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Definitions 

Resistance = ability to reduce pathogen burden  

Tolerance = ability to tolerate a certain concentration of 
pathogen 
 
     

References: Ayres & Schneider, 2012; Best et al., 2008; Roy & Kirchner, 2000; Raberg et al., 2007    



Definitions 



Resistances 

Resistance to disease 
= reduction of pathogen growth after  
infection 

Resistance to infection (avoidance) 
= reduction of pathogen transmission  
at contact 



Tolerances 

Direct tolerance Indirect tolerance 



R E S I S TA N C E  TO  I N F E C T I O N   
R E S I S TA N C E  TO  D I S E A S E  

TO L E R A N C E  TO  I N F E C T I O N  
TO L L E R A N C E  TO  D I S E A S E  

Mechanisms 



Resistance to infection 

Innate constitutive protective barriers 
 

Behavioral immunity 
 
 
 
 



 Resistance to disease 

Inflammation 
Immune response Infection 



          Tolerance to infection and disease 



All together 

Immune response Infection Inflammation 
Immunity 

Performance 

Resistance to disease 

Resistance to infection 



X  =  PAT H O G E N  L O A D  
M  =  I M M U N E  I N D E X  
Y  =  P E R F O R M A N C E  

Models 

X M 

Y 



Resistance to infection 
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X M 

Y 



Resistance to infection 
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- Individual probability to get infected 

bi = h² (1 - b0) ai + b0  

bi = probability to become infected after contact with an infective  
h² = heritability of the resistance to infection  
ai = degree of relationship between cows in contact  
b0 = average population transmission probability 

Sources: Detilleux, 2005; Dieckmann & Heesterbeek 2000; Heffernan & al., 2005; …  
  

- Basic reproduction rate (R0) 
= number of new cases created by a single primary case in a 
susceptible population  



Resistance to disease 
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X M 

Y 



 Resistance to disease 

Differents models for rates: Holling functional response, saturation 
term, logistic/exponential growth,  

References: Doeschl-Wilson, 2011; Detilleux, 2009; Pugliese and Gandolfi, 2007; …  

Differential equations 

Immune index 
rate of change  

Immune index 
exit rate 

Immune index 
entry rate  

= -  

Pathogen load 
rate of change  

Pathogen  
killing rate 

Pathogen  
growth rate  

= -  



Direct tolerance 
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X M 

Y 



Direct tolerance 

Random regression models 

References: Kause and Odegard, 2012; Little et al., 2010; … 

E(Yij | bi0, bi1) = bi0 +  bi1 Xi  

with bi0 ~ N(β0 , σ0
2) and bi1 ~ N(β1 , σ1

2) 

 

bi0 = vigour 

bi1 = tolerance 

Xi= pathogen load  

Yij = host infected 

 

 

X 

Y 



Direct & indirect tolerances 
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X M 

Y 



Tolerances  

References: Baron et Kenny, 1986; Iacobucci et al., 2007; … 

E(Mij | bi0, bi1) = gi0 +  gi1Xij  

with gi0 ~ N(g0 , τ0
2) and gi1 ~ N(g1, τ1

2) 

 

E(Yij | bi0, bi1, bi2) = bi0 +  bi1 Xij  + bi2 Mij   

with bi0 ~ N(β0, σ0
2), bi1 ~ N(β1, σ1

2) and bi2 ~ N(β2, σ2
2) 

 

 

X M 

Y 

g1 

b1 b2 

Direct tolerance 
= b1 

Indirect tolerance  
= g1 b2 

Structural equation models 



Tolerances 

Y(x,m)  = potential performance observed in an individual with infection levet  
set at the value x and immune index set at the value m 

m0 = level of immune index under health 
m1 = level of immune index under infection 

 

Natural direct effect  
 E[Y(infection, m0)-Y(health,m0)] 
 
Natural indirect effect  
 E[Y(infection, m1)-Y(infection,m0)] 

 

Counterfactual interpretation 

References: Lange et al., 2012;  Vansteelandt, 2012;  



R E S I S TA N C E S  
TO L E R A N C E S  

Costs 



Mechanisms 

24 References: Horns & Hood, 2012; Romanyukha et al., 2006; Medzhitov, 2009; … 

- Innate constitutive protective barriers: low  
 lack of diversification process 
 low rates of cell turnover 
 small tissue mass in innate response 

- Inflammation: high 
 increased production of acute phase protein 
 changes in energy and nutrient metabolism 
 anorexia,  fever  

- Immune response:  
high for cell-mediated response, low for humoral response 
innate more costly than adaptive response 
reduced tolerance 

- Tissue damage repair 
 

 



Life-history traits theory 

References: Baucom & de Roode, 2011;Little  & al., 2010; Rauw, 2012;   

Growth 
Storage 
Maintenance 
Survival 
Reproduction 



R E S I S TA N C E S  
TO L E R A N C E S  

C O S T S  
 

Bovine mastitis 



N bacteria 

N immune effectors 

Death 

Multiplication 

Infection 

Basic rate 
Removal 

Performance 

Costs  
(resistance/tolerance) 

Losses 
(bacteria/effector) 

Model 

References: Detilleux,  2013 



B = N bacteria 
C = N immune effectors 
P = Performance 

Infection: 

Multiplication: 

Bacteria killing: 

Basic flow: 

Extra-recruitement: 

Extra-removal: 

Costs:  

Losses:  

Resistance to 
infection 

Contact rate 

Logistic growth 

Resistance to 
disease 

Indirect 
tolerance 

Direct tolerance 

Costs 



Data 

Experimental studies 

References: Fogsgaard et al., 2012; Vangroenweghe et al., 2005; … 



Data 

References: Barkema et al.,1998 ; Grohn et al., 2004; Reding et al., 2013; ….  

Field data 



Results 

o Healthy response 
o Recurrent infection 
o Persistent response without infection 
o Persistent response and infection 
o Severe immunodeficiency 

 
 
 



Results 



Results 

Structural equation model  
 

 Effectors  
= SCC 

Pathogens 
= CFU 

Performance  
= Milk 

Direct tolerance 
(-2,97     se= 1,74) 

Indirect  tolerance 
(-0,50     se = 0,37) 

Resistance 



Conclusions 

Mechanisms Costs Models 
Resistance 

- infection Behavior  
Inflammation 
Immunity 

++ RO 

- disease ODE 

Tolerance 

- direct Immuno-regulation 
Tissue damage control and 
repair 

++ RRM 

- indirect SEM 



Further work 

Infection Inflammation 
Immunity 

Performance 

Resistance to disease 

Immune response 

Resistance to infection 





Results 

References: Barlow et al., 2009; Detilleux,  2013  ; Reynolds et al., 2006; White et al., 2010; … 



Resistance/Tolerance 
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