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a b s t r a c t 

Immunity following natural infection or immunization may wane, increasing susceptibility to infection 

with time since infection or vaccination. Symptoms, and concomitantly infectiousness, depend on resid- 

ual immunity. We quantify these phenomena in a model population composed of individuals whose sus- 

ceptibility, infectiousness, and symptoms all vary with immune status. We also model age, which affects 

contact, vaccination and possibly waning rates. The resurgences of pertussis that have been observed 

wherever effective vaccination programs have reduced typical disease among young children follow from 

these processes. As one example, we compare simulations with the experience of Sweden following re- 

sumption of pertussis vaccination after the hiatus from 1979 to 1996, reproducing the observations lead- 

ing health authorities to introduce booster doses among school-aged children and adolescents in 2007 

and 2014, respectively. Because pertussis comprises a spectrum of symptoms, only the most severe of 

which are medically attended, accurate models are needed to design optimal vaccination programs where 

surveillance is less effective. 
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1. Introduction 

Hosts may have immunological memory following vaccination 

or recovery from infection that protects from subsequent disease if 

not infection. If T- or B- cell populations decay, as they do against 

most bacterial and some viral pathogens, immunity declines, but 

can be boosted by re-vaccination or subsequent infection. Hosts 

with insufficient immunity to protect them from disease may ex- 

perience moderate or mild symptoms and be concomitantly less 
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infectious than fully susceptible hosts who experience typical dis- 

ease Mims et al. (2001) . 

Mathematical models have been used to study the effects 

of vaccination Anderson and May (1982) , age Anderson and 

May (1985) , and waning of immunity Mossong et al. (1999) on the 

dynamics and persistence of infectious diseases. The importance of 

the boosting of immunity corresponding to sub-clinical infection 

in individuals whose immunity has waned has also been identified 

Glass and Grenfell (2003) . Boosting of immunity by re-exposure 

prolongs the period of protection, but may also maintain oscilla- 

tions in the prevalence of disease Lavine et al. (2011) . 

Several theoretical papers have been devoted to understand- 

ing the dynamical consequences of immune system boosting. Their 

authors use various mathematical approaches: ordinary differen- 

tial equations Dafilis et al. (2012) , partial differential equations 

Barbarossa and Röst (2015) , delay differential equations Barbarossa 

et al., 2017 , and renewal equations Diekmann et al. (2018) . Biolog- 
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