings. The 
number of colony forming units of each pathogen for each quarter of each cow was given. The 
system equations are given by: 

XJ2 = (1- BI - BJb - (AI + A2 + f-t )x12 + VIYI + V 2Y2 

YI = BIb + AlxI2 + V 2YI2 - ((1-"2 )A.2 + VI + f-t )YI 

Y2 =B2b+A.2XI2 +VIYI2 -((I-"I)A.1 +V2 +f-t)Y2 

YJ2 = (1- "I )A.IY2 + (1-"2 )A.2YI - (VI + V 2 + f-t )Y12 

where: 
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1 = X l2 + YI + Y2 + Y12 

b=Jl 

Al = PI (YI + Y12) 

A2 = P2 (Y2 + Y12) 

(equation 7) 

Steady state analysis has produced a "cross-protection curve" (figure 7) that has a similar 
form to those produced from other multi strain/species models (Feng & Velasco-Hernandez 
1997; Gupta et al. 1994a; White et at. 1998). A similar analysis on the model equations 
extended to include various control procedures has given some theoretical insight into their 
possible effects. 
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Figure 7. Predicted impact of transmission intervention on the incidence of mastitis with major 
pathogens. Transmission of 0 indicates fully successful intervention (no transmission), 
transmission of 1 indicates no intervention at all. 
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-. Figure 8 shows the boundary in parameter space between where the minor pathogen only 
equilibrium is stable and where it is unstable (and therefore the equilibrium where both major 
and minor pathogen classes are present is stable). The axes represent the basic reproduction 
numbers, ROl and R02, for major and minor pathogens respectively. The narrow black line ofthe 
graph in Figure 8 shows the starting point of the comparison, a situation where no control 
procedures are in place. The cross (X) indicates a particular (uncontrolled) system with given 
basic reproduction numbers for major and minor pathogens. The cross is above the line, 
implying that major pathogens should be able to invade the system and persist at equilibrium. 
When treatment is included in the model, the boundary is shifted upwards, therefore decreasing 
the likelihood of invasion of major pathogens into the herd. In the example illustrated by Figure 
8, the treatment cure rate was high enough to move the boundary above the cross and would 
therefore successfully eliminate major pathogens from the herd (given that pathogen spread is 
predominantly contagious, not environmental). 
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Figure 8. Graphs showing boundaries in (Ro2, ROI)-space between where the coexistence 
equilibrium is stable (above the line) and where the minor-pathogen-only equilibrium is stable 
(below the line). The axes represent the basic reproduction numbers, ROl and R02, for major and 
minor pathogens respectively. The narrow black line shows the boundary for the parameter set 
~=O.O day-I, th=O.5 day·l, vI=~=O.OI day·l, .u=O.OOI5, 7Z"1=O.7 and 7Z"2=O.O where the model 
includes no control programs (i.e.r-=c1=h=O and ml= m2=1). Bold black line: treatment (at rate 
r-=O.OI). Bold grey line: culling of major pathogen infected cows (at rate cI=O.OI7). Grey dotted 
line: postmilking teat disinfection (with parameters ml=O.9 and m2=O.2). Black dotted line: 
inoculation of cows with minor pathogens (at rate h=O.I). 
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The culling of cows infected with major pathogens (at the same rate as the treatment cure rate) 
had a more pronounced effect moving the boundary much higher for increasing values of Ro2 • 

As shown in Figure 8, inoculation of cows with minor pathogen species would enhance the herd 
immunity against major pathogen infections (black dotted line). However, there must be a 
sufficiently high level of natural cross-protection against major pathogen infection provided by 
infection with the minor pathogens for them to out-compete the m~or pathogens. Although a 
theoretically feasible option, it is not logistically easy to infect animals with minor pathogens 
without at the same time increasing the risk of infection with major pathogens. Novel 
application systems would need to be developed to make this a feasible option. 

DISCUSSION 

The known udder pathogenic bacterial species show such a large variability within species that 
valid modelling of observed events is only possible with knowledge of the particular clones 
present in the data. This was shown to be important in the analysis of the observed S. uberis 
outbreak in a dairy. Several of the strains encountered in infected cows showed a very typical 
behaviour of single isolated infections without transmission between animals. However, one of 
the strains showed a very different epidemiology, with abundant evidence for clonal spread 
according to the laws of mass action. Modelling of these data was very helpful in providing 
quantitative evidence for contagious behaviour of this S. uberis strain. Using statistical testing, a 
formal argument can be made that this particular strain showed a rate of new infection that was 
dependent on the number of shedders. The argument still continues, because it is not impossible 
that a surge of growth ofthis particular S. uberis strain occurred in the environment of the cows. 
Several quantitative and non-quantitative arguments favour the contagiousness hypothesis but 
the undisputed proof of that may turn out to be impossible. It is interesting to note that the same 
arguments are used to "prove" contagiousness of S. aureus, and for reasons beyond the realm of 
reason, the contagiousness of S. aureus does not seem to be a matter of debate. Using molecular 
fingerprinting techniques, it was shown beyond doubt that chronic coliform infections occur in 
dairy cows. The observed data suggest a predator-prey type of cyclical system. Using fairly 
simple Lotka-Volterra type models, the observed data were reasonably well reproduced. 
Modelled somatic cell counts were relatively stable compared with the large fluctuation 
observed in the modelled bacterial count data. The addition of an intracellular reservoir 
somewhat dampened the fluctuation in predicted bacterial counts, to match the observed data 
better. The initial models suggest that an intracellular reservoir explains the observed data 
slightly better than a model without an intracellular reservoir of bacteria. Further biological data 
will need to be collected to better understand the location, ifany, of reservoirs and the 
pathogenesis of this infection. 

The multispecies model presented here is an extension of previous modelling work. It extended 
the specific modelling work, of Lam et al. (1996a, 1996b, 1997a, 1997b, 1997c), on the 
transmission of mastitis pathogens as well as providing some validation of a standard 
multispecies model structure (Lipsitch 1997). The multispecies model could be used to design 
an effective control strategy ifits parameters were identified. The dynamical output of the model 
is consistent with the data from the biological system. Rather then looking at individual cows or 
quarters as is typically done in evaluating species competition, it is of much greater value to 
focus on ecological interactions between pathogen species (and strains) because they can have 
important influences on transmission dynamics. Infections with contagious organisms not only 
affect the infected individual, but they have an important impact on the population as well. 
When complex relationships between species exist, modelling is virtually the only option to look 

36 



at the ecology of the organisms in the population. Using this multi-species modelling approach, 
it has become clear that competition between species may be an important control option with 
regard to the transmission of clinically important pathogens (Ferguson et al. 1999; White et al. 
1998). Such interactions can greatly enhance or reduce the effect of efficient control measures 
(Ferr,uson et al. 1999; McLean 1995; White et al. 1998). The premise of this applied population 
biology exercise is that a relatively small number of characteristics (e.g., major versus minor 
pathogens) suffice to account for major patterns in infection occurrence. Clearly these initial 
studies and models should be expanded further to reflect the complexity of the biology better. 
This study has not used any molecular diagnostics. More precise identification of minor 
pathogen species (corynebacteria are probably different in their protective effect compared to 
Coagulase Negative Staphylococci), and identification of major pathogen strains is warranted to 
better understand herd dynamics. There is evidence that strains within a species differ in 
transmission potential (R- value) under a given set of circumstances (i.e. for S. aureus: 
Middleton et aI., 2001; S. uberis: Zadoks et aI., 2002). 

Some important developments for modem epidemiology are becoming evident when combining 
the results of these population studies on mastitis in cows: 

The use of molecular methods is becoming a prerequisite for precise epidemiological studies 
on intramammary pathogens. Without a confirmation that clonal spread occurs through a 
population of animals, it is difficult to be convincing in novel arguments (paradigm shifts) about 
the epidemiology of strains (Zadoks et al. 2002, 2003). 

Similarly, the use of generic species grouping to study epidemiological behaviour in populations 
should be used with care. As shown in these examples, some strains do not follow the 
conventional paradigms of bacterial species behaviour. Most S. uberis strains would have an 
environmental reservoir (Wang et al. 1999), but as we have shown, animal reservoirs may exist. 
Most coliform infections in the mammary gland are clinically severe and short-lived (Smith et 
al. 1985), but as shown, chronic infections truly occur. 

Use of mathematical modelling to better understand the epidemiology and pathogenesis of 
intramammary infections has great potential. The examples presented all show an important 
additional understanding of the biology of infection in the population or in the host due to the 
additional tool of mathematical modelling. 

Modeling of mastitis is challenging mainly due to the difference in dimensionality between the 
biological system and the available data. The dimension and complexity of deterministic 
(mechanistic) models describing mastitis in dairy cows can be increased ad infinitum. There are 
several overlapping and interacting levels of organization in the host (quarter, cow, herd, within 
cow, between cow) and parasite (species, strains) populations, not to mention all the external 
influences of the environment. Including random or structured variation in the proposed model 
structure would reduce its dimension as would biologically justifiable simplifying assumptions. 
The models that were used in the current examples are all either deterministic or stochastic 
compartmental models using differential equations. Koopman et al. (2001) recently described 
these as the first (simplistic) steps toward models that truly reflect field data. The next 
generation of models would include individual event history models and dynamic network 
models. For use in mastitis epidemiology, individual event history models are particularly 
appealing. The infection history and risk factor constitution (i.e. teat lesion, age, production 
level etc.) of an individual animal or preferably individual quarter are often known from data 
gathered in field studies, but cannot be incorporated in the current generation of infection 
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dynamics models. Multiple data sets including results from molecular work and model-induced 
experimental work as well the combined data from sets of observational studies would increase 
the dimension of the data. This is one of our challenges for the next years. 

The combination of knowledge of the biology of infection, precise data from observational 
studies, molecular fingerprinting techniques and mathematical modelling provides an excellent 
basis for precise understanding of disease pathogenesis or pointing the way to additional 
hypotheses and research questions. At the same time, these tools can be utilized to understand 
the population impact of control strategies. An essential aspect of epidemiology is that the whole 
is more than the sum of it's parts. This is true for populations that are more than the sum of 
many individuals, and for the epidemiological toolkit, that is more than the sum ofthe individual 
techniques. It is through combined use of multiple approaches and through collaboration of 
experts in the different techniques that most progress in understanding of epidemiology and 
control of animal disease can be made. 
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